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Introduction

J.H. Gaddum began his long and most productive career in
pharmacology in 1925, when he joined the Wellcome
Research Laboratories in Beckenham, under the guidance of
J.W. Trevan. It was here that he was exposed to problems in
bioassay, the generation of quantitative data and its subse-
quent mathematical and statistical evaluation. Three years
later, when he joined Sir Henry Dale at the National Insti-
tute of Medial Research in Hampstead, he retained his
enthusiasm for such analytical pharmacology, while develop-
ing interests in many other areas including peripheral
neuronal regulatory mechanisms and the production and
actions of novel local mediators.
Of particular relevance to the theme of this review was his

detection in 1931, along with U.S. von Euler, of an unknown
depressor substance in extracts of various tissues, particularly
the brain and intestine (Euler & Gaddum, 1931). This factor,
which they called substance P, for no better reason than this
was the letter on the label used on the original standard
preparations of the extracts, was more fully characterized in
collaboration with H.O. Schild (Gaddum & Schild, 1934).
These studies by Gaddum thus initiated the field of pharma-
cological study on sensory neuropeptides. Only more recent-
ly, however, has there been appropriately detailed research
on the actions and role of this diverse group of peptides with
potent biological properties. As will be discussed later, the
sensory neuropeptide, calcitonin gene-related peptide
(CGRP), plays an important role in the regulation of gastric
mucosal integrity, interacting with other local mediators.

During his time at the College of the Pharmaceutical
Society in Bloomsbury, Gaddum also developed and refined
techniques to determine the release of neurotransmitters into
the perfused vasculature of isolated tissues (Gaddum et al.,
1939). It is therefore fitting, in view of his interest in
neuronal modulatory processes and the release of local medi-
ators, to describe in this Thirteenth Gaddum Memorial Lec-
ture, our current understanding of the mechanisms that
regulate microvascular blood flow in the gastric mucosa. It
will become apparent that local neuronal and endothelium-
derived factors that affect the microcirculation have a crucial
influence on the processes that allow the gastric mucosa to

The review is based on the Thirteenth Gaddum Memorial Lecture,
given by the author at the meeting of the British Pharmacological
Society at St. George's Hospital Medical School, London, December
1990

fulfil its secretory function and to resist the continual on-
slaught of aggressive agents including physiological concen-
trations of luminal acid, pepsin and bile, and the ingestion of
irritants such as ethanol and spicy foods.

Importance of the gastric microcirculation

The stomach, like all organs in the body, requires an ade-
quate blood flow to maintain its structural and cellular integ-
rity and to conduct its physiological functions. Indeed,
because of the extensive metabolic requirements for the
elaboration and secretion of hydrogen ions from the parietal
cell, gastric mucosal blood flow can be a prime factor in the
regulation of gastric secretion. Early studies using amino-
pyrine or aniline clearance techniques in the dog, cat and rat
suggested a close correlation between acid output and
mucosal blood flow during stimulation with histamine or
pentagastrin (Jacobson et al., 1966; Harper et al., 1968; Main
& Whittle, 1973; Kauffman, 1982; Guth & Leung 1987).

It is now known, however, that the clearance of weak
bases is not an accurate index of mucosal blood flow under
secretory conditions. Using the well-validated hydrogen gas
clearance technique in more recent studies, increases in
mucosal blood flow were also observed in the rat during
stimulation of acid secretion by pentagastrin infusion (Mura-
kami et al., 1982; Leung et al., 1984; Pique et al., 1992a).
Furthermore, using both direct visualization of rat sub-
mucosal vessels and laser Doppler flowmetry, pentagastrin-
stimulated acid secretion was associated with an increase in
microvascular perfusion, although a direct correlation
between these parameters was not observed (Holm-Rutili &
Berglindh, 1986). However, when hydrogen gas clearance was
used to determine rat mucosal blood flow, a significant cor-
relation with acid output during pentagastrin stimulation was
obtained by others (Pique et al., 1988).

These discrepancies in the degree of mucosal hyperaemia
may reflect not only differences in the techniques used to
determine blood flow, but also the possibility that different
rates of oxygen extraction from the mucosal blood supply
may operate under different experimental conditions (Perry et
al., 1983). Hence the need for an equivalent degree of local
vasodilatation to support active acid secretion under different
conditions may not be essential. Apart from the possible
local generation of vasoactive waste products of parietal cell
stimulation, these local vasodilator responses following
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Figure 1 Role of the gastric mucosal microcirculation in removing
hydrogen ions that have back-diffused into the mucosal tissue. (A)
Under physiological conditions, blood flow will wash out any such
hydrogen ions. (B) Following an acid load or topical damage to the,
apical mucosa by irritants, the excess intra-mucosal hydrogen ions
are removed by an augmented blood flow. (C) Limitation of this
blood flow response by vasoconstrictors and ischaemia leads to
intramucosal accumulation of acid, provoking haemorrhage and tis-
sue necrosis.

secretory stimulation may reflect the release of vasoactive
substances into the microcirculation. Early studies had sug-
gested the involvement of local prostaglandins (Main &
Whittle, 1973; 1975) and more recently, adenosine (Gerber &
Guth, 1989), but the pharmacological evidence for these
substances in secretory vasodilatation cannot now be con-
sidered compelling. Thus, the identity of this local vaso-
dilator mediator has remained under investigation up to the
present time (Walder et al., 1990; Pique et al., 1992a).

Protective role of mucosal bloodflow
An adequate blood flow is also essential for gastric mucosal
tissue to withstand the challenge of both endogenous and
exogenous aggressors. Thus, blood flow, by providing tissue
oxygenation and nutrient delivery, will act to enhance the
mucosal defence mechanisms, while an inappropriate reduc-
tion in blood flow will lead to mucosal injury or make the
tissue more susceptible to damage (Figure 1). Indeed, local
ischaemia has consistently been proposed over the past 100
years as a mechanism underlying various forms of gastric
damage, ranging from acute gastric erosions to chronic pep-
tic ulceration. The mechanisms by which mucosal blood flow
is regulated thus assume significant importance in considering
most aspects of the physiology and pathophysiology of the
stomach.
An important factor in the relationship between mucosal

blood flow, tissue integrity and mucosal defence is the main-
tenance of intramucosal acid-base neutrality (Kivilaakso et
al., 1978). When the mucosal epithelial cell layer is un-
damaged, only minimal levels of the hydrogen ions that have
been actively secreted into the lumen, will diffuse back into
the gastric tissue. Under conditions where acidity in the
lumen is pH 2 or above, the secretion of bicarbonate and
mucus from surface epithelial cells will form an unstirred
layer capable of adequately buffering such acid back-diffu-
sion (Allen & Garner, 1980; Flemstrom, 1987). Any remain-
ing hydrogen ions that gain entry into the tissue will be
buffered by the bicarbonate derived from the blood or from
the alkaline tide generated by parietal cells activity, as well as
being removed by microcirculation (Figure 1).

Limitation of mucosal blood flow will, therefore, allow the
intramucosal accumulation of hydrogen ions by reducing
both their neutralisation and their washout. Should the intra-
mucosal pH drop significantly, then cellular damage will
rapidly ensue, either as a direct consequence of the acidic
environment of by the subsequent release of tissue-damaging
mediators (Figure 1). This situation is exacerbated by high
intragastric acid concentrations (an acid load) or following
luminal application of weak irritants such as bile salts,
ethanol or salicylates, the so-called 'barrier breakers', which
disrupt the continuity of surface epithelial cells and enhance
back diffusion of acid into mucosal tissue. These latter events
may not necessarily lead to deep necrotic damage in the
mucosa if there is adequate blood flow to allow buffering and
washout of the hydrogen ions (Figure 1). Indeed, many
studies show that a hyperaemic response can be provoked by
such irritation, perhaps a reflection of a pathophysiological
defence mechanism that involves the release of local vaso-
dilator mediators and neuronal pathways (Ritchie, 1975;
Whittle, 1977; Druggeman et al., 1979; Holzer et al., 1991a,b;
Lippe & Holzer, 1992).

In support of this concept of a protective hyperaemia, are
the findings that when the mucosa of rat or dog is exposed to
an acidified solution of the mild irritant, taurocholate, limited
macroscopic damage can be observed. However, following a
reduction in blood flow or concurrent administration of a
vasoconstrictor agent such as vasopressin or noradrenaline,
deep necrotic damage rapidly occurs (Richie, 1975; Whittle,
1977; 1983). The vasoconstrictor metabolite of arachidonic
acid, thromboxane A2 or its stable epoxy-methano mimetic
also potentiates the mucosal injury by acidified bile salts or
ethanol in the dog and rat gastric mucosa (Whittle et al.,

co
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1981; Esplugues & Whittle, 1988a; Whittle & Esplugues,
1989). In addition, local or systemic infusion of the low
molecular weight phospholipid, platelet activating factor
(PAF), which reduces mucosal blood flow and causes haemor-
rhagic erosions in the gastric mucosa (Rosam et al., 1986;
Whittle et al., 1986), greatly potentiates mucosal damage
brought about by low intraluminal concentrations of ethanol
or bile salts (Wallace & Whittle, 1986; Esplugues & Whittle,
1988b). Thus, any limitation of microvascular blood flow can
greatly enhance the susceptibility of the mucosa to disruption
by topical irritants, as well as itself provoking mucosal injury.

Microvascular ischaemia and injury

Gastric damage which results from inadequate vascular per-
fusion may reflect the period of relative anoxia and hence
disturbances in cell metabolism and integrity. However, such
damage may also involve the subsequent local release of
tissue-damaging mediators, among which oxygen-derived free
radicals are likely candidates (Parks et al., 1982). These
highly-labile and reactive moieties have the capacity to dis-
rupt cell membranes by lipid peroxidation of membrane
constituents and destroying the interstitial matrix following
degradation of collagen and hyaluronic acid (Del Maestro et
al., 1980). This cellular injury can induce the further release
of endogenous cytotoxic agents, including lysosomal enzymes.
Thus, tissue damage may not only occur during the anoxic
episode, but appear as subsequent reperfusion injury. Such
damage in the stomach following hypovolemic shock is
reduced by agents that interfere with free-radical generation,
the xanthine oxidase inhibitor, allopurinol, or by free-radical
scavengers (Itoh & Guth, 1985).
More direct evidence for the tissue-damaging actions of

such oxygen metabolites in gastric tissue has come from
studies where local infusion of a superoxide generating
system into the rat coeliac artery caused gastric mucosal
bleeding, as assessed by the leakage of radiolabelled erythro-
cytes (Wadhwa & Perry, 1987). Furthermore, local intra-
arterial infusion of either hydrogen peroxide, which can form
hydroxyl radicals, or a superoxide generating system, induced
macroscopically apparent damage in the mucosa, that was
attenuated by concurrent administration of catalase or super-
oxide dismutase, respectively (Esplugues & Whittle, 1989a).
In these studies, the initial site of injury was considered to be
the microvascular endothelium.

Endothelial cells can regulate mucosal integrity by pro-
viding a local diffusion barrier and by the release of factors
that interact to modulate tone of the microvascular smooth
muscle or affect the processes of cellular adhesion. The role
of endothelium-derived mediators in the physiological modu-
lation of mucosal blood flow and integrity in the stomach
will therefore be considered further. The influence of neuron-
ally derived vasoactive mediators in the process underlying
damage and protection of the gastric mucosa will, however,
be initially described.

Neuronal mediators in the gastric mucosa

Noradrenaline and neuropeptide Y

Effects of noradrenaline on gastric bloodflow In early studies
in cat, intravenous infusion of adrenaline or splanchnic sym-
pathetic stimulation was shown to reduce gastric blood flow
(Thompson & Vane, 1953; Reed et al., 1971). Other early
studies in the dog demonstrated a reduction in gastric blood
flow following parenteral administration of adrenaline or
noradrenaline, as determined both by a clearance technique
and by electromagnetic flowprobes (Cowley & Code, 1970;
Zinner et al., 1975). Likewise, noradrenaline infusion reduced
both acid secretion and blood flow in the dog during stimula-
tion with histamine, using venous outflow determinations

(Cumming et al., 1963), electromagnetic flowmeters (Nicoloff
et al., 1964) and a clearance technique (Jacobson, 1970). This
reduction in blood flow by noradrenaline appeared to limit
the secretory process rather than to be secondary to the
reduction in functional vasodilator drive. Both total gastric
and mucosal blood flow were reduced by intravenous admin-
istration of noradrenaline in the dog stomach (Varro et al.,
1978), while in the gastric chamber preparation of dog
stomach in situ, noradrenaline increased vascular perfusion
pressure, indicating vasoconstriction (Kauffman & Whittle,
1982). Similarly, in the isolated perfused vasculature of the
rat and rabbit stomach, vasoconstrictor actions of noradren-
aline were also demonstrated (Salvati & Whittle, 1981).
The vasoconstrictor activity of noradrenaline has been

observed directly using in vivo microscopy techniques in the
rat following topical application to the exposed gastric sub-
mucosal microvessels (Guth & Smith, 1975a,b; Oren-Wolman
& Guth, 1984). More recently, locally infused noradrenaline
was shown to induce a dose-dependent reduction in rat gast-
ric mucosal blood flow determined by laser Doppler flow-
metry (Tepperman & Whittle, 1991). Submucosal injection of
adrenaline, or its application directly to the exposed rat
gastric submucosal vessels also reduced laser Doppler flow
(Chung et al., 1990; Leung, 1992).

Eflects of neuropeptide Y and related peptides In addition to
the classical neurotransmitters, sympathetic neurones can
synthesize biologically active peptides including the 36 resi-
due vasoconstrictor, neuropeptide Y (NPY; Lundberg &
Tatemoto, 1982). NPY has been identified in postganglionic
nerves supplying arteries and veins, co-existing with nor-
adrenaline, both being released by sympathetic stimulation
(Sundler et al., 1983; Lundberg et al., 1984). In the gastro-
intestinal tract, NPY-like immunoreactivity has been found
in sympathetic nerves associated with blood vessels (Lee et
al., 1985; Ekblad et al., 1985) and in enteric neurones
originating from the myenteric and submucosal plexus (Fur-
ness et al., 1983; Lee et al., 1985; Su et al., 1987). In addition,
peptides that are structurally similar to NPY, including pan-
creatic polypeptide (PP) and polypeptide YY (PYY), are also
found in the gut, although primarily in endocrine cells
(Lundberg et al., 1982; El-Salhy et al., 1983).

Investigations on the possible physiological role of NPY in
the gastro-intestinal tract have included studies on its effects
on non-vascular smooth muscle tone (Allen et al., 1987;
Hellstrom, 1987; Holzer et al., 1987) and intestinal ion and
water transport (Saria & Beubler, 1985). Systemic adminis-
tration of NPY stimulates duodenal alkaline secretion,
through vagal non-cholinergic neuronal mechanisms (Pas-
caud et al., 1993). The release of immunoreactive-NPY from
the rat isolated stomach can be provoked by acetylcholine,
probably through nicotinic-receptor stimulation of intrinsic
ganglia (McIntosh et al., 1992), while intracerebroventricular
administration of NPY stimulated both gastric acid and pep-
sin secretion through a vagally mediated process (Matsuda et
al., 1991). By contrast, injection of NPY into the rat hypo-
thalamic paraventricular nucleus inhibited acid secretion
through a mechanism involving the suppression of vagal
cholinergic tone following activation of M2-adrenoceptors, but
did not affect gastric mucosal blood flow (Humphreys et al.,
1992).
NPY induces vasoconstriction in the vascular beds of the

spleen and large and small intestine (Lundberg et al., 1982;
Hellstrom, 1987; Westfall et al., 1987; MacLean & Hiley,
1990; Sheikh, 1991). In addition, local intra-arterial infusion
of NPY has been shown to reduce rat gastric mucosal blood
flow, as determined by laser Doppler flowmetry (Tepperman
& Whittle, 1991). Although the structurally related peptide,
PP and PYY were effective vasoconstrictors in the cat sub-
mandibular gland (Lundberg & Tatemoto, 1982), PYY pro-
duced responses as potent but more variable than those to
NPY, while PP was minimally active in the rat gastric micro-
circulation (Tepperman & Whittle, 1991). By contrast, in the
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pithed rat, intravenous infusion of NPY elevated blood pres-

sure and induced vasoconstriction in the mesenteric bed, but
did not increase vascular resistance in the stomach, as esti-
mated by radiolabelled microspheres (MacLean & Hiley,
1990). The inability of the a1-adrenoceptor antagonist, pra-

zosin, to overcome the effect of NPY in the gastric circula-
tion (Tepperman & Whittle, 1991) is consistent with other
findings in the mesenteric circulation of the rat (Westfall et
al, 1987), indicating that NPY, like noradrenaline, affects the
gastric microcirculation by actions directly on gastric vas-

cular smooth muscle, but through activation of a distinct
receptor type.

There is a close anatomical relationship between NPY and
noradrenergic neurones in the rat stomach and after treat-
ment with 6-hydroxydopamine to deplete noradrenergic
nerves, NPY-containing fibres around blood vessels also dis-
appear (Wang et al., 1987). Although NPY may modulate
the actions of noradrenaline by acting either prejunctionally
to suppress noradrenaline release or postjunctionally to
potentiate the noradrenaline response (Hakanson et al.,
1986), this did not occur in the rat gastric microcirculation
(Tepperman & Whittle, 1991). Furthermore, unlike its
actions on the gastro-epiploic artery, NPY did not potentiate
the vasoconstrictor effects of noradrenaline in segments of
gastro-epiploic vein (Wahlestedt et al., 1985), nor suppress

noradrenaline release (Ekblad et al., 1984). Thus, the nature
of the interactions between NPY and noradrenaline in the
gut appear to be organ or tissue specific.

Effects of noradrenaline and neuropeptide Y on gastric mucosal
integrity Intravenous infusion of noradrenaline for 3 h in
the rat potentiated mucosal damage induced by intragastric
perfusion of bile salts (Whittle, 1983). In other studies, close-
arterial infusion of NPY or noradrenaline for only O min,
resulted in dose-dependent haemorrhagic damage to the gast-
ric mucosa in the presence of physiological concentrations of
luminal acid (Tepperman & Whittle, 1991). As with the
microcirculatory actions, the injurious effects of noradren-
aline, but not NPY, were inhibited by a,-adrenoceptor
blockade. The substantial vasoconstriction induced by both
NPY and noradrenaline is likely to underlie these mucosal
injurious actions, which re-inforces the importance of ade-
quate microvascular perfusion even in the absence of local
irritants.

It is feasible that elevated levels of noradrenaline following
sympathetic stimulation, that could occur under situations of
stress, may be associated with any accompanying mucosal
injury. In addition, plasma NPY levels are increased after
haemorrhagic shock in both rats and pigs (Morris et al.,
1987; Lundberg et al., 1987). Since haemorrhagic shock is
usually followed by gastric damage and bleeding (Guth &
Leung, 1987), the release of NPY may play some role in this
type of gastric injury.

Neuronal mechanisms in mucosal vasodilatation and
protection

Cholinergic and non-cholinergic processes The direct effects
of cholinergic stimulation on the gastric microcirculation
may be obscured by concurrent induction of acid secretion
and hence an accompanying vasodilatation. However, an
increase in mucosal blood flow following vagal stimulation
has been observed to precede the secretion of acid, indicating
a direct vasodilator action (Martinson, 1965; Guth & Smith,
1975b). The gastric vasodilatation induced by vagal stimula-
tion can be blocked by hexamethonium, and reduced but not
abolished by atropine in doses sufficient to abolish the res-

ponse to acetylcholine (Martinson, 1965; Yano et al., 1983;
Kitagawa et al., 1987). This could suggest the release of a

vasodilator mediator other than acetylcholine acting on non-

muscarinic sites following vagal stimulation.
Local non-adrenergic, non-cholinergic (NANC) neuronal

processes within the gastric mucosa modulate its ability to
withstand noxious challenge. Thus, local infusion through the
left gastric artery of the neurotoxin, tetrodotoxin, which did
not itself induce gastric mucosal injury, substantially potenti-
ated the haemorrhagic damage following local administration
of PAF (Esplugues et al., 1989). By contrast, pretreatment
with atropine or the adrenoreceptor antagonists, phentol-
amine and propanolol did not augment such mucosal injury,
suggesting the involvement of a NANC neuronal pathway
(Esplugues & Whittle, 1989b). In further studies, local
infusion of tetrodotoxin also potentiated the mucosal injury
induced by intra-arterial administration of a vasoconstrictor
thromboxane mimetic (Whittle & Esplugues, 1990), as well as
that brought about by intragastric application of acidified
ethanol (Holzer et al., 1991 a,b), again indicating the involve-
ment of a local neuronal mechanism in the regulation of
mucosal integrity.

Sensory neurones The release of vasodilator neuropeptides
from afferent sensory neurones, through a local reflex, has
been suggested to be a protective mechanism in the gastric
mucosa. Much of the early evidence for such a role of
sensory neurones came from studies with capsaicin pretreat-
ment (Szolcsanyi & Bartho, 1981; Holzer & Sametz, 1986), a
pungent extract of red peppers, (8-methyl-N-vanillyl-6-
nonenamide), which can deplete primary afferent sensory
neurones of their neuropeptide content and cause their func-
tional ablation (Sternini et al., 1987; Green & Dockray, 1988;
Holzer, 1991). Thus, capsaicin pretreatment, which itself did
not injure the mucosa, enhanced mucosal damage following a
number of pro-ulcerogenic procedures including acid disten-
sion and pylorus ligation as well as challenge with indo-
methacin, ethanol and PAF (Szolcsanyi & Bartho, 1981;
Holzer & Sametz, 1986; Esplugues et al., 1989; Esplugues &
Whittle, 1990).
Another approach to the pharmacological modulation of

sensory neuronal activity in the stomach has been the use of
opioids. Since the early description of the pro-ulcerogenic
potential of morphine (Selye, 1935), administration of
opioids, including morphine, has been demonstrated to aug-
ment gastric mucosal injury in a variety of experimental
models. Thus, relatively low doses of morphine augmented
the gastric damage induced by pylorus ligation (Ho et al.,
1984) indomethacin administration (Gyires et al., 1985), or
restraint stress (Morley et al., 1982; Till et al., 1988). The
mechanisms underlying this action of morphine have not
been clear and may not be seen in all experimental models.
Studies on vascular permeability and analgesia have however
suggested that opioids can modulate the activity of primary
afferent neurones (Ferreira & Nakamura, 1979; Bartho &
Szolcsanyi, 1981; Smith & Buchan, 1984; Lembeck & Don-
nerer, 1985; Russell et al., 1987). It is therefore feasible that
opioids could affect the ability of the mucosa to withstand
mucosal injury by exerting a peripheral action on local
afferent neuronal mechanisms (Esplugues et al., 1989).
Indeed, morphine can augment the gastric mucosal damage
and detrimental blood flow changes induced by local infusion
of PAF or following challenge with ethanol to a comparable
degree as capsaicin pretreatment (Esplugues et al., 1989;
Pique et al., 1990; Esplugues & Whittle, 1990). These effects
are exerted on peripheral g-opioid receptors for they were
shared by N-methyl morphine that does not penetrate the
brain, and were inhibited by administration of naloxone or
by the quaternary antagonist, N-methyl nalorphine (Esp-
lugues et al., 1989; Esplugues & Whittle, 1990).

Involvement of calcitonin gene-related peptide The predomin-
ant neuropeptide localized by immuno-histochemical techni-
ques in capsaicin-sensitive neurones in the rat stomach is
CGRP (Green & Dockray, 1988) and such neurones are

found in close proximity to the submucosal microvasculature
(Ekblad et al., 1985; Su et al., 1987; Sternini et al., 1987).
This neuropeptide occurs principally in the form of a-CGRP
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in the sensory neurones innervating gastro-intestinal tissue
(Mulderry et al., 1988). Intragastric instillation of capsaicin
to stimulate mucosal sensory neurones, induces acute gastric
mucosal vasodilatation (Lippe et al., 1989b; Holzer et al.,
1990; 1991b; Whittle et al., 1992b). This acute hyperaemia
involves the release of CGRP from spinal sensory neurones

innervating the gastric mucosa, since it was inhibited
by concurrent infusion of the CGRP-receptor antagonist
CGRP8 37, as well as by selective ablation of pericoeliac
nerves by prior application of capsaicin (Li et al., 1991).

Activation of sensory neurones following acid back diffu-
sion induced by intragastric application of acid-ethanol is
also considered to be involved in the associated protective
increase in gastric mucosal blood flow (Holzer et al., 1991
a,b). This mucosal hyperaemia was not altered by bilateral
vagotomy but was abolished by removal of the coeliac-
mesenteric ganglionic complex or transection of the greater
splanchnic nerves (Holzer & Lippe, 1992). It was also block-
ed by tetrodotoxin and by morphine administration, as well
as by capsaicin desensitization and by local infusion of the
antagonist CGRP8 37, indicating the involvement of CGRP
(Holzer et al., 1991a,b).
Acute mucosal application of capsaicin protected against

mucosal damage provoked by ethanol and acid load (Holzer
& Lippe, 1988; Holzer et al., 1990; Li et al., 1992). Further-
more, subcutaneous or intra-arterial administration of
rat cx-CGRP inhibited the gastric injury induced by intragas-
tric instillation of aspirin or ethanol (Maggi et al., 1987;
Lippe et al., 1989a). Local infusion of CGRP also prevented
the vascular and haemorrhagic injury induced by close-intra-
arterial infusion of endothelin-I (Whittle & Lopez-Belmonte,
1991).
Intravenous infusion of antisecretory doses of rat x-CGRP

did not alter rat mucosal blood flow (Leung et al., 1987),
whereas intravenous administration of higher doses of CGRP
increased blood flow in the rat and rabbit stomach (Dipette
et al., 1987; Bauerfeind et al., 1989). Moreover, close-
intra-arterial infusion of rat a-CGRP increased resting
mucosal blood flow, as determined by hydrogen-gas clear-
ance (Holzer & Guth, 1991; Li et al., 1991) and laser Dopp-
ler flowmetry (Whittle et al., 1992b). By contrast, local
infusion of the sensory neuropeptides, substance P or neuro-

kinin A, did not elevate resting mucosal blood flow (Holzer
& Guth, 1991). Thus, CGRP has the profile of actions
compatible with its proposed role as an endogenous vasoac-

tive mediator involved in the regulation of gastric blood flow
and integrity.

Endothelium-derived factors - the endothelins

Vascular endothelial cells synthesize a 21-residue peptide
known as endothelin-1 (ET-1) which can exert vasoconstric-
tor actions both in vitro and in vivo (Yanagisawa et al., 1988;
Inoue et al., 1989). Intravenous administration of ET-1 can,

however, decrease, increase or exhibit a biphasic action on

rat systemic arterial blood pressure depending on the dose
used, the level of anaesthesia or the existing blood pressure

(Wright & Fozard, 1988; De Nucci et al., 1988; Whittle et al.,
1989a,b; Gardiner et al., 1989). Moreover, ET-1 induces the
release of prostacyclin and nitric oxide from the vascular
endothelium which accounts for the vasodilatation seen in
the isolated mesenteric vascular bed (De Nucci et al., 1988).
Endothelin-l-like immunoreactivity has been demonstrated in
the rat gastric mucosa in both antral and corpus regions
(Matsumoto et al., 1989; Takahashi et al., 1990). Much lower
levels of immunoreactivity to endothelin-3 (ET-3), which
differs from ET-I by alterations in six amino acids (Inoue et

al., 1989) have also been found in the rat stomach (Mat-
sumoto et al., 1989).

Local intra-arterial infusion of picomole quantities of ET-I
induces substantial gastric mucosal vasocongestion and hae-
morrhagic injury in the rat (Whittle & Esplugues, 1988;

Whittle et al., 1989a,b; Whittle & Lopez-Belmonte, 1991).
Furthermore, intravenous infusion of ET-1 augments muco-
sal damage induced by intragastric instillation of ethanol or
acid (Wallace et al., 1989a; MacNaughton et al., 1989b;
Peskar et al., 1992). ET-I and ET-3 were equipotent in
inducing rat gastric haemorrhage following intravenous infu-
sion (Wallace et al., 1989b). Local intra-arterial infusion of
high doses of ET-3 induced vascular lesions in the rat gastric
mucosa that involved the venules and capillaries and poten-
tiated the vascular injury induced by acid and ethanol
(Morales et al., 1992). Furthermore, an anti-ET-3 serum
reduced the extent of mucosal damage induced by intragast-
ric ethanol, suggesting that acute release of endogenous
endothelins are involved in such mucosal injury (Morales et
al., 1992).

Microcirculatory actions of endothelins

The vasoconstrictor actions of ET-1 have been demonstrated
in the perfused vasculature of the rat isolated stomach (Wal-
lace et al., 1989a; Peskar et al., 1992). Furthermore, the
vasoconstriction that follows intravascular infusion of ethan-
ol in the rabbit isolated perfused stomach was accompanied
by the release of ET-1 into the perfusate, and was inhibited
by an anti-ET-i antibody (Masuda et al., 1992). ET-3 also
induced small increases in canine gastric vascular resistance
following close-arterial infusion (Wood et al., 1992).
More recently, close intra-arterial infusion of higher doses

of ET-I to the rat stomach in vivo has been demonstrated to
induce an initial vasodilatation followed by a sustained
vasoconstrictor response (Lopez-Belmonte & Whittle, 1993).
This vasoconstriction may reflect actions on the ETA recep-
tor, located on vascular smooth muscle (Arai et al., 1990,
Sakurai et al., 1990). By contrast, local infusion of low doses
of ET- I induced only a sustained vasodilatation (Lopez-
Belmonte & Whittle, 1993). Whether this reflects a direct
vasodilator response through an uncharacterized mechanism,
or is the consequence of the release of local vasoactive
mediators (De Nucci et al., 1988), perhaps through ETB
receptors located on the vascular endothelium (Masaki et al.,
1991) or following endothelial perturbation, will require fur-
ther evaluation.

Interactions of endothelins in the gastric mucosa

The injurious action of ET-1 on the rat gastric mucosa
following its intra-arterial infusion was not inhibited by
pretreatment with atropine nor a- and P-adrenoceptor antag-
onists, indicating no involvement of adrenergic or cholinergic
mechanisms (Whittle & Esplugues, 1988). In addition, pre-
treatment with a 5-lipoxygenase inhibitor had no effect on
the mucosal injury, showing that local release of vasocon-
strictor leukotrienes (Whittle et al., 1985) did not contribute
to the mucosal damage with ET-I (Whittle & Esplugues,
1988). An increase in PAF formation by the gastric mucosa
has been reported to be stimulated by ET-1, along with
activation of the fibrinolytic system, while a PAF receptor
antagonist attenuated mucosal injury induced ET-1 (Kurose
et al., 1992). By contrast, others have found no protection by
a PAF receptor antagonist against ET-1 induced mucosal
damage (Wallace et al., 1989a). Whether the release of PAF
or fibrinolytic activation are secondary responses, perhaps as
a consequence of endothelial injury by ET-1, therefore
requires consideration.

Inhibition of cyclo-oxygenase by indomethacin augmented
the mucosal damage induced by intravenous ET-1 in com-
bination with an acid load or ethanol (MacNaughton et al.,
1989b; Wallace et al., 1989a), or following its local infusion
(Whittle & Lopez-Belmonte, 1991). Furthermore, capsaicin-
pretreatment or morphine administration substantially elevated
the mucosal damage provoked by ET-1, while close-arterial
infusion of CGRP inhibited the damage (Whittle & Lopez-
Belmonte, 1991). These findings suggest an interaction
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between the vascular effects of ET-1 and those of sensory
neuropeptides and prostaglandins (Figure 2) This certainly
would be applicable under conditions where ET-1 induces
mucosal damage through its vasoconstrictor actions, which
would be thus offset by the vasodilator actions of endo-
genous CGRP or prostacyclin released under physiological
conditions or in response to ET- 1.

Such interactions occur in other microvascular beds, for
intravenous infusion of CGRP can reverse the vasoconstric-
tor action of ET-1 on the rat internal carotid vasculature
(Gardiner et al., 1990a), and local CGRP administration
reduces the vasoconstriction induced by ET-1 in rabbit skin
(Brain et al., 1988). Furthermore, it is of interest that ET-1
can be localized using in situ hybridization and immunostain-
ing techniques in both sensory and motor neurones and
dorsal root ganglia from human spinal tissue, and can co-
exist with CGRP and substance P (Giaid et al., 1989). In
addition, ET-1 induces depolarization of rat spinal neurones
in vitro, which can be inhibited by a substance P antagonist
(Yoshizawa et al., 1989). These findings may indicate an
interaction between ET- 1 and such neuropeptides in the
modulation of sensory neuronal function.
More recently, however, it has been found that local infus-

ion of low doses of ET-1, that only induce vasodilatation in
the gastric microcirculation, can provoke substantial mucosal
injury. This hyperaemia may be the consequence of initial
damage to the endothelium, since concurrent local infusion
of vasodilator doses of CGRP that inhibited mucosal damage
paradoxically suppressed the mucosal hyperaemia (Lopez-
Belmonte & Whittle, 1993). It would therefore appear that
the interactions between ET-1 and CGRP in the mucosal
microcirculation are not simply due to opposing vasoactive
properties, but may also reflect more-complex events, per-
haps involving the release of local mediators and actions on
the continuity of the vascular endothelium.

Prostacyclin

The synthesis of the labile vasodilator cyclo-oxygenase prod-
uct, prostacyclin (PGI2), from the fatty acid precursor,
arachidonic acid, was originally identified in endothelial cells

primary afferent neurones

Figure 2 Interactions of the endothelium-derived mediators,
endothelin-l (ET-I) and prostacyclin (PGI2) and the sensory
neuropeptide, calcitonin-gene-related peptide (CGRP) in the mucosal
microcirculation. Attenuation of the synthesis or release of the
vasodilator mediators, prostacyclin and CGRP respectively,
augments ET-1 induced mucosal injury.

(Moncada et al., 1976; Moncada & Vane, 1979). Its forma-
tion can be detected in gastric mucosal tissue using bioassay
or radioimmunoassay techniques and is inhibited both in
vitro and in vivo by non-steroid anti-inflammatory drugs such
as aspirin and indomethacin (Whittle et al., 1980; Whittle &
Vane, 1987). Such actions on prostanoid synthesis are likely
to contribute to the complex multifactorial mechanisms that
underlie the gastric mucosal injury induced by these agents
(Whittle et al., 1980; Whittle, 1992).

Prostacyclin can inhibit gastric acid secretion in a number
of experimental preparations (Whittle et al., 1978; Gerkens et
al., 1978; Kauffman et al., 1979a; Konturek et al., 1980;
Whittle, 1981; Shea-Donohue et al., 1982) and can stimulate
the secretion of bicarbonate, a luminal protective factor
(Whittle et al., 1984). Prostacyclin and its more-stable
analogues, like other prostanoids particularly of the E series
(Robert et al., 1979), exert potent protective actions against
gastric mucosal damage in a number of experimental models
(Whittle et al., 1978; Whittle & Boughton-Smith, 1979;
Kauffman et al., 1979b; Konturek et al., 1981; 1984).

Effects on the gastric microcirculation

Under resting conditions, intravenous infusion of prostacyc-
lin elevated basal mucosal blood flow (estimated using clear-
ance techniques) in the rat and dog (Whittle et al., 1978;
Konturek et al., 1980; Walus et al., 1980). Using radio-
labelled microspheres in the dog, infusion of low doses of
prostacyclin into the left atrium or directly into the gastric
artery increased blood flow in fundic and antral mucosa,
(Gerber & Nies, 1982; Einzig et al., 1980), as also found
following intravenous infusion in the pig (Gaskill et al.,
1982). During partial inhibition of gastric acid secretion
induced by prostacyclin in the rat, mucosal blood flow,
estimated by a clearance technique, was elevated, whereas at
higher doses mucosal blood flow fell, presumably as a conse-
quence of reduced functional vasodilator drive following the
substantial secretory inhibition (Whittle et al., 1978). In the
dog, acid inhibition by prostacyclin was also accompanied by
a fall in mucosal blood flow, but the ratio of these para-
meters remained unaltered indicating that the vascular
changes were secondary to the secretory events (Kauffman et
al., 1979a).
Under basal conditions, prostacyclin was a potent vaso-

dilator in the blood-perfused canine gastric circulation in situ
following close-arterial infusion or bolus injection (Gerkens
et al., 1978; Walus et al., 1980; Kauffman & Whittle, 1982)
and in the gastric circulation of the isolated stomach of rat
and rabbit (Salvati & Whittle, 1981). The stable analogues,
6P-PGII and the 16-phenoxy derivative of prostacyclin, in-
creased the ratio of blood flow to acid output during intra-
venous infusion of antisecretory doses in the conscious dog
(Kauffman et al., 1979b). Both 6,B-PGI,, and carbacyclin also
reduced gastric vascular resistance in the dog stomach fol-
lowing intra-arterial injection (Kauffman & Whittle, 1982).
Whereas the breakdown product 6-oxo-PGFi,, had little effect
on gastric mucosal blood flow or vascular resistance, the
putative prostacyclin metabolite 6-oxo-PGE, was some three
to four times less active than prostacyclin as a vasodilator in
the dog gastric circulation in situ and in the perfused gastric
vasculature of rat and rabbit in vitro (Kauffman & Whittle,
1982; Salvati & Whittle, 1981).

Increases in local blood flow by prostacyclin would be
beneficial in maintaining the functional integrity of gastric
tissue and defence mechanisms, especially under conditions of
relative ischaemia in the mucosa (Whittle & Vane, 1987).
Although net vasodilatation would contribute to the protec-
tive actions of the prostaglandins, more local changes in
microcirculation may be of greater significance. Studies on
mucosal injury and ulceration have pointed to the microvas-
cular endothelium as an initial site of damage resulting from
application of the irritant, ethanol (Guth et al., 1984; Szabo
et al., 1985; Oates & Hakkinen, 1988). Following challenge
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with irritant agents, vascular engorgement can be observed,
which is correlated with the stasis of blood flow within the
microcirculation. Such microvascular stasis can lead to areas
of deep necrosis, a predominant histological characteristic of
this damage. Pretreatment with anti-ulcer prostaglandins pre-
vents this microcirculatory stasis and the subsequent develop-
ment of necrotic lesions (Guth et al., 1984; Pihan et al.,
1986). Protection of the gastric microvasculature, either by
direct actions on endothelial cell integrity or by the preven-
tion of the release of vasoconstrictor or cytotoxic mediators
(Whittle et al., 1985; Boughton-Smith & Whittle, 1988) may,
therefore, be an important mechanism that underlies the
so-called cytoprotective actions of prostacyclin and other
prostanoids.

Nitric oxide

Endothelial cells also release another highly labile humoral
vasodilator substance, originally known as endothelium-
derived relaxing factor (EDRF), that mediates the vascular
relaxation induced by agents such as acetylcholine and
bradykinin (Furchgott & Zawadzki 1980; Furchgott, 1984).
The release of an endothelium-derived factor in the gastric
microcirculation was considered to underlie the vasodilata-
tion induced by local administration of acetylcholine and by
vagal stimulation (Kitagawa et al., 1987). It is now known
that nitric oxide (NO), accounts for the biological properties
of EDRF (Palmer et al., 1987; 1988a; Khan & Furchgott,
1987; Ignarro et al., 1987; Kelm et al., 1988).
NO synthase generates NO from the terminal guanidino

nitrogen atoms of L-arginine, through a process where mole-
cular oxygen is also incorporated (Palmer et al., 1988b;
Palmer & Moncada, 1989; Leone et al., 1991). The constitu-
tively expressed NO synthase enzyme is calcium-, calmodulin-
and NADPH-dependent (Moncada et al., 1991), and has
been demonstrated in rat whole stomach and gastric mucosa
(Salter et al., 1991; Whittle et al., 1992a). In a study on the
cellular distribution of NO synthase in the rat gastric
mucosa, epithelial cells separated by elutriation exhibited
high levels of constitutive enzyme activity (Brown et al.,
1992b). This localization of NO synthase may reflect a non-
vascular role for NO in the modulation of mucus or bicar-
bonate secretion from these cells, which, as in vascular tissue
(Gruetter et al., 1979; Moncada et al., 1991) may involve
activation of guanylate cyclase and elevation of cyclic GMP.
Indeed, application of NO donors or dibutyryl cyclic GMP
to the rat gastric mucosa in vivo can increase mucus thick-
ness, and these agents can stimulate mucus output from
gastric epithelial cells in vitro (Brown et al., 1992a; 1993).
The formation of NO is inhibited by L-arginine analogues

such as NG-monomethyl-L-arginine (L-NMMA), as demon-
strated in studies in vitro on vascular tissue (Palmer et al.,
1988b; Rees et al., 1989b). In the rabbit, rat and guinea-pig,
L-NMMA increased systemic arterial blood pressure, an
effect reversed by L-arginine but not the enantiomer, D-
arginine, suggesting that endogenous NO biosynthesis from
L-arginine can modulate resting vascular tone in vivo (Rees et
al., 1989a; Whittle et al., 1989a; Aisaka et al., 1989; Gardiner
et al., 1990b). Local infusion of L-NMMA also increased
peripheral vascular tone in man (Vallance et al., 1989), while
studies with other L-arginine analogues that inhibit NO
biosynthesis, such as the more potent NG-nitro-L-arginine
methyl ester (L-NAME) have confirmed the importance of
NO in the regulation of systemic arterial blood pressure
(Rees et al., 1990).

Effect on the gastric microcirculation

Intravenous administration of L-NMMA dose-dependently
reduced resting gastric mucosal blood flow, determined by
hydrogen gas clearance (Pique et al., 1989). These effects
were not shared by D-NMMA, while L-arginine but not

D-arginine reversed these actions. Subsequently, using laser
Doppler flowmetry and hydrogen gas clearance, both L-
NMMA and L-NAME have been shown to reduce resting
mucosal blood flow, confirming the involvement of NO in
the regulation of microvascular blood flow (Tepperman &
Whittle, 1992; Lippe & Holzer, 1992).
The mucosal hyperaemia induced by intravenous infusion

of pentagastrin was attenuated by concurrent infusion of
L-NMMA or L-NAME (Walder et al., 1990; Pique et al.,
1992a). Pretreatment with low doses of L-NMMA reduced
the elevation of mucosal blood flow but had no significant
effect on the plateau rates of acid secretion induced by
pentagastrin, thus indicating an effect on the microcirculation
independent of secretory modulation (Pique et al., 1992a).
These findings indicate that NO is a prime mediator of the
blood flow changes associated with acid secretion, whereas
inhibition of NO biosynthesis appeared to have no direct
acute effect on the stimulation of acid secretion. Recent
studies, have, however demonstrated the involvement of NO
in the process by which acute administration of endotoxin or
the cytokine, interleukin la can inhibit acid secretion, per-
haps through modulation of a neuronal pathway (Martinez-
Cuesta et al., 1992; Esplugues et al., 1993a,b).
NO is involved in the gastric mucosal hyperaemia that

follows acute normovolemic anaemia induced by haemodilu-
tion (Panes et al., 1992). Furthermore, it is possible that
excessive NO synthesis contributes to the hyperdynamic
splanchnic circulation, including the gastric vasodilatation,
observed in portal hypertensive and cirrhotic rats (Pizcueta et
al., 1992a,b; Pique et al., 1992b). NO also mediates the
gastric mucosal hyperaemia that is associated with renal
failure (Quintero & Guth, 1992a,b).

Interactions of NO in the gastric mucosa

Interactions in the microcirculation

Interactions between NO and CGRP in the microvasculature
are evident, since chronic capsaicin treatment greatly
augments the fall in mucosal blood flow induced by L-
NMMA and L-NAME (Tepperman & Whittle, 1992). Fur-
thermore, the acute increase in mucosal blood flow following
instillation of capsaicin directly into the gastric lumen, is
abolished by concurrent administration of L-NAME (Whittle
et al., 1992b). Both NO and CGRP also appear to be
involved in the processes underlying the mucosal vasodilata-
tion following sensory nerve activation through acid back-
diffusion into the mucosal tissue (Lippe & Holzer, 1992).

These observations may reflect physiological interactions,
perhaps of a synergistic nature, between NO and sensory
neuropeptides in the modulation of microvascular tone, both
mediators acting directly to relax the vascular smooth muscle
(Figure 3). There could also be a partial dependence upon
endothelial NO for the vascular relaxation induced by
CGRP, since CGRP is an endothelium-dependent vasodilator
in some vascular beds (Brain et al., 1985). For this to occur
in the microcirculation, it would be necessary for CGRP to
diffuse from neurones surrounding the vascular smooth mus-
cle to reach the endothelium. However, the mucosal
vasodilatation induced by CGRP is only partially attenuated
by NO synthase inhibitors (Whittle et al., 1992). Alterna-
tively, like its involvement in NANC neuronally-evoked
relaxation of the stomach musculature (Li & Rand, 1990;
Boeckxstaens et al., 1991; Desai et al., 1991), NO may be
involved in local vascular neuromodulator processes. NO
synthase has been detected in neuronal cell bodies and nerve
fibres in the myenteric plexus using immunohistochemical
techniques (Bredt et al., 1990) and it is possible that NO
released from sensory neurones in the stomach could directly
relax vascular smooth muscle. One stage in the events leading
to neuronal NO biosynthesis and release could be the influx
or intracellular mobilization of calcium, as it has been shown
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that brain NO synthase can be activated by submicromolar
concentrations of calcium (Knowles et al., 1989). NO could
also be involved in modulating the activity of sensory
neurones or the release of neuropeptides (Figure 3).

Interactions -modulating mucosal integrity

In studies on the interactions of local mediators with
endogenous NO, administration of L-NMMA induced acute
gastric mucosal injury in rats pretreated with indomethacin,
using doses of either agent that themselves did not provoke
acute mucosal injury. L-NMMA also induced extensive
haemorrhagic mucosal injury in rats chronically pretreated
with capsaicin. Furthermore, L-NMMA induced deep
haemorrhagic necrosis involving virtually all of the mucosal
area in rats pretreated concurrently with both indomethacin
and capsaicin (Whittle et al., 1990). Such findings indicate a
critical interaction between endogenous NO, sensory
neuropeptides and prostanoids, all of which appear to
subserve a modulator function in the regulation of gastric
mucosal integrity (Figure 4). These mediators, which have
distinct biochemical origins, may not only exert local
vasodilator actions on the microcirculation essential for ade-
quate microvascular blood flow under physiological condi-
tions, but may act to enhance or preserve endothelial cells
function and continuity, especially under conditions of
challenge.
Capsaicin pretreatment or morphine administration attenu-

ates the protective properties of PGE2 and its 16, 16-dimethyl
analogue against acute gastric challenge, suggesting a permis-
sive role for sensory neuropeptides in the mechanisms of
protection by prostanoids (Esplugues & Whittle, 1991; Esplu-
gues et al., 1992). Furthermore, the mucosal injury induced
by indomethacin is augmented in capsaicin-pretreated rats,
again reflecting interactions between endogenous protective
sensory neuropeptides and prostanoids (Holzer & Sametz,
1986; Whittle et al., 1990). However, the mucosal protective
actions of a PGE2 analogue against ethanol-induced injury
do not appear to depend on endogenous NO, since they were
not inhibited by NG-nitro-L-arginine (Konturek et al., 1992).
By contrast, the protection against ethanol-induced injury by
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Figure 3 Possible neuronal and vascular interactions between nitric
oxide (NO) and calcitonin-gene-related peptide (CGRP) in the
modulation of the gastric microcirculation. These mediators may
interact not only to affect directly the tone of vascular smooth
muscle, but NO may be involved in neuromodulation and the release
of the neuropeptide.
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Figure 4 Local mediators, nitric oxide (NO), prostacyclin (PGI2)
and calcitonin gene-related peptide (CGRP) within the gastric
mucosal microcirculation contribute through local vasoactive effects
and actions on the endothelium, to the regulation of mucosal integ-
rity.

acute intraluminal instillation of capsaicin, is attenuated by
N0-nitro-L-arginine (Peskar et al., 1991), again implying
interactions between endogenous neuropeptides and NO in
the mechanisms subserving mucosal protection.
NO and the enzymes that form prostacyclin are highly

susceptible to attack by free radicals (Moncada & Vane,
1979; Gryglewski et al., 1986; Rubanyi & Vanhoutte, 1986)
and interference with the actions of these mediators may be
involved in the microvascular injury seen following local
release of free radicals. It is pertinent that neutrophils play a
role in the genesis of gastric injury, such as that induced by
PAF, ischaemia, ethanol or non-steroid anti-inflammatory
agents (Smith et al., 1987; Kvietys et al., 1990; Kubes et al.,
1990; Wallace et al., 1991). Thus, free radical release from
such leukocytes following adhesion to the endothelium may
contribute to the microvascular injury by affecting the forma-
tion and stability of these endothelial cell mediators. Further-
more, inhibition of NO biosynthesis can promote neutrophil
adherence and permeability changes in microvascular endo-
thelium, as demonstrated in the cat mesentery (Kubes et al.,
1991; Kubes & Granger, 1992). A reduction in NO formation
or its inactivation by free radicals in both endothelial cells
and neutrophils (McCall et al., 1989) may therefore serve to
initiate or to amplify endothelial injury. Such effects may
contribute to the mechanism by which L-NMMA can elevate
the intestinal vascular permeability changes seen in acute
endotoxin shock that follows the rapid release of PAF and
thromboxane (Hutcheson et al., 1990; Boughton-Smith et al.,
1990) and indicates a role for constitutive NO in modulating
this acute inflammatory response.

Protection and damage by NO in the microvasculature

The release of NO from nitrovasodilator agents either follow-
ing metabolic transformation as with glyceryl trinitrate and
isoamyl nitrite, or spontaneously as with nitroprusside, is
responsible for their ability to activate guanylate cyclase,
elevate cyclic GMP and relax vascular smooth muscle
(Gruetter et al., 1979; Ignarro et al., 1981; Feelisch & Noack,
1987; Feelisch, 1991). Following intragastric application,
these nitrovasodilators protect against acute haemorrhagic
mucosal injury induced by topical irritants and by intravenous
infusion of ET-1 (Kitagawa et al., 1990; MacNaughton et al.,
1989a). The nitrosothiol, S-nitroso-N-acetyl-penicillamine
(SNAP), which spontaneously liberates NO (Ignarro et al.,
1981) also protects against acute microvascular injury in the
stomach and small intestine induced by endotoxin or PAF
(Boughton-Smith et al., 1990; 1992a).
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Local administration of glyceryl trinitrate or SNAP in low
doses protects the gastric mucosa from damage induced by
intra-arterial infusion of ET-1 (Lopez-Belmonte et al., 1993).
Such actions of the NO donors could reflect vascular interac-
tions between ET-1 and the locally generated NO in the
mucosal microcirculation, on both vascular tone and endo-
thelial integrity. By contrast, mucosal injury was observed
after infusion of nitroprusside or higher doses of SNAP,
which may indicate cytotoxic actions of high levels of NO on
the microvascular endothelium (Lopez-Belmonte et al., 1993).
Indeed, the excessive production of NO by an inducible NO
synthase in endothelial cells is considered to underlie the
reduction in viability of these cells in culture following
exposure over a 48 h period to endotoxin and the cytokine,
intereferon-a (Palmer et al., 1992), while induction of NO
synthesis is also considered to be involved in damage to
adenocarcinoma cells (O'Connor & Moncada, 1991) High
concentrations of exogenous NO can suppress prostacyclin
synthesis by endothelial cells, which may also reflect cytotox-
icity (Doni et al., 1988). In addition, the substantial synthesis
of NO by the immunologically-induced NO synthase in mac-
rophages accounts for the cytotoxic actions against tumour
cells (Hibbs et al., 1987; 1988; Marletta et al., 1988; Drapier
et al., 1988).

Excessive NO production and the induction of NO syn-
thase has been implicated in the cardiovascular crisis and
collapse following endotoxaemia in animals and patients
(Kilbourn et al., 1990; Thiemermann & Vane, 1990; Fleming
et al., 1991; Nava et al., 1991; Petros et al., 1991; Wright et
al., 1992). Furthermore, the increase in microvascular perme-
ability, an index of endothelial injury, seen in the rat small
and large intestine four to six hours after endotoxin adminis-
tration is correlated with the corticosteroid-sensitive induc-
tion of a calcium-independent NO synthase over this period
(Boughton-Smith et al., 1992b). Induction of NO synthase is
also associated with inflammation and injury observed in a
model of colitis (Boughton-Smith et al., 1992c) and is seen in
the inflamed colonic mucosa of patients with ulcerative colitis
(Boughton-Smith et al., 1992d). It is feasible that local high
concentrations of NO may form tissue destructive species
such as hydroxyl moieties derived from the peroxynitrite
radical (Beckman et al., 1990) which contribute to the
endothelial injury in the microvasculature, leading to
mucosal necrosis and ulceration.

A balance of vasoactive factors for mucosal integrity?

The regulation of microvascular tone and integrity is thus of
critical importance for the conduct of the physiological res-
ponses of the stomach and in the prevention of mucosal
injury by both endogenous and exogenous aggressors. Local
neuronal activity could provoke the inappropriate release of
vasoconstrictor mediators such as noradrenaline or NPY,
while stimulation of sensory neurones release the neuropep-
tide CGRP, involved in protective vasodilatation. Patho-
logical events that enhance the neuronal release of these
vasoconstrictor agents, or that depress the release of CGRP
and possibly other protective sensory neuropeptides would
thus be expected to lead to mucosal injury.
As described, the endothelium is a rich source of local

vasoactive mediators capable of modulating tone and integ-
rity in the microcirculation. Thus, the local release of the
vasoconstrictor ET-1 may be an initial event in some forms
of mucosal injury, or be released as a consequence of endo-
thelial injury, thus augmenting and perpetuating the original
insult. Knowledge of the regulatory processes underlying
endothelin biosynthesis, and the mechanism of endothelin
release in the microcirculation which may only occur under

non-physiological conditions, may thus give some indication
to its possible involvement in ulcer disease.

Prostacyclin and NO appear to play protective roles within
the gastric microcirculation. However, it is apparent that NO
may be involved in both physiological and pathological
events in the gastric mucosa. Thus, endogenous NO plays an
important role in the modulation of mucosal blood flow
under resting and stimulated conditions, and has a key
interactive role in the regulation of mucosal integrity. How-
ever, an excess, unregulated, liberation of NO has also
ulcerogenic potential. The factors that regulate the synthesis
and release of endogenous NO by the neuronal and endothe-
lial constitutive enzymes, likely to be involved in physio-
logical processes, and by inducible enzymes that may underlie
certain pathological events, will thus be of importance to the
understanding of tissue integrity. Indeed, it is possible that
local toxins produced by the bacterial organism, Helicobacter
pylori that is implicated in peptic ulceration, could induce an
NO synthase in epithelial or other mucosal cells and hence
local excess NO or its cytotoxic metabolites may contribute
to the mechanisms underlying the associated cellular injury.
A balance between the release or actions of these vasocon-

strictor and vasodilator mediators in the microcirculation
could be involved in the physiological control of mucosal
blood flow, providing a mechanism for the rapid vascular
response to the functional needs of the mucosa. The systemic
release of vasoactive factors may also influence the tone of
the microvasculature. However, it is feasible that the complex
interactions between these opposing mediators on vascular
tone may only operate to modulate blood flow under condi-
tions of challenge. Furthermore, under physiological condi-
tions, blood flow may be regulated predominantly by only
one local vasodilator mediator, with the pharmacological
evidence from the use of selective inhibitors being strongest
for NO. Interference with NO biosynthesis alone under acute
pathological conditions may not, however, be detrimental,
since prostacyclin or CGRP can subserve this vasodilator
role when necessary. Indeed, inhibition of constitutively
formed NO only leads to extensive acute mucosal injury
when the synthesis or release of prostanoids and CGRP are
concurrently depressed. Alterations in the balance between
these vasodilator mediators may thus be implicated in the
pathogenesis of peptic ulceration.
A further important physiological role of these mediators

may be to preserve endothelial integrity, which in turn could
help provide for adequate microvascular blood flow. Indeed,
earlier studies had implicated the prevention of microcir-
culatory injury and stasis as an underlying mechanism of
mucosal protection by prostanoids (Guth et al., 1984; Pihan
et al., 1986). Moreover, interactions of these diverse local
mediators at the level of the endothelial barrier, rather than
solely on vascular smooth muscle tone are suggested by
analysis of their microcirculatory changes and current actions
on mucosal integrity (Whittle & Tepperman, 1991; Tepper-
man & Whittle, 1992; Lopez-Belmonte & Whittle, 1993).
Under conditions of challenge, these endogenous endothelial
processes may assume strategic importance in the mechan-
isms of resistance to mucosal injury. Whereas selective inhibi-
tion of either mediator alone does not produce acute mucosal
injury, concurrent pharmacological interference with more
than one such mediator induces widespread tissue damage
(Whittle et al., 1990). An understanding of the properties of
these agents that confer endothelial resilience would therefore
offer novel approaches to the attenuation of cell injury in the
stomach, which could be relevant for other tissues and
organs. The interplay between endogenous mediators in the
microvasculature in the control of tissue integrity is thus
likely to extend beyond influences on local blood flow to
encompass even more fundamental regulatory processes at
the cellular level.
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Prevention by an inhibitor of the L-arginine-nitric oxide
pathway of the antiarrhythmic effects of bradykinin in
anaesthetized dogs

Agnes Vegh, Julius Gy Papp, Laszlo Szekeres & '*James R. Parratt

Department of Pharmacology, Albert Szent Gyorgyi Medical University of Szeged, Dom ter 12, POB 115, Szeged, Hungary
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The intracoronary administration of bradykinin (25 ng kg-' min-') markedly reduces the severity of
arrhythmias that occur during a 25 min occlusion of the left anterior descending coronary artery in
chloralose, urethane anaesthetized dogs. This protection was abolished by the prior administration, by
the same route, of N0-nitro-L-arginine methyl ester (L-NAME), an inhibitor of the L-arginine-nitric
oxide pathway. The protective effect of bradykinin on reperfusion-induced VF was not affected by
L-NAME. These results strongly suggest that the antiarrhythmic effect of bradykinin in this model is
mediated by nitric oxide release. It also supports the concept that bradykinin might be a 'primary
mediator' of the protective, antiarrhythmic effects of ischaemic preconditioning.

Keywords: Nitric oxide; preconditioning; myocardial ischaemia; bradykinin; NG-nitro-L-arginine methyl ester (L-NAME);
arrhythmias

Introduction In anaesthetized dogs the local intracoronary
infusion of bradykinin markedly reduces the severity of life-
threatening ventricular arrhythmias that occur during cor-
onary artery occlusion (Vegh et al., 1991). One possible
explanation for this protection is that bradykinin releases
nitric oxide (NO) and prostacyclin from endothelial cells via
stimulation of B2 receptors (Hecker et al., 1992). Since there
is evidence (Vegh et al., 1992b,c) that NO contributes to the
pronounced antiarrhythmic effects observed following ischae-
mic preconditioning, we explored the possibility that this also
mediates the antiarrhythmic activity of bradykinin by exam-
ining its effects on arrhythmias, and on changes in the degree
of the inhomogeneity of conduction, in the presence of an
inhibition of the L-arginine-nitric oxide pathway, N-nitro-L-
arginine methyl ester (L-NAME).

Methods These have been described in detail elsewhere
(Vegh et al., 1991; 1992a,c). We used mongrel dogs with a
weight in excess of 17 kg, anaesthetized with a mixture of
chloralose and urethane (60 and 200 mg kg-' respectively,
given i.v.) and ventilated with room air. The anterior
descending left coronary artery (LAD) was prepared for
occlusion and a small branch of this artery, immediately
proximal to the proposed occlusion site, was catheterized for
the local administration of bradykinin, saline or L-NAME.
ST-segment changes and the degree of inhomogeneity of
conduction were recorded from epicardial electrograms and a
composite electrode respectively (Vegh et al., 1992c). Blood
flow in the left circumflex coronary artery (LCX), a limb lead
electrocardiogram, systemic arterial and left ventricular (LV)
pressures, and LVdP/dT were recorded on a Medicor R81
recorder. Analysis of ventricular arrhythmias during occlusion
and reperfusion, and details of statistical tests used, were as
outlined by Vegh et al. (1992c).

Bradykinin (25 ng kg-' min-') was infused into the side
branch of the LAD at a rate of 0.075 ml min-' for 15 min
prior to occlusion of the artery and throughout the 25 min
occlusion period. L-NAME (5 mg kg-') was given into the
same side branch of the coronary artery 20 min before the

' Author for correspondence.

start of the bradykinin infusion. The results from 15 dogs
given bradykinin in the presence of L-NAME, were com-
pared with those from 9 dogs which received intracoronary
bradykinin at the same dose (Vegh et al., 1991), but without
L-NAME. Both groups were compared with a group of 20
controls in which the LAD was simply occluded for a 25 min
period.

Results Even in the presence of L-NAME, bradykinin had
no significant haemodynamic effects, neither did it alter the
inhomogeneity of conduction or the ST-segment (compare
Vegh et al., 1991).
The effect of L-NAME was gradually to increase arterial

blood pressure by 22 ± 3 mmHg from a mean pressure of
110 ± 5 mmHg over the next 20 min. There was a slight
(-7 ± 3 beats min-') decrease in heart rate (from 158 ± 6
beats min-). LVdPIdtma and LVEDP were unchanged but
relaxation was enhanced (negative dp/dtmax; from -2819 +
219 to -3539 ± 326 mmHg s'; P<0.05). Although diasto-
lic LCX blood flow was unchanged (123 ± 10 to 124 ± 11 ml
min-') coronary vascular resistance was increased (from
0.83 ± 0.06 to 1.04 ± 0.08; units; P<0.05). L-NAME had
no effect on the ST-segment recorded from epicardial elec-
trodes or on the degree of inhomogeneity of conduction
(56 ± 3 ms before, and 55 ± 3 ms 20 min after, L-NAME).
The haemodynamic changes in these dogs following cor-

onary artery occlusion were similar to those described
previously in control dogs not administered either L-NAME
or bradykinin (Vegh et al., 1992a). Changes in the inhomo-
geneity of conduction were more marked in the dogs given
bradykinin in the presence of L-NAME compared to those
given bradykinin alone (11 + 3, 54 + 13 and 89 ± 19 ms
respectively 1, 3 and 5 min after coronary occlusion in the
bradykinin group and 15 ± 7, 114 ± 18 (P<0.05) and 129 ±
20 ms (P< 0.05) in those dogs given bradykinin in the
presence of L-NAME). The marked reduction in ST-segment
elevation during occlusion resulting from intracoronary
bradykinin administration compared to controls (Vegh et al.,
1991) was prevented by L-NAME (1.7 ± 0.4, 3.9 ± 0.5 and
6.1 ± 0.9 mV at 1, 3 and 5 min after occlusion in the brady-
kinin group but 3.7 ± 0.7, 10.9 ± 1.4 and 13.3 ± 1.5 mV
(P <0.05) at the same times in those dogs also given brady-
kinin but in the presence of L-NAME).
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Figure 1 The total number of ventricular premature beats (VPB's), the number of episodes of ventricular tachycardia (VT), the
incidences of VT and ventricular fibrillation (VF) and the survival from the combined reperfusion insult, in dogs subjected to a
25 min occlusion of the left anterior descending coronary artery. There was a marked reduction in the severity of ischaemia-induced
arrhythmias in dogs administered bradykinin (25 ng kg-' min-, lined columns, n = 9) by intracoronary infusion; this antiarrhyth-
mic effect was largely prevented by the prior administration, by the same route of L-NAME (5 mg kg- , stippled columns, n = 15).
In contrast, inhibition of the L-arginine nitric oxide pathway did not influence the protective effect of bradykinin on reperfusion-
induced VF or on survival. Control: open columns, n = 20. *P <0.05 vs control.

The intracoronary administration of L-NAME resulted in
some ectopic activity of 29 ± 14 VPBs over the 20 min period
before the start of bradykinin administration. Coronary
artery occlusion in those dogs administered bradykinin in the
presence of L-NAME resulted in ectopic activity which con-
tinued throughout the entire occlusion period (Figure 1). In
all there were 344 ± 102 VPB's in contrast to 53 ± 10 in the 9
dogs given only bradykinin. No VT or VF was seen in dogs
given only bradykinin (cf. VF in 7/15 and VT in 10/15 in the
bradykinin plus L-NAME group). Reperfusion-induced VF
and survival from the combined ischaemia reperfusion insult
were unaffected by L-NAME.

Discussion These results suggest that the unexpected and
pronounced antiarrhythmic effects of locally infused brady-
kinin under conditions of ischaemia and reperfusion are
largely mediated through the release of nitric oxide, since
they are markedly attenuated by the prior and local adminis-
tration of an inhibitor of the L-arginine NO pathway. L-
NAME itself does not modify ischaemia-induced arrhythmias
(Vegh et al., 1992c). We cannot at present rule out a contri-
bution to this protective effect of prostacyclin, which like NO
is also released from endothelial cells by bradykinin and
which is also markedly antiarrhythmic in dogs when given by
intracoronary administration (Coker & Parratt, 1983). We

suggest that this protection is mediated by B2 receptors since
Linz et al. (1992) have recently shown that in rat isolated
hearts, reperfusion arrhythmias are also reduced by brady-
kinin and that this protection is prevented by the B2 anta-
gonist Hoe 140 and by N0-nitro-L-arginine.
The precise cellular mechanisms of the protective (antiar-

rhythmic) effects of nitric oxide are unknown but, because
the pronounced antiarrhythmic effects of ischaemic precondi-
tioning (Vegh et al., 1992a) are also attenuated by L-NAME
(Vegh et al., 1992c) and by methylene blue (Vegh et al.,
1992b), an elevation of cyclic GMP within myocytes is one
possibility.

This study also raises the possibility that bradykinin is
involved in the antiarrhythmic effects of preconditioning;
indeed, it might well be a 'primary' mediator. Certainly acid
optimum kininogenase enzymes are present in the coronary
vessels (Zeitlin et al., 1989), are depleted following ischaemia
and may be responsible for the rapid release of kinins that
occurs within minutes of the onset of ischaemia (Koide et al.,
1993).

This study was supported by a collaborative grant from the Well-
come Trust and by the Hungarian National Scientific Research
Foundation. We acknowledge the superb technical skills of Mrs
Rozsa Bite.

References

COKER, S.J. & PARRATT, J.R. (1983). Prostacyclin - antiarrhythmic
or arrhythmogenic? Comparision of the effects of intravenous
and intracoronary prostacyclin and ZK 36374 during coronary
artery occlusion and reperfusion in anaesthetised greyhounds. J.
Cardiovasc. Pharmacol., 5, 557-567.

HECKER, M., DAMBACHER, T. & BUSSE, R. (1992). Role of endo-
thelium-derived bradykinin in the control of vascular tone. J.
Cardiovasc. Pharmacol., 20, Suppl 9, 555-561.

KOIDE, A., ZEITLIN, I.J. & PARRATT, J.R. (1993). Kinin formation in
ischaemic heart and aorta of rats. J. Physiol., (in press).

LINZ, W., WIEMER, G. & SCHOLKENS, B.A. (1992). ACE-inhibition
induced NO-formation in cultural bovine endothelial cells and
protects isolated ischemic rat hearts. J. Mol. Cell. Cardiol., 24,
909-919.

VEGH, A., KOMORI, S., SZEKERES, L. & PARRATT, J.R. (1992a).
Antiarrhythmic effects of preconditioning in anaesthetised dogs
and rats. Cardiovasc. Res., 26, 487-495.

VEGH, A., PAPP, J.GY., SZEKERES, L. & PARRATT, J.R. (1992b). The
local intracoronary administration of methylene blue prevents the
pronounced antiarrhythmic effect of ischaemic preconditioning.
Br. J. Pharmacol., 107, 910-911.

VEGH, A., SZEKERES, L. & PARRATT, J.R. (1991). Local coronary
infusions of bradykinin profoundly reduce the severity of ischae-
mia-induced arrhythmias in anaesthetised dogs. Br. J. Pharma-
col., 104, 294-295.

VEGH, A., SZEKERES, L. & PARRATT, J.R. (1992c). Preconditioning
of the ischaemic myocardium: involvement of the L-arginine nitric
oxide pathway. Br. J. Pharmacol., 107, 648-652.

ZEITLIN, I.J., FAGBEMI, 0. & PARRATT, J.R. (1989). Enzymes in
normally perfused and ischaemic dog hearts which release a
substance with kinin like activity. Cardiovasc. Res., 23, 91-97.

(Received January 25, 1993
Accepted March 19, 1993)



r.j..iI-naUrlao.k177JJ,SI, U-L SPECIAL REPORT %. IVILdullllll tu.,

Release-regulating dopamine autoreceptors in human cerebral
cortex
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Slices from fresh specimens of human neocortex which had to be removed during neurosurgery to reach
subcortical tumours were labelled with [3H]-dopamine and stimulated electrically. Quinpirole, a selective
dopamine D2 receptor agonist, inhibited the stimulated tritium overflow (EC50 = 25 nM; maximal inhibi-
tion: about 80% at 10 SiM). The selective D1 receptor agonist, SKF 38393, was inactive up to 10 LM.
Quinpirole was antagonized by the D2 receptor antagonist (-)-sulpiride (apparent pA2 = 8.26). Thus
dopaminergic axon terminals in the human mesocortical pathway possess autoreceptors of the D2 type.

Keywords: Human neocortex; dopamine release; dopamine autoreceptors; dopamine D2 receptors

Introduction Receptor heterogeneity bears important impli-
cations. The phenomenon favours the development of more

selective drugs. However, the increasing evidence that
different isoreceptors subserve identical function in different
species requires the development of novel drugs based on

animal studies to be postponed until the human target recep-
tors are characterized.
Autoreceptors on presynaptic nerve terminals participate in

the local control of transmitter release. According to a review
by Starke et al. (1989), dopamine release-modulating
autoreceptors exist in various brain areas of different animal
species and belong to the D2 type. Most studies have been
performed in the mesostriatal system, whereas few investiga-
tions concern dopamine autoreceptors in the terminal regions
of the mesocortical dopaminergic pathway.
With the exception of one study on dopamine autorecep-

tors in post-mortem human striatum (Hetey et al., 1991), no

data are available regarding the presence of these release-
regulating receptors in human brain. Actually, according to
De Keyser (1993), the available data do not support the
existence of such presynaptic receptors in man. We have
therefore investigated the presence and the pharmacological
characteristics of dopamine receptors able to regulate ['H]-
dopamine release from electrically-stimulated slices of human
neocortex.

The tritium present in each 5 min fraction (see Figure 1)
was calculated as a percentage of the total tissue content at
the onset of the fraction collected. The evoked 'H overflow in
the fraction F, and in each fourth fraction collected after
addition of the various agonist concentrations (F2, F3, F4, F5)
was calculated by subtracting basal efflux from total efflux in
the fraction considered.
The agonist effects on the evoked 3H overflow were

evaluated by comparing the ratios F2/Fl, F3/Fj, F4/F,, F5/F1
to the corresponding ratios obtained under control condi-
tions, i.e.

% ( Fx/Fl agonist -1)

average Fx/Fl control

No significant differences both in the evoked overflows and
in the effects of drugs have been observed among the
different cortical areas. Therefore the data obtained from the
different experiments were pooled.
The EC50 values for quinpirole were determined graphically

at the 40% level of inhibition, the maximum effect of the

10 r

Methods Specimens of human cerebral cortex were obtained
from patients undergoing neurosurgery to remove subcortical
tumours. Samples of frontal (1), temporal (4) and parietal (2)
cortex from 5 males and 2 females (aged 32-57 years) were
used. After removal, the tissue was kept in ice-cold medium
containing (mM): NaCl 125, KCl 3, MgSO4 1.2, CaCl2 1.2,
NaHCO3 22, Na2HPO4 1 and glucose 10, aerated with 02/
CO2 (95:5), pH 7.4

Slices (approx. 4 x 4 x 0.4 mm) were incubated (15 min,
37°C) with 0.02 iM [3H]-dopamine in the presence of 0.1 JIM
6-nitroquipazine and nisoxetine to prevent false labelling of
5-hydroxytryptaminergic and noradrenergic terminals, respec-
tively. Slices were then transferred into 12 parallel super-
fusion chambers (1 slice/chamber) and stimulated according
to a continuous electrical stimulation protocol (Raiteri et al.,
1992).
Each experiment was carried out on tissue obtained from a

single patient; full concentration-response curves for the
agonist(s), in the presence or in the absence of (-)-sulpiride,
along with appropriate controls were done in the same
experiment.

' Author for correspondence.

._
E 8

O .

&- ur-a) &-

o4

F,

F2 1

F31
F41

F51

t
50 60 70 80 90 100 110 120 130 140 150 160

Time of superfusion (min)

Figure 1 Continuous electrically-evoked release of tritium from
human cerebral cortex slices labelled with [3H]-dopamine. Slices were
labelled and superfused at 1 ml min-'. Electrical stimulation (3 Hz,
2 ms, 24 mA) was applied from t = 65 (see arrow) to the end of the
experiment. Increasing concentrations of agonists (0.01, 0.1, 1 and
1O lLM) were added every 20 min (t = 75, 95, 115, 135 min). Fl, F2,
F3, F4 and F5 represent the fractions at which the 3H overflow was
calculated. Each point represents the mean ± s.e.mean of 7
experiments in duplicate: (@) spontaneous 3H outflow; (U) evoked
3H efflux; (0) evoked efflux in the presence of quinpirole.
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Figure 2 Effects of quinpirole and SKF 38393 on the electrically-
evoked tritium overflow from human neocortex slices and
antagonism by (-)-sulpiride. Drugs were added every 20 min after
the peak of the evoked tritium efflux had been reached. (-)-
Sulpiride was present throughout the experiment. For further details
see Methods. Means ± s.e.mean of 3-7 experiments in duplicate are
shown: (V) quinpirole; (0) SKF 38393; (A) quinpirole + 0.1 AM
(-)-sulpiride; (A) quinpirole + 1 gM (-)-sulpiride.

agonist being about 80%. The apparent pA2 values of (-
sulpiride, calculated according to Furchgott (1972, p. 290) for
the two concentrations of the antagonist, were averaged.

Student's t test was used to analyse the significance of the
difference between two means.

Drugs [3H]-dopamine (specific activity 45 Ci mmol ') was
purchased from Amersham Radiochemical Centre (Bucking-
hamshire). The following drugs were gifts from the com-
panies indicated: 2,3,4,5-tetrahydro-7,8-dihydroxy-1-phenyl-
1H-benzazepine (SKF 38393) (SmithKline Beecham, Surrey);
quinpirole (Eli Lilly & Co, Indianapolis, IN, U.S.A.); (-
sulpiride (Ravizza, Milan, Italy).

Results Figure 1 illustrates the patterns of tritium release
from human cortical slices prelabelled with [3H]-dopamine.
The spontaneous outflow in the pre-stimulation fraction was
1.294 ± 0.112%. The tritium overflows at Fl, F2, F3, F4 and
F5, under control conditions, amounted to 7.415 ± 0.460,
4.897 ± 0.641, 3.065 ± 0.530, 2.194 ± 0.418 and 1.667 ±
0.299%, respectively. The figure also shows the effects of
quinpirole added at increasing concentrations in order to
construct concentration-response curves (see Figure 2).

Quinpirole (0.01-1OI1M) inhibited the overflow of tritium
from slices prelabelled with [3H]-dopamine. The maximal

inhibition (about 80%) was reached at 10 JAM. The EC50 value
amounted to 25 nM. No significant changes of tritium
overflow were produced by SKF 38393. Addition of (-)-
sulpiride (0.1 and 1 jaM) shifted to the right the
concentration-response curve of quinpirole. The pA2 average
value was 8.26 (8.51 at 1 JAM and 8.02 at 0.1I M).
Under our experimental conditions, (-)-sulpiride, at 1 JAM,

did not affect on its own the tritium overflow
(F, = 7.906 ± 1.487; F2 = 4.864 ± 1.299; F3 =3.127 ± 0.184;
F4 = 2.049 + 0.565; F5 = 1.482 ± 0.462%; n = 4). The drugs
used had no significant effect, on their own, on basal tritium
outflow (not shown).

Discussion Mesocortical dopaminergic neurones seem to
play an important role in the therapeutic activity of antipsy-
chotics which justifies investigations into the mechanisms
regulating the activity of dopaminergic neurones projecting
into the cortex. Studies of autoreceptors regulating dopamine
release in animal neocortex are surprisingly few (Plantje et
al., 1985; Talmaciu et al., 1986; Hoffman et al., 1988) as
compared to those on dopamine autoreceptors in the meso-
striatal pathway (see review by Starke et al., 1989). Further-
more, the existence of dopamine autoreceptors in human
cortex has not been reported.

Quinpirole, a selective agonist at dopamine D2 receptors,
but not the DI agonist SKF 38393, inhibited the overflow of
[3H]-dopamine from human neocortex slices. Accordingly, the
selective D2 receptor antagonist (-)-sulpiride prevented the
inhibition by quinpirole. The results indicate the existence of
dopamine autoreceptors which may be pharmacologically
classified as the D2 type.
An apparent pA2 value of 8.26 was obtained for (-)-

sulpiride as a dopamine autoreceptor antagonist in human
cortex. Curiously enough, in spite of the wide use of this
drug as a diagnostic D2 receptor antagonist, to our
knowledge the only quantitative evaluation for (-)-sulpiride
as a blocker of dopamine autoreceptors was carried out in
the rabbit caudate nucleus (pA2 = 7.84; Starke et al., 1983).

(-)-Sulpiride did not increase, on its own, the evoked
overflow of [3H]-dopamine, a result often interpreted as
absence of tonic activation. Although a definite conclusion
requires further experiments, it is worth noting that (-)-
sulpiride behaved similarly in slices of rabbit frontal cortex,
whereas it increased [3H]-dopamine overflow in the striatum
(Hoffman et al., 1988).
To conclude, the release of dopamine from mesocortical

axon terminals in human brain is sensitive to D2 receptor
ligands suggesting the presence of presynaptic autoreceptors
of the D2 type. According to molecular biology studies,
subtypes of the D2 receptor exist in man (De Keyser, 1993);
however, a pharmacological subclassification of the
dopamine autoreceptor in man will not be possible until
novel selective drugs are available.

This work was supported by grants from the Italian M.U.R.S.T. and
from the Italian C.N.R.
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Electrophysiological effects of Org 7797 in the closed-chest
anaesthetized dog
'J. Leboeuf, M. Basiez & R. Massingham

Department of Pharmacology, RL. CERM, rue Henri Goudier, 63203 Riom Cedex, France

1 The intravenous electrophysiological effects of a new antifibrillatory agent, Org 7797, were studied in
closed chest anaesthetized dogs. Effects of fast sodium and slow calcium-mediated action potentials were
also examined in guinea-pig isolated papillary muscle.
2 The major effects of a known antifibrillatory dose of Org 7797 (0.5 mg kg-') were a protracted
slowing of AV nodal conduction (for at least 20 min) and prolongation of the AV nodal functional
refractory period. Conduction in the atria and His-Purkinje system (reflected by the St-A and HV
intervals) were not significantly modified whilst ventricular conduction (reflected by the QRS interval)
and the ventricular functional refractory period were only transiently prolonged. No other elect-
rophysiological changes were seen.
3 A higher dose of Org 7797 (1.5 mg kg-') slowed conduction at all levels of the myocardium (as
evidenced by increases in the St-A, AH, HV and QRS intervals), slightly shortened cardiac repolariza-
tion (as assessed from JTc) and decreased Wenckebach rate. Atrial refractory periods were increased
whereas effects on ventricular refractory periods were modest.
4 Neither heart rate nor sinus node recovery time were modified by either dose of Org 7797.
5 Org 7797, at a concentration (20 tLM) which reduced Vmax of fast sodium-mediated action potentials
in isolated papillary muscle by 83%, did not modify Vma, of slow calcium-mediated action potentials. It
prolonged duration of the latter but did not modify that of the former. However, the plateau phase of
both the 'fast' and especially the 'slow' action potentials was prolonged.
6 It is concluded that the main electrophysiological effects of a known antifibrillatory dose of Org 7797
in dogs with normal cardiac function are seen at the level of the AV node, actions which are unlikely to
be explained by calcium channel block. Higher doses display a class Ic profile. This preferential action
on the AV node may contribute to the control of ventricular rate during atrial fibrillation in the absence
of infra-nodal conduction disturbances.
7 These results contrast with those previously obtained in infarcted dogs and might further suggest
that myocardial infarction enhances the Class I action of Org 7797.

Keywords: Org 7797; electrophysiology; anaesthetized dog; normal ventricular function

Introduction

Org 7797 ((16oa, 17p)-17-methylamino-estra-1,3,5(10-triene-
3,16-diol(z)-2 butenedioate) is a new antifibrillatory agent
(Janse et al., 1990; Kirchhof et al., 1991) currently undergo-
ing clinical evaluation. Previous electrophysiological studies
in vitro characterized Org 7797 as a class I drug with a profile
more similar to that of the Ic agent propafenone than that of
Ia or Ib drugs (Winslow et al., 1989), results which were
confirmed in vivo using a known antifibrillatory dose
(0.5 mg kg-') (Winslow et al., 1991) in dogs with 5 to 6
day-old myocardial infarcts (Campbell et al., 1991). How-
ever, the consistent and potent antifibrillatory actions of Org
7797 observed in rat, canine and porcine models of myocar-
dial ischaemia (Janse et al., 1990; Winslow et al., 1991) are
difficult to reconcile with a Ic sodium channel blocking
action since agents of this class, which, whilst having proven
antiarrhythmic effects, do not appear to prevent, and indeed
may exacerbate, ventricular fibrillation during ischaemia both
in animals (e.g. Lynch et al., 1987; Timour et al., 1991) and
man (The Cardiac Arrhythmia Suppression Trial Investi-
gators, 1989). In addition, although qualitatively similar
electrophysiological actions (slowed conduction at all levels
of the myocardium) to those induced by propafenone are
seen in infarcted dogs (Campbell et al., 1991), Org 7797,
whilst being about 4 times more potent than propafenone in
these respects, is only equipotent with this agent in control-
ling 'late' ischaemia-induced tachyarrhythmias in conscious
dogs, despite the dependency of these arrhythmias on sodium

' Author for correspondence.

channel block for their suppression (Marshall & Winslow,
1982). Further discrepancies arise from clinical studies in
which intravenous Org 7797 administered to healthy volun-
teers in a dose (36 mg) similar to that used in the study of
Campbell et al. (1991) (0.5 mg kg-') failed to modify QRS
duration (Morrison, unpublished). Taken together, these
results suggest that the electrophysiological actions of Org
7797 may be different in normal and infarcted hearts. The
aim of the present study was, therefore, to evaluate the
electrophysiological effects of Org 7797 in dogs with normal
cardiac function since no detailed experimental or clinical
electrophysiological study has yet been performed in subjects
with normal ventricular function. Part of this work has been
published in abstract form (Leboeuf et al., 1992).

Methods

Electrophysiological studies in vivo

Beagle dogs of either sex (12-16 kg) were given sodium
pentobarbitone (5 mg kg', i.v.) to avoid chloralose-induced
tremors and alpha-chloralose (100 mg kg-', i.v.) used for
induction and maintenance of the anaesthesia. The trachea
was cannulated and the animal artificially respired with room
air to maintain arterial blood gases and pH within the
physiological range (Po2, 80-100 mmHg; Pco2, 35-40
mmHg and pH 7.4 ± 0.5). Three endocavitory electrodes
(Plastimed 6F) were positioned with the aid of an image
intensifier as described previously (Leboeuf et al., 1989) for
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recording of the His-bundle and atrial electrograms and to
allow pacing of either atrium or the right ventricle. A limb
(Lead II) electrocardiogram (ECG) was recorded from sub-
cutaneous electrodes and arterial blood pressure recorded
from the right femoral artery. Records were displayed on a
Gould ES 1000 recorder.

Intraventricular conduction time (QRS) and ventricular
repolarization time (QT) were measured during normal sinus
rhythm. The St-A, AH, and HV intervals (the time between
the start of the stimulus artefact and the first deflection of the
atrial electrogram, the interval from the first deflection of the
atrial electrogram to the start of the largest His deflection
and the time between the start of the largest His deflection to
the start of the ventricular electrogram, respectively) were
measured during atrial pacing at a rate 20% above the
spontaneous sinus rate. Atrial, AV nodal and ventricular
refractory periods were determined by interpolating an extra
stimulus (S2) after every 8th paced stimulus (SI) (pulse width
2 ms; 2 x threshold voltage). The effective refractory period
(ERP) was defined as the greatest SI - S2 interval which
failed to elicit a propagated response (R2). The functional
refractory period (FRP) was taken as the smallest value of
Rl -R2 (RI being the propagated response to S1) for any
SI - S2. For assessment of the AV junctional refractory
periods the reference was the atrial R1- R2 interval rather
than the S1-S2 interval.

Anterograde and retrograde Wenckebach rates were deter-
mined by progressively increasing the rate of atrial and
ventricular pacing respectively until AV conduction block
appeared.

Sinus node recovery time (SRT) was defined as the interval
between the start of the last atrial complex during pacing and
the beginning of the first atrial complex when normal sinus
rhythm recommenced. The corrected SRT (cSRT) was
measured according to the method of Narula et al. (1972) as
the difference between the sinus pause duration and the
spontaneous cycle length.
The QT and JT (QT-QRS) intervals were corrected for

heart rate using the Bazett formula (1920) to give values of
QTc (QT/VRR) and JTc (JT//RR).
Org 7797 (0.5 mg kg-' followed 35 min later by 1.5 mg

kg-') was administered as intravenous bolus injections in
10 ml saline given over min. Control dogs received two
20 ml injections of saline. Electrophysiological determinations
were made prior to drug or vehicle administration and at
various times up to 35 min following administration.

Absolute changes from pretreatment values in both the
Org 7797 and control groups were determined and compared
by Student's t test for independent series. A P value of
< 0.05 was considered significant.

Electrophysiological studies in vitro

Right papillary muscles were removed from male guinea-pigs
(Dunkin-Hartley) and pinned to the base of a recording
chamber. The preparations were superfused with physio-
logical salt solution containing (mM): NaCl 119, KCl 4.7,
MgCI2 0.56, NaH2PO4 1.0, NaHCO3 25, CaCl2 2.5 and
glucose 22, gassed with carbogen and maintained at a
temperature of 37 ± 0.5°C. The tissues were electrically
stimulated at a frequency of 0.5 Hz (2 ms duration, 2-3 x
threshold voltage). After a 90 min equilibration period, nor-

mal 'fast' transmembrane action potentials were recorded
using 3 M KCl-filled glass microelectrodes. 'Slow' calcium-
mediated action potentials were then elicited by superfusion
with salt solution containing 26 mM potassium and 1 tLM
isoprenaline and after 30 min action potentials again
recorded. The tissues were subsequently superfused for
30 min with depolarizing medium containing 20 JAM Org 7797
followed by normal medium also containing 20 JAM Org 7797
and action potentials recorded at the end of the 30 min drug
exposure periods. Action potentials were displayed on an
oscilloscope and the signals fed into a Hewlett-Packard 85
microcomputer for measurement and data analysis (using an
unpaired t test). The parameters measured were resting mem-
brane potential (RMP), action potential amplitude (APH)
and the times taken to reach 50 and 90% repolarization
(APD50 and APD90). The maximum rate of depolarization
(Vmax) was obtained by electronic differentiation. Effective
refractory periods were determined by the paired stimulus
technique.

Results

The electrophysiological effects of Org 7797 were investigated
in 7 dogs and compared to those of its solvent given to 5
dogs (control group). Two of these dogs were unable to
follow the pacing stimulus after administration of the higher
dose, thereby precluding electrophysiological measurement.
These two dogs have therefore been excluded from the study
to allow a properly controlled comparison of the effects of
the two different doses of Org 7797 used. Table 1 shows
mean baseline values of the various parameters obtained
prior to drug or saline administration.

Effects of Org 7797 on sinus function

Pretreatment spontaneous rates were 140 ± 8 and 145 ± 11
beatsmin-' in the Org 7797 and control groups respectively
(n = 5). Org 7797 did not significantly modify heart rate,
sinus node recovery time or corrected sinus node recovery
time (Figure 1).

Effects of Org 7797 at the level of the atrium

As shown in Figure 2, 0.5 mg kg-' Org 7797 failed to modify
either atrial conduction time or the atrial effective (AERP) or
functional (AFRP) refractory periods. In contrast, the higher
dose (1.5 mg kg-') markedly increased St-A (from 30 ± 3 to
52 ± 4 ms) and prolonged both AERP (from 108 ± 4 to
156 ± 12 ms) and AFRP (from 155 ± 8 to 188 ± 15 ms). The
effects on the refractory periods appeared shorter lived than
the effect on conduction which was still significantly slowed
20 min after administration. Effects on the refractory periods
failed to maintain significance at this time.

Effects of Org 7797 on the A V node

Intranodal conduction (AH) was increased by Org 7797 in a
dose-dependent manner (Figure 3a) from 56 ± 6 ms pretreat-
ment to 75 ± 3 and 98 ± 8 ms after administration of 0.5 and
1.5 mg kg-', respectively. These actions were accompanied by
lengthening of the functional refractory period from 217 ± 16

Table 1 Baseline values of the electrophysiological parameters in the two groups of animals

HR SRT cSRT QRS St-A AH HV QT JT QTc JTc AERP AFRP AVFRP VERP VFRP AWCK RWCK

56
±6
56
±6

22
±1
23
±2

244 173 376 266
± 10 ± 11 ±8 ±7
231 168 351 256
±7 ±6 ±7 ±6

118
±7
104
±2

149
±6
148
±9

244 164
±12 ±7
217 138
±16 ±6

199 301 263
±10 ±10 ±35
180 327 220
±5 ±19 ±6

Parameters are expressed as mean ± s.e.mean of 5 experiments.

Control

Org 7797

145 580
±11 ±43
140 660
±8 ±83

156 71
±26 ±2
138 62
±34 ±2

34
±3
27
±2
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Figure 1 Time course of the effects of Org 7797 on sinus function:
(a,b and c) depict changes from pretreatment values in spontaneous
heart rate, sinus node recovery time (SRT) and corrected sinus node
recovery time respectively. The arrows denote administration of Org
7797 (0.5 followed by 1.5 mg kg-') ( ) or saline (------). Each
point is the mean ± s.e.mean of 5 experiments. *P < 0.05 denotes a
significant difference from saline-treated animals.
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Figure 3 Time course of the effects of Org 7797 on AV nodal
furlction: (a,b and c) depict changes from pretreatment values in AV
conduction time (AH), anterograde (A-Wck) and retrograde
(R-Wck) Wenckebach rates respectively. The arrows denote adminis-
tration of Org 7797 (0.5 followed by 1.5mgkg-') ( ) or saline
(------). Each point is the mean ± s.e.mean of 5 experiments.
*P < 0.05 denotes a significant difference from saline-treated animals.
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Figure 2 Time course of the effects of Org 7797 at the atrial level:
(a,b and c) depict changes from pretreatment values in intraatrial
conduction time (St-A), effective (AERP) and functional (AFRP)
refractory periods respectively. The arrows denote administration of
Org 7797 (0.5 followed by 1.5 mg kg-') ( ) or saline (------). Each
point is the mean ± s.e.mean of 5 experiments. *P < 0.05 denotes a

significant difference from saline-treated animals.
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Figure 4 Time course of the effects of Org 7797 on ventricular
refractory periods: (a and b) depict changes from pretreatment values
in the effective (VERP) and functional (VFRP) refractory periods
respectively. The arrows denote administration of Org 7797 (0.5
followed by 1.5mgkg-') ( ) or saline (------). Each point is the
mean ± s.e.mean of 5 experiments. *P< 0.05 denotes a significant
difference from saline-treated animals.
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Table 2 Comparative electrophysiological actions of Org
7797 on 'fast' and 'slow' actions potentials in guinea-pig
papillary muscle driven at 0.5 Hz

0 15 30 45 60 7E

b~~~~~~~

t ~ ~ ~ .r*
- -II \

O... % '..~~~~~~~~

,. ve o
0 15 30 45 60

t t Time (min)

Fast action potentials
[I IM n RMP

0 24 - 83.6
±0.7

20 24 - 82.5
±0.4

Slow action potentials
[I]IM n RMP

0 24 -46
± 0.4

20 24 -45
±0.5

75

Figure 5 Time course of the effects of Org 7797 at the ventricular
level: (a and b) depict changes from pretreatment values in interven-
tricular (QRS) and His-Purkinje (HV) conduction times respectively.
The arrows denote administration of Org 7797 (0.5 followed by
1.5 mg kg-') ( ) or saline (------). Each point is the mean ±
s.e mean of 5 experiments. *P < 0.05 denotes a significant difference
from saline-treated animals.

to 248 ± 16 and 262 ± 10 ms respectively (not shown) and
were still significant 20 min after administration at the lower
dose. However, anterograde and retrograde Wenckebach
rates were only decreased at the higher dose (Figure 3b and c).

Effects of Org 7797 at the ventricular level

Org 7797 induced dose-dependent increases in QRS (Figure
4a) and in both the effective (VERP) and functional (VFRP)
refractory periods (Figure 5). With the exception of the
prolongation in QRS induced by the higher dose, these
effects were relatively short-lived. HV was unaltered by the
lower dose of Org 7797 but prolonged by the higher dose
(Figure 4b).

a

0 15 30 45 60

Time (min)

Figure 6 Time course of the effects of Org 7797 at the ventricular
repolarization: (a and b) depict changes from pretreatment values in
the QTc and JTc intervals respectively. The arrows denote adminis-
tration of Org 7797 (0.5 followed by 1.5 mg kg-') ( ) or saline
(------). Each point is the mean ± s.e.mean of 5 experiments.
*P < 0.05 denotes a significant difference from saline-treated animals.

APH APD50 APDs% Vmax

121
±2
117
±2

170
±4
183
±4

202
±3
204
±4

310
±21
53

±3

ERP

203
±17
>250

APH APD50 APD90 Vmax

112
±4
146
±3

131
±3
168
±3

19.8
±1
19.6
± 0.8

For abbreviations, see text.
Parameters are expressed as mean ± s.e.mean.
8 action potentials were recorded from each of 3
preparations.
*P<0.05; **P<0.01; ***P<0.001.

Baseline values of QT and JT intervals were in the same
range in the control and Org 7797-treated groups (see Table
1). Org 7797, 0.5 mg kg-1, did not significantly modify either
the QT or JT intervals (increased by 11 ± 3 and 13 ± 4%
respectively compared to 10 ± 8 and 14 ± 11% in the control
group). A dose of 1.5 mg kg-' only significantly increased the
QT interval at the 5 min time point (by 13 ± 1.5% vs 6 ± 3%
in the control group) while the maximum JT interval in the
Org 7797-treated group was shorter than that reached in the
control group (201 ± 11 vs 229 ± 11 ms). Figure 6a and b
illustrates the effects of Org 7797 on QTc and JTc. The lower
dose was without effect whilst the higher dose induced a
sustained shortening of JTc. QTc was unchanged except for a
very transient increase seen immediately following administ-
ration of the higher dose.

Electrophysiological effects

The effects of Org 7797 were similar in all 3 preparations
studied and the results are summarized in Table 2. Org 7797
(20 gM) slightly prolonged APD50 and markedly reduced Vmax
of normal 'fast' action potentials. These effects were accom-
panied by a small decrease in action potential amplitude and
a prolongation of the effective refractory period beyond the
limit of measurement. In contrast, Vmax of 'slow' action
potentials was unchanged although a significant decrease in
action potential amplitude was observed. In addition marked
prolongation of action potential duration (both at the 50 and
90% levels) was observed.

Discussion

In the present study, Org 7797 was given at a dose
(0.5 mg kg-') known to exert marked antifibrillatory actions
in both rats and greyhound dogs (Winslow et al., 1991) and
subsequently at three times this dose.
The results of this study indicate that the electro-

physiological profile of high dose Org 7797 in vivo in dogs
with normal cardiac function is similar to that reported for
other known class Ic sodium channel blocking agents (Har-
rison, 1985; Karagueuzian et al., 1984; 1985; Schlepper, 1987;
Vaughan Williams, 1989). At a dose of 1.5 mg kg-', Org
7797 rendered 2 out of 7 dogs unable to follow an atrial
pacing stimulus of approximately 170 beats min- '. In the
remaining dogs, conduction was slowed at all levels of the
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myocardium as shown by prolongation of the St-A, AH, HV
and QRS intervals, reflecting slowing of conduction in the
atria, AV node, His-Purkinje system and ventricular myocar-
dium, respectively. These effects werer accompanied by only
modest and transient increases in ventricular and atrial ref-
ractory periods and by a slight but definite shortening of
cardiac repolarization as assessed from JTc. QTc was, how-
ever, essentially unaltered apart from a very transient in-
crease which can be adequately explained by the marked
prolongation of the QRS interval seen at this time. The slight
shortening of JTc and the inactivity of Org 7797 on the
duration of fast action potential in vitro seen in the present
study are more reminiscent of the effects of class Ib agents
such as mexilitine which either have no effect or shorten
repolarization in vivo (Costard-Jackle & Franz, 1989) and in
vitro (Vaughan Williams, 1989). The marked decrease of Vmax
(83%) of the fast action potential by Org 7797 in isolated
papillary muscle and its lengthening of QRS (52%) in vivo
suggest pronounced blockade of sodium channels in ven-
tricular tissue following high dose administration.
The electrophysiological effects of the lower (antifibril-

latory dose) of Org 7797 were almost exclusively confined to
the AV node. At other levels of the myocardium, the only
effects which were seen were modest and transient slowing of
ventricular conduction (prolongation of QRS of 19%)
together with very modest increases in the ventricular refrac-
tory periods. These results are in marked contrast to those
reported in anaesthetized dogs with 5-6 day old myocardial
infarcts (Campbell et al., 1991) in which a similar dose of
Org 7797 maximally increased St-A, QRS and HV by 81, 37
and 22% respectively, effects which were still significant
10 min after drug administration. Taken together these result
suggest that the sodium channel blocking action of Org 7797
may be enhanced by myocardial infarction, as has been
suggested for other class I drugs including propafenone
(Seipel & Breithardt, 1978; Connoly et al., 1983a,b) and
disopyramide (Marrott et al., 1976; Ross et al., 1978). Des-
pite the failure of low dose Org 7797 to influence conduction
markedly in the fast conducting system or in atrial or ven-
tricular muscle, a noticeable and sustained (at least 20 min)
slowing of AV nodal conduction was observed (AH was
increased by 34%) accompanied by a sustained prolongation
(of 14%) of the AV nodal functional refractory period. These
results might suggest a blockade of calcium ion channels
(Fleckenstein, 1985). However, other calcium-dependent pro-
cesses in large animals (Fleckenstein, 1985), such as heart
rate in the present study and myocardial contractility in
previous studies (Winslow et al., 1991; Winslow & Mason,
1992), are not reduced by this dose of Org 7797. Also a
concentration of Org 7797 which reduced Vm.x of fast
sodium-mediated action potentials in isolated papillary mus-
cle by 83% (at low stimulation frequency) failed to modify
Vmax of slow calcium-mediated action potentials (Table 2)
suggesting that marked inhibition of sodium ion channels is

not accompanied by blockade of calcium ion channels. This
would also be consistent with the observation that the FRP
of the atrium changed more rapidly than the ERP. Although
action potential amplitude was reduced, this may be
explained by inhibition of residual sodium current in the
depolarized tissues. These results are puzzling but the action
of Org 7797 on AV nodal refractoriness might be explained
by effects on currents involved in the plateau phase of the
action potential (such as sodium-calcium exchange, sodium
or calcium window or potassium currents; Noble, 1992;
Hiraoka et al., 1992; January & Moscucci, 1992) since in the
present study, the duration of the fast action potential at the
level of the plateau phase was lengthened as was the duration
of the slow calcium-mediated action potential (see Table 2).
Other Ic antiarrhythmic agents such as flecainide, which also
prolong AV conduction and refractoriness (e.g. Hodess et al.,
1979), have been shown to influence potassium currents
(Follmer & Colasky, 1990) whereas lb drugs which do not
slow conduction during normal sinus rhythm have no such
effect at therapeutic concentrations (Campbell, 1987). These
in vitro effects may explain the lengthening of the AV nodal
refractory period observed in this study. Janse et al. (1990)
and Kirchhof et al. (1991) have also provided evidence from
porcine or canine preparations to suggest that the anti-
fibrillatory effects of Org 7797 may be explained by pro-
longation of wavelength (the product of conduction velocity
and refractory period) at fast frequencies. This prefer-
ential prolongation of refractory periods (compared to
slowing of conduction) might at least be contributed to by
rate-dependent prolongation of repolarization (Winslow &
Campbell, 1991). However, explanation for the preferential
electrophysiological effects of Org 7797 at the level of the AV
node seen in the present study must remain speculative until
the effects of Org 7797 on the various ion channels at
different levels of the myocardium are elucidated. The picture
is also complicated by the known frequency-dependent and
concentration-dependent effects of Org 7797 on the inward
sodium current (Winslow & Campbell, 1991) both of which
would tend to oppose drug-induced prolongation of action
potential duration. Nevertheless, the selective effect of this
agent on the AV node in an antifibrillatory dose might
contribute to the control of ventricular rate during atrial
fibrillation in the absence of infra-nodal conduction distur-
bances.

In conclusion, the results of the present study suggest that
the main electrophysiological effects of an antifibrillatory
dose of Org 7797 in dogs with normal cardiac function are
seen at the level of the AV node. Comparisons with previous
studies also indicate that myocardial infarction may enhance
the sodium channel blocking activity of this compound.

We should like to thank M.J. Peyrin and M. Robillon for help with
the figures and A. Thomas for typing the manuscript.
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Characteristics of the bradykinin-induced changes in
intracellular calcium ion concentration of single bovine tracheal
smooth muscle cells
Katrina A. Marsh & 'Stephen J. Hill

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

1 Single bovine tracheal smooth muscle (BTSM) cells were cultured and used to measure bradykinin-
induced changes in [Ca2+]i by dynamic video imaging.
2 Bradykinin (10 pM- 10 JAM)-induced an increase in [Ca2+], over basal levels (69 ± 2 nM; n = 353)
which was concentration-dependent (log EC50 = - 8.7M) in the presence of extracellular calcium ions
(2 mM). The bradykinin B2 receptor antagonist, D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin, produced a
parallel shift to the right of the bradykinin concentration-response curve (log EC% = - 7.1 M and
- 5.8 M in the presence of 1 1.M and 10 ZlM antagonist respectively) yielding an apparent KD of 26 nM.
3 In the absence of extracellular calcium ions (with 0.1 mM EGTA), bradykinin (10 PM- 10LM)
produced a uniform increase in [Ca2+]i from a basal level of 33 ± 2 nM (n = 140) to approximately
180 nM in BTSM cells indicating an 'all-or-nothing' release of intracellular calcium ions. In the presence
of 10 JM D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin no responses could be induced by bradykinin at concen-
trations below 100 nM. However, at 100 nM and 1 jIM bradykinin there was no change in the uniform
increase in [Ca2+], in these cells previously observed.
4 In both the absence or presence of D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin, there was a concentration-
dependent increase in the percentage of cells responding to bradykinin (frequency) under calcium-rich or
calcium-free conditions. Individual cells also demonstrated a difference in the sensitivity to any parti-
cular concentration of bradykinin.
5 A latency in the response of cells to bradykinin was observed both in calcium-containing and
calcium-free conditions.
6 We conclude that bradykinin B2 receptors are expressed by BTSM cells and are involved in the
bradykinin-induced increase in [Ca2+]i. It appears that the increase in [Ca2+], can be mediated via a
graded influx of calcium ions from the extracellular space or an 'all-or-nothing' release from intracellular
stores.

Keywords: Bradykinin; calcium ion mobilisation; trachea; cultured smooth muscle

Introduction

The involvement of intracellular calcium ions in smooth
muscle contraction and relaxation is a well recognized
phenomenon; however, the mechanisms by which changes in
intracellular calcium ion concentration ([Ca2+]i) are obtained
within the cell are not completely understood, particularly in
the smooth muscle of the airways. An increase in [Ca2+]i can
be mediated either via a release of calcium from intracellular
stores (Somylo et al., 1988; Berridge & Irvine, 1989; Irvine,
1990) or via an influx of calcium from the extracellular fluid
(Benham & Tsien, 1987; Murray & Kotlikoff, 1991). The
release of calcium ions from intracellular stores can be
effected by a spasmogen-induced activation of phospholipase
C leading to an increase in the production and action of
inositol 1,4,5-triphosphate (1P3: Berridge & Irvine, 1989). It
has recently been proposed that, in a number of cell types,
including pancreatic acini (Muallem et al., 1989), hepatocytes
(Taylor & Potter, 1990; Oldershaw et al., 1991) and HeLa
cells (Bootman et al., 1992), the IP3-mediated release of
calcium from intracellular stores is a quantal process where
these stores differ in their sensitivity to IP3.

Bradykinin is a nonapeptide which has been suggested to
have an involvement in the pathogenesis of allergic asthma.
In addition, elevated levels of this peptide have been
observed in asthmatic patients (Christiansen et al., 1987),
although the physiological role of bradykinin is unclear. It

' Author for correspondence.

has been demonstrated that bradykinin can induce an in-
crease in [Ca2+]i in both human (Murray & Kotlikoff, 1991)
and guinea-pig (Farmer et al., 1991a,b) airway smooth mus-
cle cells, but the characteristics of these responses remain to
be elucidated. Bradykinin receptors have classically been
divided into two subtypes, those of B, and B2, according to
the relative potencies of antagonists and agonists (Regoli &
Barabe, 1980). However, the receptor by which bradykinin
exerts its intracellular effect is unclear. Using cultured cells
from the guinea-pig tracheal smooth muscle, Farmer et al.
(1991b) suggested that the activation of a putative B3 recep-
tor (Farmer et al., 1989) was responsible for the bradykinin-
induced increase in [Ca2+], they observed which was insen-
sitive to both B, and B2 receptor antagonists.
We have previously reported that bradykinin can induce

an increase in phosphoinositide hydrolysis in cultures of
bovine tracheal smooth muscle cells which appears to be
mediated via the activation of the bradykinin B2 receptor
(Marsh & Hill, 1992a). In addition, initial studies on single
bovine tracheal smooth muscle cells indicated that brady-
kinin also induced an increase in [Ca2+], in the presence and
absence of extracellular calcium ions (Marsh & Hill, 1992b,c).
We have therefore extended these studies to investigate the
characteristics of the bradykinin-induced increase in [Ca2+],
of single bovine tracheal smooth muscle cells in both
calcium-free and calcium-rich conditions using dynamic video
imaging. This paper describes the involvement of the brady-
kinin B2 receptor in mediating a bradykinin-induced increase

Br. J. Pharmacol. (1993), 110, 29-35 '." Macmillan Press Ltd, 1993
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in [Ca2+]i and the characteristics of this increase by use of
calcium-free and calcium-rich experimental conditions. A
preliminary account of part of this work has been presented
to the British Pharmacological Society (Marsh & Hill, 1993).

Methods

Cell culture

Cultures of bovine tracheal smooth muscle cells were
obtained as described previously (Marsh & Hill, 1992a,b,c).
Briefly, fresh tracheal smooth muscle denuded of mucosa and
connective tissue was chopped into 1mm3 pieces and transfer-
red to tissue culture-treated plastic flasks. These explants
were then covered with a D-Val-substituted minimum essen-
tial medium containing 10% foetal calf serum (FCS) and
antibiotics (100 u ml-' penicillin G; 100ljg ml-' strepto-
mycin; 250 ng ml-' amphotericin B) then maintained at 37°C
in 10% CO2. Smooth muscle cells grew to confluency from
the explants and were routinely subcultured by treatment
with trypsin (0.05% in versene, Glasgow formula). Using the
Hoechst 33258 staining method of Chen (1977), mycoplasmal
contamination was shown to be negative. Immunocytochemi-
cal analysis using the monoclonal antibody to alpha smooth
actin was performed as described previously (Marsh & Hill,
1992a) confirming the identity of the cells as smooth muscle.
For image analysis purposes, cells from passages 4 to 10 were
seeded at a split ratio of 1:10 onto 22 mm circular glass
coverslips in Dulbecco's modified Eagle's medium with 10%
FCS and grown for 72 h under the above conditions.

Image analysis

Coverslips with attached cells were washed three times in a
physiological saline solution (PSS) containing (in mM): NaCl
145, KCI 5, MgSO4 1, N-2-hydroxyethylpiperazine-N'-2-
ethanesulphonic acid (HEPES) 10, glucose 10 and CaCl2 2,
pH 7.4. The cells were then incubated at 37TC for 30 min
with PSS containing 10% FCS and 5 gIM fura-2 acetoxy-
methylester; then excess dye was removed by washing with
PSS a further 3 times. Coverslips were transferred to a metal
holder which was mounted in a heated chamber maintained
at 37°C. A volume of 900 jIl of PSS was added to the
chamber and agents were added directly in a volume of
100 pl PSS. For experiments requiring calcium-free condi-
tions, any PSS added to the chamber was deficient of CaCl2
and supplemented with 0.1 mM EGTA. All coverslips were
used within 90 min of the end of the loading time.
Image analysis was performed with MagiCal hardware and

TARDIS software supplied by Applied Imaging International
Ltd. (Hylton Park, Sunderland, Tyne & Wear) as described
previously in detail (Neylon et al., 1990). Briefly, fluorescent
images were detected by a Nikon Diaphot epifluorescence
microscope with a 10 x quartz objective lens then relayed
through an image intensifying charged couple device camera
(Photonic Science) to the MagiCal hardware where the
images underwent analogue to digital conversion. Images
captured were 256 x 256 pixels in size and each frame was
averaged 8 times with analogue hardware averaging to reduce
camera noise. Incident light of alternating 340 and 380 nm
wavelength was supplied to the sample by means of a
rotating filter wheel so that the time between image pairs was
1.5 s. Once a sequence of images had been captured they
were subjected to a background subtraction. For this pur-
pose, an averaged image of each of the 340 and 380 nm types
was captured from an area of the coverslip devoid of any
cells using the same parameters as for cell measurements. The
340 nm background was then subtracted from each of the
340 nm images on a pixel-by-pixel basis and similar process-
ing was performed with the 380 nm background and images.

After digital conversion, background-corrected image pairs
were ratioed (340/380) on a pixel-by-pixel basis and calcium

ion concentration was calculted with a 2-D look up table
utilising the Grynkiewicz (1985) equation below

[Ca] = KD 13 [R-Rmin/Rmax-R]
where R is the measured ratio and P is the fluorescence ratio
at 380 nM of Rmin to Rmax. Rmax and Rmin values were cal-
culated for calibration purposes by exposing the cells firstly
to 20 iM ionomycin in the presence of 10mm calcium, thus
allowing flooding of the cell with calcium and a maximum
fluorescence ratio (Rmax) to be obtained. Rmin (minimum
fluorescence ratio) was calculated by chelation of the free
calcium ions with 6 mM EGTA. A dissociation constant (KD)
of 224 nM for fura-2 and calcium at 37'C was incorporated
into the 2-D look up table.
Image analysis software performed quantification of mean

calcium ion concentration as a function of time (Figure la)
and whole cell intracellular calcium ion quantification was
obtained by outlining each individual cell with a light pen
(Figure lb). Graphical representation was automatically pro-
duced from the pixel data contained within the defined
region.

Data analysis

Concentration-response curves were fitted to a Hill equation
by use of the non-linear programme ALLFIT (DeLean et al.,
1978). The equation fitted was

% of maximal response = Ema x D'/Dn + (EC50)n

where D is the agonist concentration, n is the Hill coefficient,
EC50 is the concentration of agonist giving half maximal
response and Emax is the maximal stimulation. Apparent dis-
sociation constant (KD) of the receptor antagonist was deter-
mined, assuming competitive antagonism, from shifts in the
agonist concentration-response curves using the relationship

KD = D/(K2/K, - 1)
where D is the concentration of antagonist, K, is the concen-
tration of agonist producing half maximal response and K2 is
the concentration of agonist producing the same response in
the presence of antagonist. The data point at each concentra-
tion of bradykinin was calculated from accumulated data
from a single field of view (containing 4-10 cell) from each
of at least six different coverslips each arising from different
animals.

Chemicals

D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin, bradykinin acetate and
Hoechst 22358 were obtained from Sigma. Anti-alpha
smooth muscle actin monoclonal antibody was purchased
from Dako Ltd.

Results

Figure 1 a demonstrates the time sequence of changes in
[Ca2+]i of cells from a single field of view. An interval of
approximately 3 s separates each image and bradykinin
(10 nM) was added between the first two frames. The
graphical analysis from Figure la is shown in Figure lb
where each line on the upper graph represents the changes in
intracellular calcium ion concentration from the individual
cell defined by the outline of the same colour.

In the presence of extracellular calcium, bradykinin
produced a sharp increase in the [Ca2+]i of bovine tracheal
smooth muscle (BTSM) cells which fell to a lower yet
elevated over basal level that was maintained for several
minutes (Figure 1). On analysis of data from between
26 and 45 cells at each concentration, bradykinin was
found to produce a concentration-dependent increase in
[Ca2+ ], over basal levels (mean basal level in calcium-rich
conditions = 69 + 2 nM; n = 353: maximum increase =
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Figure 1 Bradykinin-induced changes in intracellular calcium ion concentration in single bovine tracheal smooth muscle cells in
the presence of extracellular calcium ions. (a) Montage of a time sequence of images obtained from the 'MagiCal' image analysis
system. A time interval of approximately 3 s separates each image and the different colours represent different intracellular calcium
ion concentrations (indicated to the left of the graph in Figure lb). For evaluation of changes in calcium ion concentration within
single cells, one field of view (4-10 cells) was monitored as a representative area from each coverslip. (b) Intracellular calcium ion
concentrations for each of the cells were then measured individually as a function of time and are represented by separate traces on
the graph. Each coloured trace of the graph (top) represents the data obtained from the cell (shown in the bottom left image) which
is outlined by the same colour (bottom right image). Intracellular calcium ion concentrations are represented by the colours
indicated to the left of the graph. Bradykinin (100 nM) was added to the bathing medium 15 s after the start of image capture (0 s).
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428 ± 45 nM at 1 JAM bradykinin; n = 45: Figure 2). It became
increasingly apparent that not all the cells in any one field of
view were responding to bradykinin, particularly at the lower
concentrations of this agonist. We therefore analysed further
this phenomenon with respect to the frequency of responding
cells. This was done by calculating the number of cells which
responded to a particular concentration of bradykinin as a
percentage of the total number of cells observed at that
concentration. By analysing the data in this way we found a
concentration-dependent increase in the frequency of res-
ponse of BTSM cells to bradykinin (Table 1). In light of this
observation, data have been calculated from the bradykinin-
sensitive cells only in order to evaluate the results as actual
cell responses rather than as a function of the frequency of
response of the cells. One field of view, containing 4-10 cells,
was observed from each of six different coverslips (arising
from different animals) for each concentration of bradykinin.
The mean increase in [Ca2+], of all the cells which responded
to each concentration of bradykinin was then calculated.

Evaluating the results in this way we found that the
concentration-response curve for bradykinin in the presence
of extracellular calcium ions revealed a log EC50 value of
- 8.7 M (Figure 3). On addition of the bradykinin B2 recep-
tor antagonist, D-Arg[Hyp3,Thi5 8,D-Phe7]-bradykinin, 2 min
prior to the addition of bradykinin, there was a parallel shift
to the right of the bradykinin concentration-response curve

600-
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Figure 3 Concentration-response curves to bradykinin (10 pm-
1O JiM) in the absence (o) and presence of 1 JM (x) or 1OJM (@)
D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin added 2 min prior to
bradykinin in the presence of extracellular calcium ions. Values
represent the mean increase in intracellular calcium ion concentration
over basal levels of only the BTSM cells which responded to
bradykinin. Means of responding cells (n = 21-38 at each concentra-
tion) were calculated from at least six fields of view from separate
coverslips each originating from different animals. Points show
means with s.e.mean.
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Figure 2 Concentration-response curve to bradykinin (10 pM-
1O JM). Values represent the mean increase in intracellular calcium
ion concentration over basal levels of all BTSM cells (i.e. bradykinin
(BK)-responsive and non-responsive cells) observed. Means of the
cell responses (n = 26-45 at each concentration of bradykinin) were
calculated from at least six fields of view from separate coverslips
each arising from different animals. Points show means with
s.e.mean.

Table 1 Frequency of response of single BTSM cells to various
calcium-free conditions (- Ca)

(Figure 3) indicating competitive antagonism resulting in log
EC50 values of - 7.1 and - 5.8 in the presence of 1 JAM and
10 JLM antagonist respectively. These values yielded an appar-
ent KD of 26nM for D-Arg[Hyp3,Thi '8,D-Phe7]-bradykinin.
Table 1 demonstrates the differences in the frequency of
response of the cells to bradykinin in the absence and the
presence of antagonist where no cell responses were observed
below 10 nM bradykinin in the presence of 1 JM antagonist
and below 100nM bradykinin in the presence of 10 JM D-
Arg[Hyp3,Thi5 8,D-Phe7]-bradykinin. No increase in [Ca2+],
was observed on addition of D-Arg[Hyp3,Thi5'8,D-Phe7]-
bradykinin to the cells (results not shown).

In the absence of extracellular calcium ions there was an
increase in [Ca2+]i above basal levels (mean basal level in
calcium-free conditions = 33 + 2 nM; n = 140) in response
to bradykinin which returned to basal levels within 90 s
(Figure 4). However, as in the presence of extracellular
calcium ions, not all cells responded to bradykinin (Figure 4,
Table 1). On analysing the data from bradykinin-sensitive
cells only, it was revealed that there was a uniform increase
in [Ca2+]i of approximately 180 nM on addition of concentra-
tions of bradykinin between 10 pM and 10 JAM bradykinin
(n = 4-22 for each concentration of bradykinin) indicating
the absence of any concentration-response relationship. The

concentrations of bradykinin in calcium-containing (+Ca) and

log [BK] (M)

+ Calcium
BK alone
+ 1 JiM antagonist
+ 1O JM antagonist
- Calcium
BK alone
+ 10 JM antagonist

- 11 - 10

65 (24/37) 67 (26/39)
- 0 (0/20)
_ 0 (0/15)

Frequency of response (%)
- 9 - 8

63 (27/43)
0 (0/31)
0 (0/16)

75 (21/28)
41 (14/34)
0 (0/30)

- 7

84 (38/45)
90 (30/33)
15 (4/26)

-6

84 (38/45)
96 (26/27)
86 (30/35)

-5

96 (25/26)
100 (32/32)
95 (19/20)

18 (7/38) 15 (5/34) 39 (14/36) 34 (13/38) 27 (9/33) 55 (22/40) 67 (20/30)
_ 0 (0/8) 0 (0/17) 0 (0/24) 31 (18/59) 39 (22/56) 53 (25/47)

Experiments, as described in the text, were performed in the absence or presence of I iJM or 10 JAM of
D-Arg[Hyp',Thi5'8,D-Phe']-bradykinin as indicated. The frequency indicated is calculated from a sample of cells taken from at least six
separate coverslips each originating from different animals and is defined as the percentage of the total number of cells observed which
respond to bradykinin. Numbers in parentheses indicate the number of cells responding to bradykinin/the total number of cells
observed.
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Figure 4 Bradykinin-induced changes in intracellular calcium ion
concentration of single BTSM cells in calcium-free conditions (with
0.1 mM EGTA). The arrow indicates the addition of 100 nM
bradykinin. Note that one of the four cells was not responsive to
100 nM bradykinin. Intracellular calcium ion concentrations were
calculated as in Figure 1.

at the lower concentrations of bradykinin. Figure 6 demon-
strates the different latencies of response of 3 cells to 1 nM
bradykinin under calcium-free conditions which is represen-
tative of the phenomenon observed in both calcium-free and
calcium-containing conditions. We do not attribute these
latencies to the diffusion of bradykinin across the monolayer
as the spatial arrangement of the cells and the temporal
aspect of the response are not consistent with a diffusion
pattern (results not shown).
A difference in sensitivity was observed between cells to

any particular concentration of bradykinin. Figure 7a dem-
onstrates the responses of 2 cells to 0.1, 1, 10 and 1000 pM
bradykinin in the presence of extracellular calcium. The cell
response depicted by the solid line responds to all four
concentrations of bradykinin with increasing amplitude. In
contrast the cell represented by the dashed line shows a
marginal increase in [Ca2+], to 0.1 pM bradykinin, no further
increase at 1 pM but additional increases at 10 and 1000 pM
bradykinin. In the absence of extracellular calcium ions
differences in sensitivity were also observed in response to
0.01, 0.1, 1 and 10iM bradykinin; however, under these
conditions no further increases in [Ca2+], were seen on addi-
tion of higher concentrations of bradykinin.

slope of the linear regression line fitted to the data points did
not differ significantly from zero (Figure 5). However, the
frequency of response of the cells under calcium-free condi-
tions are shown in Table 1 and although these frequencies
are lower than those observed in the presence of extracellular
calcium, a concentration-dependent increase in frequency is
still apparent. In the presence of 1OPM D-Arg[Hyp3.Thi5'8,D-
Phe7]-bradykinin no responses were observed below a con-
centration of bradykinin of 100 nM in calcium-free conditions
(Table 1). At concentrations of bradykinin of 0.1 and 1 JIM
there was no statistically significant difference (unpaired t
test) between the increases in [Ca2+]i obtained in the absence
or presence of D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin. How-
ever, on addition of 1O JM bradykinin a significantly greater
increase in [Ca2"]i was induced in the presence of 10 JM
D-Arg[Hyp3,Thisi,D-Phe7]-bradykinin (338 ± 44, n = 25) than
in the absence of antagonist (193 ± 20, n = 20; P< 0.01).

In addition to the above observations, it was also noted
that there was a difference in the latency of response to
bradykinin between cells in any one field of view particularly
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Discussion

This study demonstrates that in the presence of extracellular
calcium ions, bradykinin can induce a concentration-
dependent increase in the [Ca2+]i of single bovine tracheal
smooth muscle (BTSM) cells. This increase can be attenuated
by the bradykinin B2 receptor antagonist D-Arg[Hyp3,Thi5'8,
D-Phe7]-bradykinin suggesting that the receptor via which
bradykinin exerts its effects is the B2 receptor. This would
concur with our previous report that the B2 receptor mediates
the bradykinin-induced increase in phosphoinositide (PI)
hydrolysis in these cells (Marsh & Hill, 1992a,b) in that
stimulation of the B2 receptor increases the production of IP3
which itself can lead to the release of calcium from intracel-
lular stores (Berridge & Irvine, 1989). One of the more striking
findings of this study is the uniform increase in [Ca2+],
induced by all concentrations of bradykinin used in the
absence of extracellular calcium. These results would suggest
that, in this cell type, bradykinin is able to induce an 'all-or-
nothing' release of calcium from the intracellular stores. This
therefore suggests that the influx of calcium from the extra-
cellular space (plateau phase of Figure lb) appears to have a
graded component and that the concentration-response curve
obtained in the presence of extracellular calcium is a product

300r
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Figure 5 Bradykinin (BK) (10pM-0I IM)-induced increases in int-
racellular calcium ion concentrations in calcium-free medium in the
absence (0) and presence (0) of 10gM D-Arg[Hyp3,ThiSi,D-Phe7]_
bradykinin added 2 min before bradykinin. Means of responding
cells (n = 4-22 at each concentration) were calculated as for Figure
3. Points are means with s.e.mean. The dashed line represents the
concentration-response curve to bradykinin in the presence of ext-
racellular calcium taken from Figure 3 for purposes of comparison.
The linear regression line fitted through the data points obtained in
the absence of antagonist reveals a Y intercept of 189 nm and a slope
of 1.5 which did not differ significantly from zero.
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Figure 6 Latencies of individual cells responding to bradykinin in
calcium-free conditions. Each trace represents the changes in int-
racellular calcium ion concentration of individual cells in the same
field of view. The three cells represented in the graph responded
approximately 7 s, 21 s and 34 s after the addition of 1 nM
bradykinin (arrow).

U

n

33

I

I

I

I

I

I

I

I

1, $
C) C) .

Z5

i-11
,I

I

%
%

II

I

11 , I -



34 K.A. MARSH & S.J. HILL

a~ I

-i

+

7CN

N

~1 ~1

I

v-I- -

v I

0 25 50 75 100 125 150 175

Time (s)

Figure 7 Different sensitivities of individual BTSM cells within a

single field of view to bradykinin in (a) calcium-containing medium
and (b) calcium-free medium. Arrows represent the sequential addi-
tions of (a) 0.1, 1, 1O and 100 pM bradykinin or (b) 0.01, 0.1, 1 and
10 t4M bradykinin.

of the graded influx of ions from the extracellular space and
an 'all-or-nothing' release of calcium from internal stores.
The characteristics of the 'all-or-nothing' release of calcium

in the present study appears to be different from that
observed in other cell types (Muallem et al., 1989; Taylor &
Potter, 1990; Oldershaw et al., 1991; Bootman et al., 1992).
These groups have proposed that the intracellular calcium
stores consist of several smaller stores which differ in their
sensitivity to IP3, resulting in the release of only a portion of
the stores at low concentrations followed by a further empty-
ing of more stores on application of higher concentrations of
IP3. This is not a phenomenon observed in the present study
where it is quite clearly shown in Figure 7b that, in the
absence of extracellular calcium ions, once a cell has re-

sponded to bradykinin it will not repeat this increase on

further additions of higher concentrations of bradykinin. We
do not believe this to be a result of desensitization to
bradykinin as multiple responses to bradykinin are observed
under calcium-rich conditions. It is possible that the calcium
release mechanism is sufficiently cooperative within individ-
ual BTSM cells to enable a complete emptying of the calcium
stores which is consistent with the observation that IP3-
stimulated calcium release can be highly cooperative (Meyer
et al., 1988; 1990; Bootman et al., 1992). Interpretation of the
results obtained in the present study in calcium-free condi-
tions leads to several suggestions, one being that the intracel-
lular calcium stores within BTSM cells are cooperative but
are not compartmentalized. A particular concentration of IP3
may then trigger a complete emptying of the entire store. If
the sensitivity to IP3 differs from cell to cell, then this could
produce the apparent difference in sensitivity to bradykinin.

Alternatively, the stores may indeed be compartmentalized
yet the bradykinin triggers an 'all-or-nothing' production of
IP3 which releases only a portion of the stores and the
different sensitivities observed are due to the differences in
sensitivities of the cells to bradykinin.
Another possibility is that the constant amplitude of the

bradykinin response seen in this study in calcium-free media
may be a consequence of the interaction between IP3-sensitive
and IP3-insensitive calcium stores which leads to the filling
and subsequent transient calcium-induced release of calcium
from the latter stores. This mechanism is one which has been
proposed to account for the oscillations in [Ca2+]i observed
in a number of cell types (Berridge et al., 1988; Berridge,
1990). Indeed the latency of response of BTSM cells to
bradykinin observed in this study would be consistent with
this latter hypothesis (Figure 6). If this is the case, then the
graded increases observed in the presence of extracellular
calcium induced by the higher concentrations of bradykinin
must therefore be able to increase [Ca2]i directly or to act
via IP3-insensitive stores which are not accessible to calcium
released from IP3-sensitive stores. The graded influx of cal-
cium ions from the extracellular space may also interact
synergistically with IP3 to cause channel opening (Finch et
al., 1991) resulting in the calcium mobilized from the stores
promoting further calcium release within the cell. However,
the exact mechanisms involved in the bradykinin-induced
increase in [Ca2+]i require further intracellular investigation
for complete elucidation.

It has been established that the receptor mediating the
bradykinin-induced increase in PI hydrolysis is the B2 recep-
tor (Marsh & Hill, 1992a) and from the present study it is
now apparent that this same receptor is involved in the
bradykinin-induced increase in [Ca2+], in cultured BTSM
cells. We have found that in this assay system, as in the PI
hydrolysis system, there is no inherent partial agonist activity
produced by D-Arg[Hyp3,Thi5 8,D-Phe7]-bradykinin as has
been observed in the guinea-pig lung and tracheal strips
(Farmer et al., 1989). The KD value obtained in BTSM cells
in this study for D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin
(26 nM) is of the same order of magnitude as those obtained
in functional studies using the B2 receptor-rich system, the
rabbit jugular vein (10 nM; Regoli et al., 1990).
We suggested in our previous paper (Marsh & Hill, 1992a)

that a species difference exists in the coupling of bradykinin
receptors to PI hydrolysis and calcium ion mobilization in
airway smooth muscle cells. This was due to the sensitivity of
the bradykinin-induced increase in PI hydrolysis to B2 recep-
tor antagonists in bovine cells (Marsh & Hill, 1992a) and the
insensitivity of calcium ion mobilization in guinea-pig cells to
B2 receptor antagonists (Farmer et al., 1991b). The results
presented here support the view that there are indeed species
differences and bradykinin B2 receptors in BTSM cells are
coupled to both second messenger systems whereas the recep-
tor mediating calcium ion mobilization in guinea-pig cells is
not a B2 receptor and may be a B3 receptor as suggested by
Farmer et al. (1991a,b).
The results we obtained of the responses to bradykinin in

the presence of 10I M D-Arg[Hyp3,Thi5'8,D-Phe7]-bradykinin
in calcium-free media (Figure 5) are in the main consistent
with what we would expect for the antagonism of an 'all-or-
nothing' response. In this case the antagonist abolished the
responses to low concentrations of bradykinin (<100 nM)
but did not significantly alter the magnitude of the calcium
response of the cells sensitive to 100 mM or 1 gM bradykinin
(circa 200 nM). The only possible exception was that 10 M
bradykinin induced an increase in [Ca2+], which was
significantly higher in the presence of D-Arg[Hyp3,Thi5'8,D-
Phe7]-bradykinin. This response may be a result of the high
and perhaps non-specific concentration of bradykinin used or
may reflect a further quantal release of intracellular calcium
ions. Another possibility is the involvement of B, receptors
becoming apparent at that concentration of bradykinin under
these conditions.
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The involvement of B1 receptors in the bradykinin-induced
increase in PI hydrolysis of BTSM cells was found to be very
small in that the relative potency of the B1 agonist des-Arg9-
bradykinin (Regoli & Barabe, 1980) was only 16% of that
produced by bradykinin itself (Marsh & Hill, 1992a). However
it is of interest to note that initial studies investigating the
involvement of the B, receptor, using des-Arg9-bradykinin, in
the calcium response of BTSM cells indicates a possible role
for the B1 receptor in calcium ion mobilization. The presence
of this receptor in airway smooth muscle from other species
is doubted (Farmer et al., 1989) and we are therefore exten-
ding our studies to evaluate the possible involvement of this
receptor in mediating the bradykinin-induced increase in
[Ca2+], of BTSM cells.
One curious result produced by this present study is the

concentration-dependent change in the frequency of response
of the cells to bradykinin in both the absence and presence of
extracellular calcium ions. This could be easily explained
solely by a difference in the sensitivity of individual cells to
bradykinin. This would involve there being few highly sen-

sitive cells in a population which respond to lower concentra-
tions of bradykinin yielding a lower frequency of response,
whereas in comparison, the higher frequency of response
result from the more abundant, less sensitive cells requiring
higher concentrations of bradykinin to produce a detectable
response. One possible reason for this heterogeneity of sen-
sitivity could be that the cultures are taken from a full cross
section of tracheal smooth muscle which itself may not be
homogeneous in its distribution of bradykinin-sensitive cells.
To prove or disprove this theory would require precise sec-
tioning of the tracheal smooth muscle and differential cultur-
ing of the cells in order to establish whether or not
homogeneous cultures can be obtained from a particular
section of smooth muscle which may give us some insight
into the physiological role of bradykinin in the airways.

We wish to thank the A.F.R.C. for their financial support of this
work.
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Lack of effect of L-687,414 ((+)-cis-4-methyl-HA-966), an
NMDA receptor antagonist acting at the glycine site, on
cerebral glucose metabolism and cortical neuronal morphology
IR.J. Hargreaves, M. Rigby, D. Smith & R.G. Hill

Department of Pharmacology, Merck Sharp & Dohme Research Laboratories, Neuroscience Research Centre, Terlings Park,
Eastwick Road, Harlow, Essex CM20 2QR

1 N-methyl-D-aspartate (NMDA) receptor ion channel antagonists have been reported to cause
pronounced increases in cerebral glucose metabolism (CMRglc) and transient reversible vacuolation
within pyramidal cortical neurones. The present studies examined in rats the effects of the NMDA
receptor antagonist, L-687,414 (R-( + )-cis-4-methyl-3-amino-1-hydroxypyrolid-2-one; (+ )-cis-4-methyl-
HA-966) on regional CMRg,c and cortical neuronal morphology.
2 L-687,414 was given as a steady state intravenous infusion for 4 h in a neuroprotective dose regime
of 17.5 mg free base kg-' bolus followed by 225 jtg kg' min-' (n = 8) or at the higher dose rate of
35 mg kg-' bolus followed by 440 jig kg-' min ' (n = 10). Data were compared to a parallel series of
experiments in rats given the NMDA receptor ion channel antagonist, dizocilpine for 4 h in the
optimum intravenous neuroprotective dose-regime of 0.12 mg kg-' bolus followed by 1.8 gg kg-' minm '

(n = 8) or at the higher dose rate of 0.4 mg kg'- bolus followed by 6 jig kg-' min-' (n = 4; morphology
only studied). A saline-infused group of rats (n = 8) were used as controls.
3 CMRglc was studied by use of ['4C]-2-deoxyglucose and autoradiography (n = 4 each group) whilst
plasma drug levels were in a steady state during the final 45 min of the 4 h drug infusion. Effects on
cortical neuronal morphology were assessed at the end of the 4 h infusion period using light microscopic
techniques (n = 4-6 each group).
4 The results showed a selective activation of limbic CMRglc by dizocilpine at optimal neuroprotective
dose levels and showed that this dose was at the threshold for the neuronal vacuolation response as I of
4 rats showed morphological changes in the pyramidal neurones in the posterior cingulate and
retrosplenial cortices. At the higher dose rate of dizocilpine, all 4 animals showed extensive morpho-
logical changes in these cortical neurones. In contrast, L-687,414 did not increase limbic CMRg1, nor
evoke vacuolation when given in the neuroprotective dose-regime or at the higher dosage rate.
5 The findings of the present study suggest that neuroprotection mediated through the NMDA
receptor complex can be achieved without changes in CMRg,i or cortical neuronal morphology by
antagonism at the glycine modulatory site.

Keywords: L-687,414; dizocilpine; NMDA glycine; partial agonist; cerebral glucose metabolism; cortical neuronal morphology

Introduction

Overactivation of N-methyl-D-aspartate (NMDA) receptors
by excitatory amino acids released during cerebral ischaemia
is thought to result in an excessive calcium influx into
neurones that causes cell death (Choi, 1990; Benveniste,
1991). NMDA receptor antagonists have been shown to be
neuroprotective in various experimental models of focal
ischaemia (McCulloch, 1991) and to protect against excito-
toxin-induced CNS nerve cell loss (Foster et al., 1988; 1990).
Antagonism of the excitotoxic effects associated with exces-
sive NMDA receptor activation can be achieved by actions at
several distinct sites within the NMDA receptor complex
(Wong & Kemp, 1991). NMDA antagonists may act within
the ion channel controlled by the receptor producing a use-
dependent non-competitive blockade, competitively at the
glutamate recognition site or at allosteric modulatory sites on
the receptor complex where glycine and polyamines are
thought to act to enhance NMDA receptor function.
The administration of some non-competitive NMDA

receptor channel antagonists (phencyclidine and the related
compounds dizocilpine (MK-801) and ketamine) has been
shown to increase cerebral glucose metabolism (CMRj) par-
ticularly within the limbic system (Kurumaji et al., 1989;
Nehls et al., 1990). The same NMDA receptor channel
antagonists have also been shown to induce transient reversi-

I Author for correspondence.

ble vacuolation in pyramidal neurones in the posterior cin-
gulate and retrosplenial cortices in the rat (Olney et al.,
1989), areas of the CNS coincident anatomically with regions
in which glucose hypermetabolism is observed (Allen &
Iversen, 1990).

L-687,414 (R-( + )-cis-4-methyl-HA-966) is an NMDA
antagonist that acts at the glycine modulatory site of the
NMDA receptor complex, but at high concentrations shows
characteristics typical of a low efficacy partial agonist (Kemp
et al., 1991). L-687,414 has higher affinity and slightly lower
intrinsic activity at the glycine site than HA-966 (Foster et
al., 1991). L-687,414 has been shown to be active in anticon-
vulsant tests in rodents (Saywell et al., 1991) and primates
(Smith & Meldrum, 1992) and to give significant neuropro-
tection when given post-occlusion in the rat middle cerebral
artery occlusion (MCAO) model of focal cerebral ischaemia
(Gill et al., 1991a).
The objectives of the present studies were to examine the

effects of neuroprotective dose regimes of L-687,414 on
CMRg,c and neuronal morphology in comparison with the
NMDA receptor channel blocker dizocilpine, the most potent
neuroprotective agent yet described (Gill et al., 1991b). The
study design mimicked that of experimental studies of focal
ischaemia in rats and attempted to simulate some of the
conditions that may occur in the clinic where neuroprotective
agents might be given by bolus intravenous injection follow-
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ed by slow intravenous infusion to sustain plasma concentra-
tions for prolonged periods of time. A preliminary account of
part of these studies was given at the XVth International
Symposium on Cerebral Blood Flow and Metabolism (Har-
greaves et al., 1991).

Methods

Male Sprague-Dawley rats (approximately 260 g body weight)
were anaesthetized with isoflurane and the tail artery and
lateral tail veins cannulated for blood sampling and the
administration of test compounds, radiolabelled tracer or
0.9% saline vehicle. After surgery the animals were placed in
a quiet room in open restraining cages (that allow movement
but prevent turning to gain access to the vascular cannulae)
and allowed to recover for 2 h before dosing.

After recovery the rats were given either L-687,414 or
MK-801 intravenously. Groups of rats were given L-687,414
as a 17.5 mg kg-' bolus followed by infusion at 225 jig kg-'
min-' (n = 8: the neuroprotective dose regime in the rat
MCAO model of focal ischaemia (Gill et al., 1991a)) or at
the higher dose rate of 35 mg kg-' bolus followed by 440 jig
kg-' min-' (n = 10). For comparison, groups of rats were
given dizocilpine intravenously as a 0.12 mg kg-' bolus fol-
lowed by infusion at 1.8 g kg-' min-' (n = 8: the optimal
neuroprotection regime in the rat MCAO model of focal
ischaemia (Gill et al., 1991 b)) or the higher dose rate of
0.4 mg kg-' bolus followed by 6 pg kg-' min-' (n = 4). As
control, a group of rats were given saline (vehicle) as a bolus
1.0 ml kg-' followed by infusion at 4.27 jLI kg'- min-', giving
an identical dose volume to the animals receiving L-687,414
or dizocilpine. All infusions lasted for 4 h. From each group,
4 rats were used to examine effects on cerebral glucose
metabolism and the remainder to study neuronal morpho-
logy. In the high dose dizocilpine group, only neuronal mor-
phology was examined. Regional cerebral glucose metabolism
was measured during the final 45 min of a 4 h drug infusion
and effects on neuronal morphology studied at 4 h, at the
end of dosing.

Cardiovascular effects

The blood pressure effects of L-687,414 given in the dosing
regimes used in this study were monitored from the tail
artery catheter in animals used for neuronal morphology
studies. Heart rate was derived from the blood pressure
signal. The blood pressure and heart rate effects of dizocil-
pine were recorded in separate groups of animals (n = 4 in
each) that were treated identically to the two dizocilpine dose
groups used in the present studies.

Plasma drug levels

Plasma levels of L-687,414 in rats from both the low and
high dose groups used to study neuronal morphology were
measured by high performance liquid chromatography
(h.p.l.c.) using fluorescence detection after solid phase extrac-
tion and pre-column derivatisation with FMOC chloride.
Plasma dizocilpine levels resulting from the present dosing
regimes have been reported previously (Gill et al., 1991b).
Plasma profiles representative of rats in both of the dizocil-
pine dosed groups in the present studies were determined by
radioimmunoassay (Hichens et al., 1990).

Regional cerebral glucose metabolism (rCMRg,c)
Measurements of glucose metabolism were limited to a series
of structures within the limbic and auditory systems (cere-
bellar vermis as negative control area) since changes selec-
tively within these structures were shown previously to be
characteristic following the administration of NMDA antag-
onists (Nehls et al., 1988). Autoradiographic studies of

rCMRgic were made whilst the plasma levels of L-687,414 and
dizocilpine were in a steady state. rCMRg& was measured
using the 2-deoxyglucose (2-DG) method essentially as des-
cribed previously by Sokoloff et al. (1977). At 45 min before
the end of the drug infusion schedules, approximately
125 Ci kg-' [14C]-2-DG was given intravenously in a dose
volume of I mg kg-' body weight. A blood sample was taken
before the administration of ['4C]-2-DG and 14 small blood
samples were taken afterwards over 45 min. Plasma fractions
were separated from the blood samples and assayed for
radioactivity and glucose content. At 45 min after adminis-
tration of label, rats were killed by rapid i.v. injection of
pentobarbitone Na (200 mg ml-') and decapitated. The brain
was removed and frozen in isopentane at - 45°C. The frozen
brain was sectioned (20 pm) in a cryostat and 3 of every 10
sections mounted on coverslips, dried at 60'C and placed in
apposition to Hyperfilm along with precalibrated 14C stan-
dards. Local tissue levels of 14C were determined by quanti-
tative densitometry. For each region of the brain analysed,
12 bilateral density readings were made on a series of six
sections in which the structure was clearly identifiable.
Regional cerebral glucose metabolism (CMRgl,) was calcu-
lated using the standard operational equation from tissue 14C,
plasma 14C and plasma glucose levels (Sokoloff et al., 1977).

Neuronal morphology

At the end of the 4 h drug treatment regime the animals were
anaesthetized with 60 mg kg-' pentobarbitone Na i.p. and
perfused transcardially with ice-cold heparinised saline at
100 mmHg pressure. Following exsanguination with saline
the perfusion was changed to freshly prepared 1% parafor-
maldehyde/1.5% glutaraldehyde in 0.1 M phosphate buffered
saline (PBS) at pH 7.4. Once fixed the brain was removed
from the skull and allowed to stand in cold fixative for 1 h.
The brain was then sliced into 1 mm transverse sections and
sampled for the areas of interest (posterior cingulate and
retrosplenial cortices) which were kept in fixative at 4°C
overnight.
The samples were washed three times with 0.1 M PBS

before post-fixation in 1 ml of 1% osmium tetroxide at 4'C
overnight. The samples were again washed three times with
PBS before dehydration in alcohol, and infiltration with aral-
dite. The samples were embedded and polymerised at 60°C
overnight before curing for 12 h and sectioning. Tissue sec-
tions (1 pm) were stained with methylene blue/Azure II.
Neuronal morphology was assessed by examining the entire
area of representative sections through each brain area by
light microscopy at x 1000 magnification. Sections were
examined by an independent observer who was unaware of
the treatments given.

Materials

2-Deoxy-D-[l-'4C]-glucose was purchased from Amersham
(CFA 728; 50-60 mCi mmol-') together with autoradio-
graphic '4C microscales (31-883 nCi g-'; RPA504L). Auto-
radiographic film was Hyperfilm Pmax from Amersham. All
other compounds were obtained from Sigma Chemical Co or
Fisons Scientific.

Results

Representative plasma profiles for L-687,414 and dizocilpine
are shown in Figures 1 and 2. The mean plasma concentra-
tions of L-687,414 over the 4 h dosing period were 19 ± 1 pg
ml-' in the low dose group and 54 ± 3 pg ml-'in the high
dose group. Similarly, the mean plasma concentrations of
dizocilpine were 22 ± 6 ng ml-' and 73 ± 8 ng ml-'.

Figure 3 shows that dizocilpine administration caused an
immediate dose-related rise in blood pressure that was sus-
tained throughout the drug infusion period. In contrast, L-
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687,414 did not affect blood pressure at either the low or
high dose level. Dizocilpine also caused a concomitant in-
crease in heart rate (+ 18%) but no effect was observed with
L-687,414 (Figure 4).
Plasma glucose levels at the start of 2-deoxyglucose experi-

ments, 3.25 h after the start of drug or vehicle infusions, were
6.6 ± 0.6 mM (saline), 8.0 ± 0.4 mM (dizocilpine), 7.2 ± 0.4 mM
(low dose L-687,414) and 7.8 ± 0.6 mm (high dose L-687,414).
The dizocilpine group showed behavioural changes (head
weaving, followed by reduced spontaneous activity) but these
were not observed in animals given L-687,414.
The effects of L-687,414 and dizocilpine on regional

CMRgic are given in Table 1. Dizocilpine administration
caused pronounced increases in CMRgic in the hippocampus
and entorhinal cortex and throughout the component regions
of the Papez circuit (see McCulloch & Iversen, 1991). In
contrast, CMRgic was moderately decreased in auditory struc-
tures. Unlike dizocilpine, L-687,414 did not evoke increases
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in limbic CMRg, at either dose level tested. Glucose use
appeared slightly depressed at the higher dose of L-687,414
particularly in auditory regions. The studies of neuronal
morphology (Figure 5) detected neuronal vacuolation in the
pyramidal neurones of the posterior cingulate and retro-
splenial cortices of one of 4 rats given dizocilpine at the
lower dose level. At the high dose of dizocilpine, all four
animals showed extensive neuronal morphological changes
(Figure 5c). The neurones appeared swollen with numerous
vacuoles evident throughout the cytoplasmic compartment.
The changes were most apparent in medium and large sized
neurones in layer III of the cortices with small neurones in
layer II being unaffected. The glycine site antagonist L-
687,414 did not evoke vacuolation at the low or high dose
levels (Figure 5b). All neurones showed normal cytoplasmic
morphology (dense basophilic even-staining) and were indis-
tinguishable from those of control saline-infused animals
(Figure 5a).
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Figure 1 Plasma levels of L-687,414 during intravenous bolus and
infusion: (0) 17.5mg kg-' bolus followed by 225 Ag kg-' min-,
mean plasma level is 19 gg ml-'; (0) 35 mg kg-' bolus followed by
440 [Lg kg-' min-', mean plasma level is 54 Ig ml '. Points are
mean ± s.e.mean. n =4 or 6.

Figure 3 Changes in mean arterial blood pressure during the intra-
venous bolus injection and infusion of (-) dizocilpine, 0.4 mg kg-'
bolus+6tLgkg 'min' (104±4); (0) dizocilpine, 0.12mgkg-'
bolus+ 1.8lLgkg-'min-' (110±3); (0) L-687,414, 35mgkg-
bolus + 440 lsg kg-' min '(102 ± 2); (0) L-687,414 17.5 mg kg-' +
225pggkg-'min-' (104± 1); (A) saline, 1.Omlkg-'+4.27jigkg-'
min-' (118 ± 2). Starting blood pressures (mmHg ± s.e.mean) are
given in parentheses. Data points are mean ± s.e.mean. n = 4 or 6.
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Figure 2 Plasma levels of dizocilpine during intravenous bolus and
infusion: (0) 0.12mgkg-' bolus followed by 1.8 fgkg-'min-',
mean plasma level is 22 ng ml-'; (U) 0.4mg kg-' bolus followed by
6jig kg-' min-', mean plasma level is 73ngml-'. Points are
mean ± s.e.mean. n = 3.
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Figure 4 Changes in heart rate during the intravenous bolus injec-
tion and infusion of (M) dizocilpine, 0.4 mg kg-' bolus + 6 yg kg- I

min-' (416 ± 26); (0) dizocilpine, 0.12 mg kg-' bolus + 1.8 jg kg-'
min-' (425 ± 24); (0) L-687,414, 35 mg kg-' bolus + 440 1g kg-'
min-' (433 ± 13); (0) L-687,414 17.5 mg kg- + 225 jig kg- I min-m
(370 ± 22). (A) Saline, 1.0 ml kg- '+ 4.27 pg kg-' min-' (460 ± 22).
Starting heart rates (beats min- '+ s.e.mean) are given in paren-
theses. Data points are mean ± s.e.mean. n = 4 or 6.
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Table 1 Effects of L-687,414 and dizocilpine on regional cerebral glucose metabolism

Region

Limbic system
Hippocampal molecular layer (P)
Dentate gyrus
Anteroventral thalamic nucleus (P)
Posterior cingulate cortex (P)
Retrosplenial cortex (P)
Entorhinal cortex (P)
Auditory system
Auditory cortex
Medial geniculate body
Inferior colliculus
Superior olivary nucleus
Other structures
Cerebellar vermis
Caudate

Saline

62±4
54 ± 3
90 ± 4
86 ± 4
68 ± 4
48 ± 3

120 ± 7
100 ± 10
143 ± 18
122 ± 21

42 ± 3
96 ± 8

Dizocilpinea L-687,414b L-687,414c

110± 10**
74±4*

228 ± 39**
179± 14**
159 ± 22**
90±8**

100 ± 6
67 ± 3**
106 ± 10
108 ± 6

50 ± 7
146 ± 19*

57 ± 7
55 ± 5
85±9
80±5
80 ± 8
52 ± 9

116 ± 7
82 ± 4
143 ± 7
122 ± 7

41 ± 3
91 ± 3

52 ± 6
45 ± 5
76± 12
57±6
58 ± 6
42± 6

63±6**
46 ± 5**
79 ± 5**
107 ± 8

38±4
79± 13

aDizocilpine 0.12mg kg-' followed by infusion of 1.8 gg kg-' minm ;
bL-687,414; 17.5mg kg-' followed by infusion of 225 ig kg-' min-'
CL-687,414; 35 mg kg- followed by infusion of 440 1g kg- min-'
(P) Components of the limbic Papez circuit.
Data are CMRgic (pmol 100g-'min-')±s.e.mean
*P<0.05; **P<0.01 ANOVA and Dunnett's multiple comparison with respect to saline dosed controls

Discussion

The intravenous infusion of dizocilpine at neuroprotective
dose levels was associated with dose-related sustained
systemic hypertension and tachycardia in conscious rats.
Similar effects have been reported with bolus intravenous
doses of ketamine (Traber et al., 1971; White et al., 1982)
and with dizocilpine itself (Lewis et al., 1989). These cardio-
vascular effects are thought to reflect centrally mediated in-
creases in sympathetic nerve activity. Sympathoexcitatory
effects were not observed with L-687,414 such that the
cardiovascular profile was similar to the saline controls.

Plasma levels of the lower doses of L-687,414 and dizocil-
pine in the present experiments (19 jig ml-' and 22 ng ml-'
respectively) were similar to those (25 gtg ml-' and 19 ng ml-'
respectively) achieved with the same dosing regimes in the rat
MCAO studies of focal ischaemia that were conducted in
parallel in our laboratories (Gill et al., 1991a,b). Plasma
levels produced by the higher dose levels of L-687,414 (54 tg
ml-') and dizocilpine (73 ng ml-') exceeded those required
for neuroprotection. The slightly lower plasma levels in con-
scious rats after infusion of L-687,414 in the neuroprotective
dose regime probably reflects slightly faster plasma clearance
than occurs in the isoflurane anaesthetized animals used for
MCAO studies.
The autoradiographic studies of regional CMRgi were

made with the plasma drug levels in the steady state, a
condition of the 2-deoxyglucose methodology that is rarely
met in studies of CMRg,c after intravenous bolus injection of
test compounds. The results showed that dizocilpine caused
pronounced activation of CMRglc in the glutamatergic per-
forant pathway that projects from the entorhinal cortex and
terminates in the dentate gyrus and hippocampus. It has been
hypothesized, on the basis that the hippocampus contains a
very high density of NMDA receptors, that blockade in this
brain region evokes increased input cell firing in an attempt
to overcome the block (McCulloch & Iversen, 1991). Since
NMDA antagonism with receptor ion channel blocking agents
is both non-competitive and use-dependent, this increased
firing leads to an intensification of the blockade and in-
creased CMRgic around the limbic Papez circuit (see Table 1).

If this hypothesis is correct then it is clear that the level of
blockade that can be achieved with L-687,414 is insufficient
to evoke this response despite being effective against focal
ischaemia following MCAO. Whatever the mechanism, the
present findings show that neuroprotection with NMDA
antagonists can be achieved without limbic neuronal activa-

tion. It is interesting to note that L-687,414 given to con-
scious rats at 100mg free base kg-' intravenously did not
stimulate dopamine metabolism (measured as the DOPAC +
HVA/dopamine ratio) in the nucleus accumbens within the
limbic system or in the striatum. In contrast, dizocilpine at
0.2 mg kg-' intravenously produced a large increase in dopa-
mine turnover in the accumbens, indicative of greatly in-
creased neuronal activity (Hutson, personal communication).

Olney et al. (1989) first reported that acute administration
of several non-competitive NMDA receptor channel antagon-
ists (phencyclidine, tiletamine and dizocilpine) induced dose-
dependent reversible swelling and vacuolation in pyramidal
neurones in the rat posterior cingulate and retrosplenial cor-
tices. It has been suggested that there may be age-related
changes in the susceptibility of rats to the cortical morpho-
logical effects of the NMDA receptor ion channel blockers
with responsivity first being observed at 30 days (Sharp et al.,
1992) increasing to three months of age (Farber et al., 1992).
In the present studies the rats used were approximately 12
weeks old and were age-matched across treatment groups.
These rats were sensitive to the metabolic and morphological
effects of dizocilpine and thus provided a suitable positive
control. There is as yet no published evidence for age-related
changes in sensitivity with other classes of NMDA receptor
antagonists. Chronic administration of dizocilpine (1 mg kg-'
day' for 14 days) to mature Sprague-Dawley rats (>12
weeks of age) was not associated with neuronal cell loss,
suggesting that the vacuolation seen shortly after acute dos-
ing is not a prelude to significant long-term neuronal
damage. Only after very high acute doses (5 mg kg-' dizocil-
pine, s.c.) were a few neurones (<0.5%) found to be irrever-
sibly damaged when CNS tissues were examined 48 h after
dosing (Allen & Iversen, 1990; Allen et al., 1991).
The present studies indicate that the doses of dizocilpine

required for optimal neuroprotection (Gill et al., 1991b) are
at the threshold of those for inducing changes in neuronal
morphology since one of four rats showed a vacuolation
response. Thus, there is little margin between wanted and
unwanted effects with dizocilpine. L-687,414 did not alter
cortical neuronal morphology when given to conscious rats
in the neuroprotective dose regime (Gill et al., 1991a) or at a
higher rate that produced two to threefold higher plasma
levels, indicating that it may have a greater therapeutic win-
dow. This estimate of the potential therapeutic window with
L-687,414 is likely to be a lower limit as no cardiovascular
sympathoexcitation, increased CMRpjc nor changes in cortical
neuronal morphology were detected at either of the plasma
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levels tested. It should be noted that the present studies were
not designed to investigate the neurotoxic profile of L-
687,414 but to establish, by direct comparison with rat
MCAO experiments conducted in parallel in our laboratories
(Gill et al., 1991a,b), that there is a clear window between
neurotoxicity and neuroprotection with L-687,414 that is
absent with the NMDA receptor ion channel blocker, dizocil-
pine. Comparison with another neuroprotection study in
which the plasma levels of L-687,414 and dizocilpine were
measured suggests that the window for L-687,414 is at least
18 whilst that for dizocilpine is <2 (Rigby et al., 1992). If
the total dose of L-687,414 administered over 4 h in the
present experiments is used for such comparisons, then the
window for L-687,414 appears much larger still.

Scatton and colleagues have shown that SL 82.0715, an
NMDA antagonist acting at the polyamine site, does not
evoke increased CMRgic nor induce neuromorphological
changes in rat CNS (Scatton et al., 1991; Duval et al., 1992).
These results, together with those from the present studies,
suggest that the potential therapeutic window for NMDA
receptor antagonists may depend upon the specific site within
the NMDA receptor complex at which the compound acts to
reduce activation. This view is supported by our observation
that competitive NMDA receptor antagonists acting at the
glutamate recognition site are capable of increasing limbic
CMRgic and producing cortical neuronal vacuolation but,
nevertheless, appear also to have a greater potential thera-
peutic window than dizocilpine (Hargreaves et al., 1993). The
mechanism of vacuolation in cortical neurones is unclear.
The anatomical coincidence of morphological changes and
increased CMRglc has implicated hypermetabolism in the
dizocilpine vacuolation response and several observations
support this view. Parallels have been drawn between the
morphological changes in neurones after periods of hyper-
metabolism associated with seizure activity (McCulloch &
Iversen, 1991) suggesting that vacuolation may be linked in
some way to the CMRglc response. The present studies and
those of Duval et al. (1992) have shown that L-687,414 and
SL 82.0715 do not increase CMRgC in rat brain and do not
induce vacuolation in the posterior cingulate and retro-
splenial cortical neurones.
The cortical morphological effects of NMDA receptor ion

channel blockers have been shown (Olney et al., 1991) to be
antagonized by muscarinic antagonists and drugs acting at
GABAergic sites (barbiturates, diazepam) indicating an
involvement of pathways with these receptor types in the
vacuolation response. Sharp et al. (1991, 1992) have sug-
gested that drug-induced vacuolar changes and altered intra-
cellular proteins in cortical neurones then act as a stimulus
for the later expression of heat shock protein. Importantly,
heat shock protein expression appears to be primarily in
injured neurones that are destined to survive (Lindsberg et
al., 1991; Sharp et al., 1991; Welsh et al., 1991). Thus,
neuronal vacuolation can be viewed as an early marker of
drug-induced cellular stress. Production of heat shock protein
has been shown to be inhibited by agents that prevent vacuo-
lation (Olney et al., 1991) supporting the idea that their
pathogenesis is linked to a common mechanism. Olney's
findings suggest a specific involvement of cholinergic mus-
carinic pathways in the response to the NMDA receptor ion
channel blockers (Olney et al., 1991). Indeed, the changes in
the pattern of coupling of regional cerebral blood flow and
glucose metabolism after dizocilpine (Nehls et al., 1990;
McCulloch & Iversen, 1991) resemble those that result from
stimulation of the fastigial nucleus that is thought to activate
ascending cholinergic pathways (ladecola et al., 1983; Nakai
et al., 1983). It is noteworthy that dizocilpine caused pro-
found hyperaemia, in excess of the increase in cerebral blood
flow expected as a result of increased metabolic activity in

the cingulate cortex (see McCulloch & Iversen, 1991). Heigh-
tened blood flow may remove lactate accumulated as a result
of the maintenance of intracellular ionic homeostasis by
glycolysis during the intense activation of cingulate neurones.
Interestingly, following ketamine administration, cerebral
blood flow was also found to increase in excess of metabolic
demand within the cingulate cortex (Cavazzuti et al., 1987).

Recent studies on the protective effects of haloperidol and
rimcazole against heat shock protein induction by phencyc-
lidine and dizocilpine support the involvement of multiple
receptor subtypes in the cortical morphological response
(Sharp et al., 1992). However, doses of haloperidol in excess
of 5 mg kg-1 may cause generalized CNS depression. This
observation together with those on the protective effects of
pretreatment with gaseous anaesthetics (Kurumaji & McCul-
loch, 1989; Hargreaves & Rigby unpublished observations)
indicate that non-specific depression of CNS activity may
also be involved in the action of the compounds that
antagonize the cortical morphological effects of NMDA
receptor ion channel blockers, and could be a means of
controlling their potential adverse side-effects. It should be
noted, however, that when dizocilpine is given before
halothane anaesthesia then protection is not seen (Olney et
al., 1991).

It remains to be determined whether the apparent differ-
ences in therapeutic window for NMDA receptor antagonists
acting at different sites within the receptor complex are due
to true differences in side-effect liability or reflect a greater
ability to 'fine-tune' the level of blockade so that the neuro-
protective and morphological effects can be divorced. Clearly
the actions of competitive antagonists acting at the glycine
and glutamate recognition sites will be critically influenced by
the prevailing concentrations of the endogenous ligands un-
like the uncompetitive ion channel blocking agents. Since
endogenous brain glycine concentrations are thought to be
near saturating for the NMDA glycine site, it may be very
difficult with a competitive antagonist acting at this site to
achieve the same levels of blockade that can be attained with
a channel blocking agent such as dizocilpine. Interpretation
of the actions of the glycine site antagonist L-687,414 are
complicated somewhat by its partial agonist properties
(Kemp et al., 1991). On voltage clamped cultured cortical
neurones, L-687,414 antagonized glycine and NMDA res-
ponses competitively but reached a plateau of effect at 90%
inhibition and showed weak agonist effects (6% of the maxi-
mum response to glycine) at high concentrations. Thus, it
appears likely that blockade of the NMDA receptor, equiva-
lent to that possible with an NMDA receptor channel block-
er, cannot be achieved with L-687,414 and it may be this that
restricts its side-effect potential. Further examination of site-
related differences in the potential therapeutic window for
NMDA antagonists awaits the testing of a brain penetrant,
glycine site full antagonist for its neuromorphological and
cerebral metabolic effects.
The eventual clinical usefulness of NMDA receptor antag-

onists in cerebral ischaemia may not be determined by their
neuroprotective efficacy but by their adverse CNS side-
effects. It has been argued that the enormous potential
benefits of successful drug treatment with dizocilpine in
stroke victims may outweigh the risk to small numbers of
CNS neurones (McCulloch & Iversen, 1991). The present
studies, however, suggest that NMDA-mediated neuropro-
tection can be achieved without increases in CMR&, or
changes in cortical neuronal morphology by antagonism at
the glycine modulatory site.

We are grateful for the excellent technical assistance given by Aurelio
Barranco, Cathy Hurley and Aidan Foster.
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Stimulation of angiogenesis by substance P and interleukin-1 in
the rat and its inhibition by NK1 or interleukin-1 receptor
antagonists
'Tai-Ping D. Fan, De-En Hu, *Steven Guard, tG. Austin Gresham & *Keith J. Watling

Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge CB2 1QJ; *Parke-Davis Neuroscience
Research Centre, Addenbrooke's Hospital Site, Hills Road, Cambridge CB2 2QB and tDepartment of Histopathology,
Addenbrooke's Hospital, Cambridge CB2 2QQ

1 Daily administration of 1 nmol substance P or 3 pmol recombinant human interleukin- 1 alpha
(IL-la) caused intense neovascularization in a rat sponge model of angiogenesis. Lower doses of
substance P (10 pmol) or IL-lh (0.3 pmol) were ineffective when given alone. When combined at these
low doses, substance P and IL-lo interacted to produce an enhanced neovascular response.
2 By use of selective tachykinin NK,, NK2 and NK3 receptor agonists, ([Sar9,Met(02)' ]substance P,
[P-Ala8]neurokinin A(4-10), Succ-[Asp6,MePhe8]substance P(6-11) (senktide), respectively), it was estab-
lished that the activation of NK, receptors is most likely to mediate the angiogenic response to
substance P in this model.
3 The angiogenic activity of substance P and IL-lh (10 pmol and 0.3 pmol day-', respectively) was
abolished by co-administration of (i) the selective peptide NK, receptor antagonist, L-668, 169
(1 nmol day-'), (ii) the selective non-peptide NK, receptor antagonists, RP 67580 and (±)-CP-96,345
(both at 1 nmol day-') or (iii) the IL-1 receptor antagonist, IL-Ira, (50 g day-'). In contrast, the
selective NK2 receptor antagonist, L-659,874 (1 nmol day-') was ineffective.
4 The angiogenic action of substance P and IL-lh was resistant to modification by mepyramine
(1 nmol day-') and/or cimetidine (10 nmol day-'), indomethacin (7 nmol day-') or the platelet-
activating factor (PAF) antagonist, WEB-2086 (22 nmol day-'), indicating that histamine, prostaglan-
dins and PAF are not likely to be involved in this neovascular response.
5 The inhibition of the substance P/IL-I angiogenic response by selective NK, receptor antagonists or
by an IL-1 receptor antagonist demonstrates that angiosuppression can be achieved by blocking the
activity of angiogenic factors at the receptor level.

Keywords: Angiogenesis; angiosuppression; substance P; tachykinin receptors; NK, receptor antagonists; interleukin- I;
interleukin-1 receptor antagonist; rheumatoid arthritis

Introduction

Angiogenesis, the formation and growth of new capillary
blood vessels, is an important process in many physiological
conditions such as embryonic development and wound heal-
ing. However, defects in the controlling mechanism of
angiogenesis often result in pathological conditions e.g.
rheumatoid synovial hypertrophy, atherosclerosis, pro-
liferative retinopathy and solid tumours. It is now widely
recognised that both growth factors and inhibitors are

involved in the regulation of vascular growth (see Folkman
& Klagsbrun, 1987; Klagsbrun & D'Amore, 1991; Moses &
Langer, 1991; Fan & Brem, 1992, for reviews).
The neuropeptides, substance P and calcitonin gene-related

peptide (CGRP), are important mediators of inflammation.
In addition to their vasodilator activity (Brain & Williams,
1989; Payan, 1989), they are mitogenic for cells derived from
the vasculature and connective tissues. For example, subs-
tance P stimulates the proliferation of arterial smooth muscle
cells, skin fibroblasts, synovial cells and endothelial cells
(Nilsson et al., 1985; Lotz et al., 1987; Ziche et al., 1990) and
CGRP is mitogenic for endothelial cells (Haegerstrand et al.,
1990). These in vitro data raise the possibility that substance
P and other neuropeptides may be involved in angiogenesis.
In support of this hypothesis, substance P has been shown to
stimulate neovascularization in rabbit cornea (Ziche et al.,
1990).

' Author for correspondence.

The interactions between cytokines and inflammatory
mediators have been investigated by many groups in the last
few years. For example, Lotz et al. (1988) demonstrated that
substance P increases the production of inflammatory
cytokines, including interleukin 1 alpha (IL-la) by cultured
monocytes, while Kimball & Fisher (1988) reported subs-
tance P to potentiate IL-1-induced BALB/3T3 fibroblast pro-
liferation. In vivo, interactions between IL-1 and CGRP have
been shown to induce inflammatory oedema (Buckley et al.,
1991). Recently, we presented preliminary evidence that in
addition to substance P, other peptides such as CGRP and
vasoactive intestinal polypeptide (VIP) also stimulate
angiogenesis in a rat sponge model (Fan & Hu, 1991; Hu &
Fan, 1991). Furthermore, some of these peptides interact
with IL-la to modulate the neovascular response. Thus,
neuropeptides may contribute to the aberrant neovasculariza-
tion often associated with chronic inflammatory diseases.

In view of the fact that at least three receptor types,
termed NKI, NK2 and NK3, are believed to mediate the
biological effects of tachykinins (see Guard & Watson, 1991,
for review), we have characterized the tachykinin receptor(s)
involved in the substance P/IL-la response, using selective
tachykinin receptor agonists and antagonists. In addition, we
have examined the effects of indomethacin, a platelet-
activating factor (PAF) antagonist and histamine receptor
antagonists in order to examine whether the synergistic
interaction of substance P and IL-la is mediated by prostag-
landins, PAF or histamine.

Br. J. Pharmacol. (1993), 110, 43-49 '." Macmillan Press Ltd, 1993
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Methods

The sponge implant model
Circular sponge discs (1.2 cm diameter) were prepared from a

sheet of 5 mm thick polyether foam. A 1.2 cm segment of
polythene tubing (1.4 mm internal diameter) was secured to
the interior of each sponge disc by means of 5/0 silk sutures
so that every sponge disc possessed a central cannula. Before
implantation, sponge discs were soaked in 70% ethanol for
2-3 h and then rinsed in sterile phosphate buffered saline
(PBS). After squeezing the sponges in a 20 ml syringe to
remove excess PBS, they were sterilised by overnight ultra-
violet light irradiation.

Implantation of sponge discs was performed with aseptic
techniques. Hypnorm (0.5 ml kg-'; 0.315 mg ml-' fentanyl
citrate and 10mgml-' fluanisone) was used to induce
neuroleptanalgesia in male Wistar rats weighing 180-200 g.

After the dorsal side had been shaved and wiped with 70%
ethanol, a 1 cm dorsal, midline, vertical skin incision was

made approximately 4 cm caudal to the occipital ridge. Using
a pair of curved scissors, two subcutaneous air-pockets were

prepared, one anterior and the other posterior to the incision.
Two needle punctures (5 cm apart) were made on top of the
pockets. A sterile sponge disc was then inserted into each
air-pocket, with the free end of its cannula being exteriorised
through the needle puncture. To immobilise the sponge im-
plant, the base of each cannula was sutured to the rat skin.
Finally, the skin incision was sutured with two interrupted
5/0 silk stitches, and the cannula was plugged with a sterile
polythene stopper so as to prevent overt infection and
evaporation of '33Xe-saline during blood flow measurements.
The stopper was changed every day and if infection of the
implants became apparent, the animals were excluded from
the experiments. To prevent the rats from tampering with the
cannulae, they were housed individually in plastic cages.
Animals were provided with a normal diet and water.

Neovascularisation was assessed as a function of blood
flow through the implants over a period of 14 days, by a
'33Xe clearance technique (Andrade et al., 1987) and
confirmed histologically. Briefly, animals were anaesthetized
with Hypnorm as before and 10tl '33Xe in sterile PBS was

injected into the sponges through the cannulae. The washout
of radioactivity from the implants was monitored with a

gamma scintillation detector. The 6 min 133Xe clearance value
was calculated as follows:
% '33Xe clearance =

iniia raiatvt.. residual radioactivity
at 6 mmn

initial radioactivity

any adherent fat. The samples were then bisected and fixed in
formal saline at 4°C for 1 h. Sections (10 pm) were prepared
from paraffin-embedded blocks and stained with haematox-
ylin and eosin (H&E) or a specific endothelial cell marker
Bandeiraea simplicifolia lectin I, isolection B4. The specimens
were analysed and recorded on Ektachrome ASA 64T film.

Radioimmunoassay for 6-keto-PGF,c,

On day 14 after implantation, animals were killed by cervical
dislocation and sponges dissected out. Each sponge was
placed immediately in 1 ml PBS containing 10 g ml1'
BW755C at 4°C to inhibit further arachidonate metabolism.
Sponges were minced in this solution and then centrifuged at
4000 r.p.m. to remove the sponge, cells and debris. The
supernatant (sponge fluid) was stored at - 20°C until assay
of sponge 6-keto-PGF,,, content by a specific radioim-
munoassay as described by Fan & Lewis (1984). Unlabelled
6-keto-PGFI,, over the concentration range 0.15 -80 ng ml -

in 0.1 M tricine buffered saline (TBS) pH 8.0 containing 0.1%
gelatin and 0.9% NaCl, was used as standard. Standard or
sample (100 tlI) was incubated at 4°C for at least 2 h with
100 LI [3H]-6-keto-PGFI, (501LCiml-') and 100 l antiserum
to 6-keto-PGFc,, diluted 1/3,000 in TBS. Incubation was
terminated by addition of 1.4 ml ammonium calcium sul-
phate suspension (65% saturated (NH4)2SO4, pH 8.0, con-
taining 2.5% CaSO4 2H20) followed by centrifugation at
2,500 r.p.m. for 10 min. The supernatant was removed by
aspiration and the pellet resuspended in 600 1.l distilled water
before addition of 1.4 ml Instagel scintillant (Packard). After
thorough mixing, the gel was allowed to set at 4°C before
counting for 1 min in a Packard Tri-Carb 300 scintillation
counter. The absolute amount of radioactivity in the gel was
counted, the percentage binding calculated and sample values
estimated from a standard curve.

Materials

Substance P and [D-Pro2,D-Phe7,D-Trp9]SP were purchased
from Peninsula Laboratories, UK. [Sar9,Met(O2)'1]substance
P (Drapeau et al., 1987), [3-Ala8]neurokinin A(4-10) (Rovero
et al., 1989) succ-[Asp6,MePhe8]substance P(6-1 1) (senk-
tide)(Wormser et al., 1986), L-668,169 (cyclo[Gln-D-Trp-
(NMe)-Phe(R)-Gly(ANC-2 Leu-Met]2) and L-659,874 (Ac-
Leu-Met-Gln-Trp-Phe-Gly-NH2; Williams et al., 1988) were
purchased from Cambridge Research Biochemicals, UK.
Racemic ( ± )-CP-96,345 (a mixture of the two enantiomers

x 100%

The validity of this method has recently been established
(Fan et al., 1992a,b; Hu et al., 1992; Hu & Fan, 1993). First,
we carried out parallel studies of '33Xe clearance and "3Sn
microsphere accumulation during sponge-induced angio-
genesis. The latter technique enabled us to measure absolute
blood flow in the sponges. Second, the '3Xe clearance data
have been correlated with the amount of haemoglobin in the
sponges. The results from these two studies indicate that
measurements of relative blood flow changes in sponge
implants by the '33Xe clearance method provide a simple and
rapid means to assess new blood vessel formation, when
confirmed by histological studies.
Test substances dissolved in PBS were administered

through attached cannulae into sponges in a total volume of
50 pl daily, starting on day 1 after implantation, until day 10.
To exclude the possible acute effects of the test substances
(dilatation or constriction) on the microvasculature, they
were given 16-24 h prior to the '33Xe measurements.

Histology

For histology, animals were killed by cervical dislocation and
sponges dissected out, carefully removing the cannulae and
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Figure 1 Effect of substance P and interleukin-la (IL-la) on
sponge-induced angiogenesis. Symbols represent sponges treated
daily with PBS alone (0), 10 pmol substance P (0), 0.3 pmol IL-la
(@) or a combination of 10 pmol substance P and 0.3 pmol IL-la
(-); see Methods for details. Each point represents mean
data±s.e.mean from 8-10 animals. **P<0.01 (substance P and
IL-la vs PBS control).
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Figure 2 Histological sections of 8 day old sponges illustrating (i) the intense neovascularization induced by substance P alone
(I nmol day-') or substance P/interleukin-la (IL-lk) (10 pmol/0.3 pmol day-'), and (ii) the angiosuppressive effect of RP 67580
(1,000pmol day-}) or IL-Ira (50 ig day-'). All sections were H&E stained and photographed at x 200 magnification.
Bar = 100 jim. (a) Sponge treated with PBS; (b) sponge treated with substance P alone; (c) sponge treated with substance P/IL-ka;
(d) sponge treated with substance P/IL-lk plus RP 67580; (e) sponge treated with substance P/IL-la plus IL-Ira.

[(2S,3S) and (2R,3R)] of the non-peptide NK, receptor
antagonist (cis- 2 - (diphenylmethyl) -N- [(2 - methoxyphenyl] -
methyl]-l -azabicyclo [2.2.2] octan-3-amine; Snider et al.,
1991) and RP 67580 ((3aR,7aR)-7,7,-diphenyl-2-[1-imino-2-
(2-methoxyphenyl)-ethyl] perhydroisoindol-4-one; Garret et
al., 1991) were obtained from the Parke-Davis Neuroscience
Research Centre, Cambridge. Recombinant human IL-kla,
recombinant human IL-1 receptor antagonist (IL-lra; Han-
num et al., 1990), recombinant human basic fibroblast
growth factor (bFGF), 6-keto-PGFI,, antiserum and the PAF
receptor antagonist WEB-2086 (3-[4-(2-chlorphenyl)-9-
methyl-6H-thieno [3,2-fl [1,2,4] triazolo-[4,3-a] [1,4]-diazepin-
2-yl]-1 -(4-morpholinyl)-1 -propanone; Casals-Stenzel et al.,
1987) were gifts from Dr J. Saklatvala of Strangeways
Research Laboratory, Cambridge, Dr R.C. Thompson of
Synergen Inc., Colorado, U.S.A., Dr M. Presta, Department
of Biomedical Sciences and Biotechnology, University of

Brescia, Italy, Dr J. Salmon of Wellcome Research
Laboratories, Kent, U.K. and Dr C. Meade of Boehringer
Ingelheim, Germany, respectively.

'33Xenon injection (10 mCi in 3 ml saline) and [3H]-6-keto-
PGFIc, (50 mCi ml- 1) were obtained from Amersham Interna-
tional plc, UK. Other materials or reagents were purchased
from the following companies: polyether foam sheet (R.E.
Carpenter & Co., Suffolk, UK); polythene tubings (Portex
Ltd., UK); Hypnorm (Janssen Pharmaceuticals, UK);
indomethacin, mepyramine and cimetidine (Sigma Chemical
Co., UK); specific endothelial cell marker Bandeiraea simp-
licifolia lectin I, isolectin B4 (BSL-B4, Vector Laboratories
Ltd., Peterborough, UK). Indomethacin, and WEB 2086
were prepared in PBS (calcium and magnesium free, pH 7.4)
from a stock solution of 10mgml1' in ethanol. All other
drugs were made up in PBS daily and sterilized by membrane
filtration (0.451im) before use.
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Figure 3 Inhibition of the angiogenic effect of substance P/
interleukin-lk (IL-1a) by the substance P antagonist, [D-Pro2, D-Phe7,
D-Trp9]substance P. Symbols represent sponges treated daily with
substance P/IL-ka (D), substance P/IL-la plus 100 pmol (0) or
1,000pmol (0) of the antagonist; see Methods for details. Each
point represents mean data ± s.e.mean from 8-10 animals.
*P<0.05; **P<0.0I (substance P/IL-Ia plus 1,000 pmol [D-Pro2,
D-Phe7, D-Trp9]substance P vs substance P/IL-ka).

Statistical analysis

Statistical analysis of results was performed by a Student's t
test.

Results

Effects of substance P and interleukin-lc

As shown in Figure 1, the '33Xe clearance in control sponges
was between 19% and 22% during the first 6 days after
implantation due to passive diffusion of the radioisotope
from the sponges. After day 6 the clearance increased such
that by day 10 it was 36.0 ± 1.5%, and by day 14 it had
reached a maximal level of 52.3 1.7%, which was app-
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Figure 4 Angiogenic activity of the selective NK1-receptor agonist

[Sar9,Met(02)' ]SP and its antagonism by the selective NK1-receptor

antagonist, L-668, 169. Columns represent sponges treated daily with

PBS alone (LII), 10 pmol [Sar9,Met(02)"]SP (E), 1,000 pmol

[Sar9,Met(02)"]SP (E1), 10 pmol [Sar9,Met(02)"]SP plus 0.3 pmol

interleukin-ka (IL-ka) (_) and 10 pmol [Sar9,Met(02)"]SP plus

0.3 pmol IL-ka plus 1,000 pmol L-668,169 ( ). Note that

1,000 pmol L-668,169 alone produced no effect; see Methods

for details. Each point represents mean data s.e.mean from

6-8 animals. **PK0.01 (1,000 pmol [Sar9,Met(02)"]SP vs PBS

alone: ttPK<O.O0l [Sar9,Met(02)"]SP/IL-kl vs PBS alone;

[Sar9,Met(02)' 'SP/IL-ka vs [Sar9,Met(02)"]SP/IL-ka plus L-668, 169).

6 8 10 12
Days after implantation

Figure 5 Inhibition of substance P/interleukin-ka (IL-1a)-induced
angiogenesis by the non-peptide NK, receptor antagonist, RP 67580.
Columns represent sponges treated daily with PBS ( ), 10 pmol
substance P plus 0.3 pmol IL-lk (_) and 10 pmol substance P
plus 0.3 pmol IL-ka plus 1,000 pmol RP 67580 ( E. Note that
1,000 pmol RP 67580 alone produced no effect. See Methods for
details. Each point represents mean data ± s.e.mean from 6 animals.
*P<0.05; **P<0.01 (substance P/IL-lk plus RP 67580 vs sub-
stance P/IL-la).

roaching the clearance obtained in normal rat skin
(65-72%).

Histological studies showed that 8-day-old sponges treated
with PBS were encapsulated by connective tissue, but with
only little tissue infiltration and neovascular growth (Figure
2a). In contrast, daily administration of 1,000 pmol substance
P elicited a substantial neovascularization and cellular
infiltration (Figure 2b). This neovascular response was indis-
tinguishable from that produced by daily injection of 3 pmol
IL-la (data not shown).
Lower doses of substance P (10 pmol) or IL-la (0.3 pmol)

alone produced no significant effect on the basal neovas-
cularization. However, the combination of these subthreshold
doses of substance P and IL-Il led to accelerated '33Xe
clearance by the sponge implants (Figure 1). Histologically,
8-day-old sponges treated with substance P (10 pmol) and
IL-la (0.3 pmol) showed heavy leucocyte infiltration and
extensive neovascularisation (Figure 2c).
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Figure 6 Effect of RP 67580 on angiogenesis induced by interleukin-
lot (IL-loa) or bFGF alone. Columns represent sponges treated daily
with PBS alone ( = ), 3 pmol IL-lao ( _ ), 6pmol bFGF ( E1 )
3 pmol IL-loc plus 1,000 pmol RP 67580 ( M ), and 6 pmol bFGF
plus 1,000 pmol RP 67580 ( EA; see Methods for details. Each point
represents mean data ± s.e.mean from 6 animals. **P <0.01 (3 pmol
IL-lax vs PBS alone; 6pmol bFGF vs PBS alone). RP 67580 pro-
duced no significant effect on sponges receiving IL-loa or bFGF.
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Effects of tachykinin receptor agonists and antagonists

Since the angiogenic response elicited by subthreshold doses
of substance P and IL-la was inhibited by concomitant
treatment with 1,000 pmol of the substance P antagonist,
[D-Pro2,D-Phe7,D-Trplsubstance P (Figure 3), it was decided
to characterize the tachykinin receptors which mediate the
angiogenic activity of substance P. Figure 4 shows that daily
injection of 1,000 pmol of the selective NK, receptor agonist
[Sar9,Met(02)"]substance P into sponge implants caused a
significant increase in 133Xe clearance as compared with cont-
rols. Lower doses (10-100 pmol) of [Sar9,Met(02)'']substance
P did not induce any significant angiogenic response. How-
ever, when combined with a subthreshold dose of IL-la
(0.3 pmol), 10 pmol [Sar9,Met(02)'']-substance P was suffici-
ent to produce a strong neovascular response similar to that
elicited by either 1,000 pmol [Sar9,Met(02)11]substance P or
3 pmol IL-la alone.
The ability of [Sar9,Met(02)"]substance P to mimic the

angiogenic effect of substance P suggests that NK, receptors
are likely to be involved. To test this hypothesis, the NK,
receptor antagonist L-668,169 was used in initial experiments.
Since at least 10,000 pmol L-668,169 would be required to
inhibit the angiogenic effects of 1,000 pmol [Sar9,Met(02)T]-
substance P alone, it was decided to test the ability of the
antagonist to inhibit the effect of [Sar9,Met(02)1']substance P
(10 pmol) and IL-la (0.3 pmol). Figure 4 shows that L-
668,169 (1,000 pmol) was able to reduce the elevated '33Xe
clearance values of sponges treated with [Sar9,Met(02) 'l-
substance P (10 pmol) and IL-la (0.3 pmol) to that of con-
trols. Similarly, daily doses of the non-peptide NK, receptor
antagonist RP 67580 (1,000 pmol) completely antagonized
the effect of substance P/IL-la (Figures 2d and 5). Figure 6
shows that RP 67580 did not block the action of IL-la. The
specificity of NK, blockade was further confirmed by the
failure of RP 67580 to block the comparable neovascular
responses elicited by bFGF (Figure 6). In another series of
experiments, a second non-peptide NK, receptor antagonist
( ± )-CP-96,345 (1,000 pmol day-') was also able to suppress
the angiogenic effect of substance P/IL-la (Figure 7).

In contrast, daily doses of 1,000 pmol of the selective NK2
receptor agonist [P-Ala8]NKA(4-10), or the NK3 receptor
agonist, senktide, did not influence the basal neovascular
response in the sponges (data not shown). Since [P-
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Figure 7 Inhibition of substance P/interleukin-la (IL-la)-induced
angiogenesis by the non-peptide NK, receptor antagonist, ( ± )-CP-
96,345. Columns represent sponges treated daily with PBS alone
(L ), 10 pmol substance P plus 0.3 pmol IL-la ( _ ) and 10 pmol
substance P plus 0.3 pmol IL-la plus 1,000 pmol ( ± )-CP-96,345
( E); 1,000 pmol (± )-CP-96,345 alone produced no effect; see
Methods for details. Each column represents mean data ± s.e.mean
from 6-12 animals. *P<0.05; **P<0.01 (substance P/IL-la plus
(± )-CP-96,345 vs substance P/IL-la).
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Figure 8 Inhibition of substance P/interleukin-la (IL-Ia)-induced
angiogenesis by IL-I receptor antagonist (IL-Ira). Columns represent
sponges treated daily with PBS ( [=), 10 pmol substance P plus
0.3 pmol IL-la ( _ ), and 10 pmol substance P plus 0.3 pmol IL-Ia
plus 50lig IL-lra (E). IL-Ira alone produced no effect; see
Methods for details. Each column represents mean data ± s.e.mean
from 6 animals. *P<0.05; **P<0.01 (substance P/IL-Ia plus IL-
lra vs substance P/IL-la).

Ala8]NKA(4-10) and senktide display at least 100 times lower
affinity than substance P at NK, receptors, they were used at
100 times the subthreshold dose of substance P (i.e.,
1,000pmol) in the study of potential interactions between
these peptides and IL-la. However, the combination of these
peptides did not modify the basal neovascularization.
Likewise, the NK2 receptor antagonist L-659,874
(1,000pmol) was ineffective against the angiogenic effect of
substance P/IL-la (data not shown).

Effect of IL-I receptor antagonist

To establish the relative contribution of substance P and IL-1
in the substance P/IL-ola-induced neovascularization, the
effect of an IL-1 receptor antagonist (IL-1ra) was examined.
Like the NK, receptor antagonists (L-668,169, RP 67580 and
( ± )-CP-96,345), daily administration of 50 jIg IL-lra was
able to inhibit the angiogenic effect of substance P/IL-lla
(Figures 2e and 8).

Effects of indomethacin, a PAF antagonist and histamine
antagonists

To analyse the possible involvement of prostaglandins, PAF
and histamine in substance P/IL-la-induced neovasculariza-
tion, three different classes of drugs were used. On day 14
after implantation, the 6-keto-PGFI, content in the sponges
receiving substance P/IL-la was elevated by almost 19 fold
(376 ± 9 pg per sponge, n = 6, P<0.01) from that in the
sponges receiving PBS alone (20 ± 5 pg per sponge, n = 6).
When the prostaglandin synthesis inhibitor, indomethacin
(7 nmol day-'), was co-administered with the peptides into
the sponges, the elevated 6-keto-PGFI,c level in these sponges
was reduced by 95% (23 ± 8 pg per sponge vs 376 ± 9 pg per
sponge, n = 6, P<0.01). However, indomethacin did not
modify new vessel formation as determined by '33Xe
clearance (data not shown).

In parallel experiments, daily doses of 22 nmol of the PAF
antagonist WEB-2086 had no significant effect (data not
shown). Similarly, daily doses of 1 nmol of the HI-receptor
antagonist mepyramine and/or 1Onmol of the H2-receptor
antagonist cimetidine produced no changes on the
angiogenesis induced by substance P/IL-la (data not shown).
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Discussion

In this paper, we present two lines of evidence which suggest
a role for substance P in angiogenesis. First, a variety of
selective tachykinin receptor ligands were able to mimic/
antagonize the substance P/IL-la angiogenic response. Thus,
it was found that the angiogenic effect of substance P could
be mimicked by the NK, selective agonist [Sar9,Met(02)1 'I-
substance P, but not by the NK2 or NK3 selective agonists
(P-Ala8]-NKA(4-10) and senktide, suggesting that the activa-
tion of NK, receptors is most likely to mediate this effect of
substance P. These results are in agreement with the findings
of Ziche et al. (1990). Two earlier clinical observations also
indicate a role of substance P in angiogenesis. In 1987,
Hermanson et al. noted an increase in superficial skin
wounds of substance P-immunoreactive sensory nerve fibres
in connection with blood vessel regeneration. Subsequently,
Mantyh and colleagues (1988) reported that in surgical speci-
mens obtained from patients with inflammatory bowel
diseases, receptor binding sites for substance P, but not
neurokinin A or neurokinin B, were expressed in high con-
centrations by arterioles, venules and regional lymph
nodules.
The other major finding of this paper is that the

angiogenic action of substance P/IL-la can be inhibited by
the selective NK, receptor antagonists RP 67580 (Garret et
al., 1991) and ( ± )-CP-96,345 (Snider et al., 1991), but not
by the NK2 selective antagonist, L-659,874 (Williams et al.,
1988). These observations are of potential clinical relevance
in view of a recent report that substance P binding sites, with
characteristics of NK, receptors, are localized on human
synovial endothelial cells (Walsh et al., 1992). This suggests
that perivascular nerves containing substance P and subs-
tance P binding sites are well placed to play a regulatory role
in synovial vasculature. However, the breakdown of this
regulatory network may occur. in rheumatoid arthritis, as
suggested by the work of Levine et al. (1984), leading to
excessive neovascularization. In such a situation, the
blockade of NK, receptors in the joint may halt or reverse
the progression of the disease. This approach may also have
therapeutic implication in the future management of other
angiogenic diseases, such as atherosclerosis, diabetic
retinopathy and cancer.

Questions remain as to the mechanism by which substance
P and IL-la stimulate blood vessel formation. Both peptides
have been shown to stimulate collagenase production by
fibroblasts (Lotz et al., 1987; see Payan, 1989), which is vital
in the dissolution of the basement membrane of pre-existing
blood vessels before angiogenesis can take place. They are
also mitogenic for vascular endothelial cells in vitro (Ziche et

al., 1990; Detmar et al., 1992). In addition, recent studies
suggest several levels of interaction between substance P and
IL-1 in chronic inflammation. Substance P can stimulate the
production of IL-1 and other cytokines by human blood
monocytes (Lotz et al., 1988). On the other hand, IL-1 has
been shown to increase substance P levels under
inflammatory conditions and its gene expression in sym-
pathetic neurones (Arai et al., 1990; Freidin & Kessler, 1991;
Hart et al., 1991). Our ability to suppress the substance
P/IL-1-induced angiogenesis by the blockade of either NK,
or IL-1 receptor further illustrates the important interactions
between these two peptides in chronic inflammatory diseases.
However, IL-1 may play a bi-directional role in angiogenesis.
It potentiates the effect of some factors such as substance P,
but antagonizes the activity of others, e.g. it inhibits bFGF-
induced vessel formation, probably due to its ability to
decrease the expression of high-affinity bFGF binding sites
on endothelium (Cozzolino et al., 1990).

In an in vivo situation, additional factors may also be
involved. For example, substance P can release histamine
from mast cells (Foreman & Jordan, 1983) and PGE2 from
fibroblasts (Lotz et al., 1987). Furthermore, both IL-1 and
substance P are capable of stimulating endothelial cells and
neutrophils to produce PAF (Bussolino et al., 1986;
Brunelleschi et al., 1990), which could in turn stimulate
endothelial cell migration and proliferation (Smither & Fan,
1992) and enhance the sponge-induced angiogenesis (Smither
& Fan, 1990). However, the failure of histamine receptor
antagonists, indomethacin and the PAF antagonist WEB-
2086 to modify the substance P/IL-la angiogenic response in
this model indicates that histamine, prostaglandins and PAF
do not play an important role.

In conclusion, the positive interaction between substance P
and IL-la described here underlines the potential importance
of these two peptides in the angiogenic cascade leading to a
variety of diseases characterized by excessive neovasculariza-
tion. The successful blockade of the angiogenic response
elicited by substance P and IL-1 suggests that in diseases
associated with chronic release of these two peptides,
nonpeptide NK, antagonists or IL-1 receptor antagonists
could provide an effective treatment. More importantly, this
study demonstrates that angiosuppression can be achieved by
blocking the activity of angiogenic factors at the receptor
level (Fan & Brem, 1992).

This work was supported by the Wellcome Trust and the British
Heart Foundation. We thank Mrs Beverly Wilson and Mr Kwok
Kei Chan for their help with histology and Ms Jane Glegg for
technical assistance.
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Glycine stimulates striatal dopamine release in conscious rats
Gal Yadid, Karel Pacak, Eliahu Golomb, Judith D. Harvey-White, *Daniel M. Lieberman,
Irwin J. Kopin & 'David S. Goldstein

Clinical Neuroscience Branch and *Surgical Neurology Branch, National Institute of Neurological Disorders and Stroke,
National Institutes of Health, Bethesda, Maryland 20892, U.S.A.

1 Glycine is an inhibitory neurotransmitter in the spinal cord and brainstem. The mechanism of this
inhibition is via binding of glycine to specific receptors, increasing transmembrane Cl- conductance and
hyperpolarizing neurones. Strychnine selectively antagonizes these effects. The role of glycinergic
neurones in supraspinal regions is poorly understood.
2 Effects of glycine on release of catecholamines in the striatum were examined by microdialysis in
freely-moving rats. Transcription of the genes encoding strychnine-sensitive glycine receptors was
assessed in the striatum and substantia nigra, by use of reverse transcription followed by the polymerase
chain reaction.
3 Glycine administered via the microdialysis probe dose-dependently increased concentrations of
dopamine and its metabolites, dihydroxyphenylacetic acid and homovanillic acid, in the perfusate,
indicating increased local release and metabolism of dopamine. Strychnine markedly attenuated these
responses. Whereas striatal tissue did not contain mRNA for either the adult or neonatal form of
strychnine-sensitive glycine receptor, nigral tissue contained a message for the adult form.
4 The results suggest that dopaminergic cells in the substantia nigra synthesize strychnine-sensitive
glycine receptors and transport the receptors to terminals in the striatum. Occupation of the glycine
receptors then exerts a net stimulatory effect on striatal dopamine release in vivo.

Keywords: Glycine; strychnine; microdialysis; substantia nigra; dopamine; dihydroxyphenylacetic acid (DOPAC); homovanillic
acid (HVA); polymerase chain reaction

Introduction

Glycine has long been considered to be an inhibitory neuro-
transmitter in the central nervous system (Curtis & Malik
1968; Krnjevik, 1974). As with y-aminobutyric acid (GABA),
a prototypical inhibitory transmitter, glycine hyperpolarizes
neurones by increasing membrane chloride conductance (Bor-
mann, 1988). Strychnine blocks glycine- but not GABA-
induced neuronal inhibition (Young & Snyder, 1973).

In rat striatal slices previously exposed to [3H]-dopamine,
both glycine and GABA increase spontaneous [3H]-dopamine
release (Giorguieff et al., 1978; Kerwin & Pycock, 1979).
Analogously, after loading brain slices from other regions with
[3H]-noradrenaline, [3H]-acetylcholine or [3H]-dopamine, addi-
tion of glycine to the medium increases release of the radioac-
tivity, and strychnine blocks the glycine-evoked release.
These stimulatory effects have been attributed to blockade of
local inhibitory interneurones. Recent findings, however,
have indicated direct stimulatory effects of glycine on release
of endogenous catecholamines from isolated chromaffin cells
(Yadid et al., 1991; 1992). Moreover, radioligand binding
(Yadid et al., 1989) and autoradiographic studies (unpub-
lished data) have confirmed that chromaffin cells possess
strychnine-sensitive glycine receptors. These findings suggest
that glycine is not a universally inhibitory neurotransmitter.
The present study was designed to evaluate the effects of

glycine on dopamine release in the striatum, by in vivo
neurochemical and in vitro molecular techniques. Although
genes encoding strychnine-sensitive glycine receptors are ex-
pressed in many brain areas, it was not known whether cells
in the substantia nigra contain mRNA for strychnine-
sensitive glycine receptors (Malosio et al., 1991). In vivo
effects of glycine in supraspinal regions have not been
reported. The present study applied in vivo microdialysis in
conscious, freely-moving rats, in order to determine whether
glycine affects endogenous dopamine release and turnover in
the striatum, and whether the effects are strychnine-sensitive.

' Author for correspondence.

By use of reverse transcription followed by polymerase chain
reaction (RT-PCR), transcription of the genes encoding two
forms of strychnine-sensitive glycine receptor (adult and
neonatal) was examined in the striatum and substantia nigra.

Methods

Microdialysis

Male Sprague-Dawley rats (230-250 g; n = 5-9 per treat-
ment group) were anaesthetized with sodium pentobarbitone
(50 mg kg-', i.p.). A microdialysis probe (4 mm length,
20 kD cutoff value, CMA/10, BAS/Carnegie Medicine, West
Lafayette, IN, U.S.A.) was placed stereotaxically (David-
Kopf Instruments, Tujunga, CA, USA; incisor bar 3.2 mm
below the interaural line) in the anterior striatum (1.Omm
anterior to bregma, 2.5 mm lateral to midline suture, 6.5 mm
ventral to dura; Paxinos & Watson, 1982) and cemented to
the skull, as previously described (Pacak et al., 1992). Body
temperature was maintained with a heating blanket.

Artificial cerebrospinal fluid (aCSF; NaCl 189 mM, CaCl2
3.37 mM and KCI 3.9 mM, pH 6.3) was pumped through the
dialysis probe (1.0 yil min-') with a microinjection pump
(CMA 100, BAS/Carnegie Medicine, West Lafayette, IN,
U.S.A.).

Experiments were performed in conscious, unrestrained
animals 20-24 h after probe implantation. The dialysate was
collected into polyethylene tubes containing 15 ftl EDTA/
ethanol (0.02/1%). After two 30 min baseline collections,
aCSF containing glycine (Sigma, St. Louis, MO, U.S.A.) at
various concentrations (0.02-20 mM) was administered, with
or without strychnine (10 1AM, Sigma, St. Louis, MO, U.S.A.)
in the perfusate.
The dialysate samples were injected directly into a high-

performance liquid chromatograph coupled to an electro-
mechanical detector. Separation of the cathecholamines and
their metabolites was achieved by reverse phase liquid
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chromatography (Altex Ion Pair Ultrasphere C- 18, 5 gm
4.6 mm ID x 250 mm column, No. 235335), with column
temperature 30°C. The mobile phase, consisting of 2.1 1 of
water, 3.2 g 1-heptanesulphonic acid (No 0-3013, Fisher
Scientific, Fairlawn, NJ, USA), 0.2 g EDTA (Fisher No.
S-311), 16 ml triethylamine (Fisher No. 0-4884), 12 ml 85%
phosphoric acid (Fisher No. A-260-500), and 60 ml acetonit-
rile (No 015-4 Burdick & Jockson, Muskegon, MI, U.S.A.),
was pumped at 0.8 ml min-'.
The detection apparatus included an analytical cell (No

CB-100, EiCOM, Kitahatacho Fushimi, Kyoto, Japan) and a
detector (No 460, Waters, Millipore, Milford, MA, U.S.A.),
with oxidation potential 0.64-0.67 V.

Probe recoveries of dopamine, dihydroxyphenylacetic acid
(DOPAC), and homovanillic acid (HVA) were measured in a
22°C water bath.

Statistical analyses included two-way analysis of variance
with one repeated measure. A P value less than 0.01 defined
statistical significance.

Transcription ofgenes encoding for glycine receptors

The existence of mRNA encoding the main adult and neo-
natal forms of the strychnine-binding subunit of glycine
receptors was examined by RT-PCR, using the medulla oblon-
gata as a positive control. The striatum, medulla oblongata,
and substantia nigra (SN) of rats were dissected and imme-
diately frozen in liquid nitrogen. Striata and SN of six rats
were pooled for RNA extraction. RNA was extracted from the
frozen tissues as described by Chomczynski & Sacchi (1987),
using a commercial solution (RNAzol B, Tel-Test Inc.,
Friendswood, TX, U.S.A.). The quality of the RNA prepara-
tion was examined by electrophoresis of the RNA on a 16%
formaldehyde, 1.25% agarose gel, by visualisation of the 28S
and 18S bands. Oligonuleotide primers for the genes were
synthesized by Lofstrand Labs, Inc. (Gaithersburg, MD,
U.S.A.), according to published sequences (Grenningloh et
al., 1987; Kuhse et al., 1990). The sequences of the primers
for the adult rat 48K subunit glycine receptor (encompassing
a cDNA fragment of 542 base pairs) were (upstream) CTTC-
CTGGATAAGCTTATGGGAAGG and (downstream)
CTCTTCCTTCAGGATAAACTGAGGC. The primers for
the rat neonatal glycine receptor (encompassing a cDNA
fragment of 487 basepairs) were (upstream) GCAAAGAC-
CATGACTCCAGG and (downstream) GCTGCATT-
GTACAGGTCTGG.

Reverse transcription (RT) with the specific downstream
primers was performed for 2 h at 42°C, using 5 tLg of total
RNA, in a total volume of 20 yl, containing 50 mM Tris-HCl
(pH = 8.3), 40 mM KCI, 6 mM MgCl2, 1 mM DTT,
40 u RNAsin (Promega, Madison, WI, U.S.A.), 2 Ag bovine
serum albumin, 2 liM of the downstream primer, 0.2 mM of
each deoxynucleotide, and 5 units of AMV reverse transcrip-
tase (Gibco-BRL, Gaithesburg, MD, U.S.A.). Five micro-
liters of the RT product were subjected to 40 cycles of PCR,
using the GeneAmp kit (Cetus-Perkin-Elmer, Norwalk, CT,
U.S.A.). Each reaction was carried out in a total volume of
100 il, containing 25 pmol of each oligonucleotide primer
and 2.5 u AmpliTaq DNA polymerase. Each cycle consisted
of denaturation at 94°C for 1 min, annealing at 55°C for 90 s,
and extension at 72°C for 90 s.

After amplification, 10 ll of the product of each reaction
was electrophoresed on a 4-20% Tris-glycine gel (Novex, San
Diego, CA, U.S.A.). The gel was stained with ethidium
bromide, exposed to u.v. light, and photographed.

Results

Basal microdialysate dopamine, DOPAC, and HVA concent-
rations averaged 13.5 ± (s.e.mean) 0.50, 2067 ± 131, and
994 ± 102 nmol 1-l (n = 20). In vitro recoveries of dopamine,
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Figure 1 Effects of glycine (0.2 mM, 0; 2 mM, *; 20mM, 0) on
microdialysate concentrations of dopamine (DA), dihydroxyphenyl-
acetic acid (DOPAC) and homovanillic acid (HVA) in the corpus
striatum of conscious rats. The bars indicate the period of glycine
administration. Each fraction corresponds to 30 min.

DOPAC and HVA averaged 20 ± 1.6, 22 + 2 and 26 ±0.5%
(n = 6). Applying these recoveries, and correcting for the
volume of preservative (15 jil added to 30 fLI of mic-
rodialysate), estimated extracellular fluid concentrations of
dopamine, DOPAC, and HVA were 0.10 ± 0.004, 17.8 ± 0.9,
and 5.7 ± 0.6ymol 1'.

Glycine dose-dependently increased microdialysate
dopamine, DOPAC, and HVA levels (Figures 1,2). Although
the approximately 9 fold increase in levels of dopamine
above baseline was larger than the approximately 3.5 fold
increases in levels of metabolites, the absolute increases in
dopamine (about 900 nmol 1 ') were far smaller than those in
the metabolites (about 8000 nmol 1-'). The increment in
dopamine appeared mostly in a single fraction following
glycine, whereas the elevations in metabolites occurred dur-
ing both the first and second 30 min collections after glycine.

.
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Strychnine markedly reduced glycine-ev
dialysate dopamine, DOPAC, and HVA
shifting the dose-response curves to the ri
fold.
When striatal RNA was used as a temp

detect any RT-PCR product, with primer
region of the adult form of the glycine
those spanning sequences of the neonata
lanes 1,4). In contrast, using extracted I

product of the adult glycine receptor, but
type could be detected. A single clear bar
size (542 and 487 bp for the adult and neor
tively) was evident in both reactions in whi
medulla, which served as the positive c
(Figure 3, lanes 2,5). These bands were ev

cycles of PCR (data not shown).

Figure 3 Ethidium bromide stained electrophoresed RT-PCR prod-
ucts of: (lane 1) water blank, amplified with primers encompassing a
542 bp region of the adult-type (48K subunit) glycine receptor; (lane
2) RNA from striatum, with primers encompassing a 542 bp region
of the adult-type (48K subunit) glycine receptor; (lane 3) RNA from
medulla oblongata, with primers encompassing a 542 bp region of
the adult-type (48K subunit) glycine receptor; (lane 4) RNA from the
substantia nigra, with primers encompassing a 542 bp region of the
adult-type (48K subunit) glycine receptor; (lane 5) gel size markers
(band sizes 1000, 700, 500, 400, 300, and 200 bp) (Research Genetics,
Hansville, AL, U.S.A.); (lane 6) water blank, with primers encom-
passing a 487 bp region of the neonatal-type glycine receptor; (lane
7) RNA from striatum, with primers encompassing a 487 bp region
of the neonatal-type glycine receptor; (lane 8) RNA from medulla
oblongata, with primers encompassing a 487 bp region of the
neonatal-type glycine receptor; (lane 9) RNA from the substantia
nigra, with primers encompassing a 487 bp region of the neonatal-
type glycine receptor.

Discussion

In the present study, glycine administered via a micro-
dialysate probe in the striatum of conscious rats dose-
dependently increased dopamine, DOPAC, and HVA con-
centrations in the dialysate. These results indicate that
glycine releases dopamine into the extracellular fluid, with
subsequent neuronal reuptake of dopamine and intra-

0.01 0.1 neuronal conversion of dopamine to DOPAC and with extra-

neuronal uptake of dopamine and DOPAC and extra-
neuronal conversion to HVA. The results therefore indicate

f dopamine (DA), that the net effect of glycine in the striatum is to stimulate
ovanillic acid (HVA) endogenous dopamine release.
hout (0) strychnine Strychnine attenuated glycine-evoked release of dopamine

and its metabolites by at least 90%, suggesting involvement
of a strychnine-sensitive receptor. Analogously, glycine
stimulates [3H]-noradrenaline release in vitro in hippocampal
slices (Raiteri et al., 1990; Schmidt & Taylor 1990),

toked increases in stimulates [3H]-acetylcholine release in striatum (Taylor et al.,
levels (Figure 2), 1988), and stimulates [3H]-dopamine release in ventral
ight by at least 10 tegmentum (Gunglach & Beart., 1982), with all these effects

blocked by strychnine.
olate, we could not The concentrations of glycine in the microdialysate that
rs encompassing a were required to stimulate dopamine release probably sub-
receptor, or with stantially exceeded those required to act at striatal effector

il type (Figure 3, sites, because the permeable membrane maintains a concent-
RNA from SN, a ration gradient between the perfusate and the extracellular
t not the neonatal fluid, and because glycine in the extracellular fluid may be
id of the expected subject to metabolism or cellular uptake before reaching
iatal types, respec- dopaminergic effector sites (Roberts & Anderson, 1979).
ich RNA from the Thus, administration of glycine directly into the striatum via
-ontrol, was used a cannula attached to the microdialysis probe shifts the
ident also after 25 glycine concentration-microdialysate dopamine response

curve to the left by about 10 fold, compared to the curve
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obtained with administration of glycine via the perfusate in
the probe (Yadid et al., unpublished observations). At pres-
ent, the exact relationship between glycine concentrations in
the perfusate and endogenous glycine concentrations at
striatal effector sites is unclear. The basal glycine concentra-
tion in striatal extracellular fluid is about 10 JiM (M. Globus,
personal communication). When glycine is administered via a
cannula attached to the microdialysis probe, the minimum
concentration producing significant increments in micro-
dialysate dopamine is about 5011M, whereas in the present
study, the minimum effective concentration of glycine
administered via the probe membrane was 20011M.

Since glycine is thought to be an inhibitory neurotransmit-
ter, one would expect the net stimulatory effect of glycine on
striatal dopamine release to occur via an indirect local
mechanism. For instance, glycine could inhibit inhibitory
interneurones in the striatum; inhibit inhibitory heterorecep-
tors on dopaminergic terminals; de-inactivate local calcium
channels by membrane hypopolarization (Llinas et al., 1983);
or increase transmembrane Cl- conductance in nearby axons
(Simmonds, 1983; Raiteri et al., 1990), thereby producing
receptor-mediated depolarization rather than hyperpolariza-
tion.
Mechanisms requiring the synthesis of strychnine-sensitive

glycine receptors within the striatum can be excluded, since

we failed to detect expression of genes encoding the two main
types of glycine receptor (adult and neonatal types) in the
striatum by the highly sensitive method of RT-PCR. Consis-
tent with these results, studies using in situ hybridization have
reported expression of mRNA encoding strychnine-sensitive
glycine receptors in supraspinal structures, but not in the
striatum (Malosio et al., 1991). Thus, if glycine releases
dopamine via inhibition of local inhibitory mechanisms, the
receptors mediating this effect must differ structurally from
those already identified or must be associated with axons
projecting from sources outside the striatum.
The present results did confirm the expression of mRNA

encoding the adult form of strychnine-sensitive glycine recep-
tor in the substantia nigra, which is the source of dopamin-
ergic innervation of the striatum. This result raises the pos-
sibility that strychnine-sensitive glycine receptors are trans-
ported in the axoplasm from dopaminergic cell bodies in the
substantia nigra to dopaminergic terminals in the striatum,
and that occupation of the receptors evokes transmitter
release from the terminals. Indeed, in substantia nigra zona
compacta neurones, glycine was shown to produce a mem-
brane depolarization that was blocked by strychnine (Mer-
curi et al., 1990). The results therefore suggest a stimulatory
effect of what has been thought to be a purely inhibitory
neurotransmitter in the central nervous system.
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Cloning and expression of a fish x2-adrenoceptor
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1 Pigment granule aggregation in specialized cells (melanophores) from the skin of teleost fishes has
been shown to be mediated by receptors with an a2-adrenoceptor pharmacology. We now report the
cloning of the X2-F, a fish skin a2-receptor from the cuckoo wrasse (Labrus ossifagus).
2 Degenerate oligonucleotides corresponding to conserved regions of the human M2-adrenoceptor
subtypes were used in a polymerase chain reaction (PCR) with cDNA prepared from mRNA isolated
from the skin of the cuckoo wrasse. An 876 base pair (bp) product was obtained that was homologous
with that of the human M2-adrenoceptor and was used to screen a genomic library from the cuckoo
wrasse.
3 A clone (pTB17BS) consisting of - 5 kb of genomic DNA was obtained which contained the
nucleotide sequence of the initial PCR product. In addition, it contained an open reading frame that
encoded a protein of 432 amino acids and -2 kb of 5'-untranslated sequence.The deduced amino acid
sequence of this protein showed 47-57% identity with the human M2-adrenoceptors and thus appeared
to encode a fish aX2-adrenoceptor.
4 In the 5'-untranslated region of the gene, nucleotide sequences were present suggesting that transcrip-
tion of the 02-F might be regulated by cyclic AMP, calcium and/or steroids.
5 The a2-F was expressed in COS-7 cells and radioligand binding studies were performed with
[3H]-rauwolscine. The binding was of high affinity and it was saturable with a KD of 0.8 ± 0.1 nM and a
Bmax of 5.7 + 1.0 pmol mg- ' of protein.
6 Competition curves for the displacement of specific [3H]-rauwolscine binding showed the following
order of potency: for agonists, medetomidine > clonidine >p-aminoclonidine> B-HT 920 > (- )-nora-
drenaline; for antagonists, rauwolscine> atipamezole> yohimbine> phentolamine> prazosin.
7 These results show that x2-F has characteristics of both the human x2-CIO and a2-C4 and that it
might represent an ancestral oc2-adrenoceptor subtype.

Keywords: Adrenoceptor; G-protein coupled receptor; melanophore; yohimbine; Labrus ossifagus

Introduction

Mammalian x2-adrenoceptors belong to the growing family
of G-protein-coupled receptors (Regan & Cotecchia, 1992).
The receptor proteins within this family consist of a single
polypeptide chain that is postulated to span the cell mem-
brane seven times (Dohlman et al., 1991). To date, three
cX2-adrenoceptor subtypes have been identified which mediate
a variety of tissue-specific responses including; presynaptic
inhibition of neurotransmitter release, smooth muscle con-
traction, inhibition of lipolysis, inhibition of insulin release
and platelet aggregation (Nichols & Ruffolo, 1991). In the
skin of many lower vertebrates, such as frogs and fish,
receptors with an M2-adrenoceptor pharmacology, have been
shown to mediate pigment granule aggregation in specialized
cells called melanophores (Berthelsen & Pettinger, 1977;
Andersson et al., 1984). The aggregation, or dispersion, of
these granules is responsible for colour changes in these
animals. The fact that these changes can be easily evaluated
with a photometer or light microscope have made the
melanophores from fish skin an ideal model system for func-
tional studies of M2-adrenoceptors (Karlsson et al., 1989;
Svensson et al., 1991a). Although similar in some respects to
its mammalian counterparts, the fish melanophore M2-adreno-
ceptor has a unique pharmacology. For example, the imidaz-
oline, UK 14304, which is an agonist at mammalian M2-adre-
noceptors, is an antagonist at the CX2-adrenoceptors present in
fish melanophores (Karlsson et al., 1989).
We were, therefore, interested in cloning and expressing

DNA encoding the fish melanophore M2-adrenoceptor in
order to correlate functional properties of the receptor with

Author for correspondence.

its protein structure. Using mRNA isolated from th- skin of
the cuckoo wrassse, a PCR product was obtained that
appeared to encode an M2-adrenoceptor. This was used to
screen a genomic library and a gene was isolated which
yielded a complete sequence for the M2-F. This is the first
nonmammalian M2-adrenoceptor to be cloned and it shows
some interesting structural and pharmacological characteris-
tics with respect to the human M2-adrenoceptor subtypes.

Methods

Reverse transcriptase/polymerase chain reaction

mRNA was isolated from the skin of the cuckoo wrasse
(Labrus ossifagus) with the Fast Track Kit (Invitrogen).
cDNA was synthesized from 100 ng of mRNA in a 20 lI
reaction containing 10 mM Tris-HCl pH 8.3, 50 mM KCI,
1.5 mM MgCl2, 0.001% (w/v gelatin, 40 u RNAsin inhibitor
(Invitrogen), 0.5 mM dNTP's (Pharmacia), 2 1tg random pri-
mers (Invitrogen) and 15 u of AMV reverse transcriptase
(United States Biochemical). The reaction mix was incubated
for 10 min at room temperature, then 60 min at 42°C. It was
stopped by heating at 95°C for 5 min.

Oligonucleotide primers were prepared corresponding to
the 3rd (primer A) and 7th (primer B) transmembrane
domains of the human M2-adrenoceptors and included a
BamHI site (primer A) and a SacII site (primer B) to
facilitate cloning. The sequences of the primers are shown
below: primers A and B were 16 fold and 4 fold degenerate,
respectively.
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primer A
5'CGTCC ATCGG GATCC TGTGC GCCAT CT/AC/GCC
TGGACC/AGG/CTA3'
primer B
5'GTAGA TCCGC GGGTT GAGCG AGCTG TTGCA
GTAGC CGAT/c/A/G CCA3'

To the reverse transcriptase reaction, a PCR-mixture con-
taining 100 pmol of primer A, 50 pmol of primer B, 5%
dimethylsulphoxide (DMSO) and 1.25 u of AmpliTaq DNA
polymerase (Perkin Elmer/Cetus) was added. Sixty cycles of
PCR were performed using the following temperature profile:
95°C, 1 min; 50°C, 2 min; 72°C, 3 min. An 876 bp product
was obtained and was named CWI. CW1 was cloned into
pBluescript SK+ (Stratagene) and the nucleotide sequence of
both strands was determined by primer extension and dide-
oxynucleotide sequencing with Sequenase (United States Bio-
chemical; Sanger et al., 1977).

Southern blot analysis

Genomic DNA was extracted from cuckoo wrasse brains
according to the method of Ausubel et al. (1988); 10 jig was
digested with either EcoRI, Hindlll or PstI. The DNA
fragments were separated on 1% agarose gels and were
blotted on to nitrocellulose filters (Sambrook et al., 1989).
The PCR product, CWI, was labelled with 32P by the method
of nick translation (Gibco/BRL) and used as a probe. Hybri-
dization was performed overnight at 40°C in 50% forma-
mide, 25 mM KPO4, 5 x SSC and 0.25% nonfat powdered
milk. Final washing conditions were for 30 min at 55°C in
2XSSC/0. 1% SDS. Autoradiographs were obtained using
Kodak XAR film and overnight exposures at - 70°C.

Construction and screening of a size-selectedfish
genomic library
EcoRI-digested genomic DNA was fractionated by centri-
fugation at 20'C for 24 h at 25,000 r.p.m. (SW28 rotor) over
a 10-40% sucrose-gradient and DNA fragments ranging in
size from 14-18 kb were pooled. These were used to prepare
a library in the vector Lambda Dash II (Stratagene), accord-
ing to the manufacturer's instructions. Approximately 1.4
x 106 plaque-forming-units were obtained of which 80% had
inserts; without amplification, 400,000 were used to infect
SRB-P2 cells at a titer of 20,000 plaques/plate. Nitrocellulose
lifts were taken and were screened using the nick-translated
32P-CW1 as a probe (see above). Pre-hybridization was done
at 37°C for 2 h in 70 ml of 50% formamide, 1% SDS, I M
NaCl, and 1I00 Lg ml-i herring sperm DNA. The probe was
added (' 5 x 106 d.p.m. ml-') and hybridized overnight at
37°C. The filters were washed at 53°C for 90 min in 2 x SSC/
0.1% SDS and overnight exposures were made at - 70°C
using Kodak XAR film and cassettes containing intensifying
screens. A positive signal was found and the responsible
clone, TB17, was isolated following 2 additional rounds of
plating and screening. TB17 was amplified in plate lysates
and DNA was prepared using LambdaSorb (Promega). A
16.5 kb insert was present which hybridized with 32P-CW1 in
Southern blot analysis.

Construction of a full-length clone encoding aC2-F

Using Southern blot analysis, a 3 kb BamHI fragment from
TB17 was identified which hybridized with 32P-CW1. It was
subcloned into pBluescritp SK+ to yield pTB17B and was
sequenced. The sequence of CWl was found within an open
reading frame of 1293 bases, but the BamHI fragment began
with this open reading frame, presenting the possibility that
the coding sequence was short. A BamHI/SacII fragment of
pTB17B, which contained 227 bases of the 5'-end of the open
reading frame, was used as a probe in a Southern blot of
Sacll digested TB 17. A 2 kb SacII fragment was identified
and cloned into pBluescript. The 2 kb SaclI fragment was

then cloned into Sacll-digested pTB17B to yield pTB17BS.
[Sacll cleaves pTB17B twice: once in the multiple cloning
site, just upstream of the BamHI site, and again 227 bases
downstream of the BamHI site.] In pTB17BS the open
reading frame was extended an additional 57 bases beyond
the BamHI site; however, the first methionine in this 1350
base open reading frame was only 3 bases upstream of the
BamHI site. The length of open reading frame, therefore,
starting with the first ATG (methionine) is 1296 nucleotides.

Construction of a eukaryotic expression vector encoding
aC2-F

pTBl 7BS was used as a template in a PCR reaction with a
sense primer containing adjacent Sacll and Dral restriction
sites (5'CCGCGGTTTAAA . . .), and corresponding to
nucleotides - 136 to - 119 of M2-F (Figure 2), and an
antisense primer corresponding to nucleotides 401-423. A
571 bp product was obtained which was cleaved with SaclI
yielding a 374 bp fragment that was isolated and cloned into
SaclI digested pTB17BS. This created pA2F which could be
cleaved with DraI to yield a 1.5 kb blunt-ended fragment
containing the full coding sequence of M2-F along with 136
bases of 5'-untranslated sequence and 68 bases of 3'-un-
translated sequence. The eukaryotic expression vector, pBC
12BI (Cullen, 1987), was digested with HindlIl and BamHI,
blunt-ended with Klenow, and ligated with the 1.5 kb Dral
fragment to give pBCA2F.

Expression and radioligand binding studies

pBCA2F was expressed transiently in COS-7 cells and the
binding [3H]-rauwolscine (77.9 Ci mmol 1) to membranes was
examined as previously described (Regan et al., 1988). For
saturation curve analysis, nonspecific binding was defined
with 100 ftM phentolamine. For competition curves analysis,
a final concentration of 1 nM [3H]-rauwolscine was used.
Data were analysed by computer using the logistic function
described by Parker & Waud (1971). Ki values were cal-
culated by the Cheng-Prusoff conversion. Protein concentra-
tions were determined by Bradford assay (Biorad).

Drugs

Drugs were obtained as follows: atipamezole and medetomi-
dine were gifts from the Orion Corp./Farmos (Turku, Fin-
land); yohimbine, prazosin, clonidine, (- )-noradrenaline,
methoxamine and p-aminoclonidine were from Sigma Chemi-
cals (St. Louis, MO, U.S.A.); SKF 104078 (6-chloro-9-[(3-
methyl -2 -butenyl)oxy] - 3 -methyl - 1H2,3,4,5 -tetrahydro -3-ben-
zopine) was a gift from Smith Kline & French (Hearts, UK);
phentolamine and guanfacine were gifts from CIBA-Geigy
(Basel, Switzerland); UK 14304 (5-bromo-6-N-(2-4,5-
dihydroimidazolyl) quinoxaline was a gift from Pfizer Central
Research (Sandwich, UK); idazoxan was a gift from Reckitt
& Colman (Kingston-upon-Hull, UK); B-HT 920 (2-amino-
6 ally-5,6,7,8-tetrahydro-4H-thiazolo-[4,5-d]-azepine dihydro-
chloride) was a gift from Dr Thomae (Biberach, Germany),
oxymetazoline was a gift from Astra Draco (Lund, Sweden);
rauwolscine was from Carl Roth (Karlsruhe, Germany); [3H]-
rauwolscine was from New England Nuclear/Dupont (Bos-
ton, MA, U.S.A.).

Results

Cloning and sequence ofcL2-F
mRNA was isolated from the skin of the cuckoo wrasse and
was used as a template in a polymerase chain reaction (PCR)
with degenerate primers from conserved regions of the
human M2-adrenoceptors. An 876 base pair (bp) product was
obtained from a set of primers that corresponded to the third
and seventh membrane domains of the human a2-adreno-
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Figure 1 Southern blot of cuckoo wrasse (Labrus ossifagus) genomic
DNA, digested with the indicated restriction enzymes and probed
with 32P-CW1, a PCR-product generated from fish skin mRNA and
degenerate primers designed from the mammalian a2-adrenoceptors.
Restriction enzyme digests and blotting conditions were as described
in Methods. The positions of molecular size standards are indicated
on the left.

ceptors. When sequenced, this PCR product was found to
have similarity with the human M2-adrenoceptors and it could
be aligned with them.

Difficulties with the preparation of skin cDNA libraries led
to the screening of a genomic library in order to obtain the
full coding sequence of this putatative fish a2-AR. Prior to
this, genomic DNA from the cuckoo wrasse was used in a
Southern blot with the 32P-labelled PCR product as a probe
(Figure 1). Under conditions of moderate stringency (55°C,
2 x SSC) only a single band was present in DNA that had
been cleaved with either EcoRI, HindlIl or PstI. EcoRI-
digested genomic DNA was fractionated by sucrose density
gradient centrifugation and DNA in the size range of 14-18
kb was used to make a library in lambda phage. The library
was screened with the 32P-labelled PCR product and a phage
was cloned with a 16.5 kb genomic insert that hybridized
with the probe.

Restriction enzyme mapping, Southern blotting and sub-
cloning resulted in the construction of a plasmid (pTB17BS)
that contained a 1350 base open reading frame (ORF) and
approximately 2 kb of additional sequence both 5' and 3' to
the ORF. Figure 2 shows the nucleotide sequence for 2898
bases of this clone and the deduced amino acid sequence for
1296 bases of the ORF. The deduced amino acid sequence
codes for a protein of 432 amino acids the beginning of
which, was defined as the first ATG (methionine) in the ORF
and by the presence of an optimal consensus sequence for the
initiation of translation (Kozak, 1980). Within this open
reading frame was the sequence of the PCR product that had
been obtained from the skin mRNA (nt. 363- 1218). The
identity of the complete deduced amino acid sequence with
the sequences of the human x2-adrenoceptor subtypes was as

follows: x2-C4, 57%; x2-C1O, 50%; and a2-C2, 47%. We
named this intronless gene from fish as the a2-F.
Hydropathy analysis (Kyte & Doolittle, 1982) of the

deduced amino acid sequence of the 02-F indicated seven
domains of hydrophobic amino acids, each separated by
loops of hydrophilic residues. These domains are thought to
span the cell membrane and give the receptor a topological
structure similar to rhodopsin (Dohlman et al., 1991). This
model as applied to the a2-F is shown in Figure 3. The amino
acid sequence identity of the X2-F compared with other G-
protein coupled receptors was highest in these putative
transmembrane domains. Amino acid identities in the trans-
membrane domains between x2-F and other adrenoceptor
receptors are as follows: M2-C4, 82%, x2-CIO, 77%; M2-C2,
78%, a,B, 43%, a,C, 41%; P1I, 41%; 132, 38%; 13, 41%, D2,
49%. In the third intracellular loop, which represents the
most divergent part of the a2-F as compared with its mam-
malian counterparts, serines and threonines were found that
may represent sites for regulatory phosphorylation by protein
kinases such as protein kinase A and P-adrenoceptor kinase
(Benovic et al., 1989). As in two of the mammalian M2-
adrenoceptor subtypes, potential sites for N-linked glycosyla-
tion (Asn-X-Ser or Asn-X-Thr) were found in the amino
terminus.
A variety of nucleotide consensus sequences have been

identified that are involved in the transcriptional regulation
of eukaryotic genes (Maniatis et al., 1987). In the 5'-un-
translated sequence of the M2-F, two TATA-like sequences
are present at nt. - 21 and - 157 which could represent part
of the promoter for RNA polymerase. Consensus sequences
for other transcription factors that could potentially regulate
the expression of the M2-F were also found in the 5' untrans-
lated region. As listed in Table 1, these included activation
protein-2 (AP-2, Mitchell et al., 1987), adenosine 3':5'-cyclic
monophosphate (cyclic AMP) response element (CRE, Mont-
miny et al., 1990), steroid hormone receptor binding site
(SRE, Beato, 1986) and a CAAT-box.

Expression

The ligand recognition properties of the a2-F were deter-
mined in membranes prepared from COS-7 cells that had
been transiently transfected with pBCA2F, a plasmid derived
from the eukaryotic expression plasmid, pBC12BI and the
coding region of the a2-F (see Methods). In membranes
prepared from the transfected COS-7 cells, [3H]-rauwolscine
bound in a specific and saturable manner (Figure 4). The
binding of [3H]-rauwolscine was linear with protein concen-
tration and reached equilibrium after 20min (data not
shown). The affinity of [3H]-rauwolscine for the a2-F, as
determined by Scatchard analysis of saturation binding data,
was 0.8 ± 0.1 nM (KD) with a Bmax of 5.7 ± 1.0 pmol mg-'
protein. Competition binding studies were used to charac-
terize the pharmacology of the M2-F (Table 2). The potency
series for putative agonists was as follows: medetomidine
> clonidine > B-HT 920 > guanfacine > UK14304 > (-)-
noradrenaline>>isoprenaline and methoxamine. For puta-
tive antagonists, the potency series was: rauwolscine > atipa-
mezole > yohimbine> phentolamine> prazosin. The M2-F,
indeed, has the pharmacological characteristics of an M2-
adrenoceptor.

Table 1 Potential upstream promoter elements in the gene encoding the a2-F3

Sequence"

CCCCACAC
AAAGGTCA

GGTCT---TGAGC
CAAT

Location'

- 758/- 749
- 1040/- 1033
- 871/- 859
- 219/- 216

Activator

Cyclic AMP/Ca2+
Cyclic AMP

Steroids

aAbbreviations: AP-2, activation protein 2; CRE, cyclic AMP response element; SRE, steroid hormone response element.
bNucleotide sequence in the a2-F, nonhomologous bases are shown in small caps.
cAccording to the nucleotide sequence shown in Figure 2.

Promoter

AP-2
CRE
SRE
CAAT-box
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-1110 -1100 -1090 -1080 -1070 -1060 -1050 -1040 -1030 -1020 -1010
CAGAG ACGTT ATAAC CCGGA AACCT CAGCG GGCAT CTGAT TCAAC CTGCG TCCCG GATAA AAGGA AAACA CGCCA-A&QQT.SLCAG GMAAT GCTGC AGATG TTGAC GATGC
-1000 -990 -980 -970 -960 -950 -940 -930 -920 -910 -900
ACTGC TTCAT GTTTG AGTTA CACCC TAACA AGGAG CCATA TGTTG AAAAC AAAGT GTGTG GAGGT GTGAA GGGTA AGTAC GGGGA GGTGA AACAC GGCAC AGTGT TGGGA
-890 -880 -870 -860 -850 -840 -830 -820 -810 -800 -790

ATCTA ATCCA ATTTA TCCAG CTGGG ICIGA AGAG GGCA TGACA CCTCA ACAAG CCTCA CATCT TCACC TTCCT TCGAC TCACC TTCCT CGTCC AACCC TCTTC TTCTC
-780 -770 -760 -750 -740 -730 -720 -710 -700 -690 -680

TCTCT CTCCC TCTGA ACAAG GAGAC ALCCCCACLQA CACAC ACACA AGGAT CTGTG ACATG AAATC CATGA AATCC TGCTA AACTC TCTGA GTAAT TTGTC ACCGT TTTTT
-670 -660 -650 -640 -630 -620 -610 -600 -590 -580 -570

TTTTT TTTTT ACCTC AAATA GCCTG AAATC CTCCC AGACA TACAG AAAAT ACTGT GCCGC TCATA GTGAA ATAGA TTTTA CTGTG AGTGC AGCAA TAGTG ACCTC CAGTG
-560 -550 -540 -530 -520 -510 -500 -490 -480 -470 -460

TGATG AAGGC TTGAA AGACT CTAAA AACAC TTGAG CACTG ACATG TCCAG GTTTT TCTCT CCTTT CAAGA TTTTT TTTTT TTGGG GGGAG GAATC TCACA GATTT CGCTC
-450 -440 -430 -420 -410 -400 -390 -380 -370 -360 -350

TTGTT TATTA ATAAT ATTCT TAGTA TTGGG GCTGA ATTTC AACCT TGTCC CTACA GTCTT ATCAT ATTCC AACAA TCTGA TTCAA TGCTG GGTGC CGGGG GCGGG GCAGC
-340 -330 -320 -310 -300 -290 -280 -270 -260 -250 -240

AGTGG GGACT TTTGC AGAAG AACAA CACAT GGGGC ATCAT TAGGA GCGGG AGCGC ACCAT GCTGA AGGAG GGAGA GCTGC GGCTG GCATC AAGTC CCGAC AACCA AAAGA
-230 -220 -210 -200 -190 -180 -170 -160 -150 -140 -130

CGCAT GACMA GACCA -QUA GGGCG CGAGA TACAT MATGT GTCAT TTTAG TMAGA CCTGT GTGAT AAAGA GGCTC MATAT ATCAT CCTGT GTTAT TCTGC TCGCG TATCC
-120 -110 -100 -90 -80 -70 -60 -50 -40 -30 -20

ATGTC GCCAG ATTTT TCMAG MAAAG GAGCG TTTTT GATGG ACTCC TCGGT CGCCA MAGGG CTGAA TGTGA CTTCA TGCCA AGATC CMAGC AGTCC TGGAT ATCTA TMACG

-10 1 10 20 30 40 50 60 70 80 90
CGCAC ACAGC CGGG ATG GAT OCG TTA MAC GCC ACC GGA ATG GAC GCG TTC ACG GCC ATC CAC CTG MAT GCC TCC TGG AGC GCG GAC AGT GGA TAT TCC CTG GCT

M 0 P L N A T G M D A F T A I H L N A S W S A D S G Y S L A 3

100 110 120 130 140 150 160 170 180 190
GCA ATC GCC AGC ATC GCC GCT CTT GTA AGT TTC CTC ATC CTC TTT ACC GTT GTT GGA MAT ATT CTC GTG GTG ATC GCG GTG CTG ACG AGC AGG GCG CTG MAA
A I A S I A A L V S F L I L F T V V G N I L V V I A V L T S R A L K 64

transmtmbran*!1
200 210 220 230 240 250 260 270 280 290

GCC CCG CAG MAC CTC TTT CTG GTG TCT TTG GCC ACC GCG GAC ATC CTG GTG GCA ACT TTG GTG ATG CCG TTT TCT CTC GCG MAT GAG CTC ATG GGC TAC TGG
A P Q N L F L V S L A T A [D I L V A T L V M P F S L A N E L M G Y W 98

trnsmembranc fi
300 310 320 330 340 350 360 370 380 390

TAT TTT GGG MAA GTT TGG TGC GGT ATT TAT TTG GCT CTG GAT GTT TTA TTC TGC ACT TCT TCT ATC GTT CAT CTG TGC GCA ATA AGC CTG GAC CGG TAC TGG
Y F G K V W C G I Y L A L D V L F C T S S I V H L C A I S L D R Y W 132

tranismembrant f!f
400 410 420 430 440 450 460 470 480 490

TCC GTT ACG CAG GCT GTA GAG TAC MAC CTG MAG CGG ACT CCT MAG CGC GTC MAG TGC ATC ATC GTT ATT GTG TGG CTC ATA TCT GCT TTC ATC TCA TCC CCA
S V T Q A V E Y N L K R T P K R V K C I I V I V W L I S A F I S S P 166

transnmbr&ane IV
500 510 520 530 540 550 560 570 580 590 600
CCT CTC TTA TCT ATA GAC AGC MAC MAC TAC ATC AGC TCT CAG CCT CAG TGC ATG CTC MAT GAT GAC ACT TGG TAC ATC CTC TCC TCC AGC ATG GCC TCC TTC
P L L S I D S N N Y I S S Q P Q C N L N D D T W Y I L S S S M A S F 200

transmembrane V
610 620 630 640 650 660 670 680 690 700

TTC GCC CCC TGC TTA ATT ATG ATT CTG GTG TAC ATC AGG ATC TAC CMA GTG GCC MAA ACC AGA ACA AGG AGC ATG TCA GGG MAA GAG CCC AGA CCA GAT GGT
F A P C L I M I L V Y I R I Y Q V A K T R T R S M S G K E P R P D G 234

710 720 730 740 750 760 770 780 790 800
GTC ACA CMA ACT GAG MAT GGA CTG MAC AMA GCC MAC TCC CCT TGC CAT GGC GAC AGG GMA MAT GGT CAC TGT CMA TGC CCA CCT ACG CCC AGC CMA CGC ACA
V T Q T E N G L N K A N S P C H G D R E N G H C Q C P P T P S Q R T 268

810 820 830 840 850 860 870 880 890 900
GTC ACC ATC GGG CMA CAG ACA GAC GAT GCA GAC ATG GAC GAG AGC TTC TCC TCA GAG GGC MAA GGT CAC MAA CCT CAG CGG CAG GAC TCC CMA AGG GCC MAG
V -T I G Q 0 T 0 D A D M D E S F S S E G K G H K P Q R Q 0 S Q R A K 302

910 920 930 940 950 960 970 980 990 1000
AGA CCA GGC CTA MAG MAA AGC TCC ATC TCC MAA CMA TCC GCA CGT ATC TCC AGA GTC AGC MAC MAA TCC GTA GAC CTG TTT GCC TCC AGG AGG MAA CGT AGG
R P G L K K S S I S K Q S A R I S R V S N K S V D L F A S R R K R R 336

1020 1030 1040 1050 1060 1070 1080 1090 1100 1110
CGG AGC TCC ATA GCG GAG MAA MAG GTT TCC CMA GCC CGG GAG MAG AGG TTT ACA TTT GTT CTG GCT GTG GTC ATG GGG GTG TTT GTT GTT TGC TGG TTC CCC
R S S I A E K K V S Q A R E K R F T F V L A V V N G V F V V C W F P 370

transmembrant VI
1120 1130 1140 1150 1160 1170 1180 1190 1200 1210

TTT TTC TTC AGC TAC AGC CTG CAC GCC GTG TGC AGG GAC TAC TGT MAG ATC CCC GAC ACG CTC TTC MAG TTC TTC TGG ATT GGC TAC TGT MAC AGC TCC CTG
F F F S Y S L H A V C R D Y C K I P D T L F K F F W I G Y C N S S L 404

tranismembrane VHI
1220 1230 1240 1250 1260 1270 1280 1290 1300 1310

MAC CCT GCC ATC TAC ACC ATC TTC MAC CGG GAC TTC AGA CGC GCT TTC CAG MAG ATT CTC TGC MAG TCG TGG MAA MAG TCC TTC TAG C TCCGG GGCAG MACTG
N P A I Y T I F N R D F R R A F Q K I L C K S W K K S F *432

1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420
TTMAG CCMAC GTGAC MATCT TAAMA GGGMA ATATG AGAGT GATCT TTTAA AAACA AGAGG AGCCT GTGTT GTCTC TATCG CTGTA ACATC TTGTC GTCCT GTTGT MATTA
1430 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530

ATGGC AGCCC ACCGT CMACC TMATT MATGG GTGTC TACGA GCTTC MACAT ACCTA AGTTT CCTTT TTAGG CTTTA CCAGT CTGAT MAATC AGTGC MACTG TCCTT TTGTT
1540 1550 1560 1570 1580 1590 1600 1610 1620 1630 1640

TTCAC TMAAG TGTGT TGTMA AGCTT MATCA TGTAT TTMAA CATCC ACMAA AGATA MACAC ATGGG CGGAC CTATC TTCTA ATGGG CCCCA GGGCG MAACT AGCCC CCCGT
1650 1660 1670 1680 1690 1700 1710 1720 1730 1740 1750

GCCCC CCTTT GGTTC TTACA ACTGT CTCTG CMATG TGAGA TTTTT CTCTT CTGTT TGTGC TAGTA TACCC ACAGA TTTGT TATGT ACTAC TTCAG TTTAT TGMAA TCACT
1760 1770 1780

TGGTT MAGTT GMACA MATGT TGGCA CAMA

Figure 2 Nucleotide and deduced amino acid sequence of the fish pigment cell (x,-adrenoceptor (oc,-F). Consensus sequences for
potential regulators of transcription (Table I) are indicated by the single underline. Probable transmembrane domains are indicated
by the double underlines. Three restriction sites that were used during the cloning procedures are indicated in bold-face type
(BamHl, nt. 3-8; Sacll, nt. 227-232; Dral, nt. 1361 1366).

Discussion the aggregation of pigment granules in melanophores. The
melanophores of frog skin were one of the first cell types

The a2-F, an adrenoceptor from the skin of the cuckoo where functional postsynaptic 02-adrenoceptors were identi-
wrasse, has been cloned and heterologous expression in a fied (Berthelsen & Pettinger, 1977). Recent work has also
mammalian cell line has shown a unique pharmacology but identified the presence of postsynaptic a2-adrenoceptors on
one that is characteristic of the a2-adrenoceptor family. The the melanophores from several species of teleost fishes
a2-F appears to be that receptor in fish skin which controls (Andersson et al., 1984; Svensson et al., 1989). In functional
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Table 2 Binding affinities of adrenoceptor ligands at the
(X2-FI

Ligand

Rauwolscine
Atipamezole
Yohimbine
SKF 104078
Idazoxan
Phentolamine
Prazosin
UK 14304
Medetomidine
Oxymetazoline
Clonidine
p-Aminoclonidine
B-HT 920
Guanfacineb
Noradrenaline
Amiloride
Isoprenaline
Methoxamine

Ki (nM)

0.3 ± 0.05
0.6± 0.1
1.1 ±0.2
24±4
45 ± 4
104 ± 12
469 ± 79
1612 ± 218
46 + 2
49± 12
83± 11
92± 17

209 ± 13
1404 ± 149
2849 ± 286

23000 ± 3400
67468 ± 10417
87440 ± 23096

E6.
_,

6C
0

LL

aAs determined in radioligand binding studies using
[3H]-rauwolscine (1 nM) and membranes prepared from
COS-7 cells transfected with the oC2-F. Data are the
means ± s.e.mean for 3 experiments.
bn = 2.

Table 3 K, ratios for prazosin/oxymetazoline and
prazosin/yohimbinea

Subtypes

M2A
M2B
M2C
M2-F

Prazosinl
Oxymetazoline

164
0.19
0.66
10

Prazosinl
Yohimbine

1125
31
44

426

aData for the a2-F are derived from Table 2. Data for the
human a2A (a2-C10), a2B (a2-C2) and a2C (C2-C4) are from
Harrison et al. (1991).

[3HI-rauwolscine

B (pmol mg-1 protein)

Figure 4 Saturation curve (a) and Scatchard plot (b) for the binding
of [3H]-rauwolscine to membranes prepared from COS-7 cells tran-
siently transfected with the a2-F. A representative experiment is
shown, conducted as described in Methods. Total binding (0),
nonspecific (0) and specific (A) binding.

Figure 3 Seven transmembrane domain model for the deduced amino acid sequence of the a2-F. The circles represent individual
amino acids (single letter code). Amino acids that are conversed between the a2-F and the human a2-C4 are shown in black. Sites
for potential N-linked glycosylation are indicated with arrows.
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studies, the melanophore M2-adrenoceptor is pharmacologi-
cally similar to its mammalian counterparts; however, UK
14304, an imidazoline which is a full agonist at mammalian
M2-adrenoceptors, is an antagonist at thea2-adrenoceptors on
melanophores (Karlsson et al., 1989). It was of interest,
therefore, to determine the primary sequence of this receptor
because differences between it and the mammalian a2-
adrenoceptors might be revealing with respect to what it
takes to activate an M2-adrenoceptor.

Molecular cloning has identified 3 mammalian genes en-
codinga2-adrenoceptor subtypes in both man (@2-C2, M2-C4,
M2-CIO) and rats (Kobilka et al., 1987; Regan et al., 1988;
Lomasney et al., 1991; Weinshank et al., 1990; Zeng et al.,
1990; Chalberg et al., 1990; Lanier et al., 1991). Based largely
on radioligand binding studies, Bylund (1988) has also
defined 3 M2-adrenoceptor subtypes (a2A,a2B, X2C). Biochem-
ical, molecular biological and pharmacological studies have
correlated the x2-C10 with the a2-A, the M2-C2 with the x2B
and the M2-C4 with the x2C (Lanier et al., 1988; Lorenz et al.,
1990; Harrison et al., 1991; Regan & Cotecchia, 1992;
Bylund et al., 1992).
The deduced amino acid sequence of the a2F shows

similarity with its mammalian counterparts. Overall sequence
identity suggests thata2-F is most closely related to thea2-C4
(57% for the M2-C4 versus 50% for the a2-C10 and 47% for
the x2-C2). This level of identity is significantly less than has
been observed between a2-adrenoceptor subtypes from more
closely related species. For example, there is 88% overall
identity between the human M2-C4 and its equivalent in the
rat. With respect to various regions of the mammalian M2-
adrenoceptors, the greatest identity with the X2-F is in the
membrane spanning domains where ligand binding is thought
to occur (Dohlman et al., 1991).

Several amino acids that are highly conserved in the
adrenoceptor family, and which are thought to be part of the
ligand binding site, are also found in the X2-F. For example,
present in the X2-F are 2 serines in the fifth transmembrane
domain and an aspartic acid in the third transmembrane
domain which may interact with noradrenaline by way of its
catechol hydroxyl groups and amino nitrogen, respectively
(Dixon et al., 1988). An amino acid that is not conserved in
the a2-F, as compared with the mammalian M2-adrenoceptors,
is a phenylalanine in the seventh membrane spanning do-
main. This residue which corresponds to F412 in the human
h2-C10 appears to be deleted in the x2-F (if present, it would
be between F395 and W396). Interestingly, F4l2 has been shown
to be critical in dictating antagonist binding specificity
(Suryanarayana et al., 1991). Mutation of F412 from phenylal-
anine to asparagine results in a receptor with low affinity for
the a2-selective antagonist, yohimbine, and high affinity for
the P-selective antagonist, alprenolol. In the human P2-
adrenoceptor, an asparagine is present at the equivalent posi-
tion (N3'12). Whether the absence of this residue in the M2-F
can explain any of the unusual aspects of its pharmacology
remains to be tested.
The transiently expressed a2-F displayed high affinity and

saturable binding with [3H]-rauwolscine as a radioligand. To
characterize further the pharmacological profile of the M2-F,
the potency of a variety of adrenoceptor ligands was exam-
ined. The x2-F behaved like an M2-adrenoceptor. Using regres-
sion analyses, the data for the compounds listed in Table 2
showed the best correlation with the human M2-C4 subtype,
perhaps reflecting the greater structural identity of the a2-F
with the X2-C4. Using the analysis as suggested by Harrison
et al. (1991), however, somewhat different results were ob-
tained. In this analysis, the ratios of prazosin to oxymeta-
zoline and prazosin to yohimbine are compared: Table 3 lists
these ratios. Using the prazosin to oxymetazoline ratio, it is
hard to find any good correlation, but using the prazosin to
yohimbine ratio, 02-F appears more like the M2-C10. This
pharmacology, with characteristics of both the a2-C4 and
a2-C10, suggests that a2-F is not a simple homologue of the

humana2-C4 and that it might represent a common ancestor.
Obviously, more work will be needed to answer this question.
Another question concerns whether or not the X2-F repre-

sents the M2-receptor controlling the pigment granule aggrega-
tion in melanophores. Although the PCR product used to
clone thea2-F was obtained from fish skin, and its sequence
was present in the clone, we cannot at this time une-
quivocally prove that it is the melanophorea2-adrenoceptor.
This is a consequence of the possibility of more than one
M2-receptor being present in the skin. Several lines of evidence
suggest, however, that it is the fish melanophore X2-adreno-
ceptor. The first is that when the M2-F was used as a
radiolabelled probe, only one hybridizing band was observed
in a Southern blot of fish genomic DNA (Figure 1). With
similar hybridization and wash conditions, experiments done
with a human X2-C1O probe invariably identified the other
M2-adrenoceptor subtypes in Southern blots of human geno-
mic DNA (Kobilka et al., 1987; Regan & Cotecchia, 1992).
A second line of evidence is that the pharmacology of the
cz2-F and the melanophore M2-adrenoceptor are very similar.
For example, both receptors are rather insensitive to prazosin
(Table 2; Svensson et al., 1993). Additionally, in melano-
phores Schild plot analysis gave a pA2 of 6 for UK 14304
which is in good agreement with the Ki obtained for UK
14304 in binding studies with the expressed a2-F (1.6 l4M).

In studies of the functional activity of fish melanophore
M2-adrenoceptor, scales containing the pigment cells are re-
moved from the skin and are maintained in tissue culture.
Because the scales are innervated, the process of removing
them results in degeneration of the intrinsic sympathetic
nerve endings going to the melanophores. With time, there
develops a supersensitivity of the M2-adrenoceptors for nora-
drenaline which is probably related to the loss of nerve
endings (Karlsson et al., 1988; Svensson et al., 1991b).
The molecular mechanism of this denervation supersen-

sitivity is unknown but it could involve increased expression
of the M2-adrenoceptor. It is interesting that there is a consen-
sus sequence for a cyclic AMP response element (CRE) in
the 5'-untranslated region of the a2-F (Table 1). Stimulation
of the melanophore a2-adrenoceptor by noradrenaline de-
creases intracellular cyclic AMP and causes pigment granule
aggregation (Andersson et al., 1984). It is possible, therefore,
that loss of a tonic inhibition could raise intracellular cyclic
AMP levels and increase receptor expression by increasing
transcription. There is precedence for this, the genes for the
P2-adrenoceptor (Collins et al., 1989) and the x2-C10 (Sakaue
& Hoffman, 1991) both contain CRE's and seem to be
regulated by their second messenger, i.e. cyclic AMP.

Other promoters may also operate to regulate the expres-
sion of the x2-F. Thus, consensus sequences were found in
the 5'-untranslated region of the M2-F that could lead to
regulation of expression by calcium and/or steroids (Table 1).
Understanding the possible role of these promoters may do
more than just helping us to understand the fish melano-
phore M2-adrenoceptor: a consensus site for AP-2 and a CRE
have also been found in the 5'-untranslated region of the
a2-CG0 (Fraser et al., 1989). It is hoped that future studies on
the a2-F and its gene will provide us with a better under-
standing of the function, pharmacology and expression of all
the members of the x2-adrenoceptor family.
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Muscarinic excitatory and inhibitory mechanisms involved in
afferent fibre-evoked depolarization of motoneurones in the
neonatal rat spinal cord
Takashi Kurihara, Hidenori Suzuki, Mitsuhiko Yanagisawa & 'Koichi Yoshioka

Department of Pharmacology, Faculty of Medicine, Tokyo Medical and Dental University, Bunkyo-ku, Tokyo 113, Japan

1 The involvement of acetylcholine and muscarinic receptors in spinal synaptic responses evoked by
electrical and noxious sensory stimuli was investigated in the neonatal rat spinal cord in vitro.
2 Potentials were recorded extracellularly from a ventral root (L3-L5) of the isolated spinal cord,
spinal cord-cutaneous nerve, and spinal cord-skin preparations of 1- to 4-day-old rats. Spinal reflexes
were elicited by electrical stimulation of the ipsilateral dorsal root or the cutaneous saphenous nerve, or
by noxious skin stimulation.
3 Single shock stimulation of supramaximum intensity of a dorsal root induced a mono-synaptic reflex
in the corresponding ventral root. Bath-application of the muscarinic agonists, muscarine (0.3-30 9M)
and (+ )-cis-dioxolane (0.1-100 9AM), produced an inhibition of the mono-synaptic reflex and a depolari-
zation of motoneurones. Other muscarinic agonists, arecoline (10 nM- 10 AM) and oxotremorine
(1OnM- 1 tM), inhibited the mono-synaptic reflex with little or no depolarization of motoneurones.
Repetitive stimulation of the saphenous nerve at C-fibre strength induced a slow depolarizing response
lasting about 30 s of the L3 ventral root. This slow ventral root potential (VRP) was also inhibited by
arecoline (10 nM- 1I0 AM) and oxotremorine (10 nM- 1 9AM).
4 In the spinal cord-saphenous nerve-skin preparation, a slow VRP was evoked by application of
capsaicin (0.5 9AM), bradykinin (3 9AM), or noxious heat (47°C) to skin. This slow VRP was depressed by
the muscarinic agonists, arecoline (3 9AM) and oxotremorine (1 9AM).
5 Of the (+)-cis-dioxolane-induced inhibition of mono-synaptic reflex and motoneurone depolariza-
tion, the M2 antagonists, AF-DX 116 (0.1-1I9M) and methoctramine (100-300 nM), preferentially
blocked the former response, whereas the M3 antagonists, 4-DAMP (3-10 nM) and p-F-HHSiD (0.3-
3 AM), preferentially blocked the latter response. AF-DX 116 (0.1-1I9M) and methoctramine (100-
300 nM) also effectively antagonized the arecoline- and oxotremorine-induced inhibition of the slow
VRP. The pA2 values of AF-DX 116 and methoctramine against the arecoline-induced inhibition of the
mono-synaptic reflex were both 6.79, and that of 4-DAMP against the (+)-cis-dioxolane-induced
motoneurone depolarization was 8.16.
6 In the spinal cord-cutaneous nerve preparation, the saphenous nerve-evoked slow VRP was
augmented by the anticholinesterase, edrophonium (5 9AM). AF-DX 116 (1 AM) and methoctramine
(100 nM) also potentiated the slow VRP, whereas 4-DAMP (10 nM) depressed the response. 4-DAMP
(5-10 nM) depressed the capsaicin-induced slow VRP in the spinal cord-skin preparation.
7 Oxotremorine (0.3 9lM) and arecoline (1 AM) markedly depressed the depolarization of motoneurones
evoked by application of capsaicin (3 9AM) to the spinal cord, whereas they depressed only slightly the
depolarization induced by substance P (10 nM).
8 The present study suggests that both excitatory (via M3-type receptors) and inhibitory (via M2-type
receptors) muscarinic mechanisms are involved in afferent fibre-evoked nociceptive transmissions in the
neonatal rat spinal cord.

Keywords: Muscarinic receptor subtypes; nociceptive transmission; spinal cord

Introduction

Cholinergic muscarinic mechanisms have been shown to
modulate pain sensation and associated behaviours at the
level of the central nervous system in man and experimental
animals (for review, see Green & Kitchen, 1986). A number
of studies have shown that administration of cholinomimetic
drugs to the spinal cord in vivo induces antinociceptive effects
that can be blocked by muscarinic antagonists, which sug-
gests the presence of a muscarinic analgesic mechanism in the
spinal cord (Taylor et al., 1982; Dirksen & Nijhuis, 1983;
Yaksh et al., 1985; Gillberg et al., 1989; Hartvig et al., 1989;
Smith et al., 1989). However, the precise neuronal
mechanisms and the muscarinic receptor subtypes involved
are not clear.

Previous studies have shown that in the isolated spinal
cord of the neonatal rat cholinoceptor agonists evoke both

1 Author for correspondence.

excitatory and inhibitory muscarinic responses: a depolariza-
tion of motoneurones (Evans, 1978; Jiang & Dun, 1986;
Newberry & Connolly, 1989; Yoshioka et al., 1990b) and an
inhibition of the mono-synaptic reflex (Newberry & Con-
nolly, 1989; Yoshioka et al., 1990b). These responses are
presumably mediated by different types of muscarinic recep-
tors (Newberry & Connolly, 1989; Yoshioka et al., 1990b),
but their pharmacological properties have not been fully
characterized. In isolated spinal cord preparations, activation
of primary afferent fibres by either electrical stimulation or
peripheral noxious stimulation evokes a depolarization of
slow time course in ventral roots (Yanagisawa et al., 1982;
Akagi et al., 1985; Otsuka & Yanagisawa, 1988; Nussbaumer
et al., 1989; Yanagisawa et al., 1992). There is evidence that
this depolarization, hereafter referred to as the slow ventral
root potential (VRP), represents a C-fibre-evoked nociceptive
response in which tachykininergic primary afferents are
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involved (Otsuka & Yanagisawa, 1987). Evidence that the
slow VRP involves excitatory amino acid transmitter(s) is
also accumulating (Dray & Perkins, 1987; King et al., 1990;
Kurihara et al., 1991). Furthermore, Yoshioka et al. (1990b)
recently found in an isolated spinal cord-peripheral nerve
preparation that conditioning stimulation of the saphenous
nerve at C-fibre strength induced a prolonged inhibition of
the muscle nerve-evoked mono-synaptic reflex. They sug-
gested that tachykininergic primary afferents contained in the
cutaneous nerve excite spinal cholinergic neurones and as a
result the released acetylcholine inhibits the mono-synpatic
reflex. In support of this, tachykinins have been shown to
release acetylcholine from the spinal cord (Kobayashi et al.,
1991) and cholinoceptor agonists applied to the spinal cord
inhibited the monosynaptic reflex (Newberry & Connolly,
1989; Yoshioka et al., 1990b). Whether the transmitter
acetylcholine released by tachykinins also influences the slow
VRP, however, is not known.

In this paper we investigated the possible involvement of
acetylcholine and muscarinic receptors in spinal nociceptive
transmission. To this end, we examined the effects of mus-
carinic drugs on the slow VRPs evoked by electrical or
noxious stimuli and the pharmacological characteristics of
the muscarinic receptors that mediate excitatory and
inhibitory muscarinic responses in the neonatal rat spinal
cord.

Preliminary results of this study have been presented
elsewhere (Yoshioka et al., 1990a,b; 1991).

Methods

Preparations

In this study we used the following three types of prepara-
tions isolated from Wistar rats aged 1-4 days.

Isolated spinal cord preparation Under ether anaesthesia, the
spinal cord below the middle thoracic level together with
spinal nerve roots (L3- L5) was isolated, hemisected, and
placed in a recording chamber of 0.3 ml volume (Otsuka &
Konishi, 1974). The chamber was perfused with artificial
cerebrospinal fluid (CSF) at a rate of 2.5 ml min-'. The
composition of artificial CSF was as follows (mM): NaCl
138.6, KCI 3.35, NaHCO3 20.9, glucose 10.0, CaC12 1.25 and
MgCl2 1.15. The solution was equilibrated with a gas mixture
of 95% 02:5% Co2 and the temperature of the solution in
the chamber was kept at 27C. A tight-fitting suction elec-
trode was used for extracellular recording from the ventral
root (L3-L5).
Another suction electrode was used for electrical stimula-

tion of the dorsal root of the same segment (single shocks
with square pulses of 500 ,s in duration and 20-30V in
amplitude, supramaximum for mono-synaptic reflex; positive
voltage was applied to the inside of the electrode). Potential
changes were recorded on a pen recorder and spinal reflexes
of fast time course were stored in a transient memory device
and then recorded on the pen recorder with an expanded
time-scale.

Isolated spinal cord-saphenous nerve preparation The hemi-
sected spinal cord below the middle thoracic level was
isolated together with the attached L3-L5 ventral roots and
dorsal roots, the latter remaining connected with the dorsal
root ganglia and the femoral and saphenous nerves (Nuss-
baumer et al., 1989). The saphenous nerve was stimulated
supramaximally with one to five pulses of 500 ys duration
and 30-40 V intensity at 50 Hz and the potential changes
were recorded from the L3 ventral root on a pen recorder.
The duration of the saphenous nerve-evoked slow VRP was
taken as the time required for the depolarized potential to
decay from the peak to 10% of the peak amplitude and the
magnitude of the slow VRP was expressed as the integrated

area of the depolarization on the chart record. To assess the
effects of drugs on the slow VRP, the averaged magnitude of
three responses before and after administration of the drugs
were compared.

Isolated spinal cord-saphenous nerve-skin preparation This
preparation consisted of a hemisected spinal cord that
remained connected to the saphenous nerve (see above) and a
piece of skin (approximately 5 x 5 mm) of the hind limb
(Yanagisawa et al., 1992). The recording chamber was made
from Sylgard and consisted of two wells, which were
independently perfused at a rate of 2.5 ml min-'. The spinal
cord was placed in one well (0.3 ml volume) and the skin was
placed with the outside surface upwards in the neighbouring
well (0.1 ml volume). The saphenous nerve was led through a
break in a thin septum (1 mm width) into the skin well. The
break in the septum was sealed with Vaseline. Drugs were
either applied to the skin by perfusing the skin well with
solutions containing the drugs or injected into the perfusion
solution with short pressure pulses as described previously
(Otsuka & Yanagisawa, 1988). A heat stimulus was applied
by perfusing the skin well with heated solution such that the
maximum temperature in the skin well became 47-48°C. The
temperature rose soon after starting the perfusion of heated
solution (about 5 s), reached maximum in less than 15 s and
fell to the original temperature within 30 s after stopping the
heat stimulus. Capsaicin and the heat stimulus were applied
to the skin at intervals of 40 min while bradykinin was
applied at intervals of 1 h to avoid tachyphylaxis. The
evoked responses were recorded from the L3 ventral root on
a pen recorder. The magnitude of each depolarizing response
was estimated as the integrated area as described above. In
the experiments using capsaicin as a stimulus the skin was
pretreated with prostaglandin E1 (1 pM) for 3 min to enhance
the slow VRP (Yanagisawa et al., 1992).

Esimation ofpA2 values of muscarinic antagonists for
inhibition of the mono-synpatic reflex

The pA2 values of muscarinic antagonists were determined
against the arecoline-induced inhibition of the mono-synaptic
reflex. Mono-synaptic reflexes were elicited by dorsal root
stimulation every 30s in the isolated spinal cord prepara-
tions. Forty to sixty min after perfusing the spinal cord with
normal solution, arecoline was applied by perfusion at in-
creasing concentrations in a cumulative manner. A 10min
exposure to each concentration of arecoline was sufficient to
obtain a steady inhibitory effect on the mono-synaptic reflex.
Then, the spinal cord was perfused with three increasing
concentrations of an antagonist with 0.5 logarithmic concent-
ration steps. The spinal cord was allowed to equilibrate for
40-60 min with each concentration of the antagonist and
then arecoline was applied as described above. The amplitude
of the mono-synaptic reflex at each concentration of
arecoline was compared to the average of about six control
responses before application of arecoline and concentration-
inhibition curves were constructed. The pA2 values were
determined from Arunlakshana-Schild plots by the least
square regression analysis (Arunlakshana & Schild, 1959).

Concentration-response curves for the muscarinic
depolarization of motoneurones

(+)-cis-Dioxolane (Ehlert et al., 1980) was used to evoke a
muscarinic depolarizing response of motoneurones in the
presence of 0.3 gLM tetrodotoxin (TTX). Increasing concentra-
tions of (+ )-cis-dioxolane were applied for 1 min duration to
the isolated spinal cord preparations at intervals of
30-40 min to avoid desensitization. The magnitude of each
response was estimated as the integrated area of depolariza-
tion. Concentration-depolarization curves were constructed
in the absence of an antagonist and then in the presence of
increasing concentrations of the antagonist. The spinal cord
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was allowed to equilibrate for 40-60 min with each concen-
tration of the antagonist before (+)-cis-dioxolane was app-
lied.

Drugs

The following drugs were used: AF-DX 116 (11-[[2-[(diethy-
lamino)methyl]- 1-piperidinyl]acetyl]-5, 1 1-dihydro-6H-pyrido
[2,3-b] [1,4]benzodiazepine-6-one) was kindly donated by Dr
K. Thomae, Biberach, Germany; (+)-cis-dioxolane, 4-DAMP
(4-diphenylacetoxy-N-methyl-piperidine methiodide), p-F-
HHSiD (para-fluoro-hexahydrosiladiphenidol hydrochloride).
McN-A-343 (4-[m-chlorophenyl carbamoyloxy]-2-butynyltri-
methylammonium chloride), and methoctramine tetrahydro-
chloride were purchased from Research Biochemicals Inc.,
arecoline hydrobromide, atropine sulphate, capsaicin, gal-
lamine triethiodide, oxotremorine, and pirenzepine dihydro-
chloride were purchased from Sigma Chemicals; bradykinin
and substance P (SP) were purchased from Peptide Institute,
Inc., Osaka, Japan; edrophonium chloride was obtained from
Kyorin, Tokyo, Japan; protaglandin El was kindly provided
by Ono Pharmaceutical Co., Osaka, Japan; TTX was pur-
chased from Sankyo Co., Ltd., Tokyo, Japan. All drugs were
dissolved in artificial CSF and applied by superfusion.

Results

Effects of muscarinic agonists in the neonatal rat spinal
cord

We examined the effects of muscarinic agonists on the dorsal
root-evoked mono-synaptic reflex in the isolated spinal cord
preparation and the saphenous nerve-evoked slow VRP in
the spinal cord-saphenous nerve preparation. The duration of
this slow VRP was 32.0 ± 0.66 s when the saphenous nerve
was stimulated with 4 pulses of 30 V intensity (n = 3).

Bath-application of muscarinic agonists to the spinal cord
evoked two distinct types of response. One type of response
was an inhibition of the mono-synaptic reflex (Figure 1) as
well as the slow VRP (Figure 2) and the other was a
depolarization of motoneurones (Figure 1). Of several mus-
carinic agonists, (+)-cis-dioxolane (0.3-100I1M) and mus-
carine (0.1-30JAM; data not shown) evoked both types of

a Control AF-DX 116

sllle ll~~~ll,

response, whereas arecoline (10 nM- 10 gM) and oxotre-
morine (10 nM- 1 I1M) inhibited the mono-synaptic reflex and
the slow VRP but induced little or no depolarization of
motoneurones (Figure 2). The concentration of arecoline and
oxotremorine required to inhibit the mono-synaptic reflex to
half of the control were 0.97 ± 0.06 lAM (n = 16) and 0.32 +
0.05 gM (n = 5), respectively. Both types of response to these
muscarinic agonists were completely antagonized by atropine
(100 nM; data not shown).
McN-A-343 (1-100 JIM), a putative MI-selective agonist

(Hammer & Giachetti, 1982), did not evoke a depolarization
of motoneurones. Although it depressed the mono-synpatic
reflex at a relatively high concentration (100 JlM), this effect
was not antagonized by atropine (100 nM; data not shown).

Effects of muscarinic agonists on the slow VRP evoked
by noxious skin stimulation

In the spinal cord-saphenous nerve-skin preparation, applica-
tion of capsaicin (0.5 JAM), bradykinin (3 gM), or noxious heat
to the skin produced depolarizing responses of motoneurones
of slow time course (Figure 3). These responses were
markedly depressed by arecoline (3 IAM) or oxotremorine
(1 IAM). Oxotremorine (1 gM) reduced the capsaicin-,
bradykinin- and heat-induced responses by 95.3 ± 2.24%,
94.6 ± 1.48%, 91.2 ± 3.35% of the control responses, respec-
tively (n = 3).

Effects of muscarinic antagonists on the responses to
muscarinic agonists

Muscarinic receptors are pharmacologically classified into
MI, M2 and M3 subtypes (for review see Hulme et al., 1990).
The Ml receptor is characterized by a high affinity for
pirenzepine (Hammer et al., 1980). The receptors with lower
affinities for pirenzepine are further divided into M2 and M3
subtypes: the former is sensitive to AF-DX 116 (Giachetti et
al., 1986), gallamine (Riker & Wescoe, 1951) and methoct-
ramine (Melchiorre et al., 1987), whereas the latter is sen-
sitive to 4-DAMP (Barlow et al., 1976; Brown et al., 1980)
and p-F-HHSiD (Lambrecht et al., 1988).

Figures 1 and 2 illustrate the effects of muscarinic
antagonists on the excitatory and inhibitory responses to
muscarinic agonists. The M2 antagonists, AF-DX 116

b Control 4-DAMP
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Figure 1 Effects of muscarinic antagonists on (+)-cis-dioxolane-evoked responses. Effects of AF-DX 116 (1 JAM) (a) and 4-DAMP
(5 nM) (b) in normal artificial CSF. (+)-cis-Dioxolane was applied at 3 JAM for 30 s in (a) and at 10 JAM for 10s in (b) during the
periods indicated by bars. Single-shock stimuli of supramaximal intensity were applied to the L4 dorsal root every 30 s and the
resulting reflexes were recorded from the ipsilateral ventral root of the same segment. The upper traces show the records of the fast
reflex responses during 52 ms post-stimulus periods, which were stored in a memory device in a.c. mode and then recorded on a
pen-recorder on a 1000 times expanded time-base. Initial sharp spikes represent the mono-synaptic reflexes. The lower traces show
continuous chart records of the d.c. potential. Records in (a) and (b) were taken from different preparations.
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(ii) Arecoline (3 IFM)

I,

(iii) Wash

2 mV

1 min

(ii) Oxotremorine (1 LM)

(ii) Oxotremorine (1 FLM)

(iii) + AF-DX 116(1OFM)

(iii) +4-DAMP (10nM)

Figure 2 Effects of muscarinic agonists and antagonists on saphenous nerve-evoked slow VRP. (a) Effect of arecoline on the slow
VRP evoked by saphenous nerve stimulation. (i) Control responses; (ii) in the presence of arecoline (3 AM); and (iii) after removal
of arecoline. (b) Effect of oxotremorine and AF-DX 116 on the slow VRP. (i) Control responses; (ii) in the presence of
oxotremorine (I PM); and (iii) after adding AF-DX 116 (1 lM) in the continued presence of oxotremorine. (c) Effect of
oxotremorine and 4-DAMP on the slow VRP. (i) Control responses; (ii) in the presence of oxotremorine (1 AM); and (iii) after
adding 4-DAMP (1O nM) in the continued presence of oxotremorine. The saphenous nerve was stimulated every 2 min with 4
shocks in (a) and every 90 s with 2 shocks in (b) and (c) of supramaximal intensity. Records in (a), (b) and (c) were taken from
different preparations.
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Figure 3 Effects of arecoline and oxotremorine on the slow VRP evoked by noxious skin stimulation in the isolated spinal
cord-saphenous nerve-skin preparations. (a) Capsaicin (Cap, 0.5 gM) was applied to the skin with a pressure pulse of 0.45 s

duration at (A). The skin was perfused with artifical CSF containing prostaglandin El (1 riM). (b) Bradykinin (BK, 3 gM) was

applied during the periods (20 s) indicated by bars. (c) Heat (47°C) was applied during the periods (I min) indicated by bars. The
records in the middle column were taken after pretreatment of the spinal cord with arecoline or oxotremorine for 30 min. Records
in (a), (b), and (c) were taken from different preparations.
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(0.1-1 M; Figures la and 2b), methoctramine (100-300 nM;
data not shown), and gallamine (5-30 SAM; data not shown),
reduced the muscarinic inhibition of the mono-synaptic reflex
and slow VRP induced by (+)-cis-dioxolane, oxotremorine
or arecoline. The M2 antagonists at these concentrations did
not reduce the depolarization of motoneurones evoked by
(+)-cis-dioxolane but often potentiated the response (Figure
la). On the other hand, the M3 antagonists, 4-DAMP (3-
10 nM; Figures lb and 2c) and p-F-HHSiD (0.1-3 tLM; data
not shown), did not affect or only slightly reduced the mus-
carinic inhibition of the monosynaptic reflex and slow VRP.
In contrast, these antagonists markedly depressed the (+)-
cis-dioxolane-evoked motoneurone depolarization (see also
Figure 6).

antagonists in the presence of edrophonium. The effects of
these antagonists could be observed in experiments in normal
artificial CSF, but became more pronounced in the presence
of edrophonium.

In the spinal cord-saphenous nerve-skin preparation, the
M3 antagonist 4-DAMP (5-10 nM; Figure 4d) also signi-
ficantly depressed the motoneurone depolarization evoked by
application of capsaicin to the skin (- 47.9 + 14.8, %
change of the response compared to the control, n = 3,
P<0.05 by Student's t test). 4-DAMP (5-10nM) also

Table 1 Changes of saphenous nerve-evoked slow VRP by
muscarinic drugs

Effects of edrophonium and muscarinic antagonists on
the slow VRPs

In the spinal cord-saphenous nerve preparation, the anti-
cholinesterase, edrophonium (5 pM) potentiated the slow
VRP evoked by saphenous nerve stimulation (Figure 4a).
This potentiating effect became evident within 10min after
starting perfusion of the drug and the slow VRP returned to
the control size within 30-60 min after wash-out of the drug.
The Ml antagonist, pirenzepine (10 nM) had little effect on

the slow VRP. However, the M2 antagonists, AF-DX 116
(1 jim; Figure 4b) and methoctramine (100 nM; data not
shown), potentiated the slow VRP. In contrast, the M3
antagonist 4-DAMP (10 nM, Figure 4c) depressed the slow
VRP. Table 1 summarizes the changes of size of the slow
VRP produced by edrophonium (5 jAM) and the muscarinic

a (i) Control (ii)

b (i) Control (ii)

c (i) Control (0 )

Drugs

Edrophonium
Pirenzepine
AF-DX 116
4-DAMP

(5 tLM)
(10 nM)
(1 M)
(5 nM)

% change

77 ± 4**
11 ± 1*
75 ± 9*

- 50 + 9*

n

17
4
5
3

The areas of depolarization (mV x min) were measured on
chart records, and the averages of 3-5 consecutive
responses were determined. Each value is the percentage
change of the responses induced by each muscarinic drug
compared with the control responses. The effects of
muscarinic antagonists were tested in the presence of
edrophonium (5 g4M). Details of the experiments are the
same as in Figure 4. Each value represents the
mean ± s.e.mean (n = 3- 17).
*P<0.05; **P<0.01 in comparison with the control
responses by Student's t test.

Edrophonium (5 FM)

i
2 mV

1 min

AF-DX 116 (1 M)

4-DAMP (10 nM)

-4_,i _1

d (i) Control

Cap

(ii) 4-DAMP (5 nM)

Cap

Figure 4 Effects of edrophonium and muscarinic antagonists on the slow VRPs. (a) (i) In normal artificial CSF and (ii) in the
presence of edrophonium (5 gM). (b) and (c) (i) In normal artificial CSF containing edrophonium (5 gM) and (ii) after adding
AF-DX 116 (1 pM) and 4-DAMP (10 nM), respectively. The saphenous nerve was stimulated every 2 min with 4 shocks in (a) and 2
shocks in (b) and (c) of supramaximal intensity. (d) (i) In normal artificial CSF; (ii) in the presence of 4-DAMP (5 nM); and (iii)
after removal of 4-DAMP. Capsaicin (Cap; 0.3 gM) was applied to the skin for 20 s as indicated by bars. Records in (a), (b) and (c)
were taken from spinal cord-saphenous nerve preparations and (d) was taken from spinal cord-saphenous nerve-skin preparation.

(iii) Wash

Cap
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depressed spontaneous depolarizing activities of moto-
neurones (data not shown).

Pharmacological analyses ofmuscarinic responses

Figure 5 illustrates representative concentration-response
curves and the Arunlakshana-Schild plot for the arecoline-
induced inhibition of the mono-synaptic reflex in the absence
or presence of AF-DX 116. The antagonist caused parallel
shifts to the right of the concentration-response curve.
Similar parallel shifts were obtained with methoctramine
(30-300nM, data not shown), pirenzepine (0.1-3 iM; data
not shown), and 4-DAMP (10-100 nM; data not shown).
Table 2 summarizes the results of Arunlakshana-Schild plot
analysis. The plots were linear within the concentration
ranges of the antagonists and the slopes of the regression
lines were not significantly different from unity except for
4-DAMP (P <0.05 by Student's t test). The variance of
4-DAMP slope about the mean was much less than that of
the other antagonists.

Muscarinic receptor-induced depolarization of moto-
neurones was also analyzed. Figure 6 shows concentration-
depolarization curves for (+)-cis-dioxolane and the effects of
muscarinic antagonists. The experiments were done in the
presence of TTX (0.3 gsM) to suppress trans-synaptic actions
of drugs. 4-DAMP potently inhibited the effect of (+)-cis-
dioxolane (Figure 6a; n = 4), but there was a tendency
towards a reduction of the slopes of the curves with increas-
ing concentrations of the antagonist. The potency of another
M3 antagonist p-F-HHSiD was weak. Furthermore, increas-
ing the concentration of P-F-HHSiD beyond 1 JLM did not
cause a further appreciable shift of the curve to the right
(Figure 6b; n = 3). The effect of the Ml antagonist,
pirenzepine, was also weak (Figure 6c; n = 6). The M2
antagonist AF-DX 116 considerably shifted the curve at
0.1I1M but the effect tended to be saturated at 0.3-1I LM
(Figure 6d; n = 3). Owing to the non-parallel shifts of the
concentration-response curves it was not possible to obtain
pA2 values for the antagonists.

Effects of arecoline and oxotremorine on substance P-
and capsaicin-evoked depolarizations
To obtain information about the mechanisms of the
inhibitory muscarinic action on the slow VRPs, effects of
oxotremorine and arecoline on the ventral root depolariza-

Table 2 pA2 values and slopes of Arunlakshana-Schild
plots for muscarinic antagonists against arecoline-induced
inhibition of mono-synaptic reflex

Antagonist

Pirenzepine
AF-DX 116
Methoctramine
4-DAMP

pA2

6.59 ± 0.08
6.79±0.06
6.79 ± 0.12
8.16± 0.19

Slope n

1.07 ± 0.12
1.06 ± 0.15
1.04 ± 0.18
1.16 ± 0.01

4
3
3
3

Each value represents the mean ± s.e.mean (n = 3-4). The
slopes of regression lines of the Arunlakshana-Schild plots
are not significantly different from unity except for 4-DAMP
(P<0.05 by Student's t test).

tions induced by bath-applications of capsaicin (3 lM for
10 s) and SP (10 nM for 10 s) to the spinal cord were
examined. In this experiment a relatively high (nearly maxi-
mal) concentration of capsaicin and a low (submaximal)
concentration of SP were used. At these concentrations the
depolarizations induced by these agents were mainly due to
trans-synpatic action (Yanagisawa et al., 1980; Yanagisawa
& Otsuka, 1990). Oxotremorine (0.3 liM) (Figure 7b)
markedly depressed the capsaicin-evoked depolarization
(9.80 ± 0.72% of the control response, n = 3), whereas the
SP-evoked depolarization was much less depressed (68.7 ±
4.85% of the control response, n = 3). Similar results were
obtained for the arecoline (1 pM)-induced depression of
capsaicin- and SP-evoked depolarizations (data not shown).

Discussion

In this study we showed the existence of two pharma-
cologically distinct, excitatory and inhibitory, muscarinic
receptor-mediated responses in the neonatal rat spinal cord
and provided evidence that both types of muscarinic
mechanisms are involved in spinal nociceptive transmissions.
Previous studies have shown that the slow VRPs induced

by both saphenous nerve stimulation and application of cap-
saicin to skin were markedly depressed by a tachykinin
antagonist spantide (Nussbaumer et al., 1989; Yanagisawa et
al., 1992). There is evidence that these slow depolarizing
responses represent a component of nociceptive spinal
reflexes (Nussbaumer et al., 1989; Yanagisawa et al., 1992).

b

-

0,
0

Arecoline (>M)
10 7

-loglAF-DX 1161

Figure 5 Antagonism by AF-DX 116 of arecoline-induced inhibition of mono-synaptic reflex. (a) Concentration-inhibition curves

to arecoline in the absence (0) and in the presence of AF-DX 116 at 0.1 JIM (@), 0.3 gM (A) and I gM (A). Ordinate scale:
amplitude of mono-synaptic reflex expressed as a percentage of the control reflex amplitude. Abscissa scale: logarithmic concentra-
tion of arecoline (see Methods for details). (b) Arunlakshana-Schild plot of log {dose-ratio (DR) 1} versus - log concentration of
AF-DX 116. Each point was derived from the results shown in (a). Data were derived from a single typical experiment but similar
results were obtained in 2 other experiments.
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Figure 6 Antagonsim by muscarinic antagonists of (+)-cis-dioxolane-induced motoneurone depolarization. Effects of 4-DAMP
(a), p-F-HHSiD (b), pirenzepine (c) and AF-DX 116 (d). Concentration-depolarization curves to (+)-cis-dioxolane were obtained
in the presence of tetrodotoxin (TTX, 0.3 ,M) and then the effect of each antagonist was examined in the continued presence of
TTX. (0) Control in (a), (b), (c) and (d). In (a) 4-DAMP: (0) 1 nM; (A) 3 nM and (A) 10 nm. In (b) p-F-HHSiD: (0) 0.3 sM;
(A) 1 IlM and (A) 3 pm. In (c) pirenzepine: (0) 10 nM; (A) 30 nm and (A) 100 nm. In (d) AF-DXI 16: (0) 0.1 gm; (A) 0.3 t4M and
(A) I tM. Ordinate scale: area of depolarization (mV min). Abscissa scale; logarithmic concentration of (+)-cis-dioxolane (see
Methods for details). Data were derived from a single typical experiment but similar results were obtained in 2-5 other
experiments.

In this study we found that the slow VRPs were depressed by
oxotremorine and arecoline, which presumably act as M2
agonists. Furthermore, the saphenous nerve-evoked slow
VRP was potentiated by the M2 antagonists, AF-DX 116 and
methoctramine. These results suggest that cholinoceptor
inhibitory mechanism, via M2-type receptors, is involved in
the slow VRP and the nociceptive transmissions in the
neonatal rat spinal cord. The pA2 values of muscarinic
antagonists against the muscarinic inhibition of the slow
VRPs were not obtained since it was difficult to maintain
stable responses of the slow VRPs for the period necessary to
construct concentration-response curves (about 5-6 h). How-
ever, the qualitative analyses suggested that the muscarinic
receptors were identical with the M2 receptors mediating the
inhibition of the mono-synaptic reflex.

Gillberg et al. (1989) observed that intrathecal application
of carbachol to rats induced analgesia and suggested that
both M1 and M2 receptors were involved since the effect of
carbachol was antagonized by similar doses of AF-DX 116

and pirenzepine. At present, however, evidence of the
involvement of Ml receptors in the muscarinic inhibitory
responses has not been obtained. Although the putative Ml
agonist McN-A 343 induced an inhibition of the mono-
synaptic reflex, this effect was not antagonized by atropine
and is therefore probably an action not mediated by mus-
carinic receptors. Although the Ml antagonist, pirenzepine, at
0.1-1 M antagonized the muscarine-evoked inhibition of the
mono-synaptic reflex (Yoshioka et al., 1990b), these concent-
rations would be sufficiently high to block other types of
muscarinic receptors.

In an attempt to examine the synaptic site of the mus-
carinic inhibition of the slow VRPs we compared the depres-
sant effect of oxotremorine on the capsaicin-induced
depolarization with that on the SP-induced depolarization.
Previous studies have shown that capsaicin applied to the
neonatal rat spinal cord produces a depolarization of ventral
roots and that the release of tachykinins from primary
afferent terminals is involved in the depolarization (Theriault
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a

Control

Cap

2 mV

SP
1 min

b
Oxotremorine (300 nfl)

Cap sP

Wash

Cap

Figure 7 Effects of oxotremorine on the depolarizations evoked by
application of capsaicin (Cap) and substance P (SP) to the spinal
cord. (a) In normal artificial CSF. (b) In the presence of
oxotremorine (300 nM). (c) After removal of oxotremorine. Potentials
were recorded from L3 ventral root of an isolated spinal cord
preparation. Capsaicin (3 tiM for 10 s) and SP (10 nm for 10 s) were

applied to the spinal cord alternately at intervals of 30 min.

et al., 1979; Yanagisawa et al., 1980; Yoshioka et al., 1990b).
The finding that oxotremorine preferentially inhibited the
effect of capsaicin over that of SP suggested that the
inhibitory action is primarily due to an inhibition of the
release of transmitters including tachykinins from primary
afferents. In accord with this notion, Yoshioka et al. (1990b)
have provided electrophysiological evidence suggesting that
the muscarinic inhibition of the mono-synaptic reflex is
through a presynaptic mechanism. Furthermore, mor-

phological studies have shown that the dorsal horn of the rat
spinal cord contains a dense plexus of choline
acetyltransferase-immunoreactive axons and varicosities par-
ticularly in lamina III (Barber et al., 1984; Borge & Iversen,
1986; for review see Gillberg et al., 1990), where some

cholinergic interneurones form axoaxonic synapses with
primary sensory fibres (Ribeiro-da-Silva & Cuello, 1990).
Autoradiographic studies have also demonstrated that the
substantia gelatinosa of rat spinal cord contains a high den-
sity of muscarinic receptors, some of which seem to be
localized on terminals of primary sensory fibres (Gillberg &
Wiksten, 1986; Gillberg & Askmark, 1991; for review see

Gillberg et al., 1990).
The slow VRP induced by saphenous nerve stimulation

was potentiated by the anticholinesterase, edrophonium and
depressed by the M3 antagonist, 4-DAMP. Furthermore, the
depolarizing response of the ventral root evoked by applica-
tion of capsaicin to skin was depressed by 4-DAMP. These
results suggest that, in addition to M2 inhibitory muscarinic
receptors, excitatory M3 muscarinic receptors are involved in
the nociceptive transmissions.

It is not known how excitatory cholinergic neurones are

involved in the neural circuits for the slow VRPS. These

cholinergic neurones might be directly activated by
tachykininergic C-fibres since tachykinins have been shown
to release acetylcholine from the neonatal rat spinal cord
(Kobayashi et al., 1991). In addition, however, the neuronal
pathways for the slow VRPs seem to contain interneurones
releasing excitatory amino acid transmitter(s), since we and
other groups have shown that excitatory amino acid
antagonists reduce the slow depolarisation evoked by
peripheral nerve stimualtion (Dray & Perkins, 1987; King et
al., 1990; Kurihara et al., 1991).
The concentration-response curve for arecoline to inhibit

the mono-synaptic reflex was shifted in parallel by muscarinic
antagonists. The slopes of the Arunlakshana-Schild plots for
the antagonists were close to unity. These results suggest that
the inhibition of the mono-synaptic reflex was mediated by a
homogeneous population of muscarinic receptors. The pA2
values of pirenzepine (6.59), AF-DX 116 (6.79), 4-DAMP
(8.16), for this action are comparable with those for the
chronotropic muscarinic action in the guinea-pig atrium, i.e.,
6.60, 6.49, and 7.90, respectively (Clague et al., 1985; Eglen &
Whiting, 1987). However, the pA2 value of methoctramine
for the monosynaptic reflex inhibition (6.79) is much lower
than the value for the atrial chronotropism (7.73) (Mel-
chiorre et al., 1987). These results suggest that the muscarinic
receptors mediating inhibition of the mono-synaptic reflex in
this preparation are similar to, but not identical with the
cardiac type M2 receptors.

In contrast, the muscarinic antagonists produced non-
parallel shift of the concentration-response curves for (+)-
cis-dioxolane to induce the motoneurone depolarization, sug-
gesting the involvement of multiple muscarinic receptors in
the depolarizing action. Newberry & Connolly (1989) also
reported that atropine flattened the concentration-response
curves for cholinergic agonists to induce motoneurone
depolarization. Although the Ml antagonist, pirenzepine
(10 nM) and M2 antagonist, AF-DX 116 (100 nM) slightly
depressed the depolarization, the effects tended to be
saturated with higher concentrations of these antagonists.
The contribution of Ml and M2 receptors to the depolariza-
tion therefore seems to be small if any. In contrast, the
potent antagonistic effect of 4-DAMP at 1-10nm on the
depolarization is comparable with its effect on the M3 recep-
tor response of the guinea-pig ileum (pA2 value: 9.0) (Clague
et al., 1985; Eglen & Whiting, 1987). However, the concent-
rations of another M3 antagonist p-F-HHSiD needed to
antagonize the depolarization were high (100 nM-3 pM),
when compared with its concentrations of action on the ileal
M3 receptor (pA2 value: 7.8) (Lambrecht et al., 1988). Fur-
thermore, arecoline and oxotremorine, which exhibit a full
agonist activity on the ileum (Clague et al., 1985), had a very
weak depolarizing action on motoneurones in the neonatal
rat spinal cord. These results suggest that the motoneurone
depolarization is mainly mediated by receptors similar to, but
not identical with the ileal M3-type receptors.

Excitatory muscarinic postsynaptic actions on neurones
have been reported in a variety of areas in the central
nervous system (e.g. hippocampus, olfactory cortex,
neocortex, thalamus, and neostriatum) and it has been sug-
gested that the receptor subtypes involved in these actions
may be either Ml- or M2-type (see Nicoll et al., 1990). The
present study suggests the existence of an excitatory mus-
carinic response of central neurones mediated by M3-type
receptors.
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Mediation by B, and B2 receptors of vasodepressor responses to
intravenously administered kinins in anaesthetized dogs
*tNabil Nakhostine, ItChristophe Ribuot, tDaniel Lamontagne, tReginald Nadeau &
2*Rejean Couture

*Department of Physiology, Faculty of Medicine, Universite de Montreal, Montreal, Quebec, Canada H3C 3J7 and tResearch
Center, Hopital du Sacre-Coeur de Montreal, Montreal, Quebec, Canada H4J lC5

1 Vasodepressor responses to intravenous (i.v.) injection of bradykinin (BK) and des-Arg9-BK, a
selective B, kinin receptor agonist, were characterized following i.v. pretreatment with selective B,
([Leu8]-des-Arg9-BK) and B2 (Hoe 140) kinin receptor antagonists in anaesthetized dogs.
2 Des-Arg9-BK (0.05-3.3 nmol kg-') produced dose-dependent decreases in mean arterial blood pres-
sure with a ED_0 0.4 nmol kg-'. The vasodepressor effects evoked by des-Arg9-BK (0.6 nmol kg-') and
BK (0.2 nmol kg-') were greater after i.v. and i.a. injections, respectively.
3 The vasodepressor response to BK (0.6 nmol kg-') but not to des-Arg9-BK (0.6 nmol kg-') was
significantly (P<0.001) blocked by pretreatment with the B2 receptor antagonist, Hoe 140.
4 The vasodepressor response to des-Arg9-BK (0.6 nmol kg-') but not to BK (0.6 nmol kg-') was
significantly (P<0.001) reduced by pretreatment with the selective B, receptor antagonist, [Leu8]-des-
Arg9-BK. Although both B, and B2 receptor antagonists caused a transient fall in blood pressure, their
inhibitory action was unlikely to be related to a desensitization mechanism.
5 Inhibition of prostaglandin synthesis with indomethacin prevented the vasodepressor response
induced by arachidonic acid (1 mg kg-', i.v.) but not that to BK or des-Arg9-BK (0.6 nmol kg-').
6 These results suggest, firstly, that the vasodepressor responses to i.v. BK and des-Arg9-BK are
mediated by the activation of B2 and B, receptors, respectively; secondly, that prostaglandins are not
involved in the vasodepressor responses to kinins. These findings provide pharmacological evidence for
the existence of functionally active B, receptors in canine cardiovascular homeostasis.

Keywords: Bradykinin; des-Arg9-BK; kinin receptors; kinin antagonists; blood pressure

Introduction

Bradykinin (BK) is a potent vasodilator the action of which
appears to be mediated by the release of an endothelium-
derived relaxing factor and/or prostacyclin, resulting from
the activation of B2 receptors on the vascular endothelium
(Taylor et al., 1989). Despite the very well known B2
receptor-mediated vasodepressor effect of kinins (Regoli &
Barabe, 1980; Bhoola et al., 1992), the cardiovascular activity
of the natural kininase I metabolite, des-Arg9-BK, which is a
selective B, receptor agonist, has been less studied. This fact
is due in part to the belief that B, receptors are not expressed
in normal tissues but are synthesized de novo during tissue
incubation in vitro and as a result of inflammation or
exposure of tissue to chemical noxious stimuli in vivo
(Marceau et al., 1983; Bouthillier et al., 1987). For instance,
des-Arg9-BK had no significant effect on the cardiovascular
system of rats and rabbits whereas exogenous des-Arg9-BK
lowered mean arterial blood pressure through the activation
of peripheral vascular B, receptors in rabbits pre-injected
intravenously 5 h earlier with a bacterial lipopolysaccharide
(Regoli et al., 1981; Marceau et al., 1983; Bouthillier et al.,
1987). Nevertheless, under normal conditions, both B, and B2
receptors appear to mediate the vasodilator action of kinins
in the canine renal artery in vitro (Rhaleb et al., 1989) as well
as the vasorelaxation responsible for an increased renal blood
flow in the dog in vivo (Lortie et al., 1992). In the latter
study, mediation of the natriuretic response to intrarenal
infusion of BK was ascribed to a tubular B, receptor.

Selective antagonists for the B, and B2 receptors are now

'Present address: Faculte de pharmacie, Universite Joseph Fourier,
38700 La Tronche, France.
2 Author for correspondence at: Departement de physiologie, Faculte
de medecine, Universite de Montreal, C.P. 6128, Succursale A,
Montreal, Quebec, Canada H3C 3J7.

available. The compound [Leu8]-des-Arg9-BK is considered as
the prototype antagonist for the B, receptor (Regoli &
Barabe, 1980) while Hoe 140 (D-Arg-[Hyp3,Thi5,D-Tic7,
Oic8]BK) is the most potent, long-acting and selective B2
receptor antagonist so far described in vitro and in vivo
(Wirth et al., 1991; Hock et al., 1991; Bao et al., 1991;
Lembeck et al., 1991; Rhaleb et al., 1992).
The present study was designed to test the hypothesis that

vascular B, and B2 receptors can mediate the vasodepressor
response to kinins in the dog under normal conditions. Thus,-
the selective antagonists of the B, ([Leu8]-des-Arg9-BK) and
B2 (Hoe 140) receptors were used to characterize kinin recep-
tors that mediate the blood pressure effects of BK and des-
Arg9-BK in anaesthetized dogs. BK-induced vasorelaxation
appears to be mediated by prostaglandins in arteries of some
species (Barabe et al., 1979; Taylor et al., 1989). Moreover,
unlike the endothelial B2 receptor, canine muscular B, and B2
receptors mediate relaxation of the arterial smooth muscle by
promoting the release of prostaglandins (Rhaleb et al., 1989).
The second objective of the present study was therefore to
examine the contribution of prostaglandins in the vaso-
depressor response to kinins. A preliminary account of this
work has been published in an abstract form (Nakhostine et
al., 1992).

Methods

Surgical preparation of the animal

Adult mongrel dogs of either sex (n = 20) weighing 17.5 +
0.7 kg were anaesthetized with sodium thiopenone (25 mg
kg-', i.v.) and alpha-chloralose (80 mg kg-' followed by
15-20 mg kg-' h-', i.v.). The animals were heparinized (200

Br. J. Pharmacol. (1993), 110, 71-76 f,." Macmillan Press Ltd, 1993
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i.u. kg-', i.v.) and ventilated artificially with room air
through an endotracheal tube by means of a Harvard pump
(model 607). The right femoral artery was cannulated with a
polyethylene catheter (PE-90) filled with physiological saline
to measure the arterial blood pressure. The right and left
femoral veins were also cannulated to enable the intravenous
infusion or bolus injections of drugs. The data were recorded
on a polygraph system (Nihon Kohden, model RM-6000)
and the multi speed transmission Harvard apparatus infusion
pump (model 940) was used for drug administration.

Care of the animals and haematological analysis

The research protocol and the care of the animals conformed
to the guiding principles for animal experimentation as enun-
ciated by the Canadian Council on animal care and approved
by the ethical committee of University of Montreal for
animal research.

All dogs were housed and maintained at a constant
temperature of 20-22°C on a 12 h light/dark cycle (lights on
06 h 00 min- 18 h 00 min) and provided with food and water
ad libitum. Each animal underwent a veterinary medical
examination before experimentation. Furthermore, a com-
plete blood analysis was performed on three canine speci-
mens to confirm that these animals were pathogen-free.
Haematological analysis was made the day of their arrival at
the animal house (initial values) and two weeks later just
prior to experimentation. As shown in Table 1, the haemato-
logical values of white and red blood cells, haemoglobin,
haematrocrit, mean corpuscular volume (MCV), mean cor-
puscular haemoglobin (MCH), mean corpuscular haemo-
globin concentration (MCHC), platelets, sodium, potassium,
calcium, glucose, urea, creatinine, alkaline phosphatase,
arpartate aminotransferase (GOT) and total protein were all
within normal limits.

Experimental protocol

The first series of experiments was designed to measure the
i.v. effects of several increasing doses of des-Arg9-BK (0.05 to
3.3 nmol kg-') and of three doses of BK (0.2, 0.6 and
2.2 nmol kg-') on mean arterial blood pressure (MAP). The
two kinins were injected to the same animals in a volume of
3 ml followed by a 2 ml saline to wash out the cannula. The
interval between injection was 10 min. In addition, the

vasodepressor effects induced by BK (0.2 nmol kg-') and
des-Arg9-BK (0.6 nmol kg-') were compared after i.v. and
i.a. injections.
The second series of experiments aimed to characterize the

vasodepressor responses to BK and des-Arg9-BK with the use
of [Leu8]-des-Arg9-BK, a B, receptor selective antagonist and
of Hoe 140, a B2 receptor selective antagonist. BK or des-
Arg9-BK was injected at the same dose of 0.6 nmol kg-', (a)
before and 3-5 min after the i.v. injection of [Leu8]-des-Arg9-
BK (6.0 nmol kg-' followed by an infusion of 0.6 nmol kg-'
min-' for 5min); (b) before and 10min after the i.v. injec-
tion of Hoe 140 (4.5 nmol kg-') or (c) 5 min after the i.v.
injection of 5 ml saline followed by an infusion of saline at
7.6 ml min' for 5 min as control group.
The third series of experiments was to examine the par-

ticipation of prostaglandins in the BK and des-Arg9-BK in-
duced vasodepressor responses. Each agonist was tested at a
.dose of 0.6 nmol kg-', 1 h after the i.v. injection of either
indomethacin (10 mg kg-) or the vehicle (Trizma base
0.2 M). To ascertain the effectiveness of this treatment, the
vasodepressor effect of arachidonic acid (1 mg kg-') (precur-
sor of prostaglandins) was measured in 2 dogs before and
after indomethacin treatment.

Peptides and drugs

Des-Arg9-BK was purchased from Hukabel Scientific Ltd.
Montreal, Quebec, Canada. BK, [Leu8]-des-Arg9-BK,
indomethacin, Trizma base, arachidonic acid and heparin
sodium salt were all purchased from Sigma Chemical Co.,
St-Louis, MO, U.S.A. Hoe 140 was made available from
Hoechst AG (Frankfurt, Germany).

Stock solutions of peptides (1-1O mg ml') were made in
saline, divided into 100 ttl aliquots and stored at - 20°C until
used. Indomethacin was prepared in Trizma base (0.2 M) just
before use while arachidonic acid was prepared in 25%
ethanol.

Statistical analysis

Values represent the mean ± s.e.mean of (n) animals. Statis-
tical significance of differences between means were cal-
culated with Student's t test for paired samples. Only pro-
bability values (P) smaller than 0.05 were considered to be
statistically significant.

Table 1 Haematological values for 3 dogs

Leukocytes
Erythrocytes
Haemoglobin
Haematocrit
MCV
MCH
MCHC
Platelets
Sodium
Potassium
Calcium
Glucose
Urea
Creatinine
Alkaline phosphatase
GOT
Total proteins

'Normal values are taken from Tvedten (1989).

Normal values'

6.0-18.5 x 109 1-'
5.5-8.5 x 1012 1-'
133-192 g 1-'
36.8-54.4%
59.9-75.2 fl
21.5-27.2 pg
336-383 g 1- X
200-900 x 1091-'
140- 170 mmol 1'
3.5-6.7 mmol I'
2.1 -3.1 mmol I l
3.0-6.5 mmol 1'
3.6-9.0 mmol 1'
85-175jmol 1-1
5-135 Ul-'
17-58 Ul1'
50-80 g 1-'

Values before
Initial values experirnentation

11.6 ± 0.7
7.5 ± 0.9

172.0 ± 15.6
48.7 ± 4.3
65.8 ± 3.4
23.2 ± 1.1

353.0 ± 1.5
375 ± 79

151.0 ± 2.5
4.3 ± 0.2
2.7 ± 0.04
5.2± 0.4
8.6 ± 2.6

110.1 ± 8.5
33.0 ± 6.1
37.7± 1.8
65.3 ± 2.2

Abbreviations: MCV, mean corpuscular volume, MCH, mean corpuscular haemoglobin;
concentration, GOT, aspartate aminotransferase.

12.7 ± 1.1
7.2 ± 0.8

164.0 ± 14.0
47.2 ± 3.7
66.4 ± 3.4
23.0 ± 1.0

347.0 ± 3.2
381 ± 59

150.1 ± 1.9
4.8 ± 0.3
3.7 ± 0.1
5.4 ± 0.5
2.7 ± 0.1

85.0 ± 9.6
55.0 ± 18.0
41.7 ± 7.9
59.3 ± 5.8

MCHC, mean corpuscular haemoglobin
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Results

Vasodepressor effects of des-Arg9-BK and BK

Baseline mean arterial pressure (MAP) prior to des-Arg9-BK
or BK injections was 126 ± 5 mmHg (n = 8). Des-Arg9-BK
produced dose-dependent decreases in MAP between 0.05
and 3.3 nmol kg-' (ED50 = 0.4 nmol kg-'); the maximal fall
in MAP (- 41 ± 3 mmHg) was elicited at 2.2 nmol kg-'
(Figure 1). The depressor response to 0.6 nmol kg-' des-
Arg9-BK peaked at 27 ± 2 s post-injection and lasted for 3 to
4 min (Figure 2). The effect of 0.6 nmol kg-' BK on MAP
was 1.5 fold geater than that observed with the same dose
of des-Arg9-BK (-48 ± 2 mmHg vs - 30 ± 3 mmHg; P<
0.001), while the time course effect was similar for both
peptides (Figure 2). The dose of 2.2 nmol kg-' BK produced
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Figure 1 Dose-response curve showing the changes in mean arterial
blood pressure (MAP) induced by the i.v. injection of des-Arg9-BK
in anaesthetized dogs. Values are the mean + s.e.mean of 8 dogs
unless otherwise indicated by n.

a vasodepressor response (- 51 ± 5 mmHg, n = 3) which was
similar to that induced by the dose of 0.6 nmol kg-'. The
vasodepressor response to 0.6 nmol kg-' des-Arg9-BK was
significantly (P <0.05, n = 6) greater after i.v. injection than
after i.a. administration. In contrast, the changes in MAP
elicited by 0.2 nmol kg-' BK was significantly (P<0.05,
n = 6) higher after i.a. administration (Figure 3). Thus, BK
appeared more potent than des-Arg9-BK in reducing MAP
whatever the route of administration.

Effect of [Leu8]-des-Arg9-BK, a selective B, receptor
antagonist

Baseline MAP before [Leu8]-des-Arg9-BK infusion was 115 +
4 mmHg (n = 10). [Leu8]-des-Arg9-BK injection (6.0 nmol
kg-') induced a significant (P<0.001, n = 10) decrease in
MAP (- 38 ± 3 mmHg) which peaked at 27 ± 1 s and re-
turned rapidly to pretreatment value (Figure 4). No tachy-
phylaxis was observed when des-Arg9-BK (0.6 nmol kg-') or
[Leu8]-des-Arg9-BK (6.0 nmol kg-') were injected three times
at intervals of 10 min (Figure 4). However, the vasodepressor
effect of 0.6 nmol kg-' des-Arg9-BK was significantly (P<
0.001, n = 10) blocked 3-5 min after the i.v. injection of
[Leu8]-des-Arg9-BK (6.0 nmol kg-' plus 0.6 nmol kg-' min -'
x 5 min) (Figures 4 and 5). In contrast, [Leu"]-des-Arg9-BK
had no significant effect on the vasodepressor effect elicited by
0.6 nmol kg-' BK (Figure 5).

Effect ofHoe 140, a selective B2 receptor antagonist

Baseline MAP before Hoe 140 injection was 118 ± 5 mmHg
(n = 10). The i.v. injection of 4.5 nmol kg-' Hoe 140
significantly (P<0.001, n = 10) decreased MAP (- 17 ± 3
mmHg), an effect which peaked at 34± 2s and returned
rapidly to pretreatment value (Figure 4). Although no
tachyphylaxis occurred when 0.6 nmol kg-' BK was injected
three times at intervals of Omin, the depressor response to
4.5 nmol kg-' Hoe 140 was no longer present after the second
and third injections. The decrease in MAP induced by
0.6 nmol kg-' BK was significantly blocked (P<0.001,
n = 10) 10 min after the, prior i.v. injection of 4.5 nmol kg-'
Hoe 140 (Figures 4, 6). In contrast, the vasodepressor response
to 0.6 nmol kg-' des-Arg9-BK remained unaffected by the
pre-injection of Hoe 140 (Figure 6). The vasodepressor re-
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Figure 2 Time course of the changes in mean arterial blood pressure
(MAP) induced by the i.v. injection of 0.6 nmol kg-' of either
bradykinin (BK) (V) or des-Arg9-BK (@) in anaesthetized dogs.
Values are the mean ± s.e.mean of 11 dogs. The statistical
significance between bradykinin (BK) and des-Arg9-BK is indicated
by *P<0.05 and ***P<0.001.

Figure 3 Maximal changes in mean arterial blood pressure (MAP)
induced by the i.v. (open columns) or i.a. (solid columns) injection of
0.6 nmol kg-' des-Arg9-BK or 0.2 nmol kg-' bradykinin (BK) in
anaesthetized dogs. Values are the mean ± s.e.mean of 6 dogs. The
statistical significance between i.v. and i.a. values is indicated by
*P<0.05.
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Figure 5 Effects of [Leu8]-des-Arg9-BK on the changes in mean

30 s arterial blood pressure (MAP) induced by the i.v. injection of
0.6 nmol kg- ' bradykinin (BK) or des-Arg9-BK in anaesthetized
dogs. Values are the mean ± s.e.mean of 5 (BK) and 10 (des-Arg9-
BK) dogs in the absence (open columns) and presence (solid col-
umns) of the B, receptor antagonist (6.0 rmol kg-' plus
0.6 nmol kg-' min-' for 5 min). Statistical significance is indicated

30 s by ***P<0.001 and NS= not significant.
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Flgure 4 Example of traces showing the vasodepressor effects induced
by three i.v. injections of 0.6 nmol kg- ' des-Arg9-BK (a),
6.0 nmol kg- ' [Leuq-des-Arg9-BK (b), 4.5 nmol kg-' Hoe 140 (d) and
0.6 nmol kg- ' bradykinin (BK) (f). The vasodepressor effect of
0.6 nmol kg- ' des-Arg9-BK is blocked 5 min after the prior i.v.
infusion of [Leu8]-des-Arg9-BK (6.0 nmol kg- ' plus 0.6 nmol kg- '
min ' x 5 min) (c). The vasodepressor effect of 0.6 nmol kg-' BK is
blocked 10 min after the prior i.v. injection of Hoe 140 (4.5 nmol kg- ')
(e). Each injection is separated by a period of 10 min. These
experiments were conducted in dogs; haematological values are pro-
vided in Table 1.
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sponse to BK was still impaired by 92%, 30 min after the
injection of the antagonist (data not shown). Des-Arg9-BK BK

Effect of indomethacin on the vasodepressor responses to
BK and des-Arg9-BK

Baseline MAP before indomethacin treatment was 114 ± 4
mmHg (n = 10). The decrease in MAP to indomethacin injec-
tion (-21 ± 4 mmHg) peaked at 21 ± 2 s and was stable at
109 ± 5 mmHg 1 h later, when BK and des-Arg9-BK were
injected. The indomethacin's vehicle (Trizma base) caused a
similar fall in MAP (- 25 ± 3 mmHg) that peaked at 21 ± 1 s
and the blood pressure returned to baseline within 5 min.

Indomethacin had no effect on vasodepressor responses to
BK or des-Arg9-BK. In contrast, the vasodepressor effect
induced by the i.v. injection of arachidonic acid (1 mg kg-')
was abolished in two animals pretreated with indomethacin
(Figure 7).

Discussion

This study has shown that des-Arg9-BK reduces systemic
blood pressure in a dose-dependent manner in the dog. To our

Figure 6 Effects of Hoe 140 on the changes in mean arterial blood
pressure (MAP) induced by the i.v. injection of 0.6 nmol kg- '

bradykinin (BK) or des-Arg9-BK in anaesthetized dogs. Values are
the mean ± s.e.mean of 10 dogs in the absence (open columns) and
presence (solid columns) of the B2 receptor antagonist
(4.5 nmol kg-'). Statistical significance is indicated by ***P< 0.001
and NS = not significant.

knowledge, this is the first species in which des-Arg9-BK can
lower blood pressure under non-pathological conditions. This
effect has been well studied in pathological conditions such as
following the injection of a sublethal dose of bacterial
lipopolysaccharide (endotoxin) in the rabbit (Regoli et al.,
1981; Bouthillier et al., 1987; Drapeau et al., 1991b). The
vasodepressor response to i.v. injection of BK was smaller
than that observed after i.a. administration which is consistent
with previous reports showing that 80-95% of the biological
activity of BK is inactivated by kininase II during the first
passage through the pulmonary circulation (Regoli & Barabe,
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Figure 7 Effects of indomethacin on the changes in mean arterial
blood pressure (MAP) induced by the i.v. injection of 0.6 nmol kg-'
bradykinin (BK) or des-Arg9-BK and 1 mg kg-' arachidonic acid in
anaesthetized dogs. Values are the mean ± s.e.mean of 10 (kinins) or
2 (arachidonic acid) dogs in the absence (open columns) and
presence (solid columns) of indomethacin (10mg kg-', i.v. 1 h ear-
lier). NS = not significant.

1980). However, the vasodepressor effect of des-Arg9-BK des-
cribed here was significantly greater after i.v. administration,
suggesting a slower catabolism of this naturally occurring
peptide through the pulmonary circulation compared to BK.
This is in agreement with the recent observation that kininase
II acts on des-Arg9-BK at a slow rate and with a low affinity
as compared to its action on BK (Drapeau et al., 1991a,b).
The higher potency of des-Arg9-BK after i.v. administration
has never been observed previously because in most species
(e.g. rabbit, rat and guinea-pig), the selective B, receptor
agonist has less than 1% of the activity of BK on systemic
blood pressure (Regoli & Barabe, 1980; Bhoola et al., 1992).
The mechanism of the higher potency of des-Arg9-BK after i.v.
injection awaits elucidation but might be due to changes in the
pulmonary circulatory resistance or to the release of an
endogenous mediator from the pulmonary circulation which is
probably not a prostaglandin.

Infusion of [Leu8]-des-Arg9-BK, a selective and competitive
antagonist of the B, receptor (Regoli & Barabe, 1980), reduced
significantly the vasodepressor response to des-Arg9-BK but
not to BK. In contrast, Hoe 140, a selective and potent
antagonist of B2 receptors that was found to inhibit BK-
induced hypotensive responses in rats (Wirth et al., 1991; Bao
et al., 1991), antagonized only the vasodepressor response to
BK. These results suggest that the vasodepressor responses to
BK and to des-Arg9-BK in dogs are mediated by vascular B2
and B, receptors, respectively. Until recently, it was believed
that B, receptors are not present on vessels isolated from
healthy animals. However, it has been demonstrated that the
dog isolated renal artery contains a population of functional
B, receptors involved in the vasodilator action of kinins
(Rhaleb et al., 1989). Furthermore, renal B, receptors were
implicated in the action of BK on increased renal blood flow
and sodium excretion in dogs (Lortie et al., 1992).
The fact that [Leu8]-des-Arg9-BK and Hoe 140 caused a

transient vasodepressor response would suggest that these
antagonists maintain partial agonist activities on their respec-

tive receptors. In conscious dogs, i.v. administration of Hoe
140 (0.01 and 0.1 mg kg-') did not affect MAP or HR during
a 15 min observation period when recorded indirectly from the
tail artery (Wirth et al., 1991). In our study, Hoe 140
(- 6 yg kg-') caused only a transient decrease of MAP which
may have escaped detection in an indirect recording system. It
is of particular interest to note that [Leu8]-des-Arg9-BK and
related selective antagonists at the B, receptor are une-
quivocally devoid of intrinsic activity in most of the reported
in vitro and in vivo systems containing the B, receptor (Barabe
et al., 1979; Couture et al., 1981; Marceau et al., 1983;
Drapeau et al., 1991b). This finding suggests that the func-
tional B, receptor described in the present in vivo model under
non-pathological conditions is somewhat different from the
inducible B, receptor which has been described under
pathological conditions. Further studies are under way to
define further the pharmacological profile of this so-called
atypical B, receptor.
Under the experimental conditions, no tachyphylaxis occur-

red after repeated injections of the B, receptor agonist or
antagonist, suggesting that the inhibitory effect of [Leu8]-des-
Arg9-BK is not due to a desensitization mechanism but to
pharmacological antagonism. Similarly, no tachyphylaxis
occurred with BK while Hoe 140 produced a small vaso-
depressor response which could not be reproduced at the
second and third injection. Since the direct effect of Hoe 140
on blood pressure is much smaller than that evoked by BK,
the blockade of the BK response by Hoe 140 is probably
related to a pharmacological antagonism as reported earlier
(Wirth et al., 1991; Hock et al., 1991; Lembeck et al., 1991).
Hoe 140 did not alter the B, receptor response evoked by
des-Arg9-BK in our paradigm and thus appears specific for B2
receptors.
The finding that [Leu8]-des-Arg9-BK and Hoe 140, at doses

sufficient to block exogenous des-Arg9-BK and BK, did not
cause increases in baseline arterial blood pressure casts some
doubt concerning the contribution of endogenous kinins to
blood pressure maintenance in normotensive dogs. One cannot
exclude, however, the possibility that kinins might control
vascular resistance and blood flow in specific vascular ter-
ritories or interact with other vasoregulatory mechanisms such
as the renin-angiotensin system (Van Den Buuse & Kerkhoff,
1991).

In order to evaluate the role of prostanoids in the peripheral
action of BK and des-Arg9-BK, we investigated the effect of
indomethacin, a cyclo-oxygenase inhibitor. The vasodepressor
effect of arachidonate, the natural precursor of prostaglandin
synthesis, was totally inhibited in the presence of indo-
methacin, thus confirming the effectiveness of indomethacin in
preventing formation of prostaglandins. The action of both
BK and des-Arg9-BK on the systemic circulation was not
altered by indomethacin which rules out the participation of
prostglandins in this response. This supports the belief that the
involvement of prostacyclin/prostaglandins in the vasodilator
action of BK is tissue- and species-dependent (Taylor et al.,
1989).

In conclusion, des-Arg9-BK, the naturally occurring brady-
kinin metabolite, and BK administered intravenously are
potent hypotensive peptides in dogs; their action appears to be
mediated by peripheral B, and B2 receptors, respectively.
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Effects of LY274614, a competitive NMDA receptor antagonist,
on the micturition reflex in the urethane-anaesthetized rat

M. Yoshiyama, 1J.R. Roppolo, *K.B. Thor & W.C. de Groat

Department of Pharmacology, School of Medicine, University of Pittsburgh, Pittsburgh PA 15261, U.S.A. and *Division of
CNS/GI/GU Research, Lilly Research Laboratories, Eli Lilly and Company, Indianapolis IN 46285, U.S.A.

1 The effects of 3 competitive N-methyl-D-aspartate (NMDA) receptor antagonists, LY274614,
LY233536 and LY235723, on the micturition reflex and external urethral sphincter EMG activity, were
examined either under isovolumetric conditions or during continuous filling cystometry in urethane-
anaesthetized (1.2 g kg-', s.c.) rats.
2 Intravenous administration of LY274614 (3-30 mg kg-') inhibited in a dose-dependent fashion both
bladder and sphincter activity in the intact rats. In addition, the volume threshold for inducing
micturition was increased and voided volume was decreased.
3 Intrathecal administration of LY274614 (0.06-30 fg) similarly inhibited bladder and sphincter
activity during cystometry in intact rats.
4 In chronic spinal cord (T6-T8) transected rats LY274614 (0.1 -30 mg kg-, i.v.) did not alter bladder
activity under isovolumetric conditions but decreased the amplitude of micturition contractions and
sphincter EMG activity during cystometry at a dose of 10-30 mg kg-'.
5 The inhibitory effects of i.v. administration of LY274614, on bladder and sphincter activity induced
by infusion of chemical irritant (0.1% acetic acid) or saline, were similar; except that a slightly larger
dose was needed to inhibit sphincter activity during acetic acid infusion.
6 Peak amplitude of micturition contractions recovered to 50% of control 3 h following i.v.
(30mg kg-') or i.t. (6 jg) administration of LY274614.
7 Two other chemically related NMDA antagonists, LY233536 and LY235723 produced similar but
less potent effects than LY274614 when given i.v.
8 These data indicate that glutamatergic transmitter mechanisms at the level of the spinal cord are
important in modulating bladder activity in the intact animal, but that these mechanisms do not
contribute to bladder reflexes in the chronic spinal rat. These mechanisms may, however, contribute to
sphincter activity in both intact or chronic spinal rats.

Keywords: NMDA receptor antagonist; rat bladder; EMG; external urethral sphincter; glutamate; micturition reflex

Introduction

Reflex micturition is produced by a contraction of the
smooth muscle of the urinary bladder and a reciprocal relax-
ation of bladder neck, urethra, and the external urethral
sphincter. However, in rats (Kruse et al., 1993) and to a
lesser degree in dog (Nishizawa et al., 1985) the striated
muscle of the external urethral sphincter contracts intermit-
tently in high (4-6 Hz) frequency bursts during voiding. This
enhanced and pulsatile sphincter activity may aid in expul-
sion of urine in these animals, while continuous contraction
of sphincter prevents urine release. In many species these
responses are mediated by a spinobulbospinal reflex pathway
that passes through relay centres in the lumbosacral spinal
cord and the rostral brain stem (the pontine micturition
centre) (de Groat et al., 1992). The reflex pathway is
activated by distension of the urinary bladder and subsequent
firing in tension receptor afferent fibres that pass through the
pelvic nerve to the lumbosacral spinal cord.
Pharmacological studies have implicated a number of

neurotransmitters in the central nervous control of micturi-
tion (de Groat et al., 1992). Among the putative excitatory
transmitters, glutamic acid has attracted the most attention.
Microinjection, of glutamic acid or related excitatory amino
acids, into the pontine micturition centre or adjacent pontine
area, facilitated micturition in the cat (Mallory et al., 1991)
and rat (Lumb & Morrison, 1987). Whereas, systemic
administration of MK-801, an N-methyl-D-aspartate (NMDA)
glutamate receptor antagonist, inhibited bladder and sphinc-
ter reflexes in anaesthetized rats (Maggi et al., 1990;

' AuthoT for correspondence.

Yoshiyama et al., 1991a,b; 1993). MK-801 also blocked the
bladder contractions elicited by electrical stimulation of the
pontine micturition centre (Suzuki et al., 1991) and depressed
the expression of the immediate early gene, c-fos, in spinal
neurones induced by chemical irritation of the bladder
mucosa (Birder & de Groat, 1992). Ligand binding studies
have revealed that NMDA receptors are present at various
locations along the micturition reflex pathway; including
areas in proximity to the lumbosacral parasympathetic
nucleus, the urethral sphincter motor nucleus and the pontine
micturition centre (Jansen et al., 1990; Shaw et al., 1991).
The present study was undertaken to evaluate further the

role of NMDA receptors in the micturition reflex pathway.
We have examined the changes in bladder and sphincter
activity induced by LY274614, a potent competitive NMDA
receptor antagonist (Ornstein et al., 1991), which enters the
central nervous system following systemic administration.
Two other competitive NMDA receptor antagonists
(LY233536 and LY235723) were also examined in a few
experiments. Unlike the non-competitive antagonist, MK-801,
which blocks the cation channel of the NMDA receptor
(Wong et al., 1986), LY274614 acts at the glutamate binding
site on the NMDA receptor (Ornstein et al., 1991). In addi-
tion, LY274614 is likely to have a more selective action than
MK-801 since, in high concentrations, MK-801 is known to
block nicotinic acetylcholine receptor channels (Amador &
Dani, 1991). The latter effect could alter ganglionic transmis-
sion in the peripheral autonomic pathways to the bladder, as
well as transmission at the neuromuscular junction, in the
striated sphincter muscle and thereby alter micturition
reflexes by a peripheral non-glutamatergic mechanism. The
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present results with LY274614 confirm and extend the
findings with MK-801; indicating that glutamatergic trans-
mission at NMDA receptors has an important facilitatory
influence on bladder and sphincter reflexes in the anaes-
thetized rat. This influence must occur, at least in part, at the
level of the lumbosacral spinal cord, since intrathecally
administered LY274614 mimicked the effect of systemic
administration.
A preliminary account of this work has been presented in

an abstract (Yoshiyama et al., 1992).

Methods

Animal preparation

Experiments were performed on 79 female urethane-
anaesthetized (1.2 g kg-', s.c.) Sprague-Dawley rats weighing
170 to 310 g (mean 240 g). The trachea was cannulated
with a polyethylene tube (PE-205) to facilitate respiration;
and cannulae (PE-50) were placed in the external jugular vein
or femoral vein for intravenous drug administration. A tran-
surethral bladder catheter connected to a pressure transducer
was used to record the bladder pressure isovolumetrically
with the urethral outlet ligated or to record pressure during
cystometry when the bladder was filled with a constant
infusion of physiological saline or acetic acid (0.1%) and
allowed to empty around the catheter. To evaluate voiding
efficiency (% of bladder volume voided) saline was infused
into the bladder (0.04 ml min-') until the peak of a voiding
bladder contraction; then the infusion was stopped and the
saline voided from the bladder was collected and measured to
determine the volume voided. The bladder was then emptied,
the residual volume measured and cystometrogram repeated.
The procedure was repeated a minimum of three times for
each drug dose and control. Continuous cystometry was
performed by a constant infusion (0.21 ml min-') of saline
into the bladder to elicit repetitive voidings, which allowed
rapid collection of data for a large number of voiding cycles
(Maggi et al., 1986). PE-90 and PE-50 cannulae were used
for isovolumetric recording and constant infusion cystometry
(continuous and single), respectively. For isovolumetric
recording, the ureters were tied distally, cut and the proximal
ends cannulated (PE-10) and drained externally. The proce-
dure prevented the bladder from filling with urine during the
experiment.

Eleven rats were spinalized under halothane anaesthesia.
After a T6-T8 laminectomy, the dura and spinal cord were
cut with scissors, and a sterile sponge (Gelfoam, The Upjohn

a

Company) was placed between the cut ends. The bladders of
spinal rats were expressed manually two or three times daily,
and perigenital stimulation with a cotton swab was per-
formed to encourage reflex bladder emptying (Mallory et al.,
1989). The experiments on spinalized rats were performed 2
to 3 weeks postspinalization.

In 19 rats anaesthetized with urethane (1.2 g kg- ', s.c.), an
intrathecal (i.t.) catheter was inserted according to the techni-
que of Yaksh & Rudy, 1976. The occipital crest of the skull
was exposed and the atlanto-occipital membrane was incised
at the midline using the tip of a 19 gauge needle as a cutting
edge. A catheter (PE-10) was inserted through the slit and
passed caudally to the L6-level of the spinal cord. The
volume of fluid within the catheter was kept constant at 6 Al.
Cumulative dose-response curves were obtained by admini-
stering the drugs in 6 yl injections followed by 6 ;LI flush with
artificial CSF at 15 min intervals. At the end of the experi-
ment a laminectomy was performed to verify the location of
the catheter tip.
In 23 experiments (5 intact, 5 chronic spinal, 8 intact with

i.t. cannulae, and in 5 intact animals with acetic acid infusion
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Figure 2 Log dose-response curves showing the effects of increasing
doses of LY274614 (0.1 -30mg kg', i.v.) on the amplitude of reflex
bladder contractions under isovolumetric conditions in the urethane-
anaesthetized intact (-) and chronic spinal (A) rats. Abscissa scale:
the cumulative dose of LY274614 (mg kg-', i.v.) plotted on a log
scale. Ordinate scale: contraction amplitude as a % of control.
Mean ± s.e.mean is plotted for each point. Data in the intact rat
(n = 5) shows a dose-dependent significant decrease from control.
Dose-response curve in the chronic spinal rat (n = 5) shows a small
but significant increase at doses of 0.3 and 1 mg kg-'. Individual
doses are compared to control by paired t test (*P <0.05,
**P<0.O1). As a comparison of dose-response curves between the
intact and chronic spinal rats at each dose, significant differences
were seen at 0.3-30 mg kg-' (0.3-1 mg kg-', P<0.05; 3 mg kg-',
P<0.01; 10-30mgkg-', P<0.001, unpaired t test).
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Figure 1 The effects of increasing doses of LY274614 on rhythmic reflex bladder contractions under isovolumetric conditions in
the urethane-anaesthetized intact (a) and chronic spinal rats (b). Doses represent total cumulative doses. Note that the amplitude of
bladder contractions is reduced by increasing doses of LY274614 (3-10 mg kg- ', i.v.) in the intact rat while a small increase is seen
in the chronic spinal rat. The spinal cord was sectioned at the level of T6-T8, 3 weeks prior to the experiment.
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instead of saline), fine (76 gm) wire EMG electrodes were
placed percutaneously in the external urethreal sphincter to
record the electrical activity of the striated muscle. A 30
gauge needle with a hooked EMG electrode positioned at the
tip was inserted into sphincter approximately 5-10 mm
lateral to the urethra and then withdrawn leaving the EMG
wires embedded in the muscle (Kruse et al., 1990). The EMG
activity obtained was passed through a ratemeter and
recorded on chart recorder. The peak firing rate during each
micturition contraction was measured.

Acetic acid (0.1%) infusion into the bladder

Acetic acid infused into the bladder was used as a model for
bladder irritation (Birder & de Groat, 1992). In 12
experiments, 0.1% acetic acid (pH = 3.5) was infused into the
bladder, after recording control bladder contractions induced
by normal saline infusion. Control bladder activity during
chemical irritation was analyzed 0.5-2.5 h after beginning
acetic acid infusion, to allow time for the bladder contrac-
tions to stabilize.

Evaluation and statistical analysis

The effects of cumulative doses of LY274614, LY233536 or
LY235723 injected at approximately 15 min intervals on the
amplitude, duration and frequency of reflex bladder contrac-
tions were recorded under isovolumetric conditions with the
urethra closed or with it open to allow the bladder to empty.
The interval between two voiding cycles, termed the intercon-
traction interval (Maggi et al., 1986), was also measured
during continuous cystometry. During single cystometry,
each dose of LY274614 was given 20 min prior to the first

test. Two to four records were obtained after each dose. The
effects of the drug on volume threshold (VT) to induce mic-
turition and the volume of fluid released (voided volume; Vv)
during each voiding reflex was measured. Based on this
value, voiding efficiency (%) (VE = 100 VV(VT)-') could be
estimated. All values are expressed as mean ± s.e.mean.
Repeated measures analysis of variance (ANOVA) and
Student's t test were used when appropriate for statistical
data analysis. For all statistical tests, P <0.05 was con-
sidered significant. The ED50 values were calculated from the
dose-response curves.

Drugs

Drugs used in these studies included urethane (ethyl car-
bamate, Sigma), halothane (Ayerst Lab. Inc.), LY274614
((± )-decahydro-6-(phosphonomethyl)-3-isoquinolinecarboxylic
acid), LY233536 ((± )-decahydro-6-(2H-tetrazol-5-ylmethyl)-
3-isoquinolinecarboxylic acid) and LY235723 ([cis-(-)]-4-
(2H-tetrazol-5-ylmethyl)-2-piperidinecarboxylic acid) (Lilly
Res. Lab.). LY274614 was dissolved in a few drops of IN
sodium hydroxide and physiological saline for i.v. administ-
ration and in artificial CSF (Merlis, 1940; Feldberg & Fleis-
chhauer, 1960) for i.t. injection. LY233536 and LY235723
were dissolved in physiological saline for i.v. administration.
Drugs doses were calculated for the salts of each compound.

Results

The effects of LY274614 on bladder reflexes were studied in
four different preparations: (1) animals with an intact
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Figure 3 The effects of increasing doses of LY274614 on continuous filling (0.21 ml min-') cystometry and EMG of the external
urethral sphincter muscle in urethane-anaesthetized intact (a) and chronic spinal (b) rats. Doses represent total cumulative doses. Note
that the amplitude of micturition contractions and sphincter EMG activity are reduced by increasing doses of LY274614
(3-30mg kg-', i.v.) both in the intact and chronic spinal rats. Some bladder and sphincter EMG activity in the chronic spinal rat
remained even at the largest dose 30 mg kg- ' while those in the intact rat are completely abolished at this dose. Data in the intact rat
at 30 mg kg-' show a bladder inhibition with a higher baseline intravesical pressure. The reduction in amplitude of micturition
contractions in the chronic spinal animal is probably due to inhibition of external urethral sphincter activity (see Discussion). EUS
= external urethral sphincter.

&I L L



80 M. YOSHIYAMA et al.

neuraxis (intact) and (2) chronic spinal animals in which the
i.v. route of administration was used, (3) intact animals in
which drugs were administered intrathecally (i.t.) and (4)
intact rats during bladder irritation produced by infusion of
0.1% acetic acid into the bladder. Six parameters of bladder
activity were measured: peak amplitude of intravesical pres-
sure, duration and frequency of bladder contractions, inter-
contraction interval (interval between voids during con-
tinuous cystometry), volume threshold for inducing micturi-
tion (VT or bladder capacity) and voided volume (Vv). Based
on VT and Vv,, voiding efficiency as percentage of bladder
volume (VE = 100VV (VT)-') was estimated. In some experi-
ments the external urethral sphincter EMG activity was also
recorded while recording micturition reflexes.

Intact rats

Bladder activity recorded under constant volume conditions
(n = 5) consisted of rhythmic contractions occurring at peak
amplitudes of 27-45 mmHg (mean = 33 mmHg), frequencies
of 0.30-0.98 min-' (mean = 0.69 min-') and durations of
32-43 s (mean = 38 s). The amplitude of bladder contrac-
tions was decreased or inhibited completely following the
administration of increasing doses of LY274614 (Figure la).
As shown in the dose-response curve in Figure 2, a
significant decrease in amplitude of bladder contractions was
seen at doses between 3-30 mg kg-' with an ED50 of
2.3 mg kg-'. LY274614 in doses of 0.1-30 mg kg-' did not
affect either frequency or duration of bladder contractions.

In 12 animals, urinary bladder contractions recorded dur-
ing a continuous transurethral infusion (0.21 ml min-') of
saline exhibited peak pressures ranging from 16-107 mmHg
(mean = 50 mmHg), duration of 25-198 s (mean = 68 s) and
intercontraction interval of 10-302 s (mean = 118 s). The
amplitude of micturition contractions was reduced in a dose-
dependent manner following the administration of increasing
doses of LY274614 (3-30mg kg-', i.v.; Figures 3a and 4a)
with an ED5, of 12.2 mg kg-'. Although changes in intercon-
traction interval and duration of micturition contractions
were seen in some experiments, these changes were not con-
sistent or statistically significant (n = 12). In 3 of 12 animals,
30 mg kg-' or higher doses did not completely abolish the
rhythmic bladder activity but these doses did reduce amp-
litude to 48% of control (range: 26-86% of control). In 5 of
9 animals following complete inhibition of rhythmic bladder

contractions, baseline bladder pressure was higher than cont-
rol levels (range: 10-23 mmHg, above control baseline
mean = 16 mmHg) (Figure 3a). Sphincter EMG recorded
simultaneously with bladder reflex activity was also reduced
in a dose-dependent fashion by LY274614 (0.1-30 mg kg',
n = 5) with an ED5, of 3.5 mg kg' (Figures 3a and 4b).
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Figure 4 Log dose-response curves showing the effects of increasing
doses of LY274614 (0.1-30 mg kg-', i.v.) on the amplitude of micturi-
tion contractions (a) and sphincter EMG (b), during continuous filling
(0.21 ml min') cystometry in the urethane-anaesthetized intact (0)
and chronic spinal (A) rats. Abscissa scale: the cumulative dose of
LY274614 (mg kg-', i.v.) plotted on a log scale. Ordinate scale: con-
traction amplitude (a) or peak firing of EMG in spikes s-' (b) as a %
of control. Mean ± s.e.mean is plotted for each point. Dose-response
curves for amplitude of micturition contractions or sphincter EMG
both in the intact (n = 12, cystometrograms; n = 5, EMG) and chronic
spinal (n = 6, cystometrograms; n = 5, EMG) rats show a significant
decrease. Individual doses are compared to control by paired t test
(*P<0.05, **P<0.01, ***P<0.001). No significant difference
between the pairs of dose-response curves was revealed by two-way
repeated measures ANOVA in either (a) or (b).
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Figure S The effects of increasing doses of LY274614 during single filling (0.04 ml min-') cystometry in the urethane-anaesthetized
intact rat. Doses represent total cumulative doses. Note that the interval from the start of saline infusion to the point where
micturition occurs was prolonged by increasing doses of LY274614 (3-30 mg kg-', i.v.). Amplitude of micturition contractions was
also reduced by LY274614. M = micturition. VT = volume threshold.
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Flgur 6 (a) The effect of LY274614 on the amplitude of micturition
contraction during single filling (0.04 ml min-') cystometry in the
urethane-anaesthetized intact rats (n = 5). LY274614 (0.3-30 mg kg-',

i.v.) decreases the amplitude in a dose-dependent manner similar to the
result during continuous filling (0.21 ml min-') cystometry (Figure 4).
There is no statistical difference at each dose between continuous and
single cystometry. (b) LY274614 increases VT (volume threshold) in a

dose-dependent manner. (c) LY274614 decreases Vv (voided volume)
in a dose-dependent manner. Mean ± s.e.mean is indicated for each
column. Individual doses are compared to control by paired t test
(*P<0.05, **P<0.01, ***P<0.001).

In 5 animals, urinary bladder activity was recorded during
cystometry performed using a slower rate of transurethral
infusion (0.04 ml min') which more closely approximated
the rate of urine formation (Sillen, 1980). The bladder was

emptied at the end of each cystometrogram. The peak amp-

litudes of micturition contractions ranged from 26-40 mmHg
(mean = 33 mmHg) and durations between 25-45 s (mean =
34 s). These parameters were not significantly different from
the measurements obtained during continuous cystometry.
LY274614 produced a dose-dependent decrease in the ampli-
tude of micturition contractions (Figures 5 and 6a) similar to
the effect during continuous cystometry (Figure 4a). Figure 5

shows that with increasing doses of LY274614 the volume of
saline (bladder capacity or volume threshold) to produce a
micturition contraction was increased 1.5 and 3 times control
levels with 3 and 30 mg kg-' of LY274614, respectively. In
addition, as the bladder began to fill, small bladder contrac-
tions which did not produce a void were seen prior to

Figure 7 The depressant effect of increasing doses of LY274614
(0.3-30 mg kg-', i.v.) on the efficiency of voiding during single filling
(0.04mlmin-') cystometry in the urethane-anaesthetized intact rats
(n = 5). Voiding efficiency (VE, %) is defined as 100 Vv (VT)- Abs-
cissa scale: the dose of LY274614 (mgkg-', i.v.). Ordinate scale:
voiding efficiency (%). Mean ± s.e.mean is plotted for each column.
Individual doses are compared to control by paired t test (*P<0.05,
**P<0.01). C = control.

micturition (Figure 5). Control VT and Vv were 0.36-0.60 ml
(mean = 0.41 ml) and 0.13-0.53 ml (mean = 0.31 ml), respec-
tively, with a VE of 74%. Increasing doses of LY274614
increased VT (Figure 6b) and reduced Vv (Figure 6c). VE was
reduced to 11% of control at the maximal dose of LY274614
(Figure 7).

Chronic spinal rats

In 5 chronic spinal animals, bladder activity recorded under
constant volume conditions consisted of rhythmic contrac-
tions occurring at peak amplitudes of 10-23 mmHg
(mean = 16 mmHg), frequencies of 0.71-1.14min '
(mean = 0.96 min-') and durations of 33-41 s (mean = 37 s).
As shown in Figure lb, LY274614, at doses of 0.3 and
1 mg kg- 'in this preparation slightly but significantly in-
creased the amplitude of bladder contractions (Figure 2),
while the effects of larger doses were not significantly
different from control. Doses of LY274614 (0.1-30mg kg-'
i.v.) had no effect on frequency or duration of bladder con-
tractions.

In 6 chronic spinal animals, micturition contractions
recorded during a continuous transurethral infusion
(0.21mlmin-') of saline exhibited peak pressures ranging
from 10-42 mmHg (mean = 18 mmHg), durations of
24-46 s (mean = 31 s) and intercontraction intervals of
8-42 s (mean = 18 s). Increasing doses of LY274614
(0.1-30 mg kg-', i.v.) reduced the amplitude of the micturi-
tion contractions (Figure 3b). A significant decrease was seen
at doses of 10 and 30mg kg-' of LY274614 (Figure 4a) with
an ED50 of 18.5 mg kg-'. Durations and intercontraction
intervals were not affected by LY274614. Following the
30 mg kg-' dose of LY274614 bladder activity was depressed
for the remainder of the experiment (2-8 h). In 5 animals in
which sphincter EMG was recorded during cystometry,
LY274614 significantly decreased sphincter activity with an
ED50 of 4.7mg kg-' (Figures 3b and 4b).

Intact rats: i.t. administration ofLY274614

In 13 animals with an intrathecal catheter, voiding reflexes
induced by a continuous infusion of saline (0.21 ml min-')
had peak intravesical pressures of 21-127 mmHg
(mean = 58 mmHg), intercontraction intervals of 25-317 s
(mean = 106 s) and durations of 22-287 s (mean = 92 s). An
i.t. administration of LY274614 (0.06-30 fig) produced a
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dose-related reduction in micturition contraction amplitude
(EDm of 0.11 tg) (Figures 8 and 9a). In 7 animals (greater
than 50% of animals tested) bladder activity was abolished at
a dose of 121g of LY274614. In 9 animals after complete
inhibition, the baseline bladder pressure markedly increased
(20 mmHg; range: 15-27 mmHg) and saline constantly
leaked from the external urethral orifice (overflow incon-
tinence). In 7 animals, bladder activity was measured 5-18 h
following complete inhibition with doses ranging from
12-72 ltg. During this period, 5 of 7 animals showed a
partial recovery of bladder activity (35-141% of beginning
control, mean = 71%). In 4 of these animals, a second dose
of LY274614 also abolished the bladder activity. The effects
of LY274614 on duration and intercontraction interval were
quite variable and although a few doses showed a statistically
significant decrease, the effects were not dose-dependent.
Sphincter EMG recorded simultaneously with bladder reflex
activity was also reduced in a dose-dependent fashion by
LY274614 (0.06-30 Lg, n = 8) (Figures 8 and 9b). A statis-
tically significant reduction in the EMG activity was noted at
a dose of 0.12 jg (64.0% of control) with an EDm of 0.16 fig.

Time course of LY274614 effects on amplitude of
micturition contractions measured during continuous
cystometry

The durartion of bladder inhibition produced by LY274614
was studied following both i.v. and i.t. administration of the
drug. During continuous cystometry, a single dose
(30mgkg-', i.v., n=5 or 6 xg i.t., n=5) of LY274614 was
given to each animal and time course of recovery recorded
for up to 10 h following drug administration. Figure 10
shows the time course (up to 6 h) of recovery. Some recovery
was seen at 2.5 to 3 h following LY274614. In 2 animals
following i.v. and in 3 animals following i.t. administration,
the amplitude of the micturition contractions had not
recovered to control levels for up to 10 h following administ-
ration.

Influence of bladder irritation with acetic acid (0.1%)
on the effects ofL Y274614 (i.v.)

Since drugs that suppress the micturition reflex might be used
clinically to diminish bladder hyperactivity induced by
neurological disorders, a series of experiments was conducted
to examine the effect of LY274614 on bladder hyperactivity
induced by chemical irritation. In 12 animals, urinary bladder
activity was recorded during a continuous transurethral
infusion (0.21 ml min-'). Control micturition contractions
induced by saline infusion occurred at peak amplitudes of
21-78 mmHg, intercontraction intervals of 35-271 s and
durations of 27-86 s (Table 1). Following a control period of
30 min with saline infusion, the infusion solution was swit-
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Figure 9 Log dose-response curves showing the effects of increasing
doses of LY274614 (i.t.) on the amplitude of micturition contractions
(a) and sphincter EMG (b) during continuous filling (0.21 ml min -')
cystometry in the urethane-anaesthetized intact rats (n = 13, cys-
tometrograms; n = 6, sphincter EMG). Abscissa scale: the cumulative
dose of LY274614 (jig) plotted on a log scale. Ordinate scale: con-
traction of micturition amplitude (a) or peak firing of EMG in spikes
s-I (b) as a % control. Mean ± s.e.mean is plotted for each point.
Individual doses are compared to control by paired t test (a:
P<0.05, P: P<0.01, y: P<0-001)-

ched to 0.1% acetic acid, which had little effect on the
amplitude (32-69 mmHg) or duration (25-56 s) of micturi-
tion contractions but significantly decreased intercontraction
interval (9-83 s) (Table 1). In these animals the amplitude of
micturition contractions (n = 12) and sphincter EMG activity
(n = 5) were reduced following the administration of increas-
ing doses of LY274614 (0.1 -30 mg kg-' i.v.: Figure 11). The
ED5s for these effects were 24.3 mg kg-' and 16.6mg kg-',
respectively. Although reduction in amplitude of micturition
contractions seemed to require a larger dose of LY274614 in
the acetic acid-infused bladder (Figure lla), this effect was
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Figure 8 The effects of increasing doses of LY274614 administered by i.t. injection on continuous filling (0.21 ml min')
cystometry and sphincter EMG in the urethane-anaesthetized intact rat. Doses represent total cumulative doses. Drug injections
were made subdurally at the L6-S, level of spinal cord. Note the decrease in the amplitude of the micturition contractions and the
sphincter EMG activity following LY274614 (0.12-18 jig). EUS = external urethral sphincter.
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Table 1 The effects of acetic acid (0.1%) continuous filling
infusion (0.21 ml min ') to the bladder

Continuous filling
cystometrogram

Saline
Acetic acid

Intercontraction
Amplitude interval*
(mmHg) (s)

53 ± 5
52 ± 3

95 ± 20
27 ± 6

Duration
(s)

41 ± 6
40 ± 3

*Significant difference between 'saline' and 'acetic acid'
(P<0.01, paired t test). Only the intercontraction interval
was changed by acetic acid continuous infusion to the
bladder but not the amplitude and duration of micturition
contractions. All values are expressed as mean ± s.e.mean
(n= 12).

not statistically significant (two-way repeated measures
ANOVA) from saline infusion. Reduction in sphincter EMG
did, however, require a larger dose of LY274614 in the acetic
acid infused bladder as compared to saline-infused prepara-
tions (Figure 1 Ib). A significant reduction in sphincter EMG
was only detected at a dose of 30 mg kg-' (23.2% of cont-
rol); and a significant difference from the control experiment
with saline infusion occurred at 10 mg kg-' (two-way
repeated measures ANOVA followed by unpaired t test,
P <0.05). A significant decrease in duration of micturition
contractions was seen at 10 and 30 mg kg' for acetic acid-
infused bladder.

Effects of LY233536 and L Y235723 on continuous filling
cystometry
Two other competitive NMDA receptor antagonists were
studied on micturition reflexes. LY233536 is related chemi-
cally to LY274614, while LY235723 is chemically distinct.
Both compounds (1-100 mg kg-', i.v. of LY233536, n = 5 or
LY235723, n = 6) decreased the amplitude of micturition
contractions in a dose-dependent manner when studied with
continuous cystometry. Micturition contractions were com-
pletely inhibited by LY233536 or LY235723 at 100mgkg-'
with ED5s of 18 or 20 mg kg-', respectively. A significant
decrease in amplitude occurred at doses of 10mgkg-' and
larger of LY235723, and 30 mg kg- and larger of
LY233536. These drugs did not change durations or inter-
contraction intervals with the exception of an increase of
these intervals by LY235723 at doses of I mg kg- (P <0.05,
paired t test) and 3 mg kg' (P <0.01, paired t test).
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Figure 10 Graph showing the time course of the effect of LY274614
(30 mg kg-,' i.v., 0, n = 6 and 6 fig i.t., A, n = 6) on the amplitude
of micturition contractions during continuous filling (0.21 ml min-')
cystometry in the urethane-anaesthetized intact rats. Abscissa scale:
time scale (h) since LY274614 was administered. Ordinate scale:
contraction amplitude as a % of control. Mean ± s.e.mean is plotted
for each point. Individual points are compared to control by paired t
test (*P<0.05, **P<0.01, ***P<0.001). A comparison between
the i.v. and i.t. administration at each period, showed no significant
difference up to 6 h. Note that some recovery from LY274614 was
seen 2.5 to 3 h after injection but complete recovery was not seen in
all animals even 6 h after LY274614.
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Discussion

The results of the present study indicate that LY274614,
LY233536 and LY235723, competitive NMDA receptor
antagonists that enter the central nervous system (CNS) fol-
lowing systemic administration, can inhibit bladder and
external urethral sphincter reflexes in the urethane-anaes-
thetized rat. The site of these inhibitory effects is, at least in
part, at the level of the lumbosacral spinal cord and depend-
ent on an intact descending pathway from supraspinal sites.
These data support the conclusions that emerged from
previous studies with the non-competitive NMDA receptor
antagonist, MK-801, that CNS glutamatergic mechanisms
involving NMDA receptors are important in modulating
bladder and sphincter activities.
Although the block of the micturition reflex produced by

MK-801 is at the cationic channel associated with the
NMDA receptor complex (Foster & Fagg, 1987) while
LY274614, LY233536 and LY235723 block at the recogni-
tion site for NMDA, the effects of the drugs are qualitatively
similar in most respects. Both LY274614 and MK-801 inhibit
bladder and sphincter reflexes when administered either intra-

Figure 11 Log dose-response curves showing the effects of increasing
doses of LY274614 (i.v.) on the amplitude of micturition contraction
(a) and sphincter EMG (b) during continuous filling (0.21 ml min-')
cystometry with either saline (0) or 0.1% acetic acid (0) in intact
rats. Abscissa scale: the cumulative dose of LY274614 (mg kg-', i.v.)
plotted on a log scale. Ordinate scale: contraction amplitude (a) or
ratemeter output of EMG in spikes s- I as a % control (b).
Mean ± s.e.mean is plotted for each point. Dose-response curves both
with saline (n = 12, cystometrograms; n = 5, sphincter EMG) and
acetic acid (n = 12, cystometrograms; n = 5, sphincter EMG) infusion
show a statistically significant decrease in amplitude and sphincter
EMG peak firing. Individual doses are compared to control by paired
t test (*P<0.01, **P<0.001). There is no significant difference
between pairs of dose-response curves with saline or acetic acid
infusion in (a) although a significant difference is seen in (b) at a dose
of 10mg kg-' (two-way repeated measured ANOVA followed by
unpaired t test, P<0.05).

venously (i.v.) or intrathecally (i.t.). MK-801 is however more
potent (ED50 = 0.36mg kg-') than LY274614 (ED50 = 12.2
mg kg-') on i.v. administration but LY274614 is more potent
on i.t. administration (ED50 of MK-801 = 17 tsg; of LY274614
= 0.11 pg) (Yoshiyama et al., 1993). LY274614 has a slightly

n-b_t,
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longer time for onset than MK-801 (4-6 min compared to
1-2 min). These differences are consistent with the poorer

penetration of LY274614 across the blood-brain barrier and
the greater affinity of LY274614 for its binding to the NMDA
receptor complex (personal communications with Drs Ornstein
& Schoepp), in comparison to MK-801. Similar differences in
effective doses of MK-801 and LY274614 were seen by other
investigators examining the effects of these NMDA antagonists
on pain pathways (Elliott et al., 1991) and on neurotoxic
effects of excitatory amino acids and amphetamine (Fuller et
al., 1992).
One other qualitative difference between these two drugs

was the elevated bladder tone following complete inhibition of
bladder contractions with LY274614, seen when bladder
reflexes were studied during continuous cystometry. The
baseline bladder pressure was high (average 20mmHg) with
LY274614 (i.v. and i.t.), but this was rarely seen with MK-801.
Overflow incontinence occurred with both drugs following
inhibition of bladder contractions but only with LY274614
was an elevated resting pressure observed. The magnitude of
the pressure recorded in the bladder during continuous
infusion cystometry depends on two factors, the contractile
force of the bladder and the pressure at which the striated and
smooth muscle sphincters relax (outlet resistance). Since both
LY274614 and MK-801 inhibit micturition contractions, the
increase in baseline pressure seen following LY274614 is prob-
ably due to some residual urethral resistance reducing flow
through the urethra. The exact mechanism of this high resting
tone is not known but may represent some differential action
of the two drugs on either urethral smooth or striated muscle
sphincter activity. Although the mechanism of this elevated
bladder pressure was not investigated in the present study one
might speculate from in vitro data, which shows that MK-801
blocks nicotinic channels in cultured striated muscle cells
(Amador & Dani, 1991), that MK-801 may produce a more

effective relaxation of external urethral sphincter than
LY274614. An alternative explanation would be that MK-801
is more effective in producing relaxation of the smooth muscle
of the urethra.
The site of action of LY274614 within the CNS appears to

be similar to that proposed for MK-801 (Yoshiyama et al.,
1993). Since an i.t. administration of LY274614 or MK-801 at
the level of L6-S1 spinal cord inhibited bladder and sphincter
activity, a spinal site of action is likely. However, the absence
of an effect of LY274614 or MK-801 (Yoshiyama et al., 1993)
on bladder contractions in chronic spinal animals studied
under isovolumetric conditions would suggest that an intact
descending pathway from the pontine micturition centre is
necessary for the action of the drugs. However, a decrease in
sphincter activity with LY274614 or MK-801 was seen both in
animals with an intact spinal cord and in chronic spinal cord
transected animals; suggesting that NMDA receptor
mechanisms are important for both the spinal and supraspinal
control of external urethral sphincter activity. It should be
noted, however, that LY274614 did partially reduce the amp-
litude of the micturition contractions in chronic spinal animals
when using continuous cystometry with the urethral outlet
open. This effect is probably produced by decreased outlet
resistance rather than a decrease in bladder contractility since
with continuous cystometry, bladder pressure begins to
decrease as soon as the urethral outlet relaxes and voiding
begins. Furthermore, LY274614, even in very large doses
(>30mgkg-'), produced no decrease in reflex bladder con-
tractions in a group of animals studied with closed bladder
outlets (ligated) and at constant bladder volume. In these
animals, changes in outlet resistance could not modify bladder
pressure since a ligature separates the bladder from the
urethra. It is, therefore, concluded that reflex bladder contrac-
tions are not reduced by LY274614 in chronic spinal animals.
The lack of effect on bladder contractions in chronic spinal

animals with both LY274614 and MK-801 would suggest that
neural elements in the spinal bladder reflex pathway including
bladder afferent neurones, interneurones and preganglionic

efferent neurones do not utilize a glutamatergic NMDA recep-
tor mechanism. On the other hand i.t. administration of very
small doses of LY274614 to animals with an intact spinal cord
inhibited bladder activity, indicating that the descending limb
of the spinobulbospinal micturition reflex pathway (de Groat
et al., 1992) may utilize glutamate as a transmitter and must be
intact for LY274614 to be effective. However, since the drugs
do depress sphincter activity in chronic spinal animals,
NMDA receptor-related glutamatergic mechanisms must be
involved in the spinal reflex pathway controlling sphincter
function. In intact animals, the sphincter activity is suppressed
at a lower dose (EDj, = 3.5 mg kg-') than bladder activity
(ED_o= 12.2mg kg-'), which suggests that the drug affects
bladder and sphincter by different mechanisms. NMDA recep-
tors in the spinal cord are prominent in the vicinity of the
motoneurones which control sphincter, and around the central
canal and in the intermediolateral gray (Jansen et al., 1990;
Shaw et al., 1991). The latter regions of the cord contain
bladder preganglionic neurones or interneurones which are
involved in lower urinary tract function (de Groat et al., 1992),
and thus are likely to be one site of action of the NMDA
antagonists.
Although the present study suggests a spinal site of action

for LY274614, an effect on supraspinal pathways is also possi-
ble. A supraspinal site of action is supported by receptor
binding studies which show that NMDA receptors are present
in the brainstem near the pontine micturition centre
(Monagham & Cotman, 1985). Further support for a supras-
pinal site of action is provided by studies from this and other
laboratories which examined the effects of neuromodulators at
the level of the pontine micturition centre (Lumb & Morrison,
1987; Willette et al., 1988; Mallory et al., 1991). In these
studies glutamate was an effective agent in modulating micturi-
tion reflexes producing a reduction in VT when injected directly
into the pontine micturition centre. LY274614, much like
MK-801 (Yoshiyama et al., 1993), increased the VT and de-
creased the Vv when given i.v. and tested using cystometry.
The EDm for LY271614 in these experiments is about 30 times
that for MK-801: suggesting that LY274614 is less potent than
MK-801.
The duration of action of LY274614 following either i.v. or

i.t. was long, requiring approximately 4 h for a 50% recovery.
These results are consistent with those reported by other
laboratories which have evaluated different pharmacological
effects of LY274614 (Schoepp et al., 1991; Fuller et al., 1992).
We therefore were able to use, in the majority of our studies,
cumulative doses of LY274614 given at 15 min intervals with
complete dose-response curves usually requiring less than
90 min. This approach could be used since there was no
evidence for rapid tolerance development to repeated i.v.
administration of LY274614. Following partial or total
recovery from LY274614, a second dose of the drug produced
the same magnitude of response as seen with the first dose.
The effects of LY274614 on bladder hyperactivity due to

bladder irritation was also examined in the present study.
Bladder irritation was produced by substituting 0.1% acetic
acid for normal saline during a continuous cystometry. In the
irritated bladder model, LY274614 reduced the amplitude of
micturition contractions and sphincter EMG activity with the
dose-response curve for sphincter EMG showing a small shift
to the right. The typical effect of LY274614 in reducing blad-
der and sphincter activity occurred at a slightly higher dose for
sphincter EMG activity when the bladder was irritated with
acetic acid. The major effect produced by acetic acid was to
decrease the intercontraction interval (increase in frequency),
and this effect of irritation was not reduced by LY274614. This
latter result would be in agreement with our conclusions that
neither LY274614 nor MK-801 (Yoshiyama et al., 1993) have
any effect on the afferent limb of the micturition reflex or on
nociceptive afferents that modulate the reflex. These findings
are also consistent with the effects of MK-801 on increased
expression) of the immediate early gene, c-fos, in spinal
neurones induced by stimulation of bladder afferents. MK-801
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in doses that blocked the micturition reflex did not alter c-fos
expression elicited by non-noxious distension of the bladder of
the rat (Birder & de Groat, 1993). Large doses of MK-801 did
reduce by 50% the increased c-fos expression induced by
chemical irritation of the bladder (Birder & de Groat, 1992).
However, this- effect was remarkably reduced in spinal
transected animals, suggesting that the effect of MK-801 was
dependent upon the integrity of supraspinal pathways and was
not mediated by direct actions on spinal nociceptive
mechanisms.
Although the pharmacology and possible sites of action of

LY274614 were the primary focus of this study, two additional
competitive NMDA receptor antagonists were examined for
their effects on micturition reflexes. LY233536 is chemically
similar to LY274614 except that the phosphonic acid moiety is
replaced with a tetrazole group, while LY235723 is the (-)-
isomer of LY233053, a 4-tetrazolylalkyl substituted piperidine-
2-carboxylic acids with competitive NMDA antagonist activity
(Schoepp et al., 1990; Ornstein et al., 1991; 1992a,b; Zimmer-
man et al., 1992). Both LY233536 and LY235723 produced
effects, qualitatively similar to those of LY274614 and MK-
801, but were less potent in reducing micturition bladder
contractions. The reduced potency of these compounds is in
agreement with lower NMDA receptor affinity in vitro and
lower in vivo and in vitro antagonist activity reported by others
(Ornstein et al., 1991). The fact that a variety of compounds
which possess a high affinity for NMDA receptors in vitro

produce profound effects on micturition reflexes, provides a
strong support for the idea that glutamatergic mechanisms are
important in modulating reflex micturition.

In summary, these experiments suggest that glutamic acid is
an important neurotransmitter in the micturition reflex path-
way of the rat. This substance acts via NMDA receptors in the
lumbosacral spinal cord when descending pathways from the
brainstem to the cord are intact. On the other hand, in chronic
paraplegic rats when the descending pathways are eliminated,
NMDA receptor mediated glutamatergic transmission is not
essential for the generation of spinal micturition reflexes. The
inhibitory effects of LY274614 on external urethral sphincter,
however, still occurred after chronic spinalization; indicating
that glutamate is a transmitter in the spinal reflex pathways
controlling the urethral sphincter. LY274614 is a long acting
NMDA antagonist and may be potentially useful in the treat-
ment of neurogenic bladder hyperactivity. It has the advantage
over MK-801 of having fewer phencyclidine-like side effects
(Rasmussen, 1991; Rasmussen et al., 1991).
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Membrane current responses to externally-applied ATP in the
longitudinal muscle of the chicken rectum

T. Matsuoka, S. Komori & H. Ohashi

Laboratory of Pharmacology, Department of Veterinary Science, Faculty of Agriculture, Gifu University, Gifu 501-11, Japan

1 Membrane current responses to ATP in enzymically-dispersed single smooth muscle cells from the
chicken rectum were investigated by the whole-cell voltage clamp technique.
2 In cells dialysed with a KCl-rich solution under voltage clamp at a holding potential of -40 mV,
ATP (10 gtM) produced an inward current followed by an outward current. When the holding potential
was changed to 0 mV and - 80 mV, the biphasic current response to ATP was converted to an outward
current alone and an inward current alone, respectively.
3 External application of tetraethylammonium (TEA, 5 mM), intracellular dialysis with a CsCl-rich
solution, or inclusion of EGTA (10 mM) in the pipette abolished the outward current response to ATP.
4 Neither depletion of Ca2l store with caffeine (10 mM) nor block of voltage-gated Ca2" channels with
nifedipine (10 gM) affected the biphasic current response to ATP. After removal of the extracellular Ca2"
the outward current response to ATP was abolished.
5 a,-methylene ATP (100 JlM) elicited a current similar to the ATP-induced current. In the presence of
a,-methylene ATP (100 IM), application of ATP (100 gM) was without effect.
6 In CsCl-filled cells, ATP analogues elicited an inward current and the order of potency was ATP.
00-methylene ATP>ADP>> AMP.
7 Inclusion of GTP y S (0.2 mM) or GDP P S (2 mM) in the pipette did not affect the ATP-induced
inward current in CsCl-filled cells. The reversal potential of the ATP-induced inward current was about
0 mV and was completely inhibited after replacement of the cations in the bath solution by Tris. The
reversal potential remained almost unchanged after replacement of Na+ in the bath solution with
110 mM Ca2", but shifted in the negative direction after replacement of Na+ or both Na+ and Ca2+ with
glucosamine.
8 The results suggest that ATP acts on P2 purinoceptors to cause activation of cation channels with
selectivity for Ca2' over Na+. Moreover, it appears that no G-protein-mediated mechanism is involved
and increased Ca2+ entry through the cation channels causes activation of Ca2'-activated K+ channels.

Keywords: Smooth muscle; ATP; membrane current: chicken rectum; cationic channel; purinoceptor; voltage-clamp; G-protein

Introduction

Non-adrenergic, non-cholinergic (NANC) neurotransmission
occurs in artery (Sneddon & Burnstock, 1985; Suzuki, 1985),
vas deferens (Sneddon et al., 1982; Sneddon & Westfall,
1984) and urinary bladder (Hoyle & Burnstock, 1985; Fujii,
1988; Brading & Mostwin, 1989) of several species of mam-
mals. There is considerable evidence that suggests that ATP
serves as a transmitter, mediating fast excitatory junction
potentials (ej.ps) in these preparations. Recent studies with
the whole-cell voltage clamp technique in enzymatically
isolated cells revealed that ATP causes activation of non-

selective cation channels leading to membrane depolarization
with the necessary properties of the fast excitatory neuromus-
cular transmitter (ear artery: Benham et al., 1987; Benham &
Tsien, 1987; vas deferens: Nakazawa & Matsuki, 1987; Friel,
1988; urinary bladder: Inoue & Brading, 1990).
In the rectum of the fowl, the presence of NANC innerva-

tion has been reported (Takewaki & Ohashi, 1977; Komori &
Ohashi, 1988a) and the ej.p. evoked by stimulation of the
NANC nerves is very similar in temporal and spatial proper-
ties to the fast ej.p. recorded from the smooth muscle of
mammals (Komori & Ohashi, 1982). ATP, when applied
locally by pressure ejection from a micropipette, also causes
the membrane of the smooth muscle of the chicken rectum to
depolarize and the membrane depolarization can mimic the
NANC e.j.p. in some respects. However, there are some
unfavourable observations for the hypothesis that ATP

' Author for correspondence.

serves as a transmitter for NANC neuromuscular transmis-
sion. A general criterion used to characterize the transmitter
is desensitization. In chicken rectum, ej.ps can be recorded
without any noticeable change in amplitude from cells in
which desensitization to the depolarizing action of ATP has
developed with repetitive application of ATP (Komori &
Ohashi, 1988b). Furthermore, a non-hydrolysable ATP
analogue, a,-methylene ATP, which has been shown to
activate and then desensitize P2 purinoceptors in many
different cell types of mammals, does not cause selective
desensitization of P2 purinoceptors and therefore does not
represent a useful pharmacological tool for the study of the
transmitter in NANC neurones in the rectal muscle of the
chicken (Komon et al., 1988).

In the present study, membrane currents in response to
ATP were measured by use of the whole-cell voltage clamp
technique in single smooth muscle cells isolated from the
longitudinal muscle layer of the chicken rectum. Some char-
acteristics and intracellular transduction mechanisms of cur-
rent responses to ATP were investigated for comparison with
those in mammalian smooth muscle in which ATP acts on P2
purinoceptors as an excitatory transmitter.

Methods

Preparation of cells

White Leghorn chickens of either sex, aged 3-6 months
(0.8-2.0 kg) were stunned and bled. The rectal region of the

0 Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 87-94
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intestine was removed and flushed clean with a physiological
salt solution (PSS; composition given in Table 1). The
isolated rectum was sectioned lengthwise and pinned serosal
side up on a rubber board. Ten to fifteen pieces of muscle
strips (about 1 mm in width and 10 mm in length) were
dissected from the longitudinal muscle layer of the intestine.
The strips were cut into small pieces, about 1 mm square,
incubated in a Ca2l-free PSS for 10 min at 37°C and then
re-incubated in a mixture of collagenase (1.25 mg ml-') and
papain (4.5 mg ml-') in a low Ca2" (30 pM) containing-PSS
for 60 min at 37°C. After the enzymic digestion, tissue pieces
were placed in a fresh 120 tM Ca2'-containing PSS and
gently agitated by drawing them in and out of a blunt glass
pipette 50-60 times. The resulting suspension was filtered
through a fine nylon mesh and centrifuged at 700 r.p.m. for
2 min and the cells were resuspended in 3-5 ml PSS contain-
ing 0.5 mM Ca2". Small aliquots of cell suspension were
placed on 10 to 20 cover-glasses and kept in a moist atmo-
sphere at 4°C until use. The isolated cells were used for the
experiments on the day they were prepared.

Recording ofmembrane currents

A cover-glass with cells was placed in a small bath (1.5 ml)
on the stage of a microscope (Olympus: CK-2). The organ
bath was filled with PSS. Whole-cell current recordings were
made at room temperature with standard patch-clamp techni-
ques (Hamill et al., 1981). Patch pipettes had resistances of
3-7 MQ when filled with pipette solution. Current recordings
were made through an amplifier (List; EPC-7) and were
displayed on an oscilloscope and stored on FM tape with a
recorder (Sony; FFR-3215W) and then replayed onto a ther-
mal array chart recorder (Nihon Kohden: RTA-llOOM) for
illustration and analysis.
To measure the reversal potential of the ATP-induced

current in CsCl-filled cells, the membrane potential was held
at - 40 mV and step pulses (200-300 ms in duration) were
applied during the application of ATP. For a precise current-
voltage relationship, current amplitudes at the test potentials
should be measured at a steady conductance level. In practice
this was not possible because of the transient nature of the
ATP-induced current. The peak amplitude of the ATP-
induced current at - 40 mV (IATP40) was measured and the
amplitudes of ATP-induced currents at the two test poten-
tials were estimated by an extrapolation method using the
decay time constant for IATP-40O
The experimental values in the text are expressed as the

mean ± s.e.mean. Statistical significance was tested by
Student's unpaired t test and differences were considered
significant when P< 0.05.

Application of drugs

Extracellular application of a drug was made by replacing
the bath solution with the drug-containing solution. Intracel-

lular application of a drug was made by allowing it to diffuse
into the cell from patch pipettes filled with the drug-
containing pipette solution.

Solutions and drugs

The ionic compositions of salt solutions are present in Table
1.
A KCl-rich patch pipette solution had the following com-

position (mM): KCI 134, ATP 1, EGTA 0.05, glucose 14,
HEPES 10.5 (titrated to pH 7.2 with NaOH). A CsCl-rich
pipette solution was prepared by equimolar substitution of
KCI with CsCl and adjusted to pH 7.2 by titration with Tris.
Drugs used were adenosine 5'triphosphate magnesium salt

(ATP: Sigma), adenosine 5'-disphosphate sodium salt (ADP;
Sigma), adenosine 5'-monophosphate sodium salt (AMP;
Sigma), a,p-methy1ene adenosine 5'-triphosphate lithium salt
(a,p-methylene ATP; Sigma), carbachol chloride (Tokyo
Kasei), caffeine (Wako), guanosine 5'-O-(3-thriotriphosphate)
(GTP y S; Sigma), guanosine 5'-0-(2-thiodiphosphate) (GDP
P S; Sigma), glycol etherdiamine tetraacetic acid (EGTA;
Wako), D-(+)-glucosamine hydrochloride (Glu; Wako),
nifedipine (Tokyo Kasei) and tetraethylammonium chloride
(TEA; Wako). All other chemicals used were of reagent
grade.

Results

Current responses to externally applied ATP

Single smooth muscle cells from chicken rectum were bathed
in PSS and held under voltage-clamp at a holding potential
of -40 mV using pipettes filled with a KCl-rich solution. In
a fraction of the cells, spontaneous transient outward cur-
rents (STOCs; Benham & Bolton, 1986) were observed.
ATP (1OI1M), when applied extracellularly, produced an

inward current followed by an outward current. The initial
inward current component of the biphasic current response
to ATP developed rapidly to reach a peak amplitude within
1 s and was then converted to an outward current (Figure 1).
Such a rapid transition from inward to outward current
apparently determined the peak amplitude of the inward
current which varied from a barely detectable level (about
20 pA) to 0.5 nA (n = 26). The outward current reached a
peak amplitude of 0.1 to 2.0 nA 0.4 to 2.4 s after the peak of
the preceding inward current and then declined to the basal
current level within 10 s in the continued presence of ATP.
ATP also increased the frequency of STOCs. When applica-
tion of ATP (10 4M) was repeated at an interval of 3 to
5 min, desensitization to ATP developed and the third or
fourth application of ATP produced no detectable current
response.

Table 1 Ionic composition of the bathing solutions

Concentration ( mM)

Bath solution NaCl K

PSS
130-Na
110-Ca
2-Ca/135-Glu
0-Ca/135-Glu

126
130

All solutions containe
HEPES. The PSS was a

the other solutions to
(hydroxymethyl)-aminon
(pKa = 8.6) is 96% ion:

Differentiation between the inward and outward current
components of the biphasic ATP response

Glucosamine In cells held at 0 mV, ATP (10 riM) evoked an outward
Cl MgCl2 CaC12 HCI current lasting 4 to 10 s, and the peak amplitude was between

0.2 and 1.6 nA (n = 5) (Figure 2a). The frequency and ampli-
6 1.2 2 - tude of STOCs increased during the current response to
- - - - ATP. When the holding potential was - 80 mV, close to K+

-- 110 1 equilibrium potential, ATP (10 EiM) evoked an inward current
2 135 with a peak amplitude of 100 to 420 pA (n = 6) which lasted

- -135 for about 15 s. Figure 2b shows current responses of a cell to

d 14 mM glucose and 10.5 mM ATP (10 gM) obtained at holding potentials of - 80 mV and
djusted to pH 7.2 with NaOH and - 40 mV. The cell responded with a single inward current at
pH 7.2 by titration with Tris- - 80 mV but with a biphasic current at - 40 mV.

nethane. At this pH, glucosamine When a potassium channel blocker, TEA (5 mM), was
ized. added to the bath solution, no outward current was elicited
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Figure 1 Biphasic current responses to ATP (10 jAM) in two different
cells held under voltage-clamp at a holding potential of - 40 mV
(HP -40 mV). The cells were dialysed with a KCl-rich pipette
solution. (a) A transient small inward current was followed by a
relatively large outward current; (b) initial inward and subsequent
outward currents with a similar amplitude. In all 26 cells, ATP
(10 JiM) evoked a biphasic current response although both inward
and outward current components varied in shape and amplitude
from one cell to another. See text for details.

by ATP (10 iLM) in cells held at - 40 mV. After removal of
TEA from the bath solution, ATP produced a biphasic cur-
rent response (Figure 3a). When a CsCl-rich pipette solution
to block K+ current was used, ATP (10 gM) elicited a brief
inward current (see Figure 6b and Figure 7). Furthermore,
the outward component of the biphasic current to ATP was
not observed with 10 mM EGTA in a KCI-rich pipette solu-
tion (Figure 3b).

These results strongly suggest that the outward current
component of the biphasic ATP response results from activa-
tion of K+ channels which is brought about by a rise in
intracellular Ca2+ concentration ([Ca2+]j) and the inward cur-
rent component results from activation of other ion channels
which are not regulated by [Ca2+],.
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Figure 2 Current responses to ATP (10 tLM) at three different hold-
ing potentials. KCl-rich pipette solution was used. (a) ATP-induced
current response at 0 mV; (b) current responses to ATP at - 80 mV
(left), and at - 40 mV (right). Current records in (a) and (b) are
from different cells. Note that ATP-induced current response was
biphasic at - 40 mV, but simply inward at - 80 mV or outward at
OmV.

Calcium sources responsible for the A TP-induced K+
current

Release of Ca2" from intracellular stores produced by bath
application of caffeine (10 mM) (Benham & Bolton, 1986)
produced a brief outward current with a peak amplitude of
0.1-2.7 nA (n =5) which resulted from opening of Ca2`-
activated K+ channels. STOCs were also abolished by
caffeine. In the continued presence of caffeine, application of
ATP (10 jLM) produced a biphasic current response similar to
that seen in normal PSS (Figure 4a). After removal of Ca2`
(with addition of 0.5 mM EGTA) from the bath solution.
ATP activated only an inward current whereas caffeine
(10 mM), applied in the presence of ATP, produced a large
outward current (Figure 4b). Readmission of Ca2+ to the
bath solution resulted in restoration of a biphasic current
response to ATP (Figure 4c). A voltage-dependent Ca2+
channel blocker, nifedipine (10 jiM), when applied in the bath
solution, had no noticeable effect on the biphasic ATP re-
sponse.

These results suggest that a rise in [Ca2+]i responsible for
the ATP-induced outward K+ current may result from Ca2+
influx through a nifedipine-insensitive pathway rather than
release of Ca2+ from internal Ca2+ stores.

Effects ofc,j-methylene ATP on the A TP-induced
current

Bath application of a,,B-methylene ATP (100 jM) induced a
biphasic current response resembling the ATP-induced cur-
rent. A transient inward current was followed by a relatively
long-lasting outward current (Figure 5a) and the outward
current component was absent in CsCl-filled cells (Figure
5b). Application of ATP (10 or 100 iM) in the presence of
X,P-methylene ATP did not evoke a current (Figure 5a,b).
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Figure 3 The effect of external TEA and intracellular EGTA on the
outward current component of the ATP-induced biphasic current.
The cells were voltage-clamped at -40 mV (HP -40 mV) and a
KCI-rich pipette solution was used. (a) An inward current alone in
response to ATP (10 gM) with extracellular application of TEA
(5 mM) (left) and a biphasic current response after removal of TEA
(right). (b) An inward current response to ATP (10 M) with in-
clusion of EGTA (10 mM) in the pipette solution. Current records in
(a) and (b) are from different cells.

Concentration-dependence of the A TP-induced inward
current and the effects ofATP analogues

The shape and amplitude of the ATP-induced inward current
were less variable in CsCl-filled cells than in cells with KCI-
filled pipettes. Thus, the concentration-dependence of the
ATP-induced inward current was examined in cells with
CsCl-filled pipettes held at - 40 mV. Current responses to
ATP at various concentrations were obtained from different
cells in order to avoid underestimation that might arise from
desensitization following repetitive exposure to ATP. ATP at
a concentration of 0.1 4M was without effect (n = 4), but at
concentrations greater than 1 0lM, elicited a brief inward
current. The peak amplitude of current responses increased in
a concentration-dependent manner. The maximum amplitude
of 292 ± 28 pA, (n = 3) was attained with 100 gM ATP. The
concentration required for half the maximum amplitude
could not be determined precisely but was in the micromolar
range (see Figure 6a).
The effective concentrations of a,-methylene ATP were

also in the micromolar range and the amplitude of peak
inward currents induced by 1I00gM a,-methylene ATP was

315 ± 90 pA (n = 5), which was not significantly different
from that of ATP (100-200 pM)-induced currents. Another
ATP derivative, ADP, at 1I00 M also produced an inward
current with amplitudes of 10 to 40 pA (n = 3), but AMP
(1I00 M) produced no detectable current. Thus, the order of
potency in producing the inward current was ATP a,-
methylene ATP>ADP>>AMP, suggesting that the cur-
rent response is mediated by P2 purinoceptors (Burnstock,
1978).
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Figure 4 ATP-induced current responses after depletion of the
intracellular Ca2l store and in the absence of extracellular Ca2". The
cells were voltage-clamped at -40 mV and a KCI-rich pipette solu-
tion was used. (a) A biphasic current response to ATP (10 pM) in the
continued presence of caffeine (10 mM) which depleted the intra-
cellular Ca2l stores (see a transient outward current on application
of caffeine). (b) An inward current response to ATP (IO M) and an
outward current response to caffeine (10 mM) applied in the con-
tinued presence of ATP in a cell bathed in Ca2l-free, with 0.5 mM
EGTA-added, PSS. (c) A biphasic current response to ATP (10 pM)
after readmission of Ca2l in the bath solution. Current records in (b)
and (c) are from the same cell.

Effects of GTPyS and GDPPS on the ATP-induced
inward current

Involvement of a GTP-binding protein in the ATP-induced
inward current was tested with a non-hydrolysable GTP
analogue, GTPyS, and a non-hydrolysable GDP analogue,
GDPPS. These agents are known to affect muscarinic
receptor-activated cation channels in intestinal smooth mus-
cle cells (Inoue & Isenberg, 1990; Komori et al., 1992a). With
GTPyS (0.2 mM) in the patch pipette solution, there were
small and irregular inward currents for several minutes after
rupturing the cell membrane. This was not observed with
GDPPS. Neither GTPyS (0.2 mM) nor GDPPS (2 mM)
affected the ATP (10 gM)-induced inward current and its
shape and amplitude were very similar to those in normal
cells (Figure 6b): The mean amplitude of the ATP-induced
current was 253 ± 53 pA (n = 11) in GTPyS-treated cells and
273 ± 64 pA (n = 10) in GDPPS-treated cells. Each of the
mean values did not significantly differ from the control
value of 221 ± 43 pA (n = 15) (see Figure 6a).
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HP -40 mV

a

400 pA (a)
200 pA (b)

5s

a, ,-methylene ATP 100 tLM
ATP 100 tLM

b

aI,-methylene ATP 100 IM
ATP 100 AM

Figure 5 Currents to a,p-methylene ATP and its effect on the
response to ATP. The cells were voltage-clamped at - 40 mV. (a) A
biphasic current to a,p-methylene ATP (100 I1M) in a cell dialysed
with KCl-rich pipette solution which blocked the response to ATP
(100 PAM). (b) An inward current to a,-methylene ATP (100 gM)
which blocked the response to ATP (100 gLM) in a cell dialysed with
CsCl-rich pipette solution. Note that a,-methylene ATP induced
similar currents to ATP shown in Figures 1 and 6b and rendered the
cells insensitive to ATP.
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Ionic basis of the A TP-activated current

In an attempt to evaluate the ionic selectivity of the ATP-
induced inward current, the reversal potential of the current
to ATP (10IM) was measured in cells dialysed with a CsCl-
rich pipette solution and bathed in various extracellular solu-
tions (see Table 1).

Substitution of external cations with Tris, normally a less
permeant cation through cationic channels, resulted in aboli-
tion of the ATP (10 JM)-induced inward current. After retur-
ning to normal PSS ATP evoked an inward current (Figure
7).

Cells were bathed in 130-Na solution (see Table 1), and the
membrane potential was stepped from the holding potential
of -40 mV to test potentials of -10 and + 10 mV during
application of ATP (10 pM). Figure 8a shows a typical
recording of an ATP-induced current from a cell bathed in
130-Na solution. The ATP-induced current was inward at
- 40 and - 10 mV but outward at 10 mV. To estimate the
reversal potential of the ATP-induced current, the apparent
peak amplitudes of ATP-induced currents at the three
different potentials were obtained by an extrapolation
method (see Methods). Figure 8c shows a plot of the peak
current amplitudes obtained from the recording in Figure 8a
against the membrane potential (closed triangles). The
current-voltage relationship gave a reversal potential in this
cell of + 0.3 mV. In seven cells, the mean reversal potential
of the current was 0.4 ± 1.0 mV. According to a modified
Goldman-Hodgkin-Katz equation (Fatt & Ginsborg, 1958),
the mean reversal potential corresponded to a relative perme-
ability for Na+ over Cs+ (PNa/PCs) of 1.2 (see Table 2).
Similar experiments were carried out in cells bathed in PSS.
In eight different cells, measurement of the reversal potential
of the current gave a mean value of + 4.2 ± 3.0 mV.
With 110 mM CaCl2 in the bath solution (110-Ca solution:

Table 1), ATP produced an inward current at the holding
potential of - 40 mV, and the peak amplitude was com-
parable with that evoked in PSS or 130-Na solution. The
ATP-induced current was also inward at - 40 and - 10 mV
and outward at + 10 mV (Figure 8b and c, closed circles). In
four different cells, the mean reversal potential of the current
was + 8.0 ± 2.5 mV (n = 4) which gives a ratio of
permeability of Ca2+ to Cs+ (PCa/PCs) of 2.9 (Table 2). With
a reduction of the external Ca2+ concentration to 2 mM
(2-Ca/135-Glu solution; Table 1), ATP still induced an
inward current at the holding potential of - 40 mV, but the
current amplitude became much smaller than that observed
in 110-Ca solution. As illustrated in Figure 9a (also see
closed circles in Figure 9c), the ATP-induced current
obtained in 2-Ca/135-Glu solution was inward at - 40 mV
and outward at - 20 mV. The mean reversal potential was
- 31.7 ± 0.4 mV (n = 7) which corresponds to a relative

HP -40 mV

Tris+ Normal PSS

Figure 6 Concentration-dependence and lack of effect of intra-
cellularly-applied GTPyS and GDPPS on the ATP-induced inward
current. A CsCl-rich pipette solution was used and cells were
voltage-clamped at -40 mV. Each measurement of ATP-induced
currents was made in a different cell. (a) Plot of the peak amplitude
of ATP-induced current against ATP concentration in control cells
(0). The amplitudes of current responses to 1O0M ATP in GTPyS
(0.2mM)-treated cells (0) and GDPP (2mM)-treated cells (A), are
also presented. Each point represents the mean ± s.e.mean. The
number of measurements is indicated by numbers close to the points.
The concentration-response relationship shows that the concentra-
tion required for half maximum response of the ATP-induced inward
current is in the micromolar range. (b) Inward current responses to
ATP (1O lM) in normal (left), GTP'yS (0.2 mM)-treated (middle) and
GDPPS (2 mM)-treated cells (right). The GTP analogues were
included in the patch pipette solution.

ATP 10 jIM

100 pA

5 s
ATP 10 ,LM

Figure 7 Abolition of ATP-induced inward current by substitution
of the external cations with Tris. The cell was held at - 40 mV and
CsCl-rich pipette solution was used. No response to bath-applied
ATP (10 gLM) was observed in the presence of Tris (left) but after
returning to normal PSS, ATP elicited an inward current (right).
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Figure 8 Relationship between the amplitude of the ATP-induced
currents and the clamp potential. The cells were dialysed with a
CsCl-rich pipette solution and held at -40 mV. (a and b) Current
responses to ATP (1O lM) in cells bathed in 130-Na solution (a) and
110-Ca solution (b) (see Table 1). Test step potentials were - 10 and
+ 10 mV. Upper traces, voltage step protocol: lower traces, current
record. (c) Plot of the amplitude of ATP-induced currents against
clamp potential: (A) from the recording in (a); (-) from that in (b).
The current amplitudes at -10 mV and 10 mV were estimated by an
extrapolation method using the decay time constant for the ATP-
induced current at - 40 mV (700 ms in (a) and 1250 ms in (b). (see
Methods). Lines were drawn by the least-squares method.
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Table 2 Reversal potentials of the ATP-induced current

Reversal potential
Bath solution (mean ± s.e.mean) (mV)

+4.2± 3.0 (n=8)
+ 0.4 ± 1.0 (n = 7)
+8.0± 2.5 (n=4)
-31.7 ±0.4 (n=7)
-46.6± 1.5 (n=3)

Permeability ratio

PNa/PCs 1.2
PCa/PCs 2.9
PCa/PCs 7.1
PGIu/PCs 0.15

Figure 9 Relationship between the amplitude of the ATP-induced
current and the clamp potential. The cells were dialysed with CsCl-
rich pipette solution and held at -40 mV. (a and b) Current res-
ponses to ATP (10 tM) in two different cells bathed in 2-Ca/135-Glu
(a) and 0-Ca/135-Glu (b) (see Table 1). During application of ATP,
the membrane potential was stepped from -40 mV to test potentials
of - 30 and - 20 mV in (a) and to - 50 and - 20 mV in (b). Upper
traces, voltage step protocol; lower traces, current record. (c) Plot of
the amplitude of ATP-induced currents against clamp potential: (0)
and (A) are from the recordings in (a) and (b) respectively. Lines
were drawn by the least-squares method.

CsCl-rich pipette solution (containing 130 mm CsCl) was
used. Permeability ratios were calculated using the mean
values of the reversal potential according to a modified
Goldman-Hodgkin-Katz equation (Fatt & Ginsborg, 1958).
Monovalent ion activities were taken as 0.75 and divalent
ion activities as 0.25 (110-Ca solution) or 0.3 (2-Ca/135-Glu
solution) (Benham & Tsien, 1987).

permeability for Ca2" over Cs' (Pc,/Pc.) of 7.1, if PGlu/PCS is
taken as 0.15 (see below). Further, with removal of external
2 mM CaC12 (0-Ca/135-Glu solution: Table 1), the ATP-
induced current was outward at - 40 and - 20 mV, as
shown in Figure 9b and c (closed triangles). With these
solutions the mean reversal potential of the current was
- 46.6 ± 1.5 mV (n = 3), which was significantly (P <0.05)
different from the value (- 31.7 ± 0.4 mV) obtained in 2-Ca/
135-Glu solution. The mean reversal potential obtained in
0-Ca/135-Glu solution gives a relative permeability for
glucosamine-H+ over Cs' (PGluI/PCS) of 0.15 (Table 2).
These results suggest that the ATP-induced inward current

may be carried by Ca2'-permeable cation channels.

Discussion

The present study shows that in enzyme-dispersed single
smooth muscle cells from the longitudinal muscle layer of
chicken rectum, ATP induces two types of membrane cur-
rent. One type appears to flow through cation selective chan-
nels and its reversal potential is close to 0 mV in PSS, and
the other type passes through K+ channels which are
activated by intracellular Ca2". Since activation of the cation
channels is expected to depolarize the membrane of smooth
muscle cells, the inward current described in this paper may
underlie the depolarization evoked by ATP in tissue prepara-
tions from chicken rectum (Komori & Ohashi, 1988b).

Properties of the A TP-induced outward current

The outward current component of the biphasic response to
ATP was blocked by TEA in the bath solution and was not
observed at the potassium equilibrium potential (- 80 mV)
or if potassium was not present in the pipette and bathing
solution. Thus, the outward current to ATP appears to be
due to activation of K+ channels. Since inclusion of EGTA
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(10 mM) in the pipette blocked the outward current, the link
between ATP receptor and the opening of K+ channels may
be an increase in Ca2" concentration in the cytoplasm. Eleva-
tion of [Ca2+]i caused by increased Ca2" entry across the
membrane may play a major role for the activation of K+
channels, since the ATP-induced outward current was elicited
after depletion of intracellular Ca2" stores by caffeine. The
outward current was abolished after removal of the extracel-
lular Ca2" with intact caffeine-releasable intracellular Ca2`
stores. The Ca2" influx pathway is not the voltage-dependent
Ca2" channel because of insensitivity of the Ca2+-activated
K+ current to nifedipine.

In ear artery cells from the rabbit, it has been demon-
strated, with a fluorescent Ca2` indicator (Indo-l), that ATP
activates Ca2+-permeable nonselective channels, which results
in a rise in [Ca2+]i due to Ca2+ entry (Benham, 1989). In the
present study, it was shown that the ATP-induced inward
current could be carried by calcium ions. In the present work
single channel activity was not recorded but it seems likely
that the ATP-induced current is carried by Ca2"-permeable
cation channels. Ca2" entry then leads to activation of Ca2+-
activated K+ channels. This view is compatible with the
finding that the outward current component of the biphasic
response to ATP was always preceded by the inward current
component. In rabbit jejunal smooth muscle cells, carbachol
induces an inward current due to activation of cation chan-
nels almost impermeable to Ca2` as well as an outward
current due to activation of Ca2"-activated K+ channels
brought about by release of Ca2" from internal stores
(Komori & Bolton, 1990). Thus, there is apparently no
causal relationship between inward and outward currents. It
is worth noting that the outward current is not necessarily
preceded by the inward current in this type of smooth muscle
cell (Komori & Bolton, 1990).
ATP, unlike caffeine, did not reduce or abolish the activity

of STOCs (see Figure 2a) which are considered to represent
the sporadic release of Ca2" from intracellular stores (Ben-
ham & Bolton, 1986; Bolton & Lim, 1989), suggesting that
ATP may not release Ca2` from internal stores in chicken
rectal cells. Application of caffeine subsequent to ATP
elicited an outward current due to activation of Ca2+-
activated K+ channels which was comparable to that elicited
by caffeine alone. Similarly, it has been reported that ATP
does not release Ca2" stores in smooth muscle cells dispersed
from rabbit ear artery (Benham et al., 1987; Benham, 1989).
On the other hand, ATP produces release of Ca2" stores in
cultured smooth muscle cells from rat and pig aorta (Tawada
et al., 1987; Phaneuf et al., 1987; Droogmans et al., 1991).
The existence of a subtype of ATP receptor (P2y purinocep-
tor), which is coupled to phospholipase C leading to the
formation of inositol 1,4,5-trisphosphate mediating the
release of Ca2+, has been suggested in turkey erythrocytes
(Boyer et al., 1989) and in rat renal cortex (Nanoff et al.,
1990). The different effects of ATP on Ca2` stores in many
types of cells may be largely due to the existence of two
different subtypes of P2 purinoceptor (Ph and P2y).

Properties of the A TP-induced inward current

The ATP-induced inward current in chicken rectal cells is
similar in many properties to that in a variety of smooth
muscle cells (rabbit ear artery, Benham et al., 1987; Benham
& Tsien, 1987; rat vas deferens, Nakazawa & Matsuki, 1987;
Friel, 1988; guinea-pig urinary bladder, Inoue & Brading,
1990). First, there is rapid desensitization of the current.
Secondly, the current does not depend on intracellular Ca2+.
Thirdly, activation of ion channels responsible for the current
is mediated via P2 purinoceptors and the effective concentra-
tion of ATP is in the micromolar range. Fourthly, the cur-
rent reverses near 0 mV in PSS (with Na+ as a main cation)

and it is carried by cations. Some of these are the properties
usually linked with the Pu, receptor subtype. In different cell
types, however, a,-methylene ATP is not as potent an
agonist as ATP and may or may not block the response to
ATP. After exposure to x,P-methylene ATP, ATP is com-
pletely ineffective in chicken rectum muscle and guinea-pig
urinary bladder muscle (Inoue & Brading, 1990), but it is still
effective in rat vas deferens muscle (Friel, 1988). a,-
methylene ATP was as potent as ATP in activating the
inward current in smooth muscle cells of chicken rectum and
rabbit ear artery, but less potent than ATP in guinea-pig
urinary bladder and rat vas deferens. In the present study,
permeabilities of Ca2+ relative to Na+ (PC./PNa) in the ATP-
activated cation channels were estimated to be 2.4 and 5.9
with 110mM Ca2' and 2mM Ca2+ in the external medium,
respectively (see Table 2), which are similar to the values
described in rabbit ear artery (Benham & Tsien, 1987). Based
on these facts, the ATP receptor subtype in chicken rectum
muscle seems closely related to that in rabbit ear artery
muscle.
GTPyS and GDPPS, applied in the same way and at the

same concentration as in our previous study, where these
agents markedly affected the activation of ion channels fol-
lowing stimulation of G-protein-coupled receptors in guinea-
pig ileal muscle cells (Komori et al., 1992a), did not modify
the ATP-induced inward current. This result suggests no
involvement of any G-protein-mediated mechanisms in
activation of the cation channels. It seems likely that binding
of ATP to the receptor could activate directly ion channels,
as described for the nicotinic ACh receptor (Hille, 1984).
Benham & Tsien (1987) suggested a direct coupling between
ATP binding and channel opening, based on their observa-
tions in rabbit ear artery muscle that ATP activates unitary
inward currents in outside-out membrane patches but not in
cell-attached patches.

A physiological role ofATP

ATP is considered to act as a non-adrenergic, non-
cholinergic (NANC) excitatory neuromuscular transmitter in
blood vessels, vas deferens and the urinary bladder of some
species of mammals (artery, Suzuki & Kou, 1983; Suzuki,
1985; vas deferens, Sneddon & Westfall, 1984; urinary blad-
der, Fujii, 1988).
The presence of NANC excitatory innervation to the avian

rectum has been also reported (Ohashi et al., 1977; Takewaki
& Ohashi, 1977; Komori & Ohashi, 1982). The neurotrans-
mitter has not been identified, but ATP and neurotensin have
been proposed as candidates (Meldrum & Burnstock, 1985;
Komori et al., 1986). Local application of either ATP or
neurotensin by means of pressure ejection from micro-
pipettes evokes a brief, monophasic membrane depolarization
similar to the ej.p. (Komori & Ohashi, 1988b; Komori et al.,
1992b). Further, patch clamp experiments revealed that both
ATP and neurotensin are channel activators with specific
membrane receptors. Both agents activate current with a
reversal potential close to 0 mV in a quasi-physiological ionic
environment (Komori et al., 1992b; the present study).
Activation of such currents leads to membrane depolariza-
tion. The ej.p. has been shown to be associated with an
increase of membrane conductance with a reversal potential
of about - 15 mV (Komori & Ohashi, 1988a). Further
experiments are required to elucidate the identity of the
excitatory transmitter in the chicken rectum.

We would like to thank Dr C.D. Benham (SmithKline Beecham
Pharmaceuticals, U.K.) for his helpful suggestions.
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The positive inotropic effect of compound II, a novel analogue
of sotalol, on guinea-pig papillary muscles and single
ventricular myocytes

'E. White, 2S.P. Connors, E.W. Gill & 3D.A. Terrar

University Department of Pharmacology, Mansfield Road, Oxford, OXI 3QT

1 Compound II is a novel analogue of sotalol which has been reported to be free of ,-adrenoceptor
and L-type calcium channel blocking actions. The effects of compound II on the contraction of
guinea-pig papillary muscles (at 2 gM) and single ventricular myocytes (at 100 nM) were investigated.
2 Exposure to compound II caused a significant increase in the contraction of both preparations.
3 Compound II prolonged the action potential of the single myocytes and increased the magnitude of
the Ca-activated current which was used as a qualitative indicator of the intracellular calcium transient.
4 The ratio of first/steady state Ca-activated currents evoked by short action potentials was not
modified. This may indicate that compound II does not influence the normal functioning of the
sarcoplasmic reticulum stores.
5 The observations are consistent with the hypothesis that action potential prolongation by compound
II reduces Ca2" extrusion via the Na-Ca exchange. This in turn allows increased uptake of calcium into
the sarcoplasmic reticulum stores so that more calcium is available for release by subsequent action
potentials, leading to an increase in intracellular calcium transients and contractions.
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Introduction

A characteristic of Class III antiarrhythmic agents is their
ability to prolong the cardiac action potential (Vaughan
Williams, 1970). Prolongation of the action potential has a

positive inotropic effect on mammalian heart tissue (see,
Boyett et al., 1993). However, studies on the inotropic re-

sponse to the most commonly used Class III antiarrhythmic
agents, amiodarone and sotalol, give conflicting results, pos-
sibly because of the secondary negative inotropic actions of
these agents (e.g. the blockade of P-adrenoceptors and of
L-type calcium channels, see Boyett et al., 1993).
Compound II (1-(4-methanesulphonamidophenoxy)-3-(N-

methyl 3,4,dichlorophenylethylamino)-2-propanol) is an anal-
ogue of sotalol which has been shown to prolong cardiac
action potentials with a 1000 fold increase in potency, com-

pared with the parent compound, and is devoid of any
P-adrenoceptor blocking activity (Connors et al., 1991; 1992).
The mechanism of action of compound II is a specific block-
ing of the time-dependent delayed rectifier potassium current
(Id.
The purpose of this study was to test the hypothesis that

compound II, a Class III antiarrhythmic agent which is free
of the negative inotropic properties mentioned above, has a

positive inotropic effect on cardiac tissue.
Experiments were carried out on multicellular and single

cell preparations of guinea-pig ventricles. The Ca-activated
current (thought to be carried by sodium-calcium exchange,
Chapman & Noble, 1989) was used as a qualitative indicator
of intracellular calcium ([Ca2"]i) transients (Egan et al., 1989;
Terrar & White, 1989) which do not alter the timecourse of

the [Ca2J]i transient (Noble & Powell, 1991). This current can
also be used as an indicator of calcium uptake and release
from the sarcoplasmic reticulum (Terrar & White, 1989;
White & Terrar, 1990a,b).

Methods

Guinea-pigs were killed by cervical dislocation following
stunning and hearts were excised. Papillary muscles (3.5 mm
in length and 0.1-1.0 mm in diameter) were dissected from
the free wall of the right ventricle. The base of the Papillary
muscle was tied to a bottom support in a vertical bath with
silk thread. The tissue was bathed with an oxygenated solu-
tion containing (mM): NaCl 118.5, NaHCO3 14.5, KCI 4.2,
K2H2PO4 1.2, MgSO4 1.2, glucose 1 1.1 and CaCl2 2.5. The
tendonous end of the muscle was placed under 0.25 g tension.
Muscles were stimulated with platinum external electrodes
(placed near the base of the muscle) at 1.5-2 times threshold
(2 ms duration) at a frequency of 2 Hz, 36°C. Muscles were
left to equilibrate for 1 h. Isometric force was measured by
an Octromed recorder (MX216). Single guinea-pig ventricular
myocytes were isolated as previously described by Powell et
al. (1980) and Mitchell et al. (1984). After isolation, cells
were superfused with the solution described above. Myocyte
length was measured by analysis of a video image as des-
cribed by Annetts et al. (1990) and White & Terrar (1991).
Cells were impaled with microelectrodes containing 0.5 mM
K2SO4 plus 5 or 10mM KCI. In experiments where contrac-
tion and the [Ca2+]i transient were abolished by the Ca2"
chelator BAPTA (1,2-bis(2-aminophenoxy)ethane-N, N, N,-
N-tetracetic acid, Tsien, 1980), 75 mM BAPTA was added to
the electrode filling solution.

Ca-activated currents were evoked by the technique of
interrupted action potentials as described by Terrar & White
(1989) and White & Terrar (1990a,b). In brief, following 8
full action potentials, action potentials were interrupted by a
300 ms voltage clamp pulse to -40 mV. This procedure
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evoked the Ca-activated current and by varying the time of
action potential interruption it was possible to create an
envelope of tail currents which is thought to reflect the
[Ca2J]i transient associated with contraction. Repeating the
procedure in the presence of intracellular BAPTA allows the
investigation of residual outward currents which may be
associated with the repolarization of the cell. Current amp-
litude and decay were analysed by the VCAN software
package provided by Dr J. Dempster.

Experiments carried out on single cells were performed at
36°C at a stimulation frequency of 1 Hz. Levels of statistical
significance were tested using paired or unpaired t tests as
appropriate.

Results

Initially, the effects of 4 min exposure to 2 JAM compound II
on the force of contraction of guinea-pig papillary mucles
was investigated. This concentration was chosen to produce
maximal prolongation of the action potential (Connors et al.,
1991; 1992). There was a consistent increase in force in all
preparations of 14 ± 4.6% (mean ± s.e.mean, n = 4;
P< 0.05).
The effects of compound II on contraction were further

investigated in single guinea-pig ventricular cells. The influ-
ence of compound II on action potential duration was stu-
died at 100 nM. The effects on membrane currents (see later)
were tested at 1 JIM for consistency with a previous study,
(Connors et al., 1992). Both doses of drug give maximal
prolongation of the action potential (Connors et al., 1992).
Following 4 min exposure to 100 nM compound II there was
an increase in action potential duration but no change in
resting membrane potential (consistent with previous reports,
Connors et al., 1992). There was also a significant increase in
cell shortening (29 ± 5%, n = 5 cells, P< 0.01), (Figure 1).
One mechanism to explain the increase in cell shortening

upon exposure to compound II is an increase in the [Ca2+],
transient. Ca-activated tail currents were therefore measured
by interrupting action potentials with a 300 ms voltage-clamp
to - 40 mV. The sizes of these currents are thought to reflect
the level of cytosolic calcium (Egan et al., 1989; Terrar &
White, 1989, and see Introduction). Exposure to 1 JiM com-
pound II significantly increased the mean action potential
duration from 184 ± 16 to 240 ± 22 ms (P<0.01, n = 7 cells)
and increased the peak Ca-activated current from 1.37 ± 0.27

20 mV
50 ms
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Figure 1 Action potentials (upper traces) and cell shortening (lower
traces) from a single guinea-pig ventricular myocyte, before (0) and
after (X) exposure to 100 nm compound II. Exposure to compound
II increased the duration of the action potential and cell shortening.
1 Hz, 36C.

nA by 23 ± 8% (P<0.05), a mean increase of greater than
300 pA (Figure 2a). Figure 2b shows tail current transients
constructed from the envelope of tail currents following
interruption of the action potential at different times after the
upstroke both before and after exposure to 1 JAM compound
II (exposure times 2 to 5 min). Tail currents after exposure to
compound II were significantly larger at all action potential
durations (P <0.05). The increases in the Ca-activated tail
currents are consistent with an increase in the [Ca2+], tran-
sient upon exposure to compound II which may in turn lead
to the increase in muscle tension and in single cell shortening
reported above.
When action potentials are interrupted and cytosolic cal-

cium is buffered at a low level by intracellular BAPTA, small
time-dependent outward currents remain (Terrar & White,
1989). These currents may be carried by IK which is activated
during the ventricular action potential plateau and which
plays an important role in the repolarization of the cell. If
this is so, at least part of the apparent increase in inward
calcium-activated current might arise from blockade of oppo-
sing outward current by compound II. This was tested by
applying compound II to cells loaded with intracellular
BAPTA (75 mM in the microelectrode). In the absence of
compound II, small residual outward currents remained,
these currents were abolished by exposure to 1 JM compound
II in all the five cells tested (Figure 3). The size of time-
dependent current between repolarization and the end of the
300ms voltage clamp pulse was less than 100pA. This was
considerably smaller than the increase in the calcium-acti-
vated tail current reported above when compound II was
applied in the absence of BAPTA, but may have led to
overestimation of this increase.

It was observed that compound II consistently increased
the time constant of decay of the Ca-activated current
(Figure 4a, P<0.01, at all action potential durations) but
did not change the progressive quickening of the currents as
action potential duration increased. An increase in the time-
constant of the current would be expected if a small outward
current were blocked. It should be noted that increasing the
magnitude of the tail current need not increase the time
constant of current decay (White & Terrar, 1990b).

Short (12 ms) action potentials (immediately following full
action potentials) elicited large Ca-activated currents which
subsequently decline to a smaller steady state level on con-
tinued stimulation of shortened action potentials. This de-
cline is thought to reflect rundown of the amount of Ca2+
stored in the sarcoplasmic reticulum (see Terrar & White,
1989; White & Terrar, 1990a,b). It can be seen from Figure
4b that compound II did not influence the ratio of steady
state/first tail current. This observation does not support a
direct influence of compound II on the sarcoplasmic reti-
culum stores.

Discussion

Our observations show that compound II can produce a
positive inotropic effect in guinea-pig papillary muscles and
an increased shortening in single ventricular myocytes. Com-
pound II is not thought to enhance Ca2+ entry via L-type
calcium channels at the concentrations used in this study
(Connors et al., 1992). It seems possible that the increase in
force is a secondary consequence of action potential prolon-
gation. Evidence in support of this interpretation is provided
by the experiments where Ca-activated currents were mea-
sured during action potentials interrupted with a voltage-
clamp pulse to - 40 mV. These observations showed that
exposure to compound II increased the [Ca2+]i transient
measured in this way. This would be expected to increase
contraction. One possible mechanism for this increase is that
action potential prolongation potentiates contraction via the
Na:Ca exchange. Action potential prolongation and elevation
of the action potential plateau would be expected to reduce
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Figure 2 (a) Membrane potential (upper traces), current (lower traces) for an action potential interrupted 52 ms after the upstroke
by a 300 ms voltage clamp to - 40 mV in order to evoke Ca-activated current. Records before (0) and after (0) exposure to 1 flM
compound II. Compound II elevates the action potential plateau and increases the amplitude of the Ca-activated current. I Hz,
36°C. (b) Ca-activated tail current transients before (0) and after (0) exposure to 1 tAM compound II (mean ± s.e.mean, n = 7
cells). Currents expressed relative to those at 52 ms before exposure to drug (1.0 current = 1.32 ± 0.2 nA, currents greater after
exposure, P<0.05 at all durations).
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Figure 3 Membrane potential (schematic) (upper traces) and cur-
rents in the presence of intracellular BAPTA (75 mm in the micro-
electrode) before (middle traces) and after (lower traces) exposure to
I gM compound II. Action potentials were interrupted at varying
times indicated by voltage clamping the cell to - 40 mV, in order to
evoke small, BAPTA-resistant currents which were abolished by
exposure to compound II. I Hz, 36C.
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Figure 4 (a) Time constants of Ca-activated current decay before
(0) and after (0) exposure to 1 gm compound II, time constants
larger after exposure at all durations (P <0.01). (b) First (open
columns) and steady state (hatched columns) Ca-activated currents
evoked by action potentials of 12ms duration before and after
exposure to I tsm compound II. Ratio of steady state/first currents
not significantly different before (0.41 ± 0.1) and after (0.39 ± 0.09)
(P>0.05) exposure to 1 1Lmdrug (mean ± s.e.mean, n = 7 cells in a
and b).
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the driving force of the electrogenic Na:Ca exchange to
extrude Ca2" from the cell. Reduced extrusion of Ca2" may
then lead to increased loading of intracellular Ca2" stores
allowing a greater Ca2" release by the following action
potential (see, Boyett et al., 1993).
The above hypothesis does not require any interference by

compound II with the normal handling of calcium by the
sarcoplasmic reticulum. The ratio of steady state/first Ca-
activated currents following abbreviated action potentials is
thought to reflect the degree of loading of Ca2" into the
sarcoplasmic reticulum (since the stores are loaded to a state
determined by normal action potentials at a particular fre-
quency, while maintained stimulation with abbreviated action
potentials leads to a progressive decline in stores loading to a
new steady state, see Terrar & White, 1989). The ratio of
steady state/first Ca-activated current for short interrupted
action potentials was unaffected by compound II, unlike the
response to caffeine and ryanodine (White & Terrar, 1990a).
This is taken as evidence that compound II did not affect
normal handling of Ca2" by the sarcoplasmic reticulum.
The effects of compound II on Ca-activated current time

constants are qualitatively and quantitatively different from
10mM caffeine and 10 M ryanodine which are known to
disrupt Ca stores function (see White & Terrar, 1990a). In
the light of the above discussion, the most likely interpreta-
tion of the increase in time constant of the Ca-activated
current on exposure to compound II is block of a small
outward time-dependent current.

The progressive decrease in the time constant of the Ca-
activated tail currents with increased action potential length
(Figure 4a) was not changed by compound II. This supports
the hypothesis that the progressive quickening of the currents
is not the result of developing outward IK and is consistent
with the explanation for tail current decay given by White &
Terrar (1990a).
Our observations show that compound II has a positive

inotropic effect on guinea-pig multicellular and single cell
preparations. They further indicate that compound II does
not influence the normal functioning of the sarcoplasmic
reticulum. Our results are consistent with the hypothesis that
action potential prolongation leads to reduced Ca2" ext-
rusion by the Na-Ca exchange which in turn leads to in-
creased loading of intracellular stores of Ca2" and subse-
quently an increase in the [Ca2+]i transient.
The combination of Class III antiarrhythmic action with a

positive intropic effect is potentially clinically useful. Com-
pound II can be listed with the new, more specific, Class III
antiarrhythmic agents which share these properties (e.g.
E-4031, Wettner et al., 1991 and UK68,798, Tande et al.,
1990).

We thank Mrs Nadine Cummings for preparation of cardiac myo-
cytes. This work was supported by The Wellcome Trust and a
Rhodes scholarship to S.P.C.
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Acceleration by chronic treatment with clorgyline of the
turnover of brain x2-adrenoceptors in normotensive but not in
spontaneously hypertensive rats
Catalina Ribas, Antonio Miralles & 'Jesius A. Garcia-Sevilla

Laboratory of Neuropharmacology, Department of Fundamental Biology and Health Sciences, University of the Balearic
Islands, E-07071 Palma de Mallorca, Spain

1 The aim of this study was to quantitate and compare the turnover of a2-adrenoceptors in the cerebral
cortex of normotensive Wistar-Kyoto (WKY) and spontaneously hypertensive (SHR) rats, and its
modulation during chronic treatment with the monoamine oxidase (MAO) inhibitor, clorgyline.
2 In SHR, the specific binding of the agonist [3H]-UK 14304 and of the antagonist [3H]-RX 821002
was significantly reduced in the brain (Bm. 15-19% lower) as compared to that in sex- and age-matched
WKY rats. In contrast, no significant changes in the K,d values for both radioligands were found
between WKY and SHR rats. Therefore, SHR rats offer a genetic model with a lower density of
a2-adrenoceptors in the brain.
3 Chronic treatment (21-35 days) with clorgyline (1 mg kg-', i.p.) markedly decreased the density of
brain a2-adrenoceptors ([3H]-UK 14304 binding) in Sprague-Dawley (B. reduced by 50%) and in
WKY (Bm. reduced by 30%) rats without any apparent change in the affinity of the radioligand. In
contrast, the density of brain a2-adrenoceptors in SHR was not down-regulated by chronic clorgyline
treatment.
4 The recovery of [3H]-UK 14304 binding after irreversible inactivation by N-ethoxycarbonyl-2-ethoxy-
1,2-dihydroquinoline (EEDQ; 1.6 mg kg-') (an alkylating agent for the M2-adrenoceptor) was assessed in
control and clorgyline-treated (1 mg kg-'; i.p. for 7-21 days) WKY and SHR rats to study the process
of a2-adrenoceptor repopulation and to calculate receptor turnover parameters.
5 The simultaneous analysis of receptor recovery curves revealed that the turnover of brain a2-
adrenoceptors in SHR rats was accelerated (k = 0.141 day-'; t/2= 4.9 days; r/k =40 fmol mg' protein)
compared to that in WKY rats (k = 0.085 day-'; tl/2= 8.1 days; rlk = 54 fmol mg-1 protein) and that
the reduced density of cortical M2-adrenoceptors (B,, or rlk values) in SHR was probably due to an
abnormal higher receptor degradation (Ak = 66%) and not to a decreased receptor synthesis which in
fact showed a slight increase (Ar = 24%).
6 Treatment with clorgyline (1 mg kg-', i.p. for 21 days) accelerated the turnover of brain a2-
adrenoceptors in WKY rats (k = 0.328 days-'; tl/2= 2.1 days; rlk = 29 fmol mg-1 protein) and the
greater increase in receptor degradation (Ak = 286%) over receptor synthesis (Ar = 109%) led to
down-regulation of receptor density (rlk = 46% lower). In contrast, treatment with clorgyline did not
modify significantly the turnover of brain M2-adrenoceptors in SHR (k = 0.192 days-'; t1/2 = 3.6 days;
rlk = 39 fmol mg-' protein), indicating that in this genetic model of hypertension, the desensitized
x2-adrenoceptors cannot be further down-regulated by clorgyline treatment and that they lack the
expected adaptative increase in receptor synthesis.

Keywords: Spontaneously hypertensive rats (SHR); brain x2-adrenoceptors; [H]-UK 14304; [3H]-RX 821002; N-ethoxy-
carbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ); receptor turnover; clorgyline

Introduction

Biochemical and functional studies have suggested that
endogenous depression is related to M2-adrenoceptor super-
sensitivity (Garcia-Sevilla et al., 1986; 1990) and desensitiza-
tion of these inhibitory receptors has been involved in the
mechanism of action of various classes of antidepressant
treatments such as tricyclic drugs and monoamine oxidase
(MAO) inhibitors (Meana et al., 1992 and other references
therein). However, the basic biochemical mechanisms
involved in antidepressant-induced down-regulation of the
steady state expression of brain M2-adrenoceptors are poorly
understood. Recently long-term treatment with desipramine
has been shown to down-regulate the density of M2-
adrenoceptors in the rat brain and to accelerate the turnover
of the receptor with a marked increase in its degradation rate
(Barturen & Garcia-Sevilla, 1992). The increased a2-

adrenoceptor degradation, which appears to be the result of
prolonged receptor activation by endogenous noradrenaline
(NA) after inhibition of neuronal uptake by desipramine,
could explain the induction of down-regulation of brain 2-
adrenoceptors. Therefore, accelerated (X2-adrenoceptor de-
gradation could be the first change in the metabolism of the
receptor induced by specific antidepressant drugs.
The genetic model of the spontaneously hypertensive rats

(SHR) of the Wistar-Kyoto (WKY) strain has been
associated with dysfunctions of M2-adrenoceptors which
appear to have pathophysiological implications (see Michel et
al., 1990). In SHR, the specific binding of [3H]-clonidine to
brain z2-adrenoceptors as well as clonidine-induced mydriasis
are reduced when compared to those in sex- and age-matched
normotensive WKY rats (Olmos et al., 1991). Therefore, in
contrast to the antidepressant-induced receptor down-reg-
ulation, the SHR offers a genetic model of down-regulation
of a2-adrenoceptors in the brain (receptor number and func-
tion) to assess further biochemical events associated with this
relevant receptor regulatory mechanism.

' Author for correspondence at: Lab Neurofarmacologia, Dept.
Biologia Fonamental i Ciencies de la Salut, Universitat de les Illes
Balears, Cra. Valldemossa Km 7.5, E-07071 Palma de Mallorca,
Spain.
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In this context, the present study was designed to quan-
titate and compare the turnover of brain M2-adrenoceptors in
WKY and SHR rats, and its modulation during treatment
with the antidepressant drug, clorgyline, a MAO inhibitor
which induces down-regulation of brain M2-adrenoceptors
(Giralt & Garcia-Sevilla, 1989; Menargues et al., 1990), most
probably through an indirect mechanism, similar to that
described above for desipramine, which involves an increased
availability of intraneuronal and/or synaptic NA (L'Heureux
et al., 1986; Routledge & Marsden, 1987; Giralt & Garcia-
Sevilla, 1989). A preliminary report of this work was given at
a meeting of the British Pharmacological Society (London
Meeting, September 1992) (Ribas et al., 1992).

Methods

Mc2-Adrenoceptor turnover

The irreversible blockade/inactivation of receptors, followed
by assessment of the kinetics of reappearance of receptor
binding to control levels has been the approach most widely
used to study the metabolism of adrenoceptors in vivo and in
vitro (Mahan et al., 1987). The peptide-coupling agent N-
ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) at a
dose of 1.6 mg kg-' was selected as the irreversible anta-
gonist for brain M2-adrenoceptors (see Barturen & Garcia-
Sevilla, 1992 for specific details of EEDQ as a tool to study
the turnover of M2-adrenoceptors). EEDQ appears to alkylate
the carboxyl group of an acylamino acid, forming a mixed
carbonic anhydride and free quinoline. This mixed carbonic
anhydride reacts with a sterically accessible nucleophilic
group to inactivate the receptor (Belleau et al., 1969).

Animals and treatments

Male normotensive Wistar-Kyoto (WKY) and spontaneously
hypertensive (SHR) rats (200-300 g) (R. Janvier, Le Genest,
France) and adult male Sprague-Dawley (SD) rats (250-
300 g) were used. The systolic blood pressure, measured by
the tail-cuff method, of SHR (196 ± 1 mmHg, n = 64) was
significantly higher than those of age-matched normotensive
WKY (142 ± 1 mmHg, n = 68; P< 0.001, two-tailed t test)
and SD (132 ± 1 mmHg, n = 12; P<0.001, two-tailed t test)
rats. The animals received a standard diet with water freely
available and were housed at 20 ± 2°C with a 12 h light/dark
cycle. The animals received i.p. every 24 h either 0.9% saline
vehicle or the MAO inhibitor, clorgyline (1 mg kg-') for
7-35 days (SD rats) or 21 days (WKY and SHR rats). The
rats were killed 24 h after the last injection. This dose of
clorgyline was considered optimal for induction of brain
M2-adrenoceptor down-regulation (Giralt & Garcia-Sevilla,
1989). EEDQ (1.6 mg kg-') was dissolved in ethanol and
then diluted sequentially with propyleneglycol and purified
water (final ratio, 1:1:2, v/v/v) and it was administered i.p. in
a single dose. Rats were killed 0.25, 1, 2, 4, 7, 9, 14, 21 and
30 days after EEDQ administration to evaluate the recovery
of brain M2-adrenoceptor density, which allowed estimation of
receptor turnover parameters. To study the modulation of
M2-adrenoceptor turnover by clorgyline, EEDQ was injected
into rats treated with the antidepressant for 7 days, and
treatment was then continued until day 21 (phase 7-21 days,
presence or absence of receptor down-regulation in WKY
and SHR rats, respectively; see Table 2). The animals were
killed by decapitation, the brains rapidly removed and the
parietooccipital cortex dissected on ice and stored at - 70°C
until assay.

Preparation of membranes

Cortical membranes (P2 fractions) were prepared by estab-
lished methods (Giralt & Garcia-Sevilla, 1989) from the
parietooccipital cortex. Briefly, after thawing, the tissue sam-

ples were homogenized in 5 ml of ice-cold Tris-sucrose buffer
(5 mM Tris-HCl, 250 mm sucrose, 1 mM MgCl2; pH 7.4). The
homogenates were centrifuged at 1,100 g for 10 min, and the
supernatants were then recentrifuged at 40,000 g for 10 min.
The resulting pellet was washed twice with 2 ml of fresh
incubation buffer (50 mM Tris-HCl, 0.1 mM MnCl2, 0.1%
ascorbic acid, pH 7.7 for [3H]-UK 14304 binding assays, or
50 mM Tris-HCl, 0.1% ascorbic acid, pH 7.5 for [3H]-RX
821002 binding assays) (Meana et al., 1989; Miralles et al.,
1993). The final pellet was resuspended in an appropriate
volume of the incubation buffer to a final protein content of
800-1000 pg ml-'. Protein was determined by the method of
Lowry et al. (1951) with bovine serum albumin as the stan-
dard.

[3H]-UK 14304 and [3H]-RX 821002 binding assays
Total [3H]-UK 14304 binding was measured in 1.1 ml-
aliquots (50 mM Tris-HCI, 0.1 mM MnCl2 0.1% ascorbic
acid, pH 7.7) of the cortical membranes which were in-
cubated for 60 min at 25°C with eight concentrations of
[3H]-UK 14304 (6 x 10-" M to 8 x 10-9 M). Total [3H]-RX
821002 binding was also measured in 1.1 ml-aliquots (50 mM
Tris-HCl, 0.1% ascorbic acid, pH 7.5) of the membranes
which were incubated for 30 min at 25°C with eight concen-
trations of [3H]-RX 821002 (6 x 10- "1 M to 8 x 10-9 M). For
both radioligands, nonspecific binding was determined in
presence of 10-5M (- )-adrenaline. Specific binding (about
85% at K& values) was defined as the difference between total
binding and nonspecific binding and was plotted as a func-
tion of increasing concentrations of the radioligands. Incuba-
tions were terminated by diluting the samples with 5 ml of
ice-cold Tris incubation buffer (4°C). Membrane-bound [3H]-
UK 14304 or [3H]-RX 821002 was measured by vacuum
filtration, using a Brandel 48R cell harvester (Biomedical
Research & Development Laboratories, U.S.A.), through
Whatman GF/C glass fibre filters, which had been presoaked
with 0.5% polyethylenimine (Bruns et al., 1983). Then the
filters were rinsed twice with 5 ml of incubation buffer, air-
dried, transferred to minivials containing 5 ml of OptiPhase
'HiSafe' II cocktail (LKB, England) and counted for radioac-
tivity by liquid scintillation spectrometry at 50% efficiency
(Packard model 300C).

Analyses of binding data and statistics
Analyses of saturation isotherms (K, dissociation constant;
Bmax, maximum density of binding sites) as well as the fitting
of data to the appropriate binding model were performed by
computer-assisted nonlinear regression using the EBDA-
LIGAND programmes (Munson & Rodbard, 1980; McPher-
son, 1985). The results were expressed as means ± s.e.mean.
One- and two-way analysis of variance (ANOVA), followed
by Fisher's LSD or Scheffe's test; and Student's two-tailed t
test were used for the statistical evaluations. The level of
signficance was P = 0.05. To strengthen the comparison
between WKY and SHR rats, saturation curves for [3H]-UK
14304 and [3H]-RX 821002 were also simultaneously analysed
for best fit using the LIGAND programme. First, the two
sets of data (WKY and SHR groups) were analysed
separately. Next, they were pooled and analysed simul-
taneously, and constrained to share two or only one common
parameter (Kd and/or Bm.). The statistical significance of the
improvement was determined by the extra sum of squares
principle (F-test) as outlined by Munson & Rodbard (1980),
with a level of significance of P = 0.05. A P value less than
0.05 indicated that the separate fit was much better than the
pooled fit (i.e. the fit with one or two shared parameters).

Analyses of cx2-adrenoceptor turnover functions and
statistics
For analysis of x2-adrenoceptor turnover, data from the
recovery of brain cX2-adrenoceptor density after irreversible
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inactivation by EEDQ were analysed as previously described
(Barturen & Garcia-Sevilla, 1992) according to a monoex-
ponential model based on two implicit assumptions (Mauger
et al., 1982), that (1) the rate of receptor appearance is
constant during the repopulation period (i.e. zero-order pro-
cess) and (2) receptor disappearance is proportional to the
density of receptors at any time (i.e. first-order process).
Exponential recovery data were fitted, using the simple non-
linear least squares fitting programme Grafit (Leatherbarrow,
1990), to the equation:

[Rt] = rlk (1- e k) (Eq. 1)
where [Rt] is expressed as fmol mg-1 protein and represents
the receptor number at a given discrete time t; r is the
appearance ('synthesis') rate constant of the receptor ex-
pressed as fmol mg-1 protein day-', and k is the disap-
pearance ('degradation') rate constant of the receptor, in
units of day-', that allows to estimate the apparent half-life
for the receptor (11/2 = In 2/k). In the present model the ratio
rlk represents the density of receptors at steady state towards
the system tends after irreversible inactivation of the recep-
tors.

Receptor turnover parameters are expressed as the best fit
values ± standard error determined by the matrix inversion
method, using the nonlinear regression programme GraFit
(Leatherbarrow, 1990). Standard error values determined by
nonlinear regression were not used in further formal statis-
tical calculations. Comparisons of experimental data sets for
the recovery of (X2-adrenoceptor density were performed by
comparing the goodness of fit of a model with and without a
set of constraints by means of an F-test. First, the sets of
data were analysed separately (with no constraints), the
overall value for the sum of squares was the sum of the
individual values from each fit and, similarly, the number of
degrees of freedom. Next, the sets of data were pooled
analysed simultaneously, and constrained to share one or
more common parameters, which gave values for the sum of
squares and degrees of freedom. The analysis that permitted
one or more of the parameters to be shared without a
significant increase in the residual variance was taken as the
best fit. For further details see Barturen & Garcia-Sevilla
(1992) and other references therein.

Drugs

[3H]-UK 14304 (bromoxidine; specific activity, 60-87 Ci
mmol-') was purchased from New England Nuclear/Du
Pont (U.S.A.) and it was stored at - 30°C. [3H]-RX 821002
(2-methoxyidazoxan; specific activity, 56 Ci mmol-') was
purchased from Amersham International plc (U.K.) and it
was stored at 2°C. For the binding assays appropriate
amounts of the stock solutions were diluted with distilled
and purified water (Milli-Q) containing 2.5 mM
HCI and 6% ethanol. Other drugs (and their sources)
included: (-)-adrenaline bitartrate (Sigma Chemical Co.,
U.S.A.); EEDQ (N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquin-
oline) (Sigma); clorgyline HCI (Sigma). Other reagents were
obtained from Sigma Chemical Co. (U.S.A.).

Results

Density ofa2-adrenoceptors in the cerebral cortex of
WKY and SHR rats

Saturation experiments with the X2-adrenoceptor agonist [3H]-
UK 14304 and the antagonist [3H]-RX 821002 were per-
formed in order to quantitate accurately the density of brain
a2-adrenoceptors in normotensive WKY and spontaneously
hypertensive (SHR) rats. In both strains, the specific binding
of [3H]-UK 14304 and that of [3H]-RX 821002 were saturable
processes of high affinity that revealed the existence of single
populations of sites (Table 1, Figure 1). As expected, the

density of sites for the antagonist [3H]-RX 821002 (total
population of a2-adrenoceptors) was higher than that
obtained for the agonist [3H]-UK 14304 (high-affinity state of
the a2-adrenoceptor; e.g. Meana et al., 1989) (Table 1).

In SHR, the specific binding of [3HI-UK 14304 was
reduced in the cerebral cortex (Bm.. 19% lower, P<0.01) as
compared to that in sex- and age-matched WKY rats (Table
1). Moreover, the simultaneous analysis of multiple satura-
tion isotherms from the WKY and SHR rats further
indicated the existence of a decreased number of binding sites
for [3H]-UK 14304 (F[1,12] = 4.98; P = 0.045) with no
difference in affinity (Kd values) (F[1,12] = 0.36; P = 0.56) in
the cerebral cortex of SHR (Figure la). In SHR, the specific
binding of [3H]-RX 821002 was also decreased in the cortex
although to a lesser extent (Bmax 15% lower, P = 0.056), and
the simultaneous analysis of multiple saturation isotherms
from the WKY and SHR rats clearly indicated in this latter
strain the existence of a decreased density of sites for [3H]-
RX 821002 (F[1,42] = 8.83; P= 0.005) with no change in
receptor affinity (F[1,42] = 0.16; P = 0.69) (Figure lb).

Effect of chronic treatment with clorgyline on
M2-adrenoceptors in the cerebral cortex of SD, WKY and
SHR rats

Analyses of saturation curves for [3H]-UK 14304 binding to
cortical membranes from saline and clorgyline-treated SD
rats (1 mg kg-'; i.p. every 24 h for 7, 14, 21, 28, and 35 days)
revealed the existence of a time-dependent down-regulation
of a2-adrenoceptor density induced by the antidepressant
drug. Thus, short-term treatment for 7 days with clorgyline
did not reduce significantly the density of brain a2-
adrenoceptors. In contrast, long-term treatment for 14-35
days clearly induced significant decreases in receptor density
with maximal reductions at 21-28 days (Bmax reduced by
51-54%, respectively; P<0.001) (Table 2). Chronic treat-
ment with clorgyline did not alter significantly the binding
affinity (Kd values) of [3H]-UK 14304 for the X2-adrenoceptor
(Table 2).

Similarly, long-term treatment of WKY rats with the
MAO inhibitor, clorgyline, for 21 days induced down-
regulation of the density of brain a2-adrenoceptors (B.,
reduced by 30%, P <0.05) with no change in receptor

Table 1 Specific binding of [3H]-UK 14304 and [3H]-RX
821002 to brain cortical membranes of normotensive
Wistar-Kyoto (WKY) and spontaneously hypertensive
(SHR) rats

Radioligand/strain

[3H_]-UK 14304
WKY
SHR

[3H]-RX 821002
WKY
SHR

Binding parameters
Kd Bmax
(nM) (fmol mg-' protein)

1.5 ± 0.1
1.1 ±0.3

0.5 ± 0.03
0.5 ± 0.03

57 ± 3
46 ± 3*

81 ± 3t
69± 4t

n

10
5

3
3

Neural membranes were incubated at 25°C for 60 min
([3H]-UK 14304) or 30 min ([3H]-RX 821002) with eight
concentrations of the radioligands (6 x 10-" M to 8 x
10- M). The specific binding of the radioligands to
a2-adrenoceptors was defined as the difference between total
binding and binding in the presence of 10-5 M (-)-
adrenaline (non-specific binding). Binding parameters (Kd,
Bmax) were determined directly by computer-assisted non-
linear analysis from untransformed data using the EBDA-
LIGAND programmes. Each value represents the mean ±
s.e.mean of n experiments per group with an animal per
experiment.
*P<0.01 when compared with the corresponding value in
WKY rats (two-tailed t test).
tP<0.01 when compared with the corresponding value for
[3H]-UK 14304 (two-tailed t test).
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Table 2 Effects of chronic treatments with clorgyline on
the specific binding of [3H]-UK 14304 to brain cortical
membranes of normotensive Sprague-Dawley (SD) and
Wistar-Kyoto (WKY), and spontaneously hypertensive
(SHR) rats

Strain/Treatment

SD
Saline
Clorgyline

WKY
Saline
Clorgyline

SHR
Saline
Clorgyline

[31-UK 14304
Duration Kd B?n=
(days) (nM) (fmol mg ' protein)

7
14
21
28
35

2.1 ± 0.2
2.7 ± 0.2
2.5 ± 0.1
2.0 ± 0.4
1.7 ± 0.3
1.5 ± 0.1

70 ± 3
66 ± 2
56 ± 2*
34 ± 2**
32 ± 2**
41 ± 1*

1.46±0.2 60±4
21 2.10±0.1 42±3*

1.37±0.1 45±4
21 2.30±0.3 48±5

n

8
3
3
3
3
3

5
3

o -

O X)
0-

Y 'L
2-

. c

x E
-E

0 2 4 6 8 10

[3H]-RX 821002 [nMJ

Figure 1 Specific binding of (a) [31H]-UK 14304 and (b) [3H]-RX
821002 to brain cortical membranes of normotensive Wistar-Kyoto
(WKY) (0) and spontaneously hypertensive (SHR) (0) rats as a
function of increasing concentrations of the radioligand. Data shown
are means ± s.e.mean derived from 3-10 experiments per group. See
Table I for changes in binding parameters. Saturations isotherms
also were analysed for best fit as described in Methods. For each
radioligand, the simultaneous analysis (LIGAND programme) of the
two sets of data (WKY and SHR rats: common Kd and B..)
indicated that saturation isotherms were different from each other
for both [3H]-UK 14304 (F[2,12] = 17.54; P<0.0001) and [3H]-RX
821002 (F[2,42] = 16.98; P<0.0001). In both strains of rat, the
constraint of the curves to share a common Kd value did not yield a

significant increase in the sum of squares (F[1,12]= 0.36; P = 0.56
for [3H]-UK 14304; and (F[1,42] = 0.16; P= 0.691 for [3H]-RX
821002) whereas sharing a common B,,. significantly increased the
sum of squares of the fit (F[1,12]= 4.98; P = 0.045 for [3H]-UK
14304; and (F[1,42] = 8.83; P = 0.005 for [3H]-RX 821002), which
indicated that WKY and SHIR rats differ significantly as to B,, but
not as to KI whatever the radioligand used. Inset: Scatchard plots
(same data) showing Kd and B,,,. values similar to those reported in
Table 1.

affinity (Table 2). In contrast, the density of brain a2-

adrenoceptors in SHR rats was not down-regulated by
chronic 21 days clorgyline treatment (Table 2).

a2-Adrenoceptor turnover in the cerebral cortex of WKY
and SHR rats

Treatment of WKY and SHR rats with a single dose of
EEDQ (1.6 mg kg-', i.p.) induced an almost complete reduc-
tion in the density of a2-adrenoceptors in the cerebral cortex
(B.,, for [H]-UK 14304 reduced more than 95% at 6 h), that
was followed by a progressive recovery of the receptor den-
sity, as revealed by [3H]-UK 14304 saturation isotherms per-
formed at different times after in vivo EEDQ administration
(1, 2, 4, 7, 9, 14, 21 and 30 days). The binding affinity of
[3H]-UK 14304 for the a2-adrenoceptor was unaltered during
recovery from EEDQ-induced receptor inactivation. These

6
3

Clorgyline (1 mg kg-') was administered i.p., every 24 h for
various periods of time. The rats were killed 24 h after the
last injection. Other details as for Table 1. Each value
represents the mean ± s.e.mean of n experiments per group
with an animal per experiment. Two-way ANOVA for
Br,rs but not for Kd values, detected significant differ-
ences between strains (F[2,34] = 3.39, P = 0.042), treatments
(F[1,34] = 9.73, P = 0.003) and for the interaction between
strains and treatment (F[2,34] = 4.10, P = 0.025). One-way
ANOVA followed by a multiple comparison test detected a
significant decrease in B,. after chronic treatment with
clorgyline in SD and WKY rats but not in SHR rats
(F[9,30] = 11.92, P = 0.0001).
*P<0.05; **P<0.01 when compared with the corres-
ponding saline-treated group (ANOVA followed by Fisher's
LSD or Sheffe's test).

60

c 50
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Days after EEDQ

Figure 2 Recovery of a2-adrenoceptor density in the rat cerebral
cortex of normotensive Wistar-Kyoto (WKY) rats after EEDQ-
induced receptor inactivation. Data shown are means ± s.e.mean
derived from 4 experiments. Other details as for Tables I and 3. The
B,,| values were detrmined, for each time, from complete saturation
experiments for [3H]-UK 14304 binding using the nonlinear pro-
gramme LIGAND. Range for Kd values was 0.6 ± 0.1 to 1.6 +
0.6 nm. ANOVA for Kd values gave F[9,22] = 1.18 and P = 0.35. The
solid line represents the computer-assisted curve fitting of experi-
mental data to the monoexponential model described by the equa-
tion Rt = r/k(l - ekt). Vehicle-treated controls (B,,,. = 60 ± 4 fmol
mg-' protein; Kd = 1.5 ± 0.2 nM). Inset: Semilogarithmic plot of the
time course for the assessment of a2-adrenoceptor turnover according
to the equation (Mauger et al., 1982): ln [Rss]/[Rss]-[Rt] = kt, where
[Rss] and [Rt] are the density of a2-adrenoceptors in vehicle- and
EEDQ-treated rats at time t, respectively. In this linear transforma-
tion the slope of the line gives the rate constant of disappearance of
the receptor (k = 0.079 days-'). The coefficient of correlation is
r = 0.94. See Table 3 for turnover parameters.
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experiments provided the Bma, values for the analysis of the
exponential recovery function (Figure 2).
The quantitative evaluation of the process of M2-adreno-

ceptor repopulation in the brain of WKY rats (Figure 2)
yielded estimates for the appearance (r) and disappearance
(k) rate constants of 4.6 ± 0.5 fmol mg-' protein day-' and
0.085 ± 0.015 day-', respectively; and a half life (1/2) for the
receptor of 8.1 ± 1.5 days (Table 3). The estimated value for
the limit of the recovery function (eventual steady state den-
sity of a2-adrenoceptors after complete recovery) was very
similar (rlk = 54 fmol mg-' protein) to the density of a2-
adrenoceptors obtained in control rats (B,,,, = 57-60 fmol
mg' protein) (Tables 1-3 and Figure 3a). Similarly, the
quantitative evaluation of a2-adrenoceptor repopulation in
the brain of SHR rats yielded estimates for r and k of
9.6 ± 2.2 fmol mg-1 protein day-' and 0.328 ± 0.098 day-',
respectively. The t,12 of the receptor in SHR rats was
2.1 ± 0.7 days and the estimated value for the limit of the
recovery function was also very similar (rlk =40 fmol mg'
protein) to the density of a2-adrenoceptors in control rats
(Bmax = 45-46 fmol mg-1 protein) (Tables 1-3 and Figure
3b). The simultaneous analysis of experimental data obtained
for WKY and SHR rats according to a sole monoexponen-
tial function (same r and k values) compared with the
analysis without constraints (i.e. independent r and k values
for each strain), revealed that the turnover of brain 12-
adrenoceptors in SHR rats was accelerated (increased k value
and shorter t1/2) compared to that in WKY rats (F[2,541 =
3.76, P = 0.03) and that the reduced density of cortical a2-
adrenoceptors (Bmax or rlk values) in hypertensive rats
(Tables 1-3) was probably due to an abnormal higher recep-
tor degradation (Ak = 66%, F[1,54] = 3.19, P = 0.08) and
not to a decreased receptor synthesis which in fact showed a
slight increase (Ar = 24%, F[1,54] = 1.34, P = 0.25) (Table 3
and Figure 3a,b).

Effect of chronic treatment with clorgyline on
a2-adrenoceptor turnover in cerebral cortex of WKY and
SHR rats

Long-term treatment with clorgyline for 21 days induced
down-regulation of brain m2-adrenoceptor density in WKY

(Bma, reduced by 30%, P<0.05) but not in SHR rats (Table
2). Since clorgyline modulated the steady state expression of
brain a2-adrenoceptors in WKY rats with a pattern of recep-
tor down-regulation, such a pattern might be expected to be
the consequence of altered rates of receptor appearance (syn-
thesis) and/or disappearance (degradation). In SHR rats,
however, the apparent lack of receptor down-regulation
induced by clorgyline might reflect an altered pattern of these
receptor regulatory mechanisms. Therefore, M2-adrenoceptor
turnover was assessed during clorgyline treatment (7-21
days) both in WKY and SHR rats.

Similarly to control rats, EEDQ (1.6mgkg-', i.p.) treat-
ment in clorgyline-treated WKY and SHR rats (1 mg kg-',
i.p. every 24 h for 7 days) resulted in almost complete reduc-
tions (> 90% at 6 h) in M2-adrenoceptor densities in the
cerebral cortex (Bm,, for [3H]-UK 14304 binding). In both
strains of rat the initial reductions of brain a2-adrenoceptors
were followed by rapid and time-dependent recoveries in
receptor density towards control values (i.e. receptor density
after 21 days of clorgyline treatment) (Figure 3c,d). The
binding affinity of [3H]-UK 14304 for the a2-adrenoceptor
was unaltered during recovery from EEDQ-induced receptor
inactivation (Figure 3, legend).
The simultaneous analysis of recovery functions in control

and in clorgyline-treated WKY rats, revealed the existence of
a marked modulation by the antidepressant of cortical 02-
adrenoceptor turnover function (F[2,42] = 7.32, P = 0.002)
(Table 3, Figure 3a,c). Clorgyline increased significantly the
disappearance (degradation) rate constant of the receptor in
the brain of WKY rats (Ak = 286%, F[1,42] = 12.7, P =
0.0009), leading to a marked reduction in the half-life of the
receptor (control, tl/2= 8.1 days; clorgyline, tl/2= 2.1 days).
Moreover, the appearance (synthesis) rate constant was also
increased by clorgyline in WKY rats (Ar = 109%, F[1,42] =
8.53, P = 0.0055). In contrast, the simultaneous analysis of
recovery functions in control and in clorgyline-treated SHR
rats indicated that the MAO inhibitor did not modify
significantly the turnover parameters of brain a2-adreno-
ceptors in hypertensive rats (F[2,42] = 0.78, P = 0.46) (Table
3 and Figure 3b,d). However, it should be noted that in SHR
rats clorgyline also tended to accelerate the turnover of brain
M2-adrenoceptors (Table 3).

Table 3 Effect of chronic treatment with clorgyline on a2-adrenoceptor turnover parameters in the cerebral cortex of normotensive
Wistar-Kyoto (WKY) and spontaneously hypertensive (SHR) rats

Turnover parameters

k
(day-')

0.085 ± 0.015
0.328 ± 0.098tt

0.141 ± 0.024*
0.192 ± 0.049

ti'2
(days)

8.1 ± 1.5
2.1 ± 0.7tt

4.9 ± 0.9*
3.6± 1.0

(fmol mg- I r/k
protein day-') (fmol mg-' protein)

4.6 ± 0.5
9.6 ± 2.2t

5.7 ± 0.7
7.4 ± 1.2

54
29t

40
39

Rats were injected with a single dose of the irreversible antagonist, EEDQ (1.6 mg kg-', i.p.) and killed after different periods of time
to assess the recovery of the specific binding of [3H]-UK 14304 to cortical membranes, which was used as a biochemical index to
quantitate the density of a2-adrenoceptors. Receptor turnover parameters were calculated from data shown in Figure 3 (see Methods).
Receptor turnover was assessed in saline-treated rats and during clorgyline (1 mg kg-', i.p., every 24 h)-induced receptor
down-regulation (phase 7-21 days of treatment) (see Table 2). Reappearance of receptors was assessed by nonlinear analysis according
to the equation: Rt = rlk (1 - e-k), where r is the appearance (synthesis) rate constant, k is the disappearance (degradation) rate
constant of the receptor, and the ratio rlk the density of receptors at steady state after irreversible inactivation. t1/2 represents the
apparent half-life of the receptor and was calculated by the equation: tl12 = In 2/k. Turnover parameters are expressed as the best fit
values ± standard error calculated by the matrix inversion method, using the nonlinear regression programme GraFit (Leatherbarrow,
1990). Statistical comparisons between strains and treatments were made by comparing the goodness of fit of simultaneous analysis
with and without a set of constraints (same or different r and k values) by means of an F test. The simultaneous analysis of recovery
curves revealed significant differences in a2-adrenoceptor turnover parameters between WKY and SHR rats (F[2,54] = 3.76; P = 0.03),
and also between saline and clorgyline-treated WKY rats (F[2,42] = 7.32, P = 0.002) but not between saline and clorgyline-treated
SHR rats (F[2,42] = 0.78, P = 0.46).
*P = 0.08 when compared with the corresponding value in WKY rats (F-test).
tP<0.01; ttP<0.001 when compared with the corresponding saline-treated group (F-test).

Strainl
Treatment

WKY
Saline
Clorgyline

SHR
Saline
Clorgyline
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Figure 3 Recovery of a2-adrenoceptor density (B...1 for [3H]-UK
14304 binding) in the cerebral cortex of (a,c) normotensive Wistar-
Kyoto (WKY) and (b,d) spontaneously hypertensive rats (SHR)
after EEDQ-induced receptor inactivation in control rats (a,b) (0)
and during clorgyline (I mg kg-, i.p., every 24 h)-induced receptor
down regulation in WKY but not in SHR rats (c,d) (@) (phase 7-21
days of treatment) (see Table 2). Clorgyline-treated rats were injected
with EEDQ (1.6mg kg-', i.p.) at day 7 and treatment with clorgy-
line was continued until 24 h before killing. The B.. values were
determined from complete saturation experiments for [3H]-UK 14304
using the nonlinear regression programme LIGAND. Other details
as for Tables 1 and 3. Data shown are means ± s.e.mean derived
from 3-5 experiments. The solid lines represent the computer-

Discussion

The results of this study are consistent with previous data
that demonstrated the existence of a reduced density and
sensitivity of brain X2-adrenoceptors in SHR compared to
WKY rats (Olmos et al., 1991). The decrease in the number
of receptors detected with both the agonist [3H]-UK 14304
and the antagonist [3H]-RX 821002 was very similar (11 and
12 fmol mg-' protein, respectively), suggesting that the
observed alterations in the density and sensitivity of brain
M2-adrenoceptors in SHR involve mainly the high affinity
state of the receptor. A reduced a2-adrenoceptor-mediated
autoinhibition of noradrenergic transmission has been dem-
onstrated in the hypothalamus of SHR (Kubo et al., 1986)
which results in a potentiation of NA release (Tsuda et al.,
1990). This greater release of NA in SHR could explain
(through desensitization processes) the decreases in the den-
sity and sensitivity of brain a2-adrenoceptors found in this
model of genetic hypertension (Olmos et al., 1991; present
results). In this context, the quantitative evaluations of recep-
tor repopulation after EEDQ in the cerebral cortex of WKY
and SHR revealed that X2-adrenoceptor turnover is markedly
accelerated (increased degradation and shorter half-life) in
hypertensive rats. In contrast, receptor synthesis appears to
be rather similar in both strains. These results are in agree-
ment with the reported greater release of NA in the brain of
SHR (Kubo et al., 1986; Tsuda et al., 1990) which through
sustained activation of M2-adrenoceptors induces down-
regulation by an increased receptor degradation. In SHR,
this increased receptor degradation is not compensated with
an adaptive increase in receptor synthesis which results in a
permanent receptor down-regulation.
The time-dependent modulation of brain 2-adrenoceptor

density by chronic treatment with clorgyline in SD rats is
consistent with the reported decrease in the density of brain
M2-adrenoceptors and desensitization of associated functional
responses (e.g. clonidine-induced mydriasis) after long-term
administration of various antidepressant drugs (including
clorgyline), suggesting further that sustained stimulation of
M2-adrenoceptors by the endogenous agonist NA results in
down-regulation of the receptor (Smith & Hollingsworth,
1984; Giralt & Garcia-Sevilla, 1989; Menargues et al., 1990;
Barturen & Garcia-Sevilla, 1992). In line with these findings,
chronic clorgyline treatment in WKY rats also resulted in
down-regulation of brain x2-adrenoceptors. In contrast, the
native lower density of brain M2-adrenoceptors in SHR was
not down-regulated further by treatment with the MAO
inhibitor. In this context, clorgyline treatment in WKY rats
markedly accelerated the turnover of brain M2-adrenoceptors
with the expected increased receptor degradation and shorter
half life, but also with a greater receptor synthesis. The
greater increase in receptor degradation over receptor syn-
thesis could explain the down-regulation of brain M2-
adrenoceptor density induced by clorgyline, as the greater
receptor degradation in SHR explains the lower native brain
receptor density in this strain. Similarly to the reported in-
crease in the turnover of brain x2-adrenoceptors as a conse-
quence of desipramine treatment (Barturen & Garcia-Sevilla,
1992), as well as those of xl-adrenoceptors (Hughes & Insel,
1986), P-adrenoceptors (Snavely et al., 1985) and ben-
zodiazepine receptors (Miller et al., 1991) as a consequence
of exposure to an agonist, one can suggest that sustained

assisted curve fitting of experimental data to the monoexponential
model described by the equation Rt = r/k(l - e-). The dashed
horizontal lines show the range (means ± s.e.mean) of receptor den-
sity at steady state (i.e. the densities of brain z2-adrenoceptors in
saline- and clorgyline-treated WKY and SHR rats; Table 2). Range
for Kd values during recovery was 0.9 ± 0.1 to 1.7 ± 0.2 nM.
ANOVA for Kd values (control and clorgyline groups) gave
F[9,99] = 1.70 and P = 0.098. See Table 3 for clorgyline-induced
changes in M2-adrenoceptor turnover parameters.
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stimulation of a2-adrenoceptors by endogenous NA, after
inhibition of MAO activity by clorgyline (present study) or
neuronal uptake by desipramine (Barturen & Garcia-Sevilla,
1992), increases receptor degradation, leading to an initial
reduction in receptor number. Also, the increase in receptor
synthesis induced by clorgyline treatment in WKY rats could
be viewed as a later compensatory mechanism that would
lead to restoration of brain M2-adrenoceptor density (see Dis-
cussion in Barturen & Garcia-Sevilla, 1992). In marked con-
trast to WKY rats, chronic clorgyline.treatment in SHR did
not accelerate significantly the turnover of brain a2-
adrenoceptors, indicating that these genetically desensitized
M2-adrenoceptors cannot be further down-regulated by clor-
gyline treatment, probably due to the higher rate of receptor
degradation in SHR compared to WKY rats and to the lack
of the expected adaptative increase in receptor synthesis (see
above). In this sense, it is noteworthy that chronic treatment
with the imidazoline drugs, idazoxan and cirazoline, that in
normotensive SD and WKY rats resulted in a significant
up-regulation of brain l2-imidazoline sites, did not modify the
density of these sites in the brain of SHR rats (Olmos et al.,
1992). Together these results could reflect the existence of a
relevant abnormality in common receptor regulatory
mechanisms controlling receptor synthesis in this genetic
model of hypertension.

Little is known about the basic biochemical mechanisms of
agonist (NA)-induced down-regulation of a2-adrenoceptors.
In contrast, homologous desensitization and down-regulation
of P2-adrenoceptors in cultured cells is a well characterized
phenomenon (Schwinn et al., 1992). Thus, two major
mechanisms involved in down-regulation of P2-adrenoceptors
have been elucidated: a decreased receptor synthesis (via
destabilization of mRNA levels) and an increased receptor
degradation (via receptor phosphorylation), and both
mechanisms could explain a loss of receptors (Schwinn et al.,
1992). With respect to a2-adrenoceptors in brain tissue,
previous studies with desipramine (Barturen & Garcia-Sevilla,
1992) and the present results with clorgyline clearly demon-
strate that only an increased receptor degradation is the
relevant mechanism involved in down-regulation of brain
a2-adrenoceptor density, indicating that this accelerated de-
gradation is the first change in the metabolism of the recep-
tor induced by these two prototypical antidepressant drugs.
In this context, the consistent increase in receptor synthesis
induced by chronic desipramine and clorgyline might repre-
sent a later compensatory mechanism that would lead to
restoration of brain a2-adrenoceptor density (Barturen &
Garcia-Sevilla, 1992).

In the rat brain, a2-adrenoceptors are heterogeneous in
nature and the existence of at least two receptor subtypes
(E2A and O2B) has been documented in the various brain
regions (Bylund, 1985; Brown et al., 1990) with a
preponderance of the a2A subtype in the cerebral cortex
(Uhlen & Wikberg, 1991; Barturen & Garcia-Sevilla, 1992). In
the present study, the radioligand used to quantify a2-
adrenoceptors, [3H]-UK 14304, is a mixed a2A/B agonist and
the alkylating agent EEDQ does not discriminate between
a2-adrenoceptor subtypes (Barturen & Garcia-Sevilla, 1992).
Recently, however, the mechanisms of agonist-induced down-
regulation of a2-adrenoceptors have been shown to be the
same for a2A- and a2B-adrenoceptors (Eason & Liggett, 1992;
Liggett et al., 1992). Thus in cultured cells, adrenaline
induces homologous desensitization through phosphorylation
by P2-adrenoceptor kinase of a2A- and a25-subtypes, which is
followed by uncoupling from Gi proteins (rightward shifts for
adrenaline-mediated inhibition of adenylyl cyclase and
decreases in agonist high affinity binding), and in the long-
term by a decrease in the density of cellular G, proteins
(important component of chronic desensitization), receptor
sequestration (translocation from the cell surface to the
interior) and finally receptor down-regulation (proteolytic
receptor degradation) (Eason & Liggett, 1992; Liggett et al.,
1992). These same mechanisms, leading to a2-adrenoceptor
down-regulation after sustained stimulation by endogenous
NA, could operate in the rat brain after chronic treatment
with desipramine (Barturen & Garcia-Sevilla, 1992) and clor-
gyline (present study). Moreover, in line with the above
mechanisms, preliminary results from this laboratory indicate
that chronic treatment with the MAO inhibitor, clorgyline,
decreases by about 20% the density of specific Gi protein
subunits (G.,2) in the rat cerebral cortex. In this context, the
genetic model of down-regulation of brain a2-adrenoceptors
in SHR together with an accelerated receptor turnover (in-
creased receptor degradation), and an apparent lack of recep-
tor down-regulation and turnover acceleration induced by
clorgyline in these rats, suggest the existence of relevant
altered patterns of a2-adrenoceptor regulatory mechanisms
(e.g. increased receptor phosphorylation, abnormal Gi pro-
teins and/or dysfunction of receptor synthesis) in this genetic
model of hypertension.

This study was supported by DGICYT Grant PM 91-0069, FIS
Grant 93/0641 and by CDTI-S.A. LASA Laboratorios Grant 92-
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Effect of heparin and a low-molecular weight heparinoid on
PAF-induced airway responses in neonatally immunized rabbits

Masahiro Sasaki, Caroline M. Herd & 'Clive P. Page

Department of Pharmacology, King's College London, Manresa Road, London SW3 6LX

1 We have investigated the effect of an unfractionated heparin preparation, a low-molecular weight
heparinoid (Org 10172) and the polyanionic molecule polyglutamic acid against PAF-induced airway
hyperresponsiveness and pulmonary cell infiltration in neonatally immunized rabbits in vivo.
2 Exposure of neonatally immunized rabbits to aerosolized platelet activating factor (PAF) (80 pg ml-'
for 60 min) elicited an increase in airway responsiveness to inhaled histamine 24 h and 72 h following
challenge which was associated with an infiltration of inflammatory cells into the airways, as assessed by
bronchoalveolar lavage (BAL).
3 A significant increase in the total numbers of cells recovered from BAL fluid was associated with
significantly increased cell numbers of neutrophils, eosinophils and mononuclear cells 24 h following
PAF exposure. The numbers of eosinophils and neutrophils in the airways remained elevated 72 h after
challenge.
4 The intravenous administation of an unfractionated preparation of heparin (100 units kg-1) or Org
10172 (100 fig kg-') 30 min prior to PAF exposure significantly inhibited the airway hyperresponsiveness
induced by PAF, 24 h and 72 h following challenge. PAF-induced hyperresponsiveness was not
significantly affected by prior intravenous administration of polyglutamic acid (1I00 ig kg-').
5 The intravenous administration of unfractionated heparin (100 units kg-'), Org 10172 (100l tg kg-')
or polyglutamic acid (100 ttg kg-') 30 min prior to PAF exposure significantly inhibited the expected
increase in total cell infiltration.
6 This study shows that unfractionated heparin and a low-molecular weight heparinoid, Org 10172, are
capable of inhibiting both the airway hyperresponsiveness and pulmonary cell infiltration induced by
PAF in the rabbit.

Keywords: Heparin; low-molecular weight heparin; PAF; airways; inflammation; airway hyperresponsiveness; neonatally
immunized rabbit

Introduction

Bronchial asthma is now recognised as an inflammatory
disease which is characterized by bronchial hyperrespon-
siveness, excessive mucus production, mucosal oedema and
recruitment of inflammatory cells into the airways. Much
attention has been focussed on the role of inflammatory cells
such as mast cells, and more recently circulating T-
lymphocytes (Corrigan et al., 1988; Kay, 1991; Robinson et
al., 1992), in allergic inflammation. Heparin, a major compo-
nent of the mast cell granule matrix, is widely known as a
polyanionic anticoagulant; however, comparatively little
work has been done with respect to its anti-inflammatory
effects.

It was reported in 1928 that heparin could inhibit features
of anaphylaxis (Van der Carr & Williams, 1928), a pheno-
menon confirmed later by clinical studies which showed that
heparin could modulate allergic responses in the skin and
respiratory system (Dolowitz & Dougherty, 1960; Dahl, 1962;
Boyle et al., 1964; Bowler et al., 1993). In addition, an
increased level of an endogenous 'heparin-like material' has
been reported in the plasma of allergic subjects (Lasser et al.,
1987). Heparin has been shown to inhibit activation of the
complement system (Kazatchkine et al., 1981; Ekre et al.,
1986), neutrophil chemotaxis (Matzner et al., 1984) and
eosinophil infiltration (Hanss et al., 1989; Seeds & Page,
1992). Furthermore, heparin protects against tissue damage
induced by cationic leukocyte-derived cationic mediators
(Motojima et al., 1989), such as the specific eosinophil-
derived mediators major basic protein (MBP), eosinophilic
cationic protein and eosinophil perioxidase (Frigas & Gleich,

' Author for correspondence.

1986). Heparin has also been shown to inhibit the increased
vascular permeability induced by a variety of inflammatory
mediators including histamine, bradykinin, prostaglandin El
(Carr, 1979) and cationic proteins (Needham et al., 1988;
Antunes et al., 1990; Sasaki et al., 1991). Evidence suggests
that heparin can inhibit T-lymphocyte activation (Frieri &
Metcalfe, 1983), trafficking (Sy et al., 1983; Willenborg &
Parish, 1988; Lider et al., 1990) and delayed hypersensitivity
responses (Frieri & Metcalfe, 1983; Sy et al., 1983; Lider et
al., 1990) via a mechanism unrelated to its anti-coagulant
properties.

Heparin is a mixture of anionic sulphated mucopolysac-
charide chains with an average molecular weight of 10,000-
15,000 Da, composed of sulphated disaccharides. It is
heterogeneous with respect to its affinity for anti-thrombin
III (AT-III), the most important heparin cofactor present in
plasma (Rosenberg et al., 1978). Org 10172, a low-molecular
weight heparinoid, is a mixture of sulphated glycosaminogly-
cans derived from animals intestinal mucosa, with a mean
molecular weight of approximately 6,000 Da. Org 10172 con-
sists of approximately 80% low-molecular weight heparin
sulphate, 10% dermatan sulphate and approximately 5%
each of chondroitin sulphate and a low molecular weight
heparin-like component with high affinity for AT-III. In
animals studies Org 10172 displayed anti-thrombotic activity
with only a small dose-dependent bleeding enhancing
capacity compared with equipotent antithrombotic doses of
standard heparin (Bradbrook et al., 1987). Org 10172 has
been used to investigate the contribution of molecular weight
to the activity of heparin on PAF-induced airway changes.

It has been suggested that the ether-linked phospholipid
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platelet activating factor (PAF), plays an important role in
the pathogenesis of asthma as it can reproduce many of the
features of the disease, both in experimental animals and
man (reviewed in Page, 1988). PAF has been employed in
this study to induce airway hyperresponsiveness in rabbits as
we have previously reported that this is a useful test system
for the evaluation of pharmacological agents and is simpler
and more robust method than antigen challenge. We have
utilized antigen-immunized rabbits in this study as we have
previously shown that PAF can induce airway hyperrespon-
siveness to inhaled histamine in all neonatally immunized
rabbits to some degree (Herd et al., 1992), whereas only in
some, but not all normal rabbits (Coyle et al., 1990; Herd et
al., 1992).

Therefore, in the present study we have investigated the
effects of heparin and related compounds on PAF-induced
airway hyperresponsiveness and pulmonary cell infiltration in
neonatally antigen-immunized rabbits in vivo.

Methods

Animals

New Zealand White (NZW) rabbits (Froxfield Farms,
Petersfield, Hants) of either sex were used throughout the
study. The immunization procedure of neonatal rabbits was
that described previously (Herd et al., 1992). Briefly, rabbits
were injected intraperitoneally (0.5 ml) within 24 h of birth
with Alternaria tenuis extract (1 mg ml-') in aluminium hy-
droxide (Al(OH)3) moist gel. Antigen administration was
repeated weekly for the first month and then biweekly for the
next two months. The methods described in this study was
subject to Home Office approval and performed under the
Animals (Scientific Procedures) Act, 1986.

Pulmonary function measurements

Immunized rabbits (2.0-3.75 kg) were pre-medicated with
diazepam (5 mg ml', 5 mg kg-', i.p.) and were subsequently
treated with Hypnorm (0.4 ml kg-', i.m.; a mixture of fen-
tanyl citrate 0.315 mg ml' and fluanisone 10mg ml-'), a
regime which produces neuroleptanalgesia and is recom-
mended for recovery experiments in laboratory rabbits
(Flecknall, 1987). Neuroleptanalgesia was maintained
throughout the course of the experiment by administration of
0.2-0.3 ml Hypnorm i.m. approximately every 30 min
(Flecknall, 1987). Animals were intubated with an endot-
racheal tube (3.0 mm i.d., Mallinckrodt Laboratories, Ath-
lone, Ireland), which was connected to a heated Fleisch
pneumotachograph (size 00). Measurements of flow, pleural
pressure, transpulmonary pressure (the difference between
thoracic and pleural pressure) and tidal volume were made
according to Herd et al. (1992). Measurements of total lung
resistance (RL) and dynamic compliance (Cdy,j were cal-
culated by an online respiratory analyser (PMS Version 4.1
Mumed Ltd., London).

Experimental protocol

On Day 1, airway responsiveness to aerosolized histamine
was determined as a measure of lung function, as previously
described (Herd et al., 1992). Cumulative dose-response
curves were established and the provocation concentration
(PC) of histamine which produced 50% increase in RL (PC50)
and 35% decrease in Cdy. (PC35) was determined for each
rabbit. These calculated values were used as indices of airway
responsiveness.
On Day 2, rabbits were injected with 0.5 ml sterile saline

(control), unfractionated heparin (100 u kg-'), Org 10172
(100 jg kg-1) or polyglutamic acid (100 pg kg-') intra-
venously 30min prior to exposure of a 2min aerosol of
0.25% bovine serum albumin (BSA) (the carrier molecule for

PAF). PAF aerosol (80 yg ml-') was then administered over
the following hour, after which time respiratory function was
recorded. On Days 3 and 5, airway responsiveness to hist-
amine was determined as on Day 1.

Control studies were performed whereby heparin (100u
kg-') and Org 10172 (100;1gkg-1) were administered intra-
venously 30 min prior to a 1 h aerosol challenge of 0.25%
BSA. In these experiments, respiratory parameters (RL and
Cdyn) were recorded before and 1, 15 and 30min following
the drug administration.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed immediately
following histamine challenge on Days 1, 3 and 5 as
previously described (Herd et al., 1992). Both total and
differential cell counts were enumerated from BAL fluid.

Analysis of results

Results of the lung function studies are expressed as
mean ± s.e.mean. In vivo histamine potency values were
derived from measurements of airway resistance (RL) (PC50)
and dynamic compliance (Cdy.) (PC35) and are expressed as
the geometric means together with upper and lower values
for s.e.mean. For statistical purposes PC5o and PC35 values
were loglo transformed. One-way analysis of variance was
used to analyse the bronchoconstriction data (RL and Cdyn)
(expressed as percentage change). Two-way analysis of
variance for repeated measures was employed to analyse the
histamine potency data prior to and at the 2 time points
following PAF administration. The total cell counts and
mononuclear cell, eosinophil and neutrophil counts obtained
from BAL before, 24 h and 72 h after PAF challenge were
analysed by Kruskall-Wallis one-way analysis of variance as
the variances were found to be non-homogeneous. Tukey's
HSD test was used to determine differences in means when
multiple comparisons were made for the parametric data
(with analysis of variance) and distribution-free multiple
comparisons were used to determine differences in means
when multiple comparisons were made for the non-
parametric data (Kruskall-Wallis one-way analysis of
variance). Results were considered significant if P< 0.05.

Drugs

Alternaria tenuis extract was obtained from Greer
Laboratories Inc., Lenoir, N.C., U.S.A. (40,000 PNU ml-',
1 mg ml-') and aluminium hydroxide (AI(OH)3) moist gel
from FSA Laboratory supplies, Loughborough, Leicester-
shire. Histamine diphosphate, bovine serum albumin (low
endotoxin) and polyglutamic acid (60,000-90,000 mol. wt.)
were obtained from Sigma (Poole, Dorset). Platelet activating
factor (PAF, C16) was obtained from Novabiochem (Not-
tingham). Unfractionated heparin was obtained from C.P.
Pharmaceuticals. Org 10172 was a gift from Dr T. Moelker,
Organon B.V., Oss, The Netherlands. Diazepam was pur-
chased from Roche (UK) and fentanyl citrate (Hypnorm)
from Janssen Pharmaceutical Ltd., UK.

Results

Airway responses

Airway responsiveness to inhaled histamine (both airway
resistance RL and dynamic compliance Cdyn) determined on
Day 1 were not significantly different in groups of immunized
rabbits that received heparin (100 u kg-'), Org 10172
(1001g kg-') or polyglutamic acid (100 g kg-') compared
with the control saline group (Tables IA and B). The com-
bined mean values were RL PCS: 11.15 ± 1.14 mg ml-' and
Cdyn PC35: 7.96 ± 1.19 mg ml-' (n = 27). There were no
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significant differences in baseline absolute values of RL or
Cdy. between any of the study days (Table 2).

Single intravenous doses of saline, heparin (100u kg-'),
Org 10172 (l00psgkg-') or polyglutamic acid (100#tgkg-')
caused small changes in baseline lung function (RL or Cd,,)
measured 1, 15 or 30 min following administration (Table 3).

Table 1 The effect of saline, heparin (100 u kg-'), Org
10172 (100 tsg kg-') and polyglutamic acid (100jig kg-') on
airway responsiveness to histamine prior to, and 24 h and
72 h following PAF challenge (80 Lgml') in immunized
rabbits.

A Histamine PCm is the concentration of histamine
(aerosol) (mgml-I) required to cause a 50% increase in
airway resistance (RL)-

Histamine PC,0 (mg ml-')
Pre 24 h 72 h

Saline

Heparin

Org 10172

Polyglutamic acid

n
mean
s.e.mean
n
mean
s.e.mean
n
mean
s.e.mean
n
mean
s.e.mean

9
12.11
1.32
6
9.29
1.35
6
10.21
1.33
6
12.97
1.14

9
4.26*
1.15
6
15.14*t
1.40
6
16.41 *t
1.32

8
3.78*
1.24
6
16.83*t
1.42
6
18. 1*t
1.23

6 6
4.96* 5.13*
1.14 1.21

*P <0.05 compared with Pre value of same treatment group
tP<0.05 compared with appropriate saline control group

B Histamine PC35 is the concentration of histamine
(aerosol) (mg ml-') required to cause a 35% fall in dynamic
compliance (Cd,,,).

Histamine PC35 (mg ml-')
Pre 24 h 72 h

Control

Heparin

Org 10172

Polyglutamic acid

n
mean
s.e.mean
n
mean
s.e.mean
n
mean
s.e.mean
n
mean
s.e.mean

9
9.23
1.37
6
5.31
1.48
6
5.90
1.53
6
13.06
1.14

9
2.99*
1.24
6
9.55t
1.35
6
10. 14t
1.32
6
4.64*
1.18

8
3.63*
1.29
6
9.12
1.33
6
9.91t
1.39
6
3.45*
1.20

*P< 0.05 compared with Pre value of same treatment group
tP <0.05 compared with appropriate saline control group

These changes were significantly less than those achieved
following PAF administration (Table 4). The acute broncho-
constriction induced by PAF was not significantly different
from groups of rabbits pretreated with saline, heparin
(100 u kg-'), Org 10172 (100 pg kg-') or polyglutamic acid
(100 ig kg-') (Table 4).
Airway responses to inhaled histamine (PC50 or PC35) were

not significantly different in animals treated with heparin
(100ukg-'), Org 10172 (100pgkg-') or polyglutamic acid
(100 Mg kg-') 30 min prior to BSA aerosol at 24 h or 72 h
following challenge compared with Pre-BSA values (Table 5).

There was a significant increase in airway responsiveness to
inhaled histamine (RL and Cdy,,) in immunized rabbits 24 h
and 72 h after PAF exposure compared to pre-PAF level in
the control saline-treated group (P<0.05) (Tables A and B).
In rabbits pretreated with either heparin (100 u kg-') or Org
10172 (1I00 tg kg'-), PC50 and PC35 values were significantly
different from saline control values 24 h following PAF
challenge (Tables lA and B). Furthermore, in rabbits that
received heparin or Org 10172, PC50 values 24 h and 72 h
post PAF were significantly increased. Pretreatment of rab-
bits with polyglutamic acid (I00 Lg kg-') had no significant
effect on PAF-induced hyperresponsiveness. RL and Cdyn were
significantly different at 24 h and 72 h compared with Pre-
PAF values (Tables lA and B). PC5, and PC35 values were
not significantly different from the saline control group at
24 h and 72 h following PAF challenge (Tables IA and B).

Bronchoalveolar lavage

There were no significant differences in total or differential
cell counts between any of the pretreatment groups prior to
PAF exposure (Table 6). Total cell counts were significantly
elevated in BAL fluid 24 h and 72 h after PAF exposure in
control saline-treated rabbits (P <0.05). This was reflected as
significant increases in the numbers of neutrophils,
eosinophils and mononuclear cells at 24 h and 72 h following
challenge (P <0.05, Table 6).

In rabbits pretreated with heparin and Org 10172, total cell
counts in BAL fluid at 24 h and 72 h after PAF exposure
were significantly reduced compared with the saline-treated
controls (P <0.05, Table 6). Numbers of neutrophils and
eosinophils were significantly less than those observed in the
control group 24 h and 72 h following PAF challenge
(P< 0.05, Table 6).

In rabbits pretreated with polyglutamic acid, numbers of
total cells and eosinophils were significantly different from
those in the control animals 24 h and 72 h following PAF
exposure (P< 0.05, Table 6). The number of neutrophils
recovered from polyglutamic acid-treated rabbits was signi-
ficantly less than that recovered from control animals at 24 h
following PAF challenge only (P <0.05, Table 6).
No significant differences in mononuclear cell numbers

were evident following PAF in any of the 3 drug treatment

Table 2 Absolute values for baseline lung function (airway resistance RL) and dynamic compliance (Cdy,), Pre, 24 h and 72 h
following PAF aerosol (80pgml-') in immunized rabbits pretreated with saline, heparin (100ukg-'), Org 10172 (100 lgkg-') and
polyglutamic acid (PGA) (100 Lgkg-')

RL (cmH2O/(0 S-'))
Pre 24h 72h

33.38
1.97

26.05
2.57

33.49
3.90

40.04
4.27

34.63
1.41

32.73
2.06

28.05
2.63

36.18
2.57

40.34
5.79

28.70
3.06

32.22
2.18

31.67
5.41

33.06
3.93

36.33
3.61

30.91
1.49

Cdy,, (ml cmH20-')
Pre 24 h 72 h

7.46
0.49
7.47
0.90
7.02
0.94
6.59
0.50
9.20
0.94

7.75
0.46
7.60
0.96
7.27
0.94
7.54
0.74
8.62
0.57

7.58
0.42
7.77
0.71
6.23
0.90
7.40
0.41
8.86
0.95

Total
(n = 27)
Saline
(n = 9)
Heparin
(n = 6)
Org
(n = 6)
PGA
(n = 6)

mean
s.e.mean
mean
s.e.mean
mean
s.e.mean
mean
s.e.mean
mean
s.e.mean
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Table 3 Percentage change in airway resistance (RL) and dynamic compliance (Cdy@), 1, 15 and 30 min following i.v. administration of
heparin (1001tgkg-') and Org 10172 (100ligkg-') in immunized rabbits

RL (cmH20/(1 S'))
1 min 15 min 30 min

Cdy, (ml cmH20-')
1 min 15 min 30 min

5.13 11.70 15.90
1.27 4.65 1.35
2.32 0.30 4.03
3.19 7.67 10.70

Table 4 Percentage change in airway resistance (RL) and
dynamic compliance (Cdy,,) following PAF aerosol
(80 pg ml-') in immunized rabbits pretreated with saline,
heparin (100ukg-'), Org 10172 (100pgkg-') and
polyglutamic acid (100 gsg kg- )

Saline
(n = 9)
Heparin
(n = 6)
Org 10172
(n = 6)
Polyglutamic acid
(n = 6)

mean
s.e.mean
mean
s.e.mean
mean
s.e.mean
mean
s.e.mean

RL
65.88
6.85

38.18
7.03

40.60
13.34
56.37
9.57

Cdy,
- 44.84

5.50
- 27.22

7.87
- 32.47

7.28
- 38.77

7.90

groups. Numbers of mononuclear cells in these groups of
animals were all significantly less than numbers recovered
from control rabbits at 24 h and 72 h following PAF
(P<0.05, Table 6).

Therefore, the total cell infiltration induced by PAF was
significantly inhibited by heparin, Org 10172 and poly-
glutamic acid treatment at. 24 h and 72 h post challenge, as
was the recruitment of eosinophils and mononuclear cells.
The infiltration of neutrophils was similarly inhibited by all
drug pretreatments at 24 h and 72 h following PAF with the
exception of that observed 72 h post PAF in animals that
received polyglutamic acid (P< 0.05, Table 6). In addition,
no significant differences were found to exist between the
effects of heparin, Org 10172 or polyglutamic acid on PAF-
induced cell infiltration.

Table 5 The effect of saline, heparin (100 u kg-') and Org 10172 (100 lAg kg-') on airway responsiveness to histamine prior to, and
24 h and 72 h following BSA challenge (0.25%) in immunized rabbits.

PC50 RL (mg ml-')
Pre 24h 72h

PC35 Cd, (mg ml-')
Pre 24 h 72 h

Saline mean
s.e.mean
n

Heparin mean
s.e.mean
n

Org mean
s.e.mean
n

10.66 11.24 12.69
1.52 1.22 1.04
6 6 6

9.08 8.53 6.28
1.24 1.25 1.24
7 7 5

7.36 7.77 8.03
1.06 1.06 1.08
5 5 5

PCso is the concentration of histamine (aerosol) (mg ml-') required to cause a 50% increase in airway resistance (RL)- PC35 iS the
concentration of histamine (aerosol) (mg ml-') required to cause a 35% fall in dynamic compliance (Cdyn).

Table 6 Number of total cells and different cell counts recovered from bronchoalveolar lavage (BAL) fluid before (Pre) and 24 h and
72 h following exposure of PAF (80 jsg ml-') in immunized rabbits pretreated with saline, heparin (100 u kg-'), Org 10172
(1001lg kg-') and polyglutamic acid (PGA) (l00jtg kg-')

x 101 cells ml-'
Total Neutrophils Eosinophils Mononuclear cells

Control (saline)

Heparin

Org 10172

PGA

Pre
24 h
72 h
Pre
24 h
72 h
Pre
24 h
72 h
Pre
24 h
72 h

(n = 9)
(n = 9)
(n = 8)
(n = 6)
(n = 6)
(n = 6)
(n = 6)
(n = 6)
(n = 6)
(n = 6)
(n = 6)
(n = 6)

1.01
5.94
3.25
0.94
1.37
1.23
0.85
1.47
1.33
0.92
1.35
1.58

(0.3-2.0)
(0.9- 12.6)*
(0.9-5.8)*
(0.45-1.8)
(0.6-2.4)*t
(0.7-2.1)t
(0.4-1.4)
(0.6-2.4)*t
(0.8- 1.8)*t
(0.4-2.1)
(0.7- 1.8)*t
(I . I -2.4)*t

0.024
3.451
1.146
0.049
0.608
0.557
0.008
0.943
0.400
0.035
0.754
0.658

(0.002-0.09)
(0.38-8.42)*
(0.19-3.63)*
(0.005-0.143)
o0.15-0.96)*t
(0.34- 1.01)*t
(0.004-0.018)
(0.32- 1.62)*t
(0.04-0.81)*t
(0.006-0.06)
(0.51-1.12)*t
(0.41 -0.92)*

0.007
0.141
0.101
0.003
0.021
0.015
0.001
0.020
0.007
0.001
0.011
0.007

(0.0-0.054)
(0.032-0.253)*
(0.023-0.464)*
(0.0-0.009)
(0.003-0.048)*t
(0.0-0.024)*t
(0.0-0.06)
(0.007-0.032)*t
(0.0-0.018)*t
(0.0-0.006)
(0.0-0.042)*t
(0.0-0012)*t

0.99
2.40
2.01
0.89
0.78
0.66
0.84
0.56
0.94
0.90
0.57
0.92

(0.30-1.98)
(0.49-5.88)*
(0.68-4.21)*
(0.44- 1.73)
(0.45- 1.63)t
(0.32-1.07)t
(0.39- 1.39)
(0.28-0.78)t
(0.75- 1.35)t
(0.34-2.07)
(0.18-1.12)t
(0.52- 1.46)t

Results are expressed as means with range in parentheses
*P<0.05 compared with Pre value of same treatment group.
tP<0.05 compared with respective control value (saline treated group).

Heparin
(n = 3)
Org
(n = 3)

mean
s.e.mean
mean
s.e.mean

- 3.73
8.07

-8..80
3.83

- 8.68
10.28

-11.00
3.62

- 7.23
9.16

- 3.60
6.74

5.56
1.33
6

5.83
1.14
7

7.50
1.10
5

5.92 4.77
1.14 1.11
6 6

6.20 5.61
1.12 1.17
7 5

7.38 7.59
1.09 1.10
5 5
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Discussion

Our results show that unfractionated heparin and the low-
molecular weight heparinoid Org 10172 can inhibit airway
hyperresponsiveness induced by aerosolized PAF in neo-
natally immunized adult rabbits. It has been reported that
heparin can bind histamine, which possibly may explain the
effect we have seen in vivo since we have used histamine as a
marker of airway responsiveness. Nonetheless, neither
heparin nor Org 10172 had any effect on the airway respon-
siveness to histamine following BSA challenge, suggesting
that the observed inhibitory action of heparin and Org 10172
is not attributable merely to the ability of these drugs to bind
histamine. Furthermore, from our results we suggest that the
ability of heparin to inhibit airway hyperresponsiveness is
unlikely to be related solely to its highly anionic nature since
similar inhibitory effects were not observed with the linear
anionic molecule polyglutamic acid. However, we cannot rule
out the contribution of the negatively charged nature of
heparin as it is plausible that any charge effect is dependent
on the charge being presented in a conformationally con-
strained manner.
Heparin has been previously shown to inhibit PAF-

induced airway hyperresponsiveness and eosinophil
infiltration in guinea-pigs (Hanss et al., 1989). While in the
present study both heparin and Org 10172 inhibited the
infiltration of inflammatory cells into the airways following
PAF challenge, it appears that the inhibitory effect of heparin
on PAF-induced airway hyperresponsiveness is not depen-
dent on this anti-inflammatory effect as polyglutamic acid
substantially inhibited cell infiltration without inhibiting the
associated airway hyperresponsiveness. These results,
separating the induction of bronchial hyperresponsiveness
from inflammatory cell infiltration, support previous work in
this model with other drug classes (Spina et al., 1991; Herd et
al., 1992) and in other experimental (Ladenius & Biggs, 1989;
Kings et al., 1990; Sanjar et al., 1990; Matsuse et al., 1991)
and clinical (Lundgren et al., 1988; Gibson et al., 1989)
situations, showing that eosinophils may not be a prere-
quisite for the induction of airway hyperresponsiveness.

Others have reported that heparin can modulate allergen-
induced airway hyperresponsiveness in the guinea-pig via a
mechanism related to reversing the effects of the eosinophil-
derived cationic protein MBP on M2 receptor function on

airway ganglia (Fryer & Jacoby, 1991). Again it is unlikely
that such a mechanism explains the inhibitory effect of
heparin on PAF-induced airway hyperresponsiveness in the
present study as, unlike the experiments in guinea-pigs, the
inhibitory effect of heparin against airway hyperrespon-
siveness could not be modulated by polyglutamic acid. Fur-
thermore, the experiments in the guinea-pig used very high
doses of heparin in comparison with those reported here.
Recently heparin has been reported to inhibit Type 1
hypersensitivity reactions in allergic sheep, which has been
suggested to be via an inhibitory effect on mast cell degranu-
lation (Ahmed et al., 1992). However, such a mechanism is
unlikely to account for the inhibitory effects of heparin on
PAF-induced airway hyperresponsiveness as rabbits have
very few mast cells and their Type I hypersensitivity reactions
are mediated principally by basophils or 'basophiloid' cells.

Heparin has also been reported to inhibit both exercise and
antigen-induced bronchoconstriction, possibly by altering
inositol trisphosphate (1P3) levels (Ahmed & Danta, 1992). In
the present experiments however, these observations were not
supported as heparin did not inhibit PAF-induced broncho-
constriction. These findings furthermore suggest that the
inhibition of PAF-induced airway hyperresponsiveness and
cell infiltration by heparin cannot be explained by heparin
acting merely as a PAF antagonist. We have previously
reported that PAF-induced airway hyperresponsiveness and
eosinophil infiltration in the rabbit is platelet dependent,
being substantially reduced in animars rendered thrombo-
cytopaenic (Coyle et al., 1990). It is therefore of interest that
two platelet-derived products, platelet factor 4 (PF4) (Chihara
et al., 1988) and the related member of the IL-8 supergene
family, RANTES (Kameyoshi et al., 1992) have been recently
reported to be chemoattractant for eosinophils. Heparin has
long been known to inhibit the actions of the PF4 (Block et
al., 1980), a cationic protein shown to be released following
antigen challenge in sensitized rabbits (McManus et al., 1979)
and human asthmatics (Knauer et al., 1981; Averill et al.,
1992), raising the possibility that part of the inhibitory
actions of heparin on PAF-induced eosinophil infiltration is
via the neutralization of PF4.

In summary, our results provide clear evidence that
heparin and Org 10172 possess anti-inflammatory activity in
the lung and the ability to inhibit PAF-induced airway
hyperresponsiveness in the rabbit.
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The effect of platelet-activating factor on the responsiveness of
the human nasal airway
C.E. Austin & 'J.C. Foreman

Department of Pharmacology, University College London, Gower Street, London WClE 6BT

1 The effects of inhaled platelet-activating factor (PAF) on responsiveness of the human nasal airway
were examined in normal subjects by measuring nasal airway resistance in response to histamine and
bradykinin at 2, 6, 24, 48 h and 7 d after PAF administration. Eosinophil cationic protein (ECP) in
nasal secretions was also measured.
2 Intranasal aerosol administration of PAF, 30 or 60 fig per nostril to normal human subjects induced
an increased responsiveness to inhaled histamine, 50 to 400 1ig and bradykinin, 100 gg per nostril at 2, 6
and 24 h following PAF treatment. However the effect was not apparent at 48 h or 7 days after PAF
administration.
3 Intranasal administration of lyso-PAF, 60 ,g by aerosol did not increase the reactivity of the nasal
airway in response to histamine, 200 fg.
4 There was no difference in the time course of the PAF-induced hyperresponsiveness to histamine or
bradykinin.
5 PAF-induced nasal hyperresponsiveness at 2 and 6 h was associated with increases in the ECP
concentration of the nasal lavage fluid.
6 Vitamin E pretreatment of subjects resulted in the attenuation of the PAF-induced hyperrespon-
siveness to histamine, and a decrease in ECP levels of the nasal lavage fluid.
7 The results suggest that in the human nasal airway, PAF induces a non-specific hyperresponsiveness
which is accompanied by eosinophil activation in the nasal cavity. Free radical production induced by
PAF may contribute to the hyperresponsiveness and the activation of eosinophils.

Keywords: Platelet-activating factor; human nasal airway; hyperresponsiveness; histamine; bradykinin; vitamin E; eosinophil
cationic protein

Introduction

Platelet-activating factor or PAF (l-O-hexadecyl-2-acetyl-sn-
glycero-3-phosphocholine), is a membrane-derived phospho-
lipid that has been shown to have a wide variety of biological
activities. It increases vascular permeability, is chemoattrac-
tant for neutrophils and eosinophils, activates these cells and
it induces superoxide anion production and leukotriene syn-
thesis (O'Flaherty & Wylkle, 1983). In the lower airways,
PAF has been implicated in the pathogenesis of asthma. It
has been shown to cause immediate bronchoconstriction
(Chung et al., 1986; Cuss et al., 1986) as well as inducing a
non-specific bronchial hyperresponsiveness in both animals
(Patterson et al., 1984; Chung et al., 1986; Robertson et al.,
1988) and man (Cuss et al., 1986).
The mechanism of this hyperresponsiveness is not known.

Previous studies have indicated that inflammation is an
important factor and that the hyperresponsiveness may in-
volve the release of cytotoxic mediators from eosinophils,
such as eosinophil cationic protein (Frigas & Gleich, 1986).
However, more recently Webber et al. (1992) have provided
evidence for PAF-induced hyperresponsiveness in vitro, pre-
dominantly in the absence of circulating inflammatory cells.
This hyperresponsiveness was suggested to be produced by
the receptor-mediated release of oxygen free radicals.

Hyperresponsiveness is also seen in the upper airway in
patients with allergic rhinitis (Andersson et al., 1987). In
order to determine whether PAF might be a potential me-
diator of hyperresponsiveness in the upper airway, we have
studied the effect of inhaled PAF on responsiveness of the
human nasal airway in normal subjects towards histamine
and bradykinin. We have also investigated, by employing

' Author for correspondence.

vitamin E as an oxygen free radical scavenger, the possibility
that oxygen free radicals may mediate PAF-induced changes
in nasal airway reactivity.

Methods

Subjects

The study was approved by the local Ethics Committee at
University College London and all subjects gave their in-
formed consent. For all experiments, normal, healthy volun-
teers with an age range of 21 to 40 years were used. Subjects
suffering from a cold or reporting nasal symptoms were
excluded and subjects were taking no medication at the time
of, or in the 2 weeks prior to, an experiment. Experiments
were performed in conditions kept as constant as possible
with respect to temperature and humidity.

Nasal airway resistance measurements

Nasal airways resistance (NAR) was measured by active
posterior rhinomanometry using a Mercury Electronics
(Glasgow, UK) NR6 Rhinomanometer. The instrument was
programmed to calculate nasal resistance at a reference pres-
sure of 75Pa. The subject held a mask, with airtight seal,
over the nose and mouth and breathed through the nose.
Airflow was monitored by a pneumotachograph, and pres-
sure within the oropharynx was monitored by an oral pres-
sure cannula placed over the tongue and held through sealed
lips.
The instrument was programmed to give the mean NAR

over four nasal cycles, and for each subject, three consecutive
series of breaths were used to calculate an overall mean of 12
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breaths. Readings were only accepted if the coefficient of
variation of the overall mean NAR for a subject was less
than 20%.

Study design

In each experiment, subjects were first challenged with saline,
then three measurements each of four nasal cycles were taken
every 5 min by active posterior rhinomanometry (NAR) over
a 15 min period to provide the baseline. To begin with,
subjects were challenged with either four doses of histamine
(50, 100, 200 and 400 1g) or bradykinin, 100 ;Lg to each
nostril. This dose of bradykinin had previously been shown
to produce a significant decrease in nasal airway conductance
(Proud et al., 1988). After each dose, NAR was measured at
2, 5, 10, 15 and 20min. Subjects were then treated with
vehicle or PAF, 30 or 60 ptg to each nostril and subsequent
histamine or bradykinin challenges were performed at 2, 6,
24, 48 h and 7 days later. Subjects were allocated to PAF or
vehicle treatment groups on a randomized basis. At least 1
week later, subjects were given vehicle or PAF: vehicle if they
had previously had PAF and PAF if they had previously had
vehicle. Histamine or bradykinin challenges were performed
again at 2, 6, 24, 48 h and 7 days after vehicle or PAF
administration. In addition, subjects underwent a nasal lav-
age on each challenge occasion.

In the study with vitamin E, 5 subjects received orally,
vitamin E, 400 u daily for 14 days. A blood sample was
taken from each subject immediately prior to starting the
vitamin E treatment, and another sample was taken on day
14. At this time subjects were treated with PAF, 601g to
each nostril, as before, and histamine challenges were per-
formed at 2, 6 and 24 h after PAF administration. Nasal
lavages were also performed on these occasions.

Nasal lavage

Nasal lavages were performed by a previously described
method (Naclerio et al., 1983). Subjects were in a sitting
position with the head extended 300 from the horizontal.
Warmed sterile saline (5 ml) was instilled in the nostril while
the subject abstained from breathing or swallowing. After
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Figure I Responses to histamine (200 pg), expressed as maximal
percentage increase in nasal airway resistance (NAR) above baseline
in the post-challenge period, pre-PAF (Oh) and at 2, 6 and 24 h
following vehicle or treatment with PAF, 60 fig. (0) Vehicle
pretreatment; (0) PAF pretreatment. The baseline NAR was
0.317 ± 0.016 Pa.s.cm-3. The data are the means with s.e.mean from
5 separate experiments. *Significant difference (P<0.05) by paired t
test between PAF and vehicle pretreatment.

lO s the subject leaned forward and expelled the lavage fluid
into a collection vessel, which was stored on ice until the
completion of the experiment. Approximately 4ml of the
wash was recovered on each occasion. In each experiment,
three initial washes were collected in order to remove pre-
existing nasal secretions and the third of these was retained
and served as a baseline.
The lavage fluid was centrifuged at 4°C for 10 min at

1000 g, after which the supernatants were separated, and
stored at - 20°C until analysis.
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Figure 2 Dose-response curve for histamine and increased nasal
airway resistance (NAR) 6h after pretreatment. (0) Vehicle pre-
treatment; (0) PAF, 60 lg pretreatment. Changes in NAR are ex-
pressed as a percentage of the baseline value which was 0.381 +
0.021 Pa.s.cm-3. The data are the means with s.e.mean from 5
separate experiments. *Significant difference (P<0.05) by paired t
test between PAF and vehicle administration.
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Figure 3 Responses to bradykinin (100lg) expressed as maximal
percentage increase in nasal airway resistance (NAR) above baseline
in post-challenge period, pre-PAF (O h) and at 2, 6 and 24 h follow-
ing vehicle or PAF administration. (V) Vehicle treatment; (0) treat-
ment with PAF, 60 psg. The baseline NAR was 0.343 ± 0.013 Pa.s.-
cm 3. The data are the means with s.e.mean from 5 separate
experiments. *Significant difference (P<0.05) by paired t test
between vehicle and PAF administration.
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Vitamin E measurements

Blood (5 ml) was obtained by superficial venepuncture of the
antecubital fossa, and left to clot at room temperature. The
blood was then centrifuged at 1400 g for O min, the serum
aspirated off, then stored at - 20C until analysis. Vitamin E
was assayed by the Department of Chemical Pathology,
University College London. The vitamin E was assayed by
measuring its fluorescence in hexane (excitation 290 nm;
emission 330 nm). The serum samples were saponified with
potassium hydroxide in the presence of ascorbic acid, as an
anti-oxidant, and ethanol to reduce the extraction of interfer-
ing substances (Taylor et al., 1976).

obtained with the various treatments. A probability value
P<0.05 was considered significant.

Materials

Bradykinin was obtained from Peninsula Laboratories, St
Helens, Merseyside. Platelet-activating factor (C16) and the
lyso form were obtained from Novabiochem, Nottingham.
Histamine diphosphate was obtained from Sigma, Poole,
Dorset. Vitamin E was manufactured by Pharmadas Ltd,
Greenford, Middlesex. The ECP assay kit was produced by
Pharmacia Diagnostics, Uppsala, Sweden. All other sub-
stances used were of Analar or simliar quality.

Nasal challenge

Nasal challenge was undertaken with a nasal pump spray
(Perfect-Valois, UK Ltd), delivering 100 ftl per activation.
The spray was placed in one nostril and activated once, then
repeated for the opposite nostril. All solutions were at room
temperature, and doses of substances were controlled by the
concentration of the solutions. Fresh solutions of all chal-
lenge agents were made each day from stock solutions stored
at - 20°C.

Histamine as the diphosphate salt was dissolved in saline
(NaCl 154 mM) to make solutions ranging from 1 mg ml-' to
1Omg ml'. Bradykinin was dissolved in saline to make a
1 mg ml'- solution. PAF was dispersed in distilled water to
make a suspension of 0.6 mg ml'.

Eosinophil cationic protein (ECP) assay

ECP was measured, as previously described (Venge et al.,
1977), by a radioimmunoassay.

Data analysis

Changes in NAR in response to each substance were expres-
sed as the percentage change from the NAR values obtained
with vehicle challenge. The response to each substance was
expressed as the maximal change in NAR for each dose
during the post-challenge period.

All data were expressed as mean ± s.e.mean. Student's t
tests for paired or independent samples, as appropriate, were
applied when comparing the differences between mean values

Results

Following PAF inhalation, no significant change in NAR
was measured in any of the subjects. No response was
obtained to vehicle alone. All subjects sneezed and experien-
ced nasal itching and nasal blockage after histamine chal-
lenge. However, Figure 1 shows that histamine challenge
with 200 fig per nostril prior to PAF administration and at 2,
6 and 24 h following PAF resulted in increases in NAR of
79%, 162%, 215%, and 148% respectively, whereas res-
ponses to histamine, 200 fig after vehicle treatment were
79%, 89%, 74% and 91% respectively (n = 5).

In a separate experiment, when subjects were challenged
with histamine, 200 jig the increase in NAR was 71 ± 17%
above baseline (0.315 ± 0.015 Pa.s.cm-3) prior to administra-
tion of lyso-PAF and 68 ± 25% above baseline (0.326 +
0.017 Pa.s.cm-3) 6 h after intranasal administration of lyso-
PAF, 60lg (n= 5).
The maximum hyperresponsiveness induced by PAF was

observed at 6 h, when the percentage increase in NAR fol-
lowing histamine challenge was significantly larger than that
obtained before PAF administration (P<0.05) (Figure 2).
Subjects challenged with bradykinin experienced nasal block-
age without other symptoms and this too was augmented
following PAF treatment. Bradykinin-induced increases in
NAR prior to PAF administration and at 2, 6 and 24 h after
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Figure 4 Duration of responses to histamine and bradykinin, pre-
PAF (O h) and at 2, 6 and 24 h after administration of PAF, 60 ptg.
(0) Bradykinin, 100 pLg; (0) histamine, 200 l.g. The data are the
means with s.e.mean from 5 separate experiments.

Figure 5 The effect of PAF administration on the eosinophil cat-
ionic protein (ECP) concentration of nasal lavage fluid taken pre-
PAF (Oh) and at 2, 6 and 24h after administration. (-)-PAF,
60 tg; (V)-PAF 60 lg and vitamin E treatment. The data are the
means with s.e.mean from 3 separate experiments. *Significant
change by paired t test in ECP concentration compared with that
before PAF administration (O h). tSignificant difference by unpaired
t test in ECP concentration between the untreated subjects and those
treated with vitamin E.
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PAF were 27%, 32%, 92% and 28% respectively (n = 5), as
compared with increases of 27%, 30%, 38% and 31% when
subjects received vehicle (Figure 3). There was no difference
in the duration of the hyperresponsiveness induced by PAF
between subjects challenged with histamine and those chal-
lenged with bradykinin (Figure 4).
The ECP concentrations in nasal lavage after PAF admin-

istration were significantly increased at 2 h and 6 h when
compared with the ECP concentrations in the nasal lavage
prior to PAF administration. The maximal increase in ECP
concentration of the nasal lavage fluid, which occurred at 6 h
after PAF administration, was 8.3 ;sg 1' compared with
2.9 jig I` before PAF treatment (Figure 5). Nasal blockage
following histamine challenge at 48 h and 7 days after PAF
treatment was not significantly different from that without
PAF administration (Figure 6).
The effect of the PAF dose required to produce this hyper-

responsiveness was investigated and it appeared that the
hyperresponsiveness was dose-related (Figure 7).
To study the effect of vitamin E on the PAF-induced

hyperresponsiveness, subjects were pretreated with vitamin E
400 u for 14 days. In all subjects, serum levels increased
significantly from a mean of 13.2 ± 1.02 mg 1-' to a mean of
18.2 ± 1.44 mg -l': a mean increase of 37.4 ± 5.2% (P<
0.01). On day 14, the PAF-induced hyperresponsiveness to
histamine was inhibited (Figure 8), and there was also a
corresponding reduction in ECP levels of nasal lavage fluid
from 8.3 pg 1' without vitamin E pretreatment, to 5.3 ,Lg 1'
after vitamin E but this was only significant at the 6 h time
point (Figure 5).

Discussion

In this paper, we have demonstrated a non-specific increase
in responsiveness induced by PAF in the human nasal air-
way. This hyperresponsiveness is non-specific, as demon-
strated by the increase in responses to both histamine and
bradykinin following PAF administration. It occurred be-
tween 2 and 24 h after PAF administration and was maximal
at 6 h. The dose of PAF was chosen from pilot experiments
which we conducted and also on the basis of the studies by
Andersson & Pipkorn (1988). The effects of the doses we

have studied in the nasal airway are consistent with effects of
PAF reported in studies on the human lower airway (Cuss et
al., 1986), in primates (Patterson et al., 1984), dogs (Chung et
al., 1986) and guinea-pigs (Chapman et al., 1991). However,
the precise mechanism of PAF-induced airway hyperrespon-
siveness is unknown. A variety of mechanisms have been
suggested. The PAF-induced hyperresponsiveness has been
shown to be dependent on platelet activation (Chapman et
al., 1985; Coyle et al., 1990), and is thought to be linked to
mediator release from inflammatory cells, particularly eosino-
phils (Frigas & Gleich, 1986; Sanjar et al., 1990). So in
addition to the NAR measurements, we also investigated the
possibility of eosinophil activation in this study.
We have shown increases in ECP levels of nasal lavage

fluid which have a similar time course to the PAF-induced
hyperresponsiveness. This suggests that activation of eosino-
phils with subsequent release of ECP may contribute to the
development of hyperresponsiveness. The interest in examin-
ing eosinophil activation in these experiments arose from
suggestions that airway hyperresponsiveness may, at least in
part, be due to a change in the barrier function of the
epithelium (Hogg, 1981), which may be brought about by the
release of cytotoxic constituents of eosinophils. A previous
study indicated a relationship between ECP levels in nasal
secretions and allergen-induced nasal hyperresponsiveness
(Linder et al., 1987). However, others (Andersson et al.,
1989) found no clear-cut relationship between ECP levels and
the induction of hyperresponsiveness. It seems, therefore,
that eosinophil recruitment and activation might play a role
in nasal hyperresponsiveness, but it is unlikely that it is solely
responsible.

Recently, evidence of PAF-induced hyperresponsiveness
occurring in vitro, largely in the absence of inflammatory
cells, has been reported. This is not affected by indomethacin,
FPL55712 or mepyramine and cimetidine, but is prevented
by catalase, superoxide dismutase (SOD) and WEB2086
(Webber et al., 1992). It has been suggested that a receptor-
mediated release of oxygen free radicals may be responsible
for this effect, since SOD is a potent scavenger for 02- The
protective effect of SOD in other pathological conditions has
previously been demonstrated (Rubanyi & Vanhoutte, 1986).
In the airway, several reports suggest that oxygen free
radicals may be linked to the development of non-specific
airway hyperresponsiveness: ozone inhalation can induce
hyperresponsiveness in animals (Murlas & Roum, 1985) and
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Figure 7 Dose-response curve for histamine and increased nasal
airway resistance (NAR) at 24 h after PAF administration. (0)
Control; (@) PAF, 30 lig; (V) PAF, 60 jig. The baseline NAR was
0.301 ± 0.014 Pa.s.cm-3. The data are the means from 6 separate
experiments and the vertical bars represent the s.e.mean.
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Figure 6 Dose-response curve for histamine and increased nasal
airway resistance (NAR) pre-PAF (0 h) and at 24, 48 h and 7 days
after PAF, 30 pg. (0) Pre-PAF (O h); (0) 24 h after PAF; (V) 48 h
after PAF; (v) 7 days after PAF. The baseline NAR was 0.339 ±
0.016 Pa.s.cm-3. The data are the means with s.e.mean from 6
separate experiments and bars representing the s.e.mean having been
omitted for clarity.
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Figure 8 Responses to histamine, 200 jig, pre-PAF (0 h) and at 2, 6
and 24 h after PAF, 60 ig administration, expressed as the maximal
percentage increase in nasal airway resistance (NAR) above baseline
during period after challenge with histamine. (0) Control group;
(@) vitamin E-treated group. The baseline NAR was 0.295 ±
0.022 Pa.s.cm-3. The data are the means with s.e.mean from 5
separate experiments. Significant differences by paired t test (*P<
0.05 and **P<0.01) between no treatment and vitamin E treatment.

man (Seltzer et al., 1986); inhalation of xanthine and xan-
thine oxidase (an oxygen free radical generating system) has
been reported to induce airway hyperresponsiveness in anaes-
thetized cats (Katsumata et al., 1990); hydrogen peroxide can
induce potentiation of contractile responses in isolated rat
airway which can be inhibited by catalase (Szarek & Schmidt,

1990), and xanthine oxidase activation is associated with
respiratory viral infection (Akaike et al., 1990). We have
attempted to examine the role of free radicals in PAF-
induced hyperresponsiveness in the nasal airway by use of
vitamin E as a free radical scavenger. We have shown that
treatment with vitamin E inhibits the PAF-induced increase
in responsiveness to histamine and also the accompanying
increase in ECP. The dose of vitamin E used has previously
been shown to produce a maximum increase in serum levels
(Szczeklik, 1987). Vitamin E is a well-documented, effective
antioxidant; protecting unsaturated lipids against peroxida-
tion and free radical formation. There is evidence that
vitamin E has a similar protective effect in tissues (McCay et
al., 1972). It acts by stabilizing and reacting with free radicals
to prevent the chain of events by which they lead to cell
damage (Fragata & Bellemare, 1980). Assuming that the
levels of vitamin E we have produced in the subjects are
blocking only free radical formation, then our data suggest
that PAF-induced free radical formation is responsible for
both hyperresponsiveness and also eosinophil activation. As
mentioned above, it is possible that hyperresponsiveness can
occur independently of eosinophil activation and support for
this comes from experiments showing that hyperrespon-
siveness occurs in vitro where eosinophils are unlikely to be
present (Webber et al., 1992). Furthermore, pulmonary eosin-
ophilia has been demonstrated in guinea-pigs, without atten-
dant hyperresponsiveness (Chapman et al., 1991) and vice
versa (Spina et al., 1991; Herd et al., 1992). However, we
cannot exclude the possibility that eosinophil activation acts
in concert with other, as yet unknown, mechanisms to pro-
duce hyperresponsiveness in the human nasal airway.

C.E.A. holds an S.E.R.C. Case Award with Pfizer Central Research,
Sandwich, Kent as the industrial collaborators. We thank all those
who gave generously of their time to act as subjects for these
experiments.
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RS 23597-190: a potent and selective 5-HT4 receptor antagonist
IR.M. Eglen, K. Bley, D.W. Bonhaus, *R.D. Clark, S.S. Hegde, L.G. Johnson, E. Leung &
E.H.F. Wong

Institutes of Pharmacology and *Organic Chemistry, Syntex Discovery Research, 3401 Hillview Ave., Palo Alto, CA 94304,
U.S.A.

1 The pharmacological properties of RS 23597-190 (3-(piperdine-1-yl)-propyl-4-amino-5-chloro-2-meth-
oxy benzoate hydrochloride) have been studied in vitro and in vivo.
2 RS 23597-190 competitively antagonized 5-HT4 receptor-mediated relaxations of rat, carbachol
precontracted oesophageal muscularis mucosae, (pA2 = 7.8 ± 0.1; Schild slope = 1.2 ± 0.2). Affinity
estimates (- log KB) at 5-HT4 receptors using either renzapride or SC-53116 as agonists yielded a - log
KB value of 8.0 ± 0.01. In contrast, RS 23597-190 failed to antagonize contractile responses to 5-HT of
guinea-pig ileal 5-HT3 receptors, even at concentrations up to 10 tiM.
3 Increases in short-circuit current, induced by 5-HT, were studied in guinea-pig ileal mucosal sheets.
Concentration-response curves to 5-HT were biphasic, with the high potency phase to 5-HT inhibited by
RS 23597-190 and mimicked by 5-methoxytryptamine. The - log KB value for RS 23597-190 at the high
potency phase was 7.3 confirming that 5-HT4 receptors mediated the high potency phase.
4 In rat isolated vagus nerve, 5-HT elicited a slow, maintained depolarization at low concentrations
and a rapid, transient depolarization at higher concentrations. The high potency, slow depolarizing
phase to 5-HT was abolished selectively in the presence of 1 ZIM RS 23597-190 and the low potency
phase was abolished selectively in the presence of 1 gM ondansetron. These data confirm that 5-HT4 and
5-HT3 receptors mediated slow and fast depolarization responses, respectively.
5 At 5-HT3 binding sites in membranes from NG 108-15 cells, labelled by [3H]-quipazine, RS 23597-
190 exhibited an apparent affinity (- log Kj) of 5.7 ± 0.1. At 5-HT3 receptors in membranes from rat
cerebral cortex, labelled by [3H]-RS 42358-197, the apparent affinity (- log K,) of RS 23597-190 was also
5.7 ± 0.1. In both studies, Hill coefficients were not significantly different from unity. At 5-HT,A, 5-HT2,
muscarinic M,, M2, M3, M4 and dopamine D, and D2 receptors, RS 23597-190 exhibited low apparent
affinities, with all - log K, values less than 5.5.
6 Intravenous infusion of RS 23597-190 in the conscious, restrained rat antagonized the von Bezold
Jarisch reflex induced by 2-methyl 5-HT, with an ID5o of 300 jg kg-' min-', i.v. In the anaesthetized,
bilaterally vagotomized micropig, RS 23597-190 (6mg kg-', i.v.) antagonized 5-HT-induced tachycardia
with a half-life of 77 (63-99) min. Transient arrhythmic effects were noted after administration of the
compound.
7 In conclusion, RS 23597-190 acts as a high affinity, selective competitive antagonist at 5-HT4
receptors. Thus, the compound appears to be a useful tool for 5-HT4 receptor identification in vitro. In
vivo, the compound is rapidly metabolized in pigs such that 5-HT4 blockade is not maintained. However,
in the rat, when given by infusion, RS 23597-190 antagonizes 5-HT3 mediated responses, at doses
consistent with a low affinity 5-HT3 receptor. These data suggest that, under appropriate experimental
conditions, RS 23597-190 may also be used in vivo to characterize further 5-HT4 receptor function.

Keywords: 5-HT4 receptors; 5-HT3 receptors; rat oesophagus; rat vagus; guinea-pig ileal mucosa; short-circuit current; NG 108-
15 cells; rat cerebral cortex; rat von Bezold-Jarisch reflex; micropig tachycardia

Introduction

Receptors for 5-hydroxytryptamine (5-HT) are classified cur-
rently as 5-HTI, 5-HT2, 5-HT3 and 5-HT4 (Bockaert et al.,
1992). The 5-HT4 receptor is defined by sensitivity to indole
agonists such as 5-HT and 5-methoxytryptamine, substituted
benzamides such as renzapride and SC-53116 or substituted
benzimidazolones such as BIMU-8 (see Bockaert et al., 1992
for review; Flynn et al., 1992). Characterization of the recep-
tor using antagonists can be accomplished with the ben-
zamide, SDZ205,557 (pA2 = 7.5; Buchheit et al., 1992), the
tropane, tropisetron (ICS 205-930; - log KB = 6.5; Dumuis et
al., 1988), indazole derivatives of tropisetron (e.g. SB 203186
PA2 = 7.2; Kaumann et al., 1992a) and the benzimidazolone,
DAU 6285 (pA2 = 6.8; Dumuis et al., 1992).

Differential antagonist affinities are important criteria to
define novel receptor sites (Kenakin et al., 1992), although no
antagonist described so far is an ideal tool for characteriza-

' Author for correspondence.

tion of the 5-HT4 receptor. Tropisetron, for example, has a
higher affinity for the 5-HT3 receptors than 5-HT4 receptors.
SDZ 205,557 and DAU 6285, in contrast, exhibit similar
affinities for these two receptors (see Bockaert et al., 1992 for
review; Eglen et al., 1993a). Furthermore, the apparent selec-
tivity of these compounds is enhanced if the affinity at the
5-HT4 receptor is compared with the affinity at 5-HT3 recep-
tors in guinea-pig tissue (Eglen et al., 1993a). The guinea-pig
contains a species variant of the 5-HT3 receptor, at which the
majority of 5-HT3 antagonists exhibit a low affinity (see
Kilpatrick & Tyers, 1992, for review; Wong et al., 1992;
1993).
There is clearly a need, therefore, for a potent and selective

5-HT4 receptor antagonist. In this paper, the pharmacology
of an analogue of the 5-HT4 receptor partial agonist, metoc-
lopramide (a partial 5-HT4 antagonist), is described. RS
23597-190 (3- (piperidine- 1 -yl) -propyl-4-amino-5-chloro-2
methoxy benzoate hydrochloride; Figure 1) displays high
affinity and reduced intrinsic efficacy relative to metoclop-
ramide at the 5-HT4 receptor. By contrast with the related
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Figure 1 The structure of RS 23597-190 (3-piperidine-l-yl)-propyl-4-
amino-5-chloro-2 methoxybenzoate HCI).

compound SDZ 205,557, RS 23597-190 offers clear selectivity
for this receptor.

Preliminary accounts of these data have been presented to
the British Pharmacological Society (Eglen et al., 1993b) and
the 2nd International Symposium on Serotonin, Houston,
(Leung et al., 1992a).

Methods

In vitro studies

The affinity of RS 23597-190 at 5-HT4 receptors was deter-
mined on the rat isolated oesophageal muscularis mucosae

(Baxter et al., 1991). All tissues were suspended in Krebs
physiological salt solution of the following composition
(mM): NaCl 139.0, KCI 2.7, MgCl2.6H20 1.1, NaH2PO4 0.4,
glucose 5.6, NaHCO3 11.8 and CaC12.6H20 1.8. When pre-

contracted with carbachol (3 PM), this preparation is relaxed
by 5-HT via 5-HT4 receptor-mediated stimulation of adeno-
sine 3':5'-cyclic monophosphate (cyclic AMP) production
(Baxter et al., 1991; Ford et al., 1992). After construction of
a control cumulative concentration-response curve to 5-HT,
preparations were washed and equilibrated for 75 min with
RS 23597-190 (0.1-10 fM). A second concentration-response
curve to 5-HT was then established in the presence of the
antagonist. A third concentration-response curve to the ago-

nist was constructed in the presence of 10 tLM 5-methoxytryp-
tamine to desensitize the 5-HT4 receptor. Relaxant responses

under these conditions were mediated by mechanisms other
than the 5-HT4 receptor (Baxter et al., 1991). These experi-
ments were repeated with the non-indole 5-HT4 agonists,
renzapride and SC-53116 in order to assess the agonist
dependence of the affinity for RS 23597-190. In these studies,
a single concentration of RS 23597-190 (0.1 pM) was em-

ployed.
The affinity of RS 23597-190 for 5-HT3 receptors was

assessed both functionally, in quiescent guinea-pig ileum
(Craig et al., 1990), and in radioligand binding studies, with
EDTA-washed membranes from NG108-15 cells and rat
cerebral cortex (Sharif et al., 1991). In guinea-pig ileum
(Eglen et al., 1990), concentration-response curves to 5-HT
were constructed in the presence of 10IM 5-methoxytryp-
tamine and 1 ;tM methysergide to desensitize the 5-HT4 recep-

tor (Craig et al., 1990) and antagonize 5-HT1 and 5-HT2
receptors, respectively. The curves were constructed in either
the presence or absence of RS 23597-190 (0.1-1O IM).

In radioligand binding studies, 5-HT3 receptor sites in
NG108-15 cell (a mouse neuroblastoma cell line) membranes
were labelled with 0.5 nM [3H]-quipazine and in membranes
from rat cerebral cortex, 5-HT3 receptors were labelled with
the more selective 5-HT3 radioligand, [3H]-RS 42358-197
(Wong et al., 1992; 1993). Non-specific binding in both
studies was defined by the presence of 1 jLM (S)-zacopride.
The affinity of RS 23597-190, was also determined at 5-HTlA

([3H]-8-OH-DPAT; rat cerebrocortical membranes), 5-HT2
([3H]-ketanserin; rat cerebrocortical membranes), DI ([3H]-
SCH 23390; rat striatal membranes), D2 ([3H]-spiperone; rat
striatum), M1 ([3H]-pirenzepine; rat cerebrocortical mem-
branes), M2 ([3H]-N-methyl scopolamine (NMS); rat myocar-
dium), M3 ([3H]-NMS; rat submaxilliary gland) and M4 ([3H]-
NMS; rabbit lung) receptors. (Further details of these assays
can be found in Wong et al., 1993 and references therein).

It has been suggested that 5-HT4 receptors mediate tetro-
dotoxin-insensitive, 'maintained', changes in short-circuit cur-
rent in guinea-pig ileal mucosa, (Scott et al., 1992). Male,
Hartley guinea-pigs (300-350 g) were killed by CO2 asphyx-
iation and approximately 20 cm of distal ileum was removed
starting 2.0 cm from the ileocaecal junction. Ileal mucosal
sheets were prepared and mounted in Ussing chambers (win-
dow area 0.6 cm2) as described by Bunce & Spraggs (1989)
and Scott et al. (1992). The tissues were voltage-clamped at
zero potential by passage of current using a voltage clamp
amplifier (WPI, Sarasota, FL, U.S.A.) and the resulting short
circuit current continuously recorded. This was used as an
indirect measure of electrogenic chloride transport (see Scott
et al., 1992 for references).
The tissues were bathed on both sides with 12.5 ml Krebs

solution with glucose (10 mM) added to the serosal solution
and mannitol (10 mM) to the mucosal solution; the latter to
reduce differences in osmotic pressure. Glucose was omitted
from the mucosal side in order to prevent coupled electro-
genic sodium absorption which might have affected subse-
quent measurements of short-circuit current. Compounds
were added to the serosal side of the tissue only and
antagonists were added 60 min before the construction of the
agonist cumulative concentration-response curve. Only one
concentration-response curve, in either the presence or ab-
sence of antagonist, was constructed for each tissue.
Rhodes et al. (1992) have suggested that 5-HT3 and 5-HT4

receptors mediate depolarization of rat vagus. To investigate
this effect, extracellular voltage recordings from rat isolated
vagus nerves were made according to the method of Marsh et
al. (1987). Briefly, 15-20mm lengths of vagus nerve from
male Sprague-Dawley rats (200-250 g) were desheathed in
cold Krebs solution and transferred to two compartments
'grease-gap' perspex baths for extracellular recording of
5-HT-induced changes in potential differences. One side of
the bath was continuously perfused at a rate of 4 ml minm-
with Krebs solution (pH 7.4, 35C). In some studies this
solution contained antagonists which were equilibrated with
the tissues for 45 min. At 12 min intervals, the flow was
switched for 1 min to superfusate containing varying concent-
rations of 5-HT (including, where appropriate, antagonists).
Spiperone 1 jAM was present in all solutions to antagonize
responses mediated by 5-HTlA and 5-HT2 receptors. The data
were displayed, stored and analyzed on a computer using
Axotape software (Axon Instruments).

In vivo studies

To determine the duration of action of RS 23597-190 in vivo,
the time course for blockade of 5-HT4-receptor-mediated
tachycardia in anaesthetized, bilaterally vagotomized mic-
ropig, was determined (Villalon et al., 1990; Eglen et al.,
1993a). Yucatan micropigs (male and female, 17.3 ± 4.3 kg, S
& S Farms, Ranchita, CA, U.S.A.) were anaesthetized with
pentobarbitone sodium (20 mg kg-') via a marginal ear vein
following pretreatment with ketamine (approx. 30 mg kg',
i.m.). Following tracheal intubation, the pigs were mechan-
ically ventilated with room air using an animal respirator
(Harvard Instruments, Model 613). A cannula was inserted
into a femoral artery and advanced into the abdominal aorta
for measurement of aortic blood pressure via a Gould/
Statham pressure transducer (P231D). Dual cannulae were
inserted into the ipsilateral femoral vein, one for continuous
infusion of supplemental anaesthetic (pentobarbitone sodium,
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8-15 mg kg-' h-') and the second for compound administra-
tion. A limb lead II electrocardiogram (ECG) was monitored
using subcutaneously-placed electrodes. Heart rate was deter-
mined by a cardiotachometer triggered by the aortic pressure.
The vagus nerve were bilaterally transected. Blood gas para-
meters were periodically monitored via a blood gas analyzer
(nova Stat Profile 3) with blood gas values stabilized within
normal physiological ranges (pH, 7.45 ± 0.17; Po2, 95.6 ± 1.9
mmHg; Pco2, 35.2 + 1.2 mmHg) before continuing an experi-
ment.
5-HT and RS 23597-190 were each dissolved in 0.15 M

NaCl and administered in base equivalent doses. A full
tachycardiac dose-response curve to 5-HT was run in each
animal, utilizing half-log interval intravenous doses of 1-100
gkg-' (10-15min intervals between doses; 0.05mlkg-'

dose-'). An ED50 dose for 5-HT was determined visually for
each animal from its dose-response curve. Animals were
assigned randomly to either the RS 23597-190 or vehicle-
treatment group (4 animals per group). The tachycardic EDm
dose of 5-HT, determined previously in the animal, was
repeated 3 times at 10-15 min intervals with the heart rate
responses averaged to determine a control response. Follow-
ing administration of either RS 23597-190 (6.0 mg kg-', i.v.)
or vehice (0.15 M NaCl; 0.1 ml kg-', i.v.), the ED50 dose of
5-HT (3 or 10 jg kg-') was administered intravenously at 3,
10, 20, 30, 45 and 60 min during the first hour, and then at
15 min intervals for the next 2 h.
The potency of RS 23597-190 in antagonizing 5-HT3 recep-

tors in conscious restrained rats, was assessed by its ability to
inhibit the von Bezold Jarisch reflex, elicited by bolus ad-
ministration of 2-methyl-5-HT (Richardson et al., 1985).
Under ether anesthesia, two femoral veins and one femoral
artery were cannulated with PE-50 tubing for drug adminis-
tration and blood pressure measurement respectively. The
animals were placed in a Bollman cage and allowed to
recover consciousness. Heart rate was derived from a limb
lead II ECG monitored via subdermal platinum electrodes
and was recorded using ECG/Biotech amplifiers connected to
a Gould recorder (RS 3800). Arterial pressure was measured
with Gould tranducers (P23XL). Three reproducible brady-
cardiac responses to 2-methyl 5-HT (1OlAg kg-', i.v.) were
initially obtained in each animal. Since RS 23597-190 is an
ester, like SDZ 205,557, it was expected to be hydrolyzed
rapidly in vivo. Thus, RS 23597-190 was infused via a femoral
vein, at doses ranging from 0.01-3mg kg- min'1. The
animals were challenged with 2-methyl 5-HT O min during
infusion of each dose of RS 23597-190.

Analysis of data

Concentration-response data were analyzed by non-linear
iterative curve fitting procedures (Leung et al., 1992b), using
the relationship described by Parker & Waud (1971). The
apparent affinity of RS 23597-190, in functional in vitro
studies was calculated by the method of Arunlakshana &
Schild (1959), using at least three concentrations of antago-
nist. In studies where only a single concentration of antago-
nist was used the apparent affinity was calculated according
to Furchgott (1972). All competition binding data were
analyzed by non-linear iterative curve fitting procedures
(Munson & Rodbard, 1980), and the affinity estimate (- log
Kj) was calculated from IC50 values by the method of Cheng
& Prusoff (1973). All values quoted are mean ± s.e.mean,
n = 4-8 assays. Statistically significant differences were asses-
sed by an unpaired Student's t test and P<0.05 was con-
sidered significant.
To study the duration of 5-HT4 antagonism in the mic-

ropig, variances of test compound and vehicle treatment
group data were compared for homogeneity with Bartlett's
test for heteroscedasticity. Finding no evidence of variance
heterogeneity, a parametric repeated measures two-way ana-
lysis of variance (ANOVA) was used for an over-all analysis
of the data (expressed as percentage inhibition of control

5-HT-induced tachycardiac response) to test the effects of
treatment, time, and their interaction. Subsequently, a one-
way ANOVA was run at each time point to compare
treatments. Paired contrasts were adjusted for multiple com-
parisons using Dunn's procedure (i.e., if no overall significant
treatment of treatment by time effect was detected, the
critical value for each pairwise comparison was adjusted
using a Bonferroni correction). The half-life for 5-HT4 anta-
gonist activity of RS 23597-190 was determined by non-linear
iterative curve fitting procedures (Leung et al., 1992b), using
a model for exponential decay of the percentage inhibition of
the 5-HT-induced change in heart rate. In the von Bezold-
Jarisch reflex studies, data were expressed as percentage
inhibition of the 2-methyl 5-HT-induced bradycardia (mean
± s.e.mean, n = 8 animals). Statistical analysis was perform-
ed by an unpaired Student's t test, with P< 0.05 being
considered significant.

Compounds used

RS 23597-190 (3-(piperidine-1-yl)-propyl-4-amino-5-chloro-2-
methoxy benzoate hydrochloride), 2-methyl-5-HT, renzapride
and (S)-zacopride were synthesized in the Institute of
Organic Chemistry, Syntex Discovery Research, Palo Alto,
CA, U.S.A. SC-53116 was generously donated by Searle
(Skokie, IL., U.S.A.). All remaining unlabelled compounds
were obtained from Sigma Chemical Co., St. Louis, MO,
U.S.A. [3H]-RS 42358-197 (specific activity 60 Ci mmol-')
was synthesized in the Institute of Organic Chemistry, Syntex
Discovery Research, Palo Alto, CA, U.S.A. Other radio-
ligands were obtained from DuPont NEN (Boston, MA,
U.S.A.).

Results

5-HT relaxed the precontracted oesophageal muscularis mu-
cosae in a concentration-dependent manner (- log EC. =
8.2 ± 0.06). RS 23597-190 (0.1 nM- 10 gM), by itself, failed to
modify its contractile response to carbachol. However, RS
23597-190 antagonized competitively responses to 5-HT, re-
sulting in parallel rightward shift in the concentration-res-
ponse curve with no depression in maxima (Figure 2). The
pA2 value calculated was 7.5 ± 0.2 and slope of the Schild
regression was 1.2 ± 0.2 (Figure 3). Since the slope of the
Schild regression was not significantly different from one, the
slope was constrained to one, resulting in a - log KB value of
7.8 ± 0.1. SC-53116 and renzapride also evoked con-
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Figure 2 Antagonism of 5-HT concentration-response curves, by
RS 23597-190 (1 gM), in rat isolated oesophagus. (-) Control con-
centration-response curves; (0) curves constructed in the presence of
RS 23597-190. Values are mean ± s.e.mean, n = 4-8 animals.
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Figure 3 Schild analysis of the antagonism by RS 23597-190 of
relaxant responses to 5-HT in rat isolated oesophagus. Values shown
are concentration-ratios from individual tissues.

centration-dependent relaxations (- log EC50 values were
7.8 ± 0.1, and 7.6 ± 0.12, respectively, data not shown). RS
23597-190, at 0.1IJM, antagonized these responses, resulting
in a parallel rightward shift of the concentration-response
curves. The - log KB values for RS 23597-190 were 8.0 ±
0.01 against renzapride and 8.0 ± 0.1 against SC-53116.
These were not significantly different from each other or
from the constrained - log KB value observed for RS 23597-
190 against 5-HT (see above).

Contractile responses of the guinea-pig ileum to 5-HT in
the presence of 5-methoxytryptamine (10 jAM) are mediated
solely by 5-HT3 receptors (Craig et al., 1990). RS-23597-190
at concentrations up to and including 1OJM did not antag-
onize contractile responses to 5-HT (Figure 4). The apparent
affinity (- log KB) at this site was therefore less than 5.0.
At 5-HT3 receptors in NG108-15 cells labelled by [H]-

quipazine, RS 23597-190 exhibited an affinity (- log K,) of
5.7 ± 0.1 and a Hill slope of 1.1 ± 0.2, the latter value being
not significantly different from one. At 5-HT3 sites in mem-
branes from rat cerebral cortex, labelled with [3H]-RS 42358-
197, RS 23597-190 exhibited an identical affinity (- log Kj) of
5.7 ± 0.1 and a Hill slope of 1.1 ± 0.3. Again the Hill slope
was not significantly different from one. Taken together, the
selectivity of RS 23597-190 for 5-HT3 receptors in rat
oesophagus, relative to 5-HT4 receptors in guinea-pig ileum
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Figure 4 Antagonism of 5-HT concentration-response curves, by
RS 23597-190, in guinea-pig isolated ileum. (l) Control concen-
tration-response curves; (0) curves constructed in the presence of
10 JAM RS 23597-190. Values are mean ± s.e.mean, n = 4-8 animals.

was greater than 1000 fold. The selectivity, when compared
to the 5-HT3 sites in NG108-15 cells or rat cerebral cortex
membranes, was reduced to 125 fold.
The affinity of RS 23597-190 at 5-HTIA and 5-HT2 recep-

tors was assessed in binding studies, and the - log Ki values
determined were 5.2 ± 0.12 and 5.2 ± 0.04, respectively. The
- log Ki values at DI and D2 dopamine receptors were less
than 4 and less than 5.3, respectively. At MI, M2, M3 and M4
muscarinic receptors, RS 23597-190 exhibited affinities of less
than 4.5.

In the rat isolated vagus nerve, 5-HT (1 nM-0.1 mM)
evoked depolarizations that, at low concentrations developed
slowly but were sustained and at higher concentrations
depolarizations exhibited a fast component in addition to the
sustained plateau. At 0.1 mM 5-HT, the fast depolarization
responses declined. The concentration-response curve for
5-HT was biphasic with a phase of desensitization observed
at high concentrations (Figure 5). In the presence of
ondansetron (1 lJM), the initial high potency phase
(0.1 nM-0. IFM) was unaffected, but the maximum response
was reduced from 442 ± 29 #V to 150 ± 14 JV. In the
presence of RS 23597-190 (1 JAM), the maximum response to
5-HT was unaffected, but the initial high potency phase was
abolished (Figure 5).

In guinea-pig isolated ileal mucosa, 5-HT causes a biphasic
increase in short-circuit current due to an increase in electro-
genic chloride secretion (Scott et al., 1992). The sustained
phase of this response has been attributed to a heterogeneous
population of 5-HT receptors, one of which has some charac-
teristics of the 5-HT4 receptor (Scott et al., 1992). The sus-
tained phase of this short-circuit current was stimulated by
5-HT over a wide range of concentrations (0.1 nM-IO JiM)
and the concentration-response curve to 5-HT showed a
biphasic relationship (Figure 6a). Tetrodotoxin (0.3 gAM)
abolished both phases of the response to 5-HT (Figure 6b).
Methysergide (1 JAM) did not affect responses to 5-HT
whereas 5-methoxytryptamine caused an increase in short-
circuit current of similar magnitude to the first, high potency
phase of the 5-HT concentration-response curve (data not
shown). RS 23597-190 (1 JAM) had no effect on the second,
low potency phase of the 5-HT concentration-response curve.
However, the first, high potency phase of the concentration
response curve was abolished (Figure 6a) and the affinity
(- log KB) ranged from 7.3 to 7.7. RS 23597-190 also shifted
the concentration-response curve to 5-methoxytryptamine
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Figure 5 Concentration-response curves for the depolarization of
the rat isolated vagus nerve by 5-HT. (A) Control responses; (V) in
the presence of I JAM ondansetron; or (0) 1 JAM RS 23597-190.
Spiperone (1 JM) was present throughout to inhibit 5-HTIA receptor
function. Values are mean ± s.e.mean, n = 5-8 animals.
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70 A eaci time point showed that RS 23597-190, administered at
6.0 mg kg- i.v., significantly (P <0.05) inhibited the tachy-

60 . cardiac response to 5-HT at all times studied up to 150 min
.9 3 ")following compound administration (Figure 7). The maximal

50 1 inhibition of 5-HT-induced tachycardia (87 ± 8%) occurred
10 min after addition of RS 23597-190 and the effective half-

40 /.' life for the compound was 77 (63-99) min (mean and 95%

30 - confidence intervals). At this dose, RS 23597-190 inducedsevere, transient but variable ECG changes with periods of

20 - ventricular tachycardia in 2 animals and episodes of prema-ture ventricular contractions in each animal, which were
10 , generally resolved after 10-15min. Associated with ECG

abnormalities were periods of electrical-mechanical dissocia-
0 -->---O- - tion, in which inefficient heart function resulted in severe

hypotension (decreases of 60 to 70mmHg). The effects of
-10 RS 23597-190 on basal heart rate were variable with increases

-11 -10 -9 -8 -7 -6 -5 -4 observed in 1 pig but decreases in 3 pigs (mean decrease of
b lg 5-HT (M) 36 ± 15 beats min' for the 4 animals).

E 90 In the anaesthetized rat, RS 23597-190 had no effect on
0
cc 80 resting heart rate or arterial pressure at doses up to 1mg
< 70 kg-' min-'. At 3mg kg-' min-', the drug produced a

. . significant hypotensive response (decrease of 30 mmHg). As
c 60 - shown in Figure 8, RS 23597-190 dose-dependently inhibited

the bradycardia elicited by 2-methyl 5-HT with a potency
3 50 (IDs) of 300 sg kg-' min-'.
. 40 -

' 30- Discussion
o 20 -

co 10 t yf ;1 - !The aim of the present study was to characterize a novel
._ ;t; .-y ester analogue of metoclopramide, RS 23597-190. Antago-

,0, o 5 °ienists available for the characterization of 5-HT4 receptors
_____________________________________ sinclude tropisetron, DAU 6285 and SDZ 205,557 (see intro-

o _, _ 11-10 -9 -8 -7 -6 -5 -4 duction for references). Tropisetron and the indazole deriva-
c log5-HT (M) tive have a high affinity for 5-HT3 receptors, whereas DAU

90 l 6285 and SDZ 205,557 exhibit similar affinities for both the

80 5-HT4 and 5-HT3 receptor.
The affinity estimate (pA2) of RS 23597-190 at the 5-HT4

70- receptor (7.8) was higher than that for tropisetron (6.5),

60 - DAU 6285 (6.8) and SDZ 205,557 (7.5) (see Bockaert et al.,
1992 for references). The surmountable nature of the antag-

50- onism and unity slope of the Schild plot suggest a compe-

40- titive interaction at 5-HT4 receptors. The affinity of the
antagonist appeared to be independent of the agonist, as

30- similar - log KB estimates were estimated with renzapride

20 - and SC-53116. This is in contrast to SDZ 205,557, where pA2
values at 5-HT4 receptors in guinea-pig ileum were found to

10;i ; IT_Z9lbe lower against zacopride than 5-HT (Buchheit et al., 1992).
0>:>.7.!.d.! 35 § §--t-y Similar observations with SDZ 205,557 have been observed

1 against 5-HT4-mediated responses to renzapride and 5-HT in
-10-

-11 -10 -9 -8 -7 -6 -5 -4
log 5-Methoxytryptamine (M) 100 *

Figure 6 Concentration-dependent increases in short-circuit current, 8
induced by 5-HT in guinea-pig isolated mucosa. The effects of
RS 23597-190 1 jiM on responses to 5-HT are shown in (a). The 6
effect of tetrodotoxin (0.3 jtM) on responses to 5-HT is shown in (b). .X IT
(0) Responses to 5-HT; (0) responses to 5-HT in the presence of I T 40I
RS 23597-190 (a) or tetrodotoxin (b). Responses to 5- %0w..

0 >.methoxytryptamine in the absence (0) or presence (0) of RS23597- c , 20
190 1 LuM are shown in (c). Values are mean ± s.e.mean, n = 4-8 .0 co
animals. n 0

-20-

dextrally and in a parallel manner although due to the small -40
response and high variability a - log KB was not calculated 0 30 60 9o 120 150 180
(Figure 6c). Time (min)

In vivostudies Figure 7 Time course of the inhibitory effect of RS 23597-190
In ViVO studies (6mg kg-1, i.v.) on tachycardia elicited by 3-1Ojg kg-', i.v., 5-HT,

in the anaesthetized, bilaterally vagotomized micropig. (0) Animals
In the anaesthetized micropig, treatment by RS23597-190 pretreated with RS 23597-190; (0) animals pretreated with vehicle.
(P<0.05), time (P<0.01), and treatment by time interaction Values are mean ± s.e.mean, n = 5 animals. *P <0.05, when com-
(P<0.01) were all significant. The pairwise comparisons at pared to vehicle-treated animals.
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0

60-

. 40-
0

20-

0

-20
0.001 0.01 0.1 1 10
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Figure 8 The inhibitory effect of RS 23597-190 (infused via the
femoral vein) on the von Bezold Jarisch reflex elicited by 2-methyl
5-HT in conscious, restrained rats. Values are mean ± s.e.mean,
n = 8 animals.

rat oesophagus (Eglen et al., 1993a). The reasons for the
deviations for competitiveness with SDZ 205,557 require fur-
ther investigation.
The selectivity of RS 23597-190 between 5-HT4 and 5-HT3

receptors was determined to be greater than 1000 fold if
guinea-pig 5-HT3 affinity estimates were considered or 125
fold if rat, or mouse 5-HT3 affinity estimates are used. The
greater selectivity observed with guinea-pig data reflects a
species variant of the 5-HT3 receptor at which antagonists
exhibit a low affinity (Wong et al., 1993). The selectivity of
RS 23597-190 was not observed with either SDZ 205,557 or
DAU 6285 (see introducton for references) and highlights the
advantage of the compound in characterizing 5-HT4 recep-
tors in vitro. This is particularly important in preparations
where both 5-HT3 and 5-HT4 receptors mediate 5-HT res-
ponses such as contractile responses of guinea-pig ileum
(Eglen et al., 1990) enhancement of short-circuit current
(Scott et al., 1992), or depolarization of the rat vagus nerve
(Rhodes et al., 1992). Antagonists of lower or reverse selec-
tivity have proved difficult to use for definitive characteriza-
tion of the roles of these two receptors (see Bockaert et al.,
1992 for review).
Regarding other 5-HT receptors, RS 23597-190 lacked

meaningful affinity toward 5-HT,A, 5-HT2, and dopamine D,
and D2 receptors. In this respect, it differed from metoclo-
pramide which has an affinity at the D2 receptor of 7.12 +
0.14 (Wong & Hsu, 1992, unpublished observation). The
inability of RS 23597-190 to antagonize 5-HT3 mediated
(cholinergic) contractions in guinea-pig ileum (Kilbinger &
Wolf, 1992), or to affect the carbachol-induced contracture in
rat oesophagus at concentrations up to 10 tLM, was consistent
with the low affinity of RS 23597-190 for muscarinic recep-
tors (less than 5.0), as demonstrated directly in the binding
studies at MI, M2, M3 and M4 receptors.

In guinea-pig ileal mucosa, 5-HT increases the short-circuit
current, due to electrogenic chloride secretion (see Hendricks
et al., 1985; Scott et al., 1992 for references). In the presence
of tetrodotoxin, Scott et al. (1992) suggested that part of the
response was mediated by 5-HT4 receptors and the data
obtained with RS23597-190 in the present paper confirms
this. In the present study, by contrast, the response was
abolished by tetrodotoxin suggesting that 5-HT4 receptors
were located neuronally. Paradoxically, Scott et al. (1992)
also reported that the 5-HT4 mediated component was insen-
sitive to high concentrations of tropisetron (10gM), which
exhibits an affinity (pA2) of -6.5 at 5-HT4 receptors (Bock-
aert et al., 1992). In our hands, RS23597-190 antagonized
the initial high potency phase of the response with similar
-log KB values to those found at 5-HT4 receptors in
oesophagus. The remainder of the enhancement of the short-

circuit current by 5-HT was unaffected either by RS 23597-190
or methysergide, excluding 5-HT4, 5-HT, and 5-HT2 receptor
stimulation. Preliminary data suggest that this phase, in part,
is also resistant to granisetron 1 ZlM (Blissard & Leung, unpub-
lished observations). This is in accordance with Scott et al.
(1992) who also noted a response phase resistant to 5-HT,,
5-HT2, 5-HT3 or 5-HT4 blockade. Additional studies are
evidently required to elucidate the nature of this site.
Rhodes et al. (1992) have suggested that 5-HT4 receptors,

in addition to 5-HT3 receptors (Ireland & Tyers, 1987)
mediate 5-HT-induced depolarizations of rat isolated vagus.
The data obtained in the present paper support this conten-
tion. The presence of 5-HT4 receptors on vagal afferents
accords with the ability of zacopride (a mixed 5-HT4 agonist/
5-HT3 antagonist) to induce emesis resistant to ondansetron
(Bhandari & Andrews, 1991). The nature of the depolariza-
tion responses (5-HT4 receptor: slow, sustained depolariza-
tion; 5-HT3, fast, transient depolarization) probably reflects
the nature of the coupling of the receptors since 5-HT3
receptors are part of the ligand-gated ion channel super-
family (Maricq et al., 1991), whereas 5-HT4 receptors, as they
stimulate adenylyl cyclase, are probably G protein coupled
(Bockaert et al., 1992) although Bley & Eglen, (1993) suggest
that the 5-HT4 receptor in rat vagus nerve may couple
differently. Taken together, these studies illustrate the advan-
tages of using a selective 5-HT4 antagonist to define the role
in preparations where more than one 5-HT receptor is
involved.
A good correlation has been shown (Fozard, 1989) to exist

between 5-HT3 receptor affinity of compounds and potency
at antagonizing 2-methyl 5-HT induced bradycardia (the von
Bezold Jarisch reflex). Consequently, the low potency of
RS 23597-190 at blocking this reflex in rat (300 pg kg-'
min-1) accords with its low affinity at the 5-HT3 receptor as
estimated in the binding studies (5.7). The potency of infused
RS 23597-190 at inhibiting the reflex was similar to that
reported for a bolus dose of DAU 6285 (231 fg kg-', i.v.;
Dumuis et al., 1992), which is also a weak 5-HT3 antagonist
(- log Ki= 6.5 nM; Dumuis et al., 1992). In contrast, the
potency of tropisetron in antagonizing the reflex is much
higher (less than 1 g kg-', i.v.; Richardson et al., 1985),
which accords with the high affinity of tropisetron for the
5-HT3 receptor (- log Ki = 9.1; Sharif et al., 1991; Wong et
al., 1993).
Thus in vivo studies in the rat permitted identification of

doses of RS 23597-190 at which 5-HT3 antagonism is evident.
Since the affinity at 5-HT4 receptors is higher, it is reasonable
to suggest that 5-HT4 receptor blockade occurred at lower
doses. To confirm this, however, an unambiguous in vivo
assay for 5-HT4 receptor function in the rat will be required.
Such an assay has not yet been reported. In the pig and
micropig, atrial 5-HT4 receptor stimulation gives rise to
tachycardia (Villalon et al., 1990; Eglen et al., 1993a). In the
micropig, RS23597-190, which is an ester, appeared to be
subjected to rapid plasma hydrolysis, a property also inher-
ent in a close structure analogue, SDZ 205,557 (Eglen et al.,
1993a). The half-life for the duration of action of SDZ
205,557 at inhibiting 5-HT4-mediated tachycardia was app-
roximately 23 min (Eglen et al., 1993a). RS 23597-190, 6.0
mgkg'1, i.v., produced approximately a 3 fold longer dura-
tion of 5-HT4 receptor antagonist activity (77min) than
SDZ 205,557 (23 min), consistent with the higher affinity of
the compound for the receptor. However, more serious car-
diovascular side-effects (ECG, heart rate, and blood pressure
effects) with RS 23597-190 were evident. The reason behind
these effects are unknown. Cisapride, a partial 5-HT4 agonist,
has been shown to induce tachycardia in man (Olsson &
Edwards, 1992) and 5-HT4 antagonists have been suggested
to possess potential as antiarrhythmic agents (Bockaert et al.,
1992). The disrhythmic activity of RS 23597-190 at this dose
may argue against this contention.

Recently, other 5-HT4 antagonists have been described
which also have high affinity for the 5-HT4 receptor. These
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include LY297582 (Krushinski et al., 1992), SB 203186 (Kau-
mann et al., 1992b) and GR 113808 (Grossman et al., 1992).
LY297582 is structurally similar to RS 23597-190, although
the selectivity between rat oesophageal 5-HT4 receptors and
guinea-pig ileal 5-HT3 receptors is lower (240 fold). GR
113808 is structurally different, has a notably higher affinity
for the 5-HT4 receptor (pA2 = 9.2-9.5; Grossman et al.,
1992) than RS 23597-190 and has formed the basis of a
radioligand binding assay. However, it is also an ester, with a
very short plasma half-life (Grossman et al., 1992). SC-63606
(Yang et al., 1992), by contrast, is more stable in vivo but is
less selective (8 fold) than RS 23597-190 for the 5-HT4 recep-
tor over 5-HT3 receptors. DAU 6285 (Bockaert et al., 1992)
is also stable in vivo (Johnson & Eglen, unpublished observa-
tions), but is only 5 fold selective for the 5-HT4 receptor.
To conclude, present data support the contention of

Krushinski et al. (1992) that esteric derivatives of metoclop-
ramide, such as RS 23597-190, LY297582 or LY297524 are
potent 5-HT4 antagonists. RS 23597-190, and most recently

GR 113808, represent major advances in the pharmacology
of the 5-HT4 receptor, since they are antagonists with a high
affinity for the receptor and a genuine selectivity over the
5-HT3 receptor from several species, not solely the guinea-
pig. The availability of such pharmacological tools will allow
more unambiguous definition of 5-HT4 receptors in various
preparations. In vivo, however, the situation is more complex
due to the short half-lives of those antagonists and in this
regard DAU 6285 or SC 53606 may be preferable. Thus,
precise characterization of the function of the 5-HT4 receptor
awaits development of more stable, high affinity, selective
antagonists.

The authors wish to thank D. Blissard, W. Lachnit, L. Perkins, M.
Perry, E. Stefanich, S. Wallace and A. Wong, for their valuable
assistance in performing these studies. Drs D.E. Clarke, A.P.D.W.
Ford and R.M. Johnson provided valuable advice in the preparation
of the manuscript.
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Leukotriene D4- and prostaglandin F2,,-induced airflow
obstruction and airway plasma exudation in guinea-pig: role of
thromboxane and its receptor
Hirokazu Arakawa, 'Jan Lotvall, Ivana Kawikova, Claes-Goran Lofdahl & Bengt-Eric Skoogh

Lung Pharmacology Group, Division of Clinical Pharmacology (Department of Pharmacology), and Division of Pulmonary
Medicine (Department of Internal Medicine), Goteborg University, Goteborg, Sweden

1 We studied the effects of a thromboxane A2 receptor (TP receptor) antagonist, ICI-192,605
(0.5mgkg-', i.v.) and a selective thromboxane (Tx) synthetase inhibitor, OKY-046 (30mgkg-1, i.v.),
on airway responses induced by leukotriene D4 (LTD4; 0.2 nmol) or prostaglandin F2a, (PGF2,; 20 nmol)
instilled via the airways route to anaesthetized guinea-pigs. For a comparison, airway responses to a
TxA2-mimetic, U-46619 (0.02 nmol) were also studied. We measured both lung resistance (RL) to
monitor airflow obstruction, and extravasation of Evans Blue dye to quantify airway plasma exudation.
2 Instilled LTD4 into the tracheal lumen induced an immediate peak and subsequently persistent
increase in RL and produced a large amount of extravasation of Evans Blue dye at all airway levels.
Both ICI-192,605 and OKY-046 significantly attenuated the persistent increase in RL following the
immediate response and reduced LTD4-induced extravasation of Evans Blue dye in the trachea and
proximal intrapulmonary airway. Instilled LTD4 produced significant increases in immunoreactive TxB2
in bronchoalveolar lavage fluid obtained 1.5 min after instillation of LTD4.
3 Instilled PGF2. into the tracheal lumen induced an immediate increase in RL which peaked at
approximately 15 s. We also observed a delayed sustained increase in RL, reaching a second peak at
approximately 4 min. PGF2, produced small but significant increases in the amount of Evans Blue dye at
all airway levels. As with PGF,, instillation of U-46619 produced a biphasic increase in RL and
extravasation of Evans Blue dye. The potency of PGFu, in inducing these airway responses was about
1000 times less than U-46619. ICI-192,605 abolished both the immediate and the delayed increase in RL
after PGF20, and also blocked PGF2,-induced extravasation of Evans Blue dye. However, OKY-046 had
no inhibitory effects on these responses.
4 We conclude that airflow obstruction and airway plasma exudation induced by instilled LTD4 is, in
part, mediated via TxA2 generation and subsequent activation of TP-receptors. On the other hand,
instilled PGF2., while inducing similar responses, does so primarily by direct activation of TP receptors,
rather than via TxA2 generation.

Keywords: Asthma; airway oedema; arachidonic acid; vascular permeability

Introduction

The role of thromboxane A2 (TxA2) in bronchial asthma
remains unclear, despite several studies designed to evaluate
this (Barnes et al., 1988; O'Byrne & Manning, 1992). Recent
in vivo studies in guinea-pigs have revealed that a TxA2-
mimetic, U-46619 (9,1 1-dideoxy methanoepoxy-9a, 1 lI-prost-
aglandin Fu0,), induces airflow obstruction and airway plasma
exudation (Lotvall et al., 1992). In addition, TxA2 may, in
this species, be one of the final pathways of airflow obstruc-
tion and airway plasma exudation induced by platelet activa-
ting factor (Tokuyama et al., 1991) and bradykinin (Arakawa
et al., 1992; Kawikova et al., 1992). In guinea-pigs, allergen-
induced airflow obstruction is mediated in part via TxA2
production (Beasley et al., 1989; Arakawa et al., 1993), and
an increased level of TxB2 is found in bronchoalveolar lavage
after allergen challenge (Fujimura et al., 1991).
The role of cyclo-oxygenase products in leukotriene D4

(LTD4)-induced airway responses in guinea-pigs is controver-
sial. Both Hamel et al. (1982) and Birch et al. (1988) have
suggested that TxA2 mediates bronchoconstrictor responses
to i.v. LTD4 in guinea-pigs. However, cyclo-oxygenase pro-
ducts were found not to mediate either bronchoconstriction
(Hamel et al., 1982) or airway plasma exudation (Woodward
et al., 1983) induced by LTD4 given via the airway route in
guinea-pigs.

' Author for correspondence.

PGFu, causes airflow obstruction (Birch et al., 1988) and
weak airway plasma exudation (Persson, 1992). Broncho-
constriction induced by PGF2, or PGD2 is mediated through
activation of TxA2 receptors (TP receptors) (Birch et al.,
1988). Also, in vitro studies have demonstrated that PGF2,,
acts in part through TP receptors to induce contraction of
lung parenchymal strips from guinea-pigs (McKenniff et al.,
1991). However, to our knowledge there is no information
available concerning the inhibitory effects of TP-receptor
antagonists on PGF2,-induced airway plasma exudation.
The aims of this study were first to evaluate whether TxA2

is involved in airway responses to instilled LTD4, and
secondly, to investigate whether PGF2,-induced airway plas-
ma exudation is mediated through activation of TP receptors.
We studied the effects of ICI-192,605, a TP receptor antag-
onist, and OKY-046, a selective Tx synthetase inhibitor, on
both airflow obstruction and airway plasma exudation indu-
ced by either LTD4 or PGF2.. For comparison, we also
studied the effects of a TxA2-mimetic, U-46619, instilled into
the tracheal lumen.

Methods

Experiments were performed on male Dunkin Hartley gui-
nea-pigs weighing 450-670 g. The animals were anaesthetized
with a 3:2 mixture of ketamine (50mg ml-') and xyalzine
(20 mg ml-') intramuscularly (1 ml kg-'). Additional anaes-

Br. J. Pharmacol. (1993), 110, 127-132 'PI Macmillan Press Ltd, 1993
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thetic was given to an appropriate level of anaesthesia as
evidenced by a disappearance of corneal reflex and with-
drawal response to foot pad pinching. Anaesthesia was
subsequently monitored by these means until the time when
suxamethonium was administered to avoid artefacts induced
by spontaneous breathing. Thereafter, systemic blood pres-
sure was monitored throughout the experiment. A tracheal
cannula (10 mm length and 2.7 mm inner diameter) was
inserted into the lumen of the cervical trachea through a
tracheostomy, and secured with a suture. A polyethylene
catheter was inserted into the left carotid artery to monitor
blood pressure with a pressure transducer (model P23XL,
Viggo-Spectramed, Helsingborg, Sweden). The right external
jugular vein was cannulated for the administration of drugs
and Evans Blue dye. All animals were pretreated with suxa-
methonium (5 mg kg-', i.v.) to avoid artefacts induced by
spontaneous breathing.

Measurement of airway function

Guinea-pigs were placed on a heated blanket (Harvard model
50-7061, Harvard Apparatus Ltd., Edenbridge, Kent) which
maintained body temperature at 37°C, with the intratracheal
cannula connected to a constant volume mechanical ven-
tilator (Harvard model 50-1718, Harvard Apparatus Ltd.). A
tidal volume of 10 ml kg-' and a frequency of 60 breaths
min ' was used. Transpulmonary pressure was measured
with a pressure transducer (Model FCO40; ± 1000 mmH20;
Furness Controls Ltd., Bexhill, Sussex), with one side attach-
ed to a catheter inserted into the right pleural cavity and the
other side attached to a catheter connected to a side port of
the intratracheal cannula. The ventilatory circuit had a total
volume of 18 ml. Airflow was measured with a pneumo-
tachograph (Model FIL; Mercury Electronics Ltd., Glasgow)
connected to a transducer (Model FCO40; ± 20 mmH2O;
Furness Controls Ltd.). The signal from the blood pressure
transducer was amplified with an analog preamplifier (Kung-
sbacka mat & reglerteknik AB, Sweden). All signals were
digitalized with a 12-bit analog digital board (National
Instruments, Austin, Tx, U.S.A.) connected to a Macintosh
II computer (Apple computer Inc., Cupertino, U.S.A.) and
analyzed with a software (LabView, National Instruments),
which was programmed to calculate instantaneously lung
resistance (RL) by the method of von Neergaard & Wirz
(1927). Mean blood pressure was also monitored throughout
the experiments.

Protocol

The animals were divided into six groups in order to study
the effects of pretreatment with ICI-192,605 (0.5 mg kg-';
Lotvall et al., 1992) or OKY-046 (30 mg kg'; Arakawa et
al., 1992) on both airway plasma exudation and increase in
RL UP to 6 min after instillation of LTD4 (0.2 nmol; n = 7
and n = 6, respectively) or PGF2. (20 nmol; n = 6 and n =4,
respectively), compared to untreated animals (LTD4, n =9;
PGF2., n = 9). For comparison, we also studied the effects of
a TxA2 mimetic, U-46619 (0.02 nmol, n = 5) or vehicle (0.9%
NaCl, n = 6) instilled into the tracheal lumen of untreated
guinea-pigs in two groups (Table 1). Furthermore, we mea-
sured TxB2, a stable metabolite of TxA2, in bronchoalveolar
lavage fluid (BALF) of guinea-pigs 1.5 min after instilled
LTD4 or saline (0.9% NaCl) in another two groups.
Ten minutes after pretreatment with suxamethonium, ei-

ther ICI-192,605 (0.5 mg kg-') or OKY-046 (30 mg kg-')
was given intravenously. Five minutes later, or 15 min after
suxamethonium (untreated animals), Evans Blue dye (20 mg
kg-') was administered i.v. over 1 min. Another minute later,
100 gAl of LTD4 (2 AM), PGF2, (200 JAM), U-46619 (0.2 JAM) or
vehicle (0.9% NaCI) was instilled into the airways. Airway
instillation was performed by flushing 100 JAl volumes with
1 ml of air, directly into the tracheal lumen via the tracheal
cannula. At that time, the animals were disconnected from

the ventilator for a few seconds. Transpulmonary pressure,
RL and mean blood pressure were monitored by the com-
puter.

Determination ofplasma extravasation

Six minutes after administration of LTD4, PGF2., U-46619 or
vehicle, the animals were disconnected from the ventilator,
and the thoracic cavity was opened. A catheter was inserted
into the aorta through the left ventricle, and the animal was
perfused with 50 ml of 0.9% NaCl to remove dye within the
bronchial circulation. After perfusion through this route,
another catheter was inserted into the pulmonary artery, and
the pulmonary circulation was then perfused with 20 ml of
saline. The trachea and lungs were dissected out en bloc, the
parenchyma carefully scraped off, and extraneous tissue
removed. The trachea, main bronchi and intrapulmonary
airways were separated from each other, and the intrapul-
monary airways were then divided into two lengthwise equal
portions, arbitrarily named proximal and distal. All airway
tissues were dried, with a freeze dryer (MicroModulyo,
Edwards High Vacuum International, West Sussex) for 24 h.
All tissues were weighed dry, and Evans Blue dye was extrac-
ted in 2 ml of formamide in a 40°C water bath for 24 h.
Absorption at 620 nm was measured in a spectrophotometer
(PU8670 VIS/NIR, Philips, Cambridge, U.K.). The extracted
Evans Blue dye was quantified by interpolation on a stan-
dard curve of dye concentrations in the range of 0-10Ifg
ml-', and expressed as ng mg-' dry tissue. Evans Blue dye
measurement has been previously shown to correlate highly
with the extravasation of radiolabelled albumin in guinea-pig
airways (Rogers et al., 1989).

Measurement of TxB2 in BALF

Ninety seconds after instillation of LTD4 (0.2 nmol) or vehi-
cle (0.9% NaCI), 10 ml kg-' saline at 37°C was instilled
through the tracheal cannula and sequentially removed by
gentle manual aspiration. The recovered BALF was immed-
iately put into a tube with indomethacin (final concentration,
1OJM) and centrifuged for 10 min at 400 g to separate fluid
from cells and debris. The supernatant was stored at - 25C
for measurement of TxB2 concentration. TxB2 concentration
in BALF was measured by radioimmunoassay kit (Amer-
sham, Stockholm, Sweden), using '25I TxB2 as standard, and
an antibody to TxB2. The activity was counted in a gamma
counter (LKB Wallac, Wallac, Sollentuna, Sweden), and the
amount of TxB2 expressed as pM. The percentage cross-
reactivity of this kit with leukotriene D4 was less than 0.35, in
preliminary experiments. Briefly, we found an apparent value
of TxB2 of 31 pg ml-' after adding 10,000 pg LTD4 to the
solution.

Drugs and chemicals

The following drugs and chemicals were used: ketamine
hydrochloride (Park-Davis S.A., Barcelona, Spain); xylazine
chloride (Bayer Sverige AB, Goteborg, Sweden); suxame-
thonium chloride (KabiVitum AB, Stockholm, Sweden); Ev-
ans Blue dye (Aldrich Chemical Co., Milwaukee, U.S.A.);
leukotriene D4 (Sarva, Germany); prostaglandin F2., U-46119
(Sigma, St Louis, U.S.A.). ICI-192,605: 4(Z)-6-(2-o-chloro-
phenyl-4-o-hydroxyphenyl-1,3-dioxan-cis-5-yl) and OKY-046;
(E)-3- [p-(4-imidazol-methyl) phenyl]-2-propenoic acid hy-
drochloride were kindly donated by ICI Pharmaceutical Co.
(USA) and Kissei Pharmaceutical Co. (Japan). ICI-192,605
was at first diluted with 100 mM NaHCO3 to give a concen-
tration of 5 mg ml-', and further dilutions were made with
0.9% NaCI to give a final concentration of 0.5 mg ml1
(Lotvall et al., 1992). In a previous study, ICI-192,605
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administration alone had no effect on baseline RL or extra-
vasation of Evans Blue dye (Tokuyama et al., 1991). OKY-
046 was diluted in saline. All drugs injected intravenously
were given at a dose volume of 1 ml kg-'.

Data analysis

Data are given as mean ± s.e.mean. Non-parametric analysis
of variance (Kruskal-Wallis method) was used to determine
any significant variance among groups. If a significant
variance was found, a Mann-Whitney U-test was used to test
for significant differences between individual groups. A
P value less than 0.05 was considered significant. Data were
analyzed by a Macintosh computer using standard statistical
packages (StatView II).

Results

RL-changes induced by LTD4, PGF2,, and U-46119

There were no significant differences in body weight and
baseline RL between any of the groups studied (Table 1). In
untreated animals, instilled LTD4 (0.2 nmol) produced an
immediate and subsequently persistent increase in RL, with
an immediate peak at approximately 45 s (3.5 ± 0.5 cmH2O
ml1' s) (Figure 1). RL was significantly higher after LTD4
than after instillation of saline at all time points. Neither
ICI-192,605 nor OKY-046 significantly affected the immed-
iate increase in RL induced by LTD4. However, the persistent
increase in RL following the immediate response was
significantly attenuated by pretreatment with both ICI-
192,605 and OKY-046 at all time points longer than 1.5 min
after instillation of LTD4.

In untreated animals, instilled PGF2, (20 nmol) produced a
biphasic increase in RL, with an immediate peak at approx-
imately 15 s (2.2 ± 0.8 cmH2O ml-' s) and a delayed sus-
tained increase in RL which peaked at approximately 4 min
(2.2 ± 0.2 cmH20 ml1' s) (Figure 2). RL was significantly
higher after PGF2. than after instillation of saline at all time
points. Instillation of U-46619 (0.02 nmol) also induced a
biphasic increase in RL, with similar levels of increased RL
compared with those after PGF2 (Figure 2). ICI-192,605
abolished both the immediate and the delayed sustained in-
crease in RL induced by PGF2.. However, OKY-046 did not
affect these responses (Figure 2).

Evans Blue dye extravasation induced by LTD4, PGF2,,
and U-46619

In untreated animals, instillation of LTD4 (0.2 nmol) caused
pronounced extravasation of Evans Blue dye at all airway
levels (Figure 3). Both ICI-192,605 and OKY-046 reduced
extravasation of dye after LTD4, with a significant inhibition
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Figure 1 Effect of ICI-192,605 (0: 0.5 mg kg-', n = 7) or OKY-046
(A: 30 mg kg-', n = 6) given i.v. 5 min before instillation of leuko-
triene D4 (LTD4, 0.2 nmol) on the time-course of increased lung
resistance (RL), compared with untreated guinea-pigs given instilled
LTD4 (0: n = 9) or saline (0: 0.9% NaCl, n = 6). *P<0.01,
**P<0.005 compared to untreated animals given instilled LTD4.

in trachea (P <0.01 and P <0.05, respectively) and proximal
intrapulmonary airways (P<0.01 after ICI-192,605). These
values after ICI-192,605 or OKY-046 were, however, still
significantly higher than in animals given vehicle instillation.
In untreated animals, instillation of PGF2. (20 nmol) caused
a small but significant increase in extravasation of Evans
Blue dye at all airway levels (Figure 3). U-46619 (0.02 nmol)
also produced significant extravasation of Evans Blue dye at
all airway levels (Figure 3). The amount of extravasated dye
was larger after U-46619 than PGF2, with a significant
difference in trachea (P <0.05). ICI-192,605 significantly
blocked extravasation of dye after PGF2, at all airway levels,
except for distal intrapulmonary airways. However, OKY-
046 did not influence PGF2,-induced extravasation of Evans
Blue dye (Figure 3).

Blood pressure-changes induced by LTD4, PGF2, and
U-46619

There were no significant differences in baseline mean sys-
temic blood pressure between any of the groups studied

Table 1 Body weight, baseline data for lung resistance (RL), mean systemic blood pressure, and percentage change in mean systemic
blood pressure after either leukotriene D4 (LTD4) or prostaglandin F2, (PGF2.)

LTD4 (0.2 nmol) PGF2,, (20 nmol)
Saline U-46619 ICI-192,605 OKY-046 ICI-192,605 OKY-046

(0.9% NaCI) (0.02nmol) Untreated (0.5 mg kg-') (30mgkg-') Untreated (0.5mgkg-') (30mgkg-')Group

Body weight (g) 512 ± 5 532 ± 7 612 ± 12 611 ± 13 592 ± 17 523 ± 15 535 ± 9 513 ± 15
Number n=6 n=5 n=9 n=7 n=6 n=9 n=6 n=4

Baseline RL 0.27 ± 0.01 0.25 ± 0.01 0.29 ± 0.02 0.29 ± 0.01 0.28 ± 0.01 0.31 ± 0.02 0.27 ± 0.01 0.29 ± 0.02
(cmH2O ml-' s)
Blood pressure 53 ± 1 52 ± 2 51 ± 2 49 ± 2 50 ± 3 52 ± 2 47 ± 1 47 ± 3
baseline (mmHg)
% change - 10.8±5.2 -62.3±2.8 -61.3±2.0 -64.5±2.3 -65.8±2.6 -59.9± 1.4 - 14.9±3.5 *-.56.8+2.7

Values are expressed as mean ± s.e.mean.
*P<0.001 as compared to untreated animals given instilled PGF2,.

| * | * | *|II * --
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(Table 1). In untreated animals, instillation of LTD4 (0.2
nmol) caused an immediate fall and subsequently transient
increase in mean systemic blood pressure approximately 1

b
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Time (min)

TI. (m
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Figure 2 (a) Effect of ICI-192,605 (U: 0.5 mg kg-', n = 6) or OKY-
046 (-: 30mg kg-', n =4) given i.v. 5 min before instillation of
prostaglandin F20 (PGF2,,, 20 nmol) on the time-course of changes in
RL, compared with untreated guinea-pigs given instilled PGF2, (0:
n = 9). (b) Time course of effect of instilled U-46619 (A: 0.02 nmol;
n = 5) or saline (0: 0.9% NaCl, n = 6) on RL in untreated animals.

min after LTD4 administration (Figure 4). ICI-192,605 and
OKY-046 blocked the transient increase in mean systemic
blood pressure induced by LTD4, with a significant difference
from 0.5 to 1 min until 4 min after instillation of LTD4
(P< 0.005 and P< 0.01 at 2.5 min after LTD4, respectively)
(Figure 4). Instilled PGF2. (20 nmol) and U-46619 (0.02
nmol) caused a significant fall in systemic mean blood pres-
sure (Table 1). However, an instillation of saline also caused
a small fall. ICI-192,605 abolished the PGF2,-induced fall in
blood pressure. In contrast, OKY-046 had no inhibitory
effect on PGF2.-induced changes in blood pressure.

TxB2 concentration in BALF after instilled LTD4

The recovery percentage of BALF was 27 ± 2 and 44 ± 0.2%
in animals given either instilled LTD4 or vehicle respectively.
Instilled LTD4 induced a significant increase in TxB2 (14.6 ±
2.0pM, P<0.01) in bronchoalveolar lavage fluid obtained
1.5 min after challenge, compared to the animals given instil-
led vehicle (1.0 ± 0.1 pM).

Discussion

We have shown that both airflow obstruction and airway
plasma exudation induced by LTD4 instilled directly into the
airways are significantly attenuated by both ICI-192,605, a
thromboxane A2 receptor (TP receptor) antagonist, and
OKY-046, a thromboxane (Tx) synthetase inhibitor, in an-
aesthetized guinea-pigs. In addition, instilled LTD4 resulted
in a large increase of the level of TxB2 in bronchoalveolar
lavage fluid (BALF). ICI-192,605, but not OKY-046, also
blocked both the biphasic increase in RL and airway plasma
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Figure 4 Effect of ICI-192,605 (e: 0.5 mg kg', n = 7) and OKY-
046 (A: 30mg kg', n = 6) given i.v. 5 min before instillation of
leukotriene D4 (LTD4, 0.2 nmol) on the time-course of the decrease
in systemic blood pressure induced by LTD4, compared with un-

treated animals given instilled LTD4 (0: n = 9) or saline (0: 0.9%
NaCl, n = 6). *P<0.05; **P< 0.005 compared to untreated ani-
mals.

exudation induced by PGF2, instilled into the tracheal lumen.
These findings suggest that LTD4-induced airway plasma
exudation and airflow obstruction may be mediated in part,
via TxA2 generation, but that the airway responses to PGF2,
may be mediated via direct activation of TP receptors, rather
than via TxA2 generation.

Bronchoconstriction produced by LTD4 administered
through the intratracheal route may be due to one or more
of the following mechanism: (1) reflex stimulation via vagal
pathways, (2) release of local mediators, such as cyclo-
oxygenase products, (3) via direct effects (Smith et al., 1987).
In the present study, instillation of LTD4 produced an
immediate and subsequently persistent increase in RL, with
an immediate peak at 45 s. Neither ICI-192,605 nor OKY-
046 significantly affected the initial increase in RL, suggesting
that the immediate airflow obstruction after LTD4 may be
mediated via cholinergic reflexes (Hirshman et al., 1983) or
due to a direct effect on airway smooth muscle (Smith et al.,
1987). Hamel et al. (1982) found that bronchoconstriction
produced by aerosolized LTD4 was not attentuated by cyclo-
oxygenase inhibitors, although the effect of i.v. LTD4 was.
In the present study, the persistent increase in RL following
the immediate response after LTD4 was significantly atten-
uated by both ICI-192,605 and OKY-046, strongly arguing
for a role of TxA2 in the airway responses to instilled LTD4.
Furthermore, we found in the present study that instilled
LTD4 resulted in a large increase in TxB2, a stable TxA2
metabolite, in BALF. Thus, our study strongly suggests that
LTD4-induced airflow obstruction in guinea-pigs may be
mediated in part via TxA2, in accord with the findings of
Vincent et al. (1984) and Birch et al. (1988) who studied the
effects of i.v. LTD4. The discrepancy from the previous
findings of Hamel et al. (1982) may be explained by different
methods of administration and use of different inhibitors of
the cyclo-oxygenase pathway (they used indomethacin). After
intratracheal administration, it is possible that higher local
concentrations of LTD4 induce TxA2 synthesis, compared
with aerosolized LTD4. Another possibility is that LTD4
given as aerosol causes production of bronchodilator pros-
taglandins as well as TxA2. Therefore, a reduction of both

the synthesis of TxA2 and bronchodilator prostaglandins
after indomethacin may explain the lack of attenuation of
LTD4-induced bronchoconstriction in the previous study
(Hamel et al., 1982). However, airway plasma exudation
induced by aerosolized LTD4 may well be attenuated by a
cyclo-oxygenase inhibitor, because bronchodilator prosta-
glandins such as PGE2 are known to enhance mediator-
induced plasma exudation in the skin (Williams, 1979).
Woodward et al. (1983) found that indomethacin did not

alter the increase in tracheal vascular permeability produced
by intratracheal injection of LTD4. By contrast, we found in
the present study that both ICI-192,605 and OKY-046
significantly reduced instilled LTD4-induced extravasation of
dye in the trachea and proximal intrapulmonary airways,
suggesting that LTD4-induced airway plasma exudation may
be mediated in part via TxA2 generation. The discrepancy
with the previous study of Woodward et al. (1983) may be
explained by complete blockade of the TxA2 receptors on the
endothelial cells with ICI-192,605 and inhibition of TxA2
synthesis with OKY-046, whereas the dose of indomethacin
(5 mg kg-') used by Woodward et al. (1983) may have been
insufficient to inhibit cyclo-oxygenase in the airways com-
pletely. In guinea-pigs, indomethacin may also have had the
theoretical effect of shunting of arachidonic acid to the
lipoxygenase pathway resulting in the synthesis of leuko-
trienes (Beasley et al., 1989).

In the present study, instillation of PGF2. into the trachea
in guinea-pigs produced an immediate increase in RL, peak-
ing at approximately 15 s. The response to exogenously
administered PGF2. has been shown to be due in part, to
cholinergic reflexes (Patel, 1975; Hadhazy et al., 1982). We
also found a delayed sustained increase in RL, peaking at
approximately 4min. This biphasic response to PGF2. was
quite similar to that found with instilled U-46619 in the
present study, although PGF2, was about 1000 times less
potent than U-46619 in producing a similar increase in RL.
As with instillation of U-46619, we have previously found
that i.v. U-46619 produces an immediate and a delayed
increase in RL, both of which are abolished in animals
pretreated with the TP receptor antagonist used in the pres-
ent study, ICI-192,605 (Lotvall et al., 1992). Furthermore, TP
receptor antagonists block both PGF2.-induced contraction
in lung parenchymal strip in guinea-pigs in vitro (McKeniff et
al., 1991) and bronchoconstriction induced by intravenous
administration of PGF2, in vivo (Birch et al., 1988). In the
present study, we found that both the immediate and the
delayed sustained increase in RL after PGF2, were abolished
by pretreatment with ICI-192,605, but not with OKY-046.
Therefore, it is unlikely that PGF2,t induces TxA2 release
from inflammatory cells to cause airflow obstruction, because
a Tx synthetase inhibitor did not affect this response. The
mechanism underlying the observed biphasic RL response is
not known, but our data provide evidence that PGF2.-
induced airflow obstruction may be mediated through activa-
tion of TP receptors. Alternatively, it is possible that ICI-
192,605 may antagonize not only TP receptors but also other
prostanoid receptor types such as DP, FP and EP, receptors
(mediating the effects of PGD2, PGF20, and PGE, respectively;
McKenniff et al., 1991).
We have previously shown that i.v. U-46619 (2-200 nmol

kg-') produces pronounced extravasation of Evans Blue dye
at all airway levels, which is most prominent in intrapul-
monary airways. In addition, this effect may be mediated via
TP receptors, because extravasated dye was abolished in
animals pretreated with the same dose of ICI-192-605 (Lot-
vall et al., 1992) used in the present study. In the current
study instillation of U-46619 (0.02 nmol) produced significant
but rather small extravasation of dye at all airway levels.
This may be explained by use of a lower dose of U-46619 or
the different route of administration. Instilled PGF2, pro-
duced a similar amount of extravasation of Evans Blue dye
compared with U-46619, although the potency in inducing
the effect was about 1000 times lower than with U-46619.

I . I I I
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ICI-192,605 blocked the extravasation of Evans Blue dye
induced by PGF2., suggesting that PGFu-induced airway
plasma exudation is mediated through TP receptors. It is
again considered unlikely that PGF2, induces TxA2 release
from inflammatory cells to cause airway plasma exudation,
since OKY-046 did not affect dye extravasation. Another
possibility is that PGF2. induces the release of other pros-
tanoids, such as PGD2 which activate TP receptors
(McKenniff et al., 1991).
We found that instillation of LTD4 caused an immediate

fall and subsequently a transient increase in mean systemic
blood pressure approximately 1 min after administration.
Both ICI-192,605 and OKY-046 blocked the transient inc-
rease in mean systemic blood pressure induced by LTD4.
This suggests that TxA2 generation induced by instilled LTD4
may be responsible for this effect, since TxA2 is a potent
vasoconstrictor (Lotvall et al., 1992). Instilled U-46619 in-
duced a significant fall in systemic blood pressure. Also,
instilled PGFu, caused a significant fall in systemic blood
pressure, which was blocked with ICI-192,605, but not OKY-
046, suggesting that blood pressure fall after PGF2, may be
mediated via TP receptor. It is likely that the effects of
instilled U-46619 and PGF2z on the blood pressure response
is secondary to their airway effect. The transient partial
recovery of blood pressure induced by instilled LTD4 may be

explained by TxA2 generation after an immediate peak air-
way response following the instillation.

In asthmatics, a recent double-blind, placebo-controlled
trial of a TP receptor antagonist (GR32191) failed to demon-
strate any decrease in airway responsiveness to acetylcholine
(Stenton et al., 1992). However, of particular interest to our
present study is the finding that enhanced airway responsive-
ness to histamine following inhalation of LTE4 in asthmatics
is inhibited by prior ingestion of indomethacin (Christie et
al., 1992), implying that LTE4-induced hyperresponsiveness
in part is due to the release of TxA2, or possibly some other
cyclooxygenase product. In conclusion, our data suggest that
airflow obstruction and airway plasma exudation induced by
instilled PGF2, may be mediated via activation of TP-
receptors. Airway responses to instilled LTD4 may in part, be
produced by generation of TxA2. However, from our present
study, it is not possible to elucidate which cell is producing
the thromboxane in response to exogenous leukotriene. Fur-
thermore, the interactions between TxA2, PGFu, and LTD4 in
plasma exudation in human airways are not known, and
deserve further investigation.
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and the Swedish Medical Research Council. The authors would like
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Characterization of P2-purinoceptor mediated cyclic AMP
formation in mouse C2C12 myotubes
Robert H. Henning, Marry Duin, Adriaan den Hertog & Adriaan Nelemans

Department of Pharmacology/Clinical Pharmacology, University of Groningen, Bloemsingel 1, 9713 BZ Groningen, The
Netherlands

1 The formation of adenosine 3':5'-cyclic monophosphate (cyclic AMP) and inositol(1,4,5)tris-
phosphate (Ins(1,4,5)P3), induced by ATP and other nucleotides was investigated in mouse C2C12
myotubes.
2 ATP (100 gM) and ATPyS (100 tiM) caused a sustained increase in cyclic AMP content of the cells,
reaching a maximum after 10 min. The cyclic AMP content reached a maximum in the presence of
100 tM ATP, followed by a decline at higher ATP concentrations. ATP-induced cyclic AMP formation
was inhibited by the P2-purinoceptor antagonist, suramin.
3 Myotubes hydrolysed ATP to ADP at a rate of 9.7 ± 1.0 nmol mg-' protein min-'. However, further
hydrolysis of ADP to AMP and adenosine was negligible.
4 The cyclic AMP formation induced by ADP (10 AM- I mM) showed similar characteristics to that
induced by ATP, but a less pronounced decline was observed than with ATP. ADP-induced cyclic AMP
formation was blocked by suramin, while cyclic AMP formation elicited by adenosine (1OtIM- 1 mM)
was insensitive to suramin.
5 The ATP analogue, a,4-methylene-ATP also induced a suramin-sensitive cyclic AMP formation,
while 2-methylthio-ATP and the pyrimidine, UTP, did not affect cyclic AMP levels.
6 Stimulation of the myotubes with ATP or UTP (1OJAM-I mM) caused a concentration-dependent
increase in the Ins(1,4,5)P3 content of the cells. ADP (100 JAM- 1 mM) was less effective. Adenosine did
not affect Ins(1,4,5)P3 levels.
7 Incubation of the cells with UTP (30 gAM- 1 mM) inhibited the ATP- and ADP-induced cyclic AMP
formation, suggesting that stimulation of the 'nucleotide' type P2-receptor inhibits P2-purinoceptor
mediated cyclic AMP formation in C2C12 myotubes. In contrast, UTP (30 JAM-I mM) enhanced
adenosine-induced cyclic AMP formation.
8 Adenosine-sensitive P1-purinoceptors activating cyclic AMP formation were found in C2C12 myo-
tubes. Further, a novel P2-purinoceptor is postulated, sensitive to ATP, ADP and ATP^yS, which also
activates the formation of cyclic AMP in C2C12 myotubes.

Keywords: Cyclic AMP; Ins(1,4,5)P3; P2-purinoceptor; P,-purinoceptor; cross-talk; nucleotide receptor; C2C12 myotubes

Introduction

It is known that adenosine 3':5'-cyclic monophosphate (cyclic
AMP) affects the nicotinic acetylcholine receptors (AChRs)
of skeletal muscle and myotubes. An acute increase in intra-
cellular cyclic AMP accelerates desensitization of these recep-
tors (Albuquerque et al., 1986; Miles et al., 1987) most likely
via cyclic AMP-dependent phosphorylation of the 6-subunit
of the nicotinic AChR (Miles et al., 1989; Huganir & Green-
gard, 1983; Changeux, 1991). A sustained increase in cyclic
AMP level induced up-regulation of nicotonic AChRs (Betz
& Changeux, 1979), mediated by transcriptional (Fontaine et
al., 1987; Moss et al., 1991), and post-transcriptional (Green
et al., 1991) effects on nicotinic AChR biosynthesis. Only a
few primary messengers possibly involved in the regulation of
the cyclic AMP level of skeletal muscle have been established.
Calcitonin gene-related peptide, a peptide that is co-released
with acetylcholine-(ACh) at the neuromuscular junction
(Changeux, 1991), elevates intracellular levels of cyclic AMP
(Mulle et al., 1988) and induces the related desensitization
(Takami et al., 1986) and up-regulation (Fontaine et al.,
1987) of nicotinic AChRs.
Another co-transmitter with ACh at the neuromuscular

junction, ATP (Silinsky, 1975), activates phosphoinositide
signalling in skeletal myotubes by stimulation of P2-purino-
ceptors (Haggblad & Heilbronn, 1988). In C2C12 myotubes,
this signalling pathway is activated through the 'nucleotide'
type P2-purinoceptor, which also responds to UTP (Henning
et al., 1992). It has been shown that ATP affects the cyclic
AMP level via stimulation of P2-purinoceptors in hepatic and

aortic cells (Okajima et al., 1987; Tada et al., 1992). It is also
known that adenosine, the hydrolysis product of ATP,
modulates cyclic AMP levels through stimulation of Pl-
purinoceptors (Londos et al., 1980). The contribution of ATP
and derivatives in the regulation of cyclic AMP and the
interaction with the phospholipase C (PLC) pathway was
studied by measuring the formation of cyclic AMP and
inositol(1,4,5)tris-phosphate (Ins(1,4,5)P3) in C2C12 myo-
tubes.

Methods

Cell culture

C2Cl2 cells, a murine myoblast cell line (Yaffee & Saxel,
1977) were obtained from the American Tissue Type Collec-
tion, Rockville, U.S.A. and cultured in 9.6 cm2 plastic wells
as described by Henning et al. (1992). Myotubes were used 7
days after initiating myoblast fusion.

Cyclic AMP measurement

The cyclic AMP content of the myotubes was assessed by
mass measurement using a radioligand binding assay. Before
the experiment, the cells were washed three times with a
buffer of the following composition (mM): NaCl 125, KCI 6,
CaCl2 1.2, MgCl2 2.5, NaH2PO4 1.2, glucose 11, HEPES 10
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(pH 7.4). The reaction was started by the addition of one of
the nucleotides and stopped by addition of trichloroacetic
acid (TCA: 5%, 350,l) after removing the buffer. Experi-
ments were conducted at 20°C. The TCA was extracted
(three times) with water-saturated diethylether, the samples
were neutralized with KOH and stored at - 40°C. Cyclic
AMP mass was determined essentially according to Brown et
al. (1971). To reach equilibrium, 50,l4 sample was incubated
for at least 2 h at 4°C with 1.7 mg bovine adrenal binding
protein and 10 LI [3H]-cyclic AMP (190 nM; specific activity:
40 Ci mmol ') in a buffer of 50 mM Tris-HCl and 4 mM
EDTA (pH 7.4) in a final volume of 300 ,4. The incubation
was terminated by adding a charcoal suspension (Norit A
special, 3.5 g 1-), mixing, and subsequent centrifugation to
remove excess [3H]-cyclic AMP, all at 4°C. The radioactivity
in the supernatant was determined by scintillation counting.
A standard curve for determination of cyclic AMP mass was
constructed using ether-extracted TCA solution.

Adenine nucleotides

Single wells (9.6 cm2) containing 7 days differentiated C2C12
myotubes were incubated at 20°C for 5 or 10 min with 2 ml
extracellular medium containing ATP 300 tM. Adenine nuc-
leotides (adenosine, AMP, ADP and ATP) in the extracel-
lular medium were separated by high-performance liquid
chromatography (h.p.l.c.), using a Zorbax SAX Bioseries
column (Du Pont, Wilmington, DE, U.S.A.) and detected by
light absorption at 259 nm. Separation of adenine nucleotides
was accomplished by use of a programmed gradient of
NH4H2PO4 in water at a flow rate of 1.5 ml min-'. Injection
of samples (100,4) was followed by a 2-min flow of water
and a 14 min flow of linearly increasing NH4H2PO4 (1 M;
pH 3.7) in water to a final concentration of 40% (v/v).
Retention times of adenosine, AMP, ADP and ATP were 2,
6, 8 and 12 min, respectively.

mg-' protein (n = 72). The myotubes responded to applica-
tion of ATP (100 jAM) with a slowly developing but marked
increase in cyclic AMP content, becoming manifest after 30 s.
A further increase in cyclic AMP content was found after
prolonged stimulation with ATP (up to 60 min), approaching
a maximum at about 10 min (Figure la). Application of the
stable ATP analogue ATPyS (100 gAM) also induced an in-
crease in cyclic AMP content of the cells, showing a similar
time course as observed with ATP (not shown).
The formation of cyclic AMP in myotubes stimulated with

different ATP concentrations was used to plot a concen-
tration-response curve. The cyclic AMP content increased
until a maximum was reached at 100gM ATP, followed by a
decline at higher concentrations. Consequently, the concen-
tration-response curves obtained after 5, 10 and 30 min ATP
stimulation were bell-shaped (Figure lb). Pretreatment (15
min) of the cells with the P2-purinoceptor antagonist, sura-
min (500 gM) prevented the increase of cyclic AMP content
of the cells as evoked by ATP (Figure Ib).
To investigate whether the slow increase in cyclic AMP

content could be caused by ATP derivatives, hydrolysis of
ATP was investigated by measuring the accumulation of the
adenine nucleotides ATP, ADP, AMP and adenosine in the
incubating medium in the presence of C2C12 myotubes. Dur-
ing incubation ATP (300 gM; 10 min) was hydrolysed to
ADP at 9.7 ± 1.0 nmol mg- protein min-'. Further hy-
drolysis of ADP to AMP or adenosine was not observed
(Table 1).
An action of ADP on the cyclic AMP level can be

expected in view of its formation from ATP in the incubation
medium (Table 1). Stimulation of the cells with ADP (10
gM- 1 mM) induced an increase in cyclic AMP with a similar
time course as observed for ATP (not shown). The concen-
tration-response curve obtained at optimal stimulation per-
iods (10 min), showed a small decline at a high agonist
concentration (Figure 2a). The ADP-induced increase in cyc-

Ins(1,4,5)P3 measurement

Experiments were conducted in a similar way to those des-
cribed for cyclic AMP. The samples were assayed for Ins-
(1,4,5)P3 content by a radioligand binding assay as described
in detail by Den Hertog et al. (1992).
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Data analysis

Data are presented as mean ± s.e.mean unless stated other-
wise and were considered statistically different at P<0.05
(unpaired Student's t test).

Drugs

Adenosine 3':5'-cyclic monophosphate (cyclic AMP), adeno-
sine, adenosine 5'-diphosphate (ADP), adenosine 5'-O-(3-
thiotriphosphate) (ATP-yS) and a,-methylene-adenosine 5'-
triphosphate (az,j-MeATP) were obtained from Boehringer,
Mannheim, Germany. Adenosine 5'-triphosphate (ATP),
adenosine 5'-monophosphate (AMP) and uridine 5'-tri-
phosphate (UTP) were obtained from Serva, Heidelberg,
Germany. Suramin was obtained from Bayer, Leverkusen,
Germany. 2-(Methylthio)-adenosine 5'-triphosphate (2-Me-
SATP) was obtained from Research Biochemicals Inc., Nat-
ick, Mass., U.S.A. and pertussis toxin (PTx) from Sigma, St.
Louis, U.S.A. [2,8-3Hl-adenosine 3':5'-cyclic monophosphate
([H]-cyclic AMP) and D-[2-3H]-inositol 1,4,5-trisphosphate
were obtained from Du Pont-New England Nuclear U.S.A.

Results

ATP and cyclic AMPformation
The basal cyclic AMP content of the C2C12 myotubes, as
measured by radioligand binding assay, was 10.5 ± 0.9 pmol

c

0

0~

C-)

100 -

50-

0-

I

0 30 60
Time (min)

b

0

m !*9-
0 5 4 3

ATP (-log M)

Figure 1 The effect of ATP on cyclic AMP formation in C2C12
myotubes. (a) Time-dependent increase in cyclic AMP content upon
stimulation with ATP (100IM). (b) Concentration-dependent chan-
ges in cyclic AMP content of the myotubes measured after 5 min
(V), 10 min (0) and 30 min (0) stimulation. The increase in cyclic
AMP content observed after 10 min was blocked by suramin
(500 JLM, 0). Data are expressed as pmol mg-' protein (mean ± s.e.)
and were obtained from 4 or more experiments.
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Table 1 Hydrolysis of extracellular ATP by C2C12 myotubes

545 ± 8
34±4
20 ± 5
<0.5

599± 10

S min
(nmol/well)

497±4
88 ± 2
19± 1
<0.5

604 ± 5

Incubation
10 min

(nmol/well)

436 ± 43
129 ± 27
35± 16
<0.5

594 ± 33

Hydrolysis
(nmol mg ' protein min- ')

+9.7± 1.0
- 9.6 ± 0.8
- 0.6 ± 0.3

Single wells containing differentiated C2C12 myotubes were incubated with 600 nmol of ATP in 2 ml medium (3001M) for S or
10 min. Control experiments were performed in wells in the absence of myotubes (medium without cells). Data are expressed as nmol
of recovered nucleotides (mean ± s.e., n = 3). Rate of hydrolysis was calculated by pooling data from 5 and 10 min incubation (n = 6).
Average protein content per well was 1.06 ± 0.1O mg protein/well.

lic AMP content was blocked by suramin (500 gM; Figure
2a). It was found that ADP was about equipotent to ATP as

judged by the onset of the ascending phase of their respective
concentration-response curves (Figures lb, 2a).
Although hydrolysis of ATP to adenosine was not detected

in the incubation medium (Table 1), adenosine might be
produced at the cell surface very near its receptor. The
presence of P,-purinoceptors on the myotubes was inves-
tigated by measuring the change of cyclic AMP content
evoked by adenosine. Stimulation with adenosine (10 tM-

1 mM) induced the formation of cyclic AMP with a similar
time course as observed for ATP. However, adenosine-
induced cyclic AMP formation was not affected by suramin
and reached a lower maximal level compared to that induced
by ATP or ADP (Figure 2b).
By convention, a purinoceptor sensitive to ATP and ADP,

has to be classified as a P2-purinoceptor. To examine whether
this receptor can be recognized as one of the established
P2-purinoceptor subclasses, the action of ATP analogues was
studied. The selective P2x-agonist, a,,B-MeATP, evoked a

concentration-dependent increase in cyclic AMP content of
the myotubes; this response was also blocked by suramin
(Figure 2c). The concentration-response curve of (xa,-MeATP
ascended at a similar agonist concentration as found with
ATP and ADP, but in the presence of ax,,-MeATP con-

a
100 - ADF
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E 100
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Figure 2 Concentration-dependent change
of C2C12 myotubes after 10min stimulati
tides. (a) The increase in cyclic AMP cont(
was blocked by suramin (500 jM; *). (1
AMP content induced by adenosine (0) wa
(5001M; *). (c) The increase in cyclic A

az,j-MeATP (0) was blocked by suramin
(0) did not affect cyclic AMP content. (d)
was not changed in the presence of UTP. S
prior to stimulation. Data are expressec
(mean ± s.e.) and were obtained from 4 c

sistently lower values of cyclic AMP were found compared to
ATP and ADP (Figures lb, 2a,c). The selective agonist for
the P2Y-purinoceptor, 2-MeSATP did not affect cyclic AMP
levels (Figure 2c). To examine whether the ATP-evoked in-
crease in cyclic AMP content was mediated by the nucleotide
type P2-purinoceptor present in C2C12 myotubes (Henning et
al., 1992), the action of the pyrimidine, UTP, on cyclic AMP
formation was examined. It was found that stimulation of
the myotubes with UTP (1O JLM-1 mM) did not affect their
cyclic AMP content (Figure 2d). To investigate whether
ATP- and ADP-induced formation of cyclic AMP was med-
iated through the same purinoceptor, simultaneous stimula-
tion of the myotubes by these compounds was examined.
Stimulation of the cells (10 min) by ATP (100 ;tM) and ADP
(100ItM) respectively induced a similar formation of cyclic
AMP (89.6 ± 8.3 pmol mg-' protein and 82.4 ± 9.7 pmol
mg-' protein; n = 4). However, formation of cyclic AMP
elicited by simultaneous addition of the nucleotides was
significantly diminished (36.5 ± 2.1 pmol mg-' protein, n = 4).

Ins(1,4,5)P3 formation

In C2C12 myotubes, both ATP (10 JAM-1 mM) and UTP
(1OILM- 1 mM) induced a four fold increase in the
Ins(1,4,5)P3 content of the cells after 45 s stimulation (Table
2). In contrast to the generation of cyclic AMP, ADP
(10lJM- mM) was less effective in producing Ins(1,4,5)P3
than ATP, while adenosine was ineffective (Table 2). Further,
it was observed that the maximal increase of Ins(1,4,5)P3
elicited by ATP (1 mM) and UTP (1 mM) were not additive
(3.36 ± 0.81 pmol mg-' protein; n = 4).

Inhibition of P2-purinoceptor-mediated cyclic AMP
formation

The decline in formation of cyclic AMP at high ATP concen-
UTP trations was further examined in ATP-stimulated myotubes

pretreated for 14 h with pertussis toxin (PTx; 100 ng ml-').
Pretreatment of the cells with PTx enhanced the maximum
formation of cyclic AMP, but did not affect the decline in
cyclic AMP formation at higher ATP concentrations (Figure

O-* O-O-O-O-O 3).
'i | Inhibition of cyclic AMP formation at higher ATP concen-

0 5 4 3 trations might be caused by simultaneous stimulation of the
og M) 'nucleotide' receptor. UTP stimulated the nucleotide receptor

(Table 2; Henning et al., 1992), but did not affect cyclic AMP
s in cyclic AMP content formation in contrast to ATP (Figure 2d). Therefore, this
ion with different nucleo- compound was used to study the effect of 'nucleotide' recep-

ent induced by ADP (0) tor stimulation on cyclic AMP formation in the myotubes.
)) The increase in cyclic When added simultaneously, UTP (30 gM-1 mM) progres-

iS not affected by suramin sively decreased the cyclic AMP formation in myotubes elicitedLMP content induced by with an optimal concentration of ATP or ADP (100 JAM;

The cyclic AMP content Figure 4a,b). In contrast, UTP enhanced the adenosine

,uramin was added 15 mmn (100 JiM) induced cyclic AMP formation (Figure 4c). The
d as pmol mg ' protein inhibitory effect of UTP on ATP-induced cyclic AMP forma-
)r more experiments. tion was further studied by constructing concentration-re-

Medium
without cells
(nmol/well)

ATP
ADP
AMP
Adenosine

Total
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Table 2 The increase in Ins(1,4,5)P3 content of C2C 12 myotubes following stimulation by variouis nucleotides

Agonist
concentration

10 JAM
30 jSM
100 JM
300 jM
1 mM

ATP

0.52 ± 0.07
1.69 ± 0.13
2.90 ± 0.12
3.34 ± 0.29
3.41 ± 0.12

Increase in Ins(1,4,5)P3 (pmol mg-' protein)
UTP ADP

- 0.05 ± 0.12
1.02 ± 0.09
2.10 ± 0.10
2.68 ± 0.14
3.22 ± 0.06

- 0.12 ± 0.07
0.26 ± 0.07
0.44 ± 0.11
1.05 ± 0.13
3.01 ± 0.10

Adenosine

0.07 ± 0.13
- 0.19 ± 0.30
- 0.10 ± 0.14

Myotubes were stimulated for 45 s in the presence of the nucleotide concentrations indicated. Data are expressed as the increase in
Ins(1,4,5)P3 content over basal level (1.06 ± 0.12 pmol mg-' protein, mean ± s.e., n k 4).
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Figure 3 The effect of pretreatment of C2C12 myotubes with per-
tussis toxin (PTx) on ATP-induced formation of cyclic AMP.
Stimulation of the cells with ATP for 10 min in control cells (0) and
after pretreatment with PTx (100ngml-') for 14h (m). Data are
expressed as pmol mg- I protein (mean ± s.e.) and were obtained
from 4 or more experiments.
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concentrations, showing a progressive decrease in the ATP-
induced formation of cyclic AMP, without an apparent shift
in the concentration-response curve (Figure 5).

b
100-

50 -

0-

c
100 -

0
ATP

0

0

r--/ .1, I

ADP

O \0

0

F-/ .11, I I I

Adenosine

0_b-8_..O
50-10Discussion

Extracellular ATP caused a relatively slow formation (10
min) of cyclic AMP in C2C12 myotubes, which was charac-
terized by a prominent bell-shaped concentration-response
relationship. Application of adenosine also induced a concen-
tration-dependent increase in cyclic AMP formation, which
was characterized by a regular concentration-response rela-
tionship. For several reasons, however, it seems likely that
cyclic AMP formation induced by ATP in C2C12 myotubes
is mediated via P2-purinoceptors, rather than caused by
stimulation of P,-purinoceptors by its hydrolysis product,
adenosine. This is supported by the finding that the ATP-
induced cyclic AMP formation was completely blocked by
the P2-purinoceptor antagonist, suramin (Dunn & Blakely,
1988; Den Hertog et al., 1989; Henning et al., 1992), while
adenosine-induced cyclic AMP formation was insensitive to
suramin. Further, the formation of cyclic AMP was also
observed with the stable ATP analogue, ATP'IS. Moreover,
during the incubation period, negligible amounts of AMP
and adenosine were generated, in contrast to ATP hydrolysis
to ADP. These observations strongly suggest that ATP-
induced formation of cyclic AMP is caused by stimulation of
a P2-purinoceptor in C2C12 myotubes, while adenosine-
induced cyclic AMP formation is presumably mediated
through an A2-type P1-purinoceptor as found in other cells
(Londos et al., 1980).
The nucleotides ATP or ADP showed a similar potency

with respect to the formation of cyclic AMP. The action of
both nucleotides was not additive and was blocked by
suramin. Formation of cyclic AMP was also induced by the
P2x-purinoceptor agonist, a,P-MeATP. However, since a,B-

0-

F-7/.1 1 II

0 5 4 3

UTP (-ogM)

Figure 4 Concentration-dependent effect of UTP on cyclic AMP
formation induced by adenine nucleotides. UTP and adenine nucleo-
tides were added simultaneously. UTP (30 riM- mM) evoked a pro-
gressive decline in cyclic AMP formation of myotubes stimulated
with ATP (100 tm; a) and ADP (100 tM; b). The cyclic AMP
formation was enhanced in myotubes stimulated with adenosine
(100 LMm; c). Cells were stimulated for 10 min. Data are expressed as

pmol mg ' protein (mean ± s.e.) and were obtained from 4 or more
experiments.

MeATP did not exceed ATP or ADP potency with respect to
cyclic AMP formation, the ATP-sensitive receptor cannot be
classified as P2x-purinoceptor (Cusack & Hourani, 1990).
Moreover, the P2-purinoceptor was not sensitive to 2-Me-
SATP or UTP, excluding the involvement of P2y-purino-
ceptors (Cusack & Hourani, 1990) and the nucleotide type
P2-purinoceptor (O'Connor et al., 1991). Other P2-purino-
ceptors, i.e. P2T- and P2z-purinoceptors have to be excluded
in view of the agonistic action of both ATP and ADP on
cyclic AMP formation (Cusack & Hourani, 1990). Thus, it is
concluded that a novel type of P2-purinoceptor is linked to
the cyclic AMP formation in C2C12 myotubes. This P2-
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Figure 5 Inhibition of ATP-induced cyclic AMP formation by UTP.
The concentration-dependent cyclic AMP formation evoked by ATP
at 10 min (0) was progressively inhibited by UTP 100 yM (A),
300"M (0) and 1 mrM (V). Both nucleotides were added simul-
taneously. Data are expressed as pmol mg-' protein (mean+±s.e.)
and were obtained from 4 or more experiments.

purinoceptor of C2C12 myotubes resembles the P2-purino-
ceptor mediating cyclic AMP formation in bovine aortic
smooth muscle cells (Tada et al., 1992). The ATP-induced
cyclic AMP formation in the aortic cells, however, was not
inhibited by suramin, suggesting the presence of different
P2-purinoceptor subtypes in bovine aortic cells and C2C12
myotubes.
The concentration-dependent ATP-induced cyclic AMP

formation showed a substantial decline at high agonist con-
centrations. This decline was not caused by activation of a
PTx-sensitive G1-protein at higher agonist concentrations.
C2C12 myotubes have been shown to possess a nucleotide
type P2-purinoceptor (Henning et a!., 1992) activating the
PLC pathway, besides the P2-purinoceptor mediating cyclic
AMP formation. Simultaneous stimulation of the myotubes
with UTP, not affecting cyclic AMP formation, inhibited the
ADP- and ATP-induced formation of cyclic AMP. The effect
of progressively higher concentrations of UTP on the ATP-
induced concentration-response relationship for cyclic AMP
formation was characterized by a decrease in the maximum
effect without an apparent shift in the curve. This observa-
tion demonstrates that the action of UTP in reducing the
ATP-induced response cannot be explained solely by a com-
petitive antagonism of UTP on the P2-purinoceptor media-
ting the ATP-induced cyclic AMP formation. The inhibition
of the P2-purinoceptor-mediated cyclic AMP formation by
UTP might be related to the stimulation of the PLC pathway
by this compound. A similar Ins(1,4,5)P3 formation was pro-
duced by UTP and ATP in the myotubes, while ADP was
less effective. The cyclic AMP content of myotubes optimally
stimulated by ATP or ADP but inhibited by maximal con-
centrations of UTP, was similar to that of myotubes stim-
ulated with the maximal ATP concentration. However, cyclic
AMP formation induced by maximum ADP concentrations
was inhibited to a lesser extent. These observations suggest
that the activation of the PLC pathway via the nucleotide
receptor inhibits P2-purinoceptor-mediated cyclic AMP for-

mation. In contrast to the reduction of P2-purinoceptor
mediated cyclic AMP formation found in the presence of
UTP, enhancement of adenosine-induced cyclic AMP forma-
tion by UTP was observed, possibly also dependent on
nucleotide-receptor mediated activation of the PLC pathway.
At this stage, the involvement of nucleotide receptor-mediat-
ed PLC activation in either the inhibition of P2-purinoceptor-
mediated cyclic AMP formation or stimulation of PI-purino-
ceptor-mediated cyclic AMP formation by UTP remains
speculative. PLC-activated modulation of the cyclic AMP
pathway has been studied extensively in non-skeletal muscle
cells and is attributed to the activation of the phosphory-
lating enzyme protein kinase C (PKC) (Houslay, 1991).
Activation of PKC is associated with stimulation (Garte &
Belman, 1980; Goureau et al., 1990) as well as with inhibition
of cyclic AMP formation, due to phosphorylation of different
components of the cyclic AMP pathway (Katada et al., 1985;
Bell & Brunton, 1986; Irvine et al., 1986; Yoshimasa et al.,
1987; Abou-Samra et al., 1987; Convents et al., 1989).
Modulation of cyclic AMP formation by receptor-mediated
PLC activation, however, may also be dependent on mech-
anisms other than PKC-mediated phosphorylation, such as
Ca2"-dependent activation of phosphodiesterase (Boyajian &
Cooper, 1990) or involvement of different heteromeric G
protein subunits (cf. Birnbaumer, 1992). The opposite action
of UTP on Pl- and P2-purinoceptor-activated cyclic AMP
formation in C2C12 myotubes would suggest that the inhibi-
tory effect of UTP is not exerted on adenylate cyclase or
phosphodiesterase. However, multiple isoenzymes, possessing
different sensitivity to the UTP-activated mechanism may be
present in these cells. Therefore, to establish the mechanisms
involved in the modulation of cyclic AMP formation by UTP
in C2C12 myotubes needs further study.

It has been shown that cyclic AMP regulates important
cellular functions in myotubes, including desensitization (Al-
buquerque et al., 1986; Miles et al., 1987) and expression
(Betz & Changeux, 1979; Fontaine et al., 1987; Moss et al.,
1991; Green et al., 1991) of nicotinic AChRs. In this study
we identified two receptor types, an ATP-sensitive P2-purino-
ceptor mediating cyclic AMP formation, and a P,-purino-
ceptor sensitive to adenosine, both mediating the generation
of cyclic AMP. So far, only calcitonin gene-related peptide
had been identified as a possible primary messenger in the
regulation of intracellular levels of cyclic AMP in myotubes
(Mulle et al., 1988; Changeux, 1991). As ATP is excreted
from the motor nerve endings in conjunction with acetyl-
choline (Silinksy, 1975), the existence of multiple purinocep-
tors coupled to the cyclic AMP pathway suggests that a
primary messenger role for ATP needs to be considered.

In summary, P1-purinoceptor-induced cyclic AMP forma-
tion was established in C2C12 myotubes. Further, a novel
ATP- and ADP-sensitive P2-purinoceptor is proposed, also
activating the formation of cyclic AMP. Activation of these
cellular pathways by ATP in C2C12 myotubes suggests that
this co-transmitter may serve as a primary messenger to
regulate intracellular signalling in skeletal muscle.

This study was partly sponsored by grant 900-549-133 from The
Netherlands Organisation for Scientific Research (NWO).
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Partial inhibition by epithelium of tracheal smooth muscle
relaxation induced by the potassium channel activator, BRL
38227
Dragan Pavlovic, Eveline Brione, *Dominique De Vernejoul & 'Michel Aubier

Laboratoire de Pathologie Experimentale, Unite INSERM 226, Faculte Xavier Bichat, Paris, France and *Laboratoires
Beecham SmithKline, France

1 A method is described whereby either the serosal (Out) or epithelial (In) sides of rat isolated tracheae
were selectively perfused. Perfusion with BRL 38227 (10-8-5 x 10-6 M; In/Out) of preparations with
intact epithelium (+ EP) precontracted with carbachol (10-6 M; Out/In) produced complete relaxation.
Perfusion with aminophylline (10-5-10-3 M; In) of + EP preparations precontracted with carbachol
(10-6m; Out) also produced complete relaxation.
2 In preparations precontracted with carbachol (10-6M) epithelium removal (- EP) increased the
sensitivity to the relaxant effect of BRL 38227 (In), but not BRL 38227 (Out) [- log EC50, + EP/ - EP;
carbachol (In), BRL 38227 (Out): 6.76 ± 0.11 vs 6.67 ± 0.15; carbachol (Out), BRL 38227 (In):
5.93 ± 0.06 vs 6.25 ± 0.07]. Removal of the epithelium increased also the sensitivity to BRL 38227 (In)
of preparations precontracted with a lower concentration (5 x 10' M) of carbachol (Out). [-log EC50,
+ EP/ - EP, carbachol (Out), BRL 38227 (In): 6.19 ± 0.14 vs 6.58 ± 0.17].
3 Removal of the epithelium did not affect the sensitivity to BRL 38227 (In) of preparations
precontracted with a higher concentration (5 x 10-6 M) of carbachol (Out).
4 In both + EP and - EP preparations precontracted with carbachol (10-6 M; Out), BRL 38227 (In)
had a more potent relaxant effect than aminophylline (In) (EC., BRL 38227 vs aminophylline,
+ EP/- EP: 5.93 ± 0.06 vs 3.66 ± 0.11/6.25 ± 0.07 vs 3.77 ± 0.11).
5 In preparations precontracted with carbachol (10-6 M; Out), removal of the epithelium did not affect
the sensitivity to aminophylline (In) but increased the degree of precontraction (Tm,,) following epithelial
but not serosal stimulation with carbachol.
6 We conclude that BRL 38227, a K+ channel activator, is a potent relaxant of rat tracheal smooth
muscle precontracted with carbachol, and that the effect can be partially inhibited by the presence of an
intact tracheal epithelium, whereas the relaxant effect of aminophylline is not.

Keywords: Smooth muscle; tracheal epithelium; potassium channel activator; BRL 38227 (lemakalim)

Introduction

Potassium (K+) channels have been associated with the
recovery of the resting potential of excitable cells after
depolarization. Indeed, drugs that block K+ channels have
been shown to cause an increase in cellular excitability. In
airway smooth muscle, application of K+ channel blocking
drugs results in spontaneous action potentials and a reduced
threshold of excitation (Davis et al., 1982; Kannan et al.,
1983). These changes appear to be similar to the electro-
physiological changes described in asthmatic airways
(Akasaka et al., 1975). The recent development of drugs that
open K+ channels in smooth muscle reawakened interest in
these channels because these drugs relax airway smooth mus-

cle and thus might reduce airway hyperreactivity which is the
main feature of asthma.
Although most attention has been focussed on the role of

KQ channels in airway smooth muscle, these channels have
also been shown to be present on many different cell types
such as nerve terminals, ganglia, macrophages and epithelial
cells (Hall et al., 1988; Kakuta et al., 1988; McCaig &
Jonckheere, 1989). This may be relevant in airway disease in
which these cells have been shown to play an important role
in the mechanism of airway hyperreactivity. In this connec-
tion, the role played by airway epithelial cells should be
pointed out. Indeed, it has been shown that airway
epithelium can modulate bronchial smooth muscle contrac-

tion (Cuss & Barnes, 1987; Pavlovic et al., 1989, Vanhoutte,
1988). It is therefore possible that K+ channels on airway
epithelial cells may be implicated in the control of airway
tone by the bronchial epithelium. Furthermore, in asthma the
bronchial epithelium is often damaged which may influence
the effect of some bronchodilator compounds and particular-
ly K+ channel opening agents which have been shown to
inhibit the excitatory NANC (non-adrenergic non-

cholinergic) response (Ichinose & Barnes, 1990). The aims of
this study were, therefore: (i) to test the relaxant effect in
airway smooth muscle of a new K+ channel opening agent
BRL 38227 (lemakalim, (-)-enantiomer of cromakalim) on

rat trachea in vitro and to compare its potency with another
smooth muscle relaxant, aminophylline; (ii) to determine
whether the relaxant effect of BRL 38227 in this tissue was
influenced by the presence of airway epithelium.

Methods

The method used to prepare rat isolated tracheal smooth
muscle preparations has been described by Pavlovic et al.
(1989). Tracheae were taken from male Sprague-Dawley rats
(300-350 g body weight) that had been stunned by a blow
on the head and quickly exsanguinated. The tracheae were
immersed in Krebs solution (composition mM: NaCl 137,
KCI 4, MgCl2 1, KH2PO4 1, NaHCO3 12, CaCl2 2, glucose
6.5) and cleaned of all surrounding tissue. Proximal ends (10
rings long) were used for the experiments and distal ends

' Author for correspondence at: Service de Pneumologie, H6pital
Bichat, 46 rue Henri Huchard, 75018 Paris, France.
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were discarded. In one-half of the preparations the
epithelium was removed (- EP) by gently rubbing with a
cotton-wrapped metal stick; in the other half of the prepara-
tions the epithelium was left intact (+ EP).
An organ bath was constructed that permitted independent

circulation of fluid within the lumen of the tracheal segment
(In, epithelial side) or around the exterior (Out, serosal side)
of the tracheal segment (Figure 1). A modified 5 ml syringe
with top and lateral openings served as the organ bath. The
piston served as a support for the tubing system used to
intubate and secure the tracheal segments in place. Mounting
of tracheal segments involved the following.
Under microscopic control two stainless steel hooks were

passed through the tracheal wall around two adjacent cartil-
aginous rings as close as possible to the muscle insertions.
The tracheal segments were then longitudinally connected to
the steel tubes built in the piston and firmly tightened with
silk thread. The lower hook was attached below, serving as a
fixed point. Its length was adjusted such that it did not pull
down the tracheal wall.
The piston was then introduced into the syringe and the

upper hook connected to a force transducer (UC2, Gould
Cleveland, OH, U.S.A.). The latter was attached to a mic-
romanipulator (Prior PO 22, Prior Scientific Instruments,
Herts, UK) that enabled the displacement of the upper hook
along a strict vertical axis. Any change of tension at the level
of the tracheal muscle was registered by the recorder (Gould
AT 550) to which the transducer was connected.

Krebs solution (at 37°C, pH 7.4, gassed with 95% 02:5%
C02) was perfused at a constant flow rate (2 ml min-1)
through the syringe organ bath (outer perfusion) and
through the lumen of the tracheal segment (inner perfusion)
by using peristaltic pumps (Watson Marlow 5025, Falmouth,
Cornwall, UK).

Fluid tightness ofpreparation

To ensure that the hooks did not induce a fluid leak through
the tracheal wall, a solution of methylene blue was perfused
into the tracheal lumen or the organ bath in separate
experiments. No cross-staining was observed.

a
Transducer
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FIgure 1 (a) Schematic representation of the experimental appar-
atus. Inner (In) and outer (Out) perfusions are maintained at 37C,
bubbled with 95% 02-5% CO2 and a constant flow rate of
2 ml min-1 is maintained.

Procedure

The tracheal muscle was stretched transversely to its optimal
length which had been established in preliminary experiments.
After a period of stabilization (40-50 min) the preparations
were precontracted by perfusing either the epithelial (In) or
the serosal (Out) surface of the trachea with a solution of
carbachol at a concentration (10-6 M) corresponding to the
EC50, determined in a preliminary series of experiments (data
not shown). In the other series of experiments, the tracheae
were perfused with lower (5 x 10-7 M) or higher (5 x 10-6 M)
concentrations of carbachol. When the response to carbachol
reached a plateau, in a first series of experiments (Table 1),
cumulative concentrations (10-8 to 5 x 106M) of BRL
38227 were administered either outside or inside the trachea.
In this series of experiments, concentration-effect curves for
BRL 38227 were constructed. The order of perfusion was
such that the bronchoconstrictor agent (carbachol) was
always perfused from one side and the bronchodilator agent
(BRL 38227) from the other side. To determine whether the
relaxant effect was reversible, when the effect of the relaxant
agent was maximal, the side where the relaxant agent had
been perfused was washed with Krebs solution and then,
when the tracheal muscle regained tension, the other side of
the trachea which had been perfused with carbachol was
washed with Krebs solution until the preparation relaxed
completely.

In a second series of experiments (also shown in Table 1) a
similar protocol was used. Preparations, precontracted with
carbachol, 10-6M (Out), were perfused from the epithelial
side (In) with cumulative concentrations (10-5 to 10-3 M) of
aminophylline to compare the relaxant effect of BRL 38227
with that of another smooth muscle relaxant compound.
These experiments were performed in preparations with or
without epithelium.

After completion of the experiments, 10 tracheal segments
without epithelium (- EP) and 10 with epithelium (+ EP)
taken at random, were removed from the organ bath and
fixed in 2.5% glutaraldehyde. Semi-thin sections from plastic-
embedded blocks were then prepared, stained with toluene
blue and examined microscopically for the presence of
epithelium and/or possible damage of the tracheal wall and
epithelium caused by the hooks. A quantification of the
epithelium present was performed by estimating the number
of nuclei of epithelial cells in the whole circumference of the
cross-section of the tracheal segment (intact circumference
was taken to be 100%) (Pavlovic et al., 1989).

Materials

The following substances were used: carbachol (carbamyl-
choline chloride, Sigma Chimie S.a.r.l., 38299 St. Quentin
Fallavier, France), BRL 38227 (Beecham Pharmaceuticals,
Brockham Park, Betchworth, Surrey), aminophylline (theo-
phylline-ethylene-diamine, Pharmacie Centrale des Hopitaux,
Paris, France). Stock solutions were prepared just before the
experiments in distilled water while final dilutions were made
with Krebs solution. An initial stock solution (10-1 M) of
BRL 38227 was made in 70% ethanol.

Analysis of results

The data (changes in tension) are expressed as a percentage
of maximal response and in absolute values (g). The results
are given as means ± s.e.mean. Half maximal concentrations
(EC50 values) were calculated from regression analysis of
probit-transformed data, and results are given as geometric
means of the log EC50 obtained. Statistical analysis was
conducted by use of Student's t test for paired or unpaired
samples. A probability value less than 0.05 was regarded as
being statistically significant.
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Table 1 Experimental protocol

Preparation

+ EP

+ EP

- EP

- EP

+ EP

+ EP

- EP

- EP

+EP

- EP

n Protocol (time -*)

10 C P__________--
in (10-6) BRL, out (10-8 to 5 x 10-6)

W

10 C P_-________________W
out (10-6) BRL, in (10-8 to 5 x 10-6)

10 C P_-----____________W
in (10-6) -BRL, in (10-8 to 5 x 10-6)

10 C P____________
out (10-6) BRL, in (10-8 to 5 x 10-6)

10 C P____________
out (5 x 10-6) BRL, in (10-8 to 5 x 10-6)

W

W

10 C P_-----____________W
out (5 x 10-7) BRL, in (10-8 to 5 x 10-6)

9 C P_-----____________W
out (5 x 10-6) BRL, in (10-8 to 5 x 10-6)

10 C P_---___-----------
out (5 x 10-7) BRL, in (10-8 to 5 x 10-6)

-W

9 P------------------W
out (10-6) Aminophylline, in (10-5 to 10-3)

10 C P-_________________W
out (10-6) Aminophylline, in (10-s to 10-3)

+ EP = with epithelium; - EP = without epithelium; C = carbachol; W = wash, in = inside (epithelial side); out = outside (serosal
side); P = plateau; (- - -) = carbachol perfusion; ( ) = BRL 38227 or aminophylline perfusion (see text for details).

Results

Histology

Twenty preparations, of which ten had been rubbed for
epithelium removal, were selected at random for histological
evaluation. In (- EP) preparations 60-80% of the epithel-
ium was removed without any obvious damage to the under-
lying submucosa or muscle layer. After 3 h in the organ bath,
60-80% of the epithelium remained intact in the control
tissues (+ EP).

Contractility

In + EP preparations, BRL 38227 (In) produced a concen-
tration-dependent relaxation of rat tracheal muscle precon-
tracted with 10-6 M carbachol (Out). Complete relaxation
was obtained with 5 x 1i-0 M BRL 38227 (Figure 2). This
figure also shows that under the same precontraction condi-
tions, BRL 38227 (In) was much more potent (P<0.001)
than aminophylline (In), for which complete relaxation was
observed with a concentration of 10- M (EC50, BRL 38227
vs aminophylline, + /- epithelium: 5.93 ± 0.06 vs 3.66
± 0.11/6.25 ± 0.07 vs 3.77 ± 0.11, P<0.001).
As shown in Figure 3a and Table 2, in + EP preparations

the relaxant effect of BRL 38227 was signficantly more pro-
nounced (P<0.001) when the agent was perfused outside
rather than inside the trachea. However, in - EP prepara-
tions this difference was abolished (Figure 3b, Table 2).
Removal of the epithelium also increased the sensitivity to

BRL 38227 of the preparations precontracted with a lower
concentration (5 x I0- M) of carbachol but not of prepara-
tions precontracted with a higher concentration (5 x 10-6 M)
of carbachol (Figure 4, Table 3).
By contrast, as shown in Figure 5, epithelium removal had

no effect on the relaxant action of aminophylline, no
significant difference in potency being observed with or with-
out epithelium when the drug was perfused inside the
trachea.

100-

-AO'
x

lE 50-

-9

+EP (In)

-8 -7 -6 -5 -4 -3
BRL 38227 [log Ml Aminophylline [log Ml

-2

Figure 2 Cumulative concentration-response curves for relaxation
induced by either BRL 38277 (0, n = 10) or aminophylline (@,
n = 10) perfused from the epithelial side (In) of the trachea with
epithelium precontracted with 10-6 M carbachol solution. Tension is
expressed as a percentage of the maximal tension (Tmu) obtained
with 10-6 M carbachol before administration of BRL 38277 or
aminophylline and presented as mean data. Values are mean ± I
s.e.mean. The two curves represent the results obtained in two
different sets of experiments.

The degree of precontraction (Tm.,,) obtained by perfusing
carbachol 106 M was not affected by the presence or absence
of the epithelium in the preparations exposed to carbachol
(Out) but was significantly increased in the preparations
exposed to carbachol (In) in - EP preparations (Table 4).

Discussion

The results of the present study indicate that BRL 38227, a
K+ channel activator, is a potent relaxant of rat tracheal
smooth muscle precontracted with carbachol and that this
effect is partially inhibited by the tracheal epithelium.
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Figure 3 Cumulative concentration-responses curves constructed
after administration of BRL 38277 in rat isolated trachea with (a;
+ EP) and without epithelium (b; - EP). In both preparations BRL
38277 was administered inside (In) (, n = 10) or outside (Out) (0,
n = 10) the trachea. Tension is expressed as a percentage of the
maximal tension (Tm.) obtained with 10-6 M carbachol before
administration of BRL 38277 and presented as mean
data ± s.e.mean.

Table 2 EC% values for BRL 38227

BRL In BRL Out P (BRL In/BRL Out)

+ EP
- EP
P (+ EP/-EP)

5.93 ± 0.06 6.76 ± 0.11
6.25 ± 0.07 6.67 ± 0.15
0.005 NS

0.001
0.01

Geometric means ( ± s.e.means) of -log EC50 values for
relaxation obtained in preparations with (+ EP) and without
epithelium (- EP) following perfusion from epithelial (In) or
serosal sides (Out) with cumulative concentrations of BRL
38227 (BRL). The preparations were precontracted with
carbachol 1O6M (NS = non significant).

0
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-8 -7 -6 -5 -4

BRL [log Ml In

Figure 4 Cumulative concentration-response curves for the relaxant
effect of BRL 38227 administered from epithelial side (In) in rat
isolated tracheal preparations with (+ EP, 0) and without
epithelium (-EP, *). Tension is expressed as a percentage of the
maximal (T.) obtained with 5 x 10-7 M carbachol (n = 9) (a), or
5 x I0- M carbachol (n = 10) (b), perfused from the serosal side
(Out) and presented as mean data ± s.e.mean.

Table 3 EC50 values for BRL 38227 at different carbachol
concentrations

The relaxation of rat tracheal smooth muscle that we
observed following BRL 38227 administration was similar to
that previously described for this compound in guinea-pig
(Ichinose & Barnes, 1990) and human isolated bronchi (Black
et al., 1990). In the latter study, BRL 38227 was equally
effective against contractions induced by carbachol, his-
tamine, or neurokinin A. The maximal relaxation obtained in
human bronchi in vitro with BRL 38227 amounted to
60-80% of that induced by a maximal concentration of
isoprenaline (Black et al., 1990). In our study, the magnitude
of the relaxant effect of BRL 38227 was compared to that of
aminophylline. However, when compared to aminophylline,
BRL 38227 was much more potent, whether the agent was
administered inside or outside the trachea. A xanthine com-
pound was used instead of a stimulator of adrenoceptors
because rat tracheal smooth muscle has very few P-adreno-
ceptors (O'Donnell et al., 1987). Indeed, in previous
experiments using the same preparation as in the present
study we were unable to obtain with salbutamol, (a 2-

BRL In

+ EP
- EP
p

Carbachol Out
5 x 10-7

6.19 ± 0.14
6.58 ± 0.07
< 0.03

5 x 10-6

5.27 ± 0.18
5.18 ± 0.17

NS

Geometric means ( ± s.e.mean) of -log EC50 values
obtained in preparations with (+ EP) and without
epithelium (- EP) following epithelial (In) perfusion with
cumulative concentrations of BRL 38227. The preparations
were precontracted with carbachol 5 x 10-7 and 5 x 10-6 M
from the serosal side (Out) (NS = not significant).

agonist) a significant relaxation in rat trachea precontracted
with carbachol (unpublished data).
The relaxant effect of BRL 38227 in our model was

significantly influenced by the presence of the tracheal
epithelium and, when the epithelium was intact, by the route
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Figure 5 Cumulative concentration-response curve for the relaxant
effect of aminophylline perfused from the epithelial side (In) (n = 10)
in rat isolated tracheal preparations with epithelium (+EP, 0) and
without epithelium (n = 10) (- EP, *). Tension is expressed as a

percentage of the maximal tension (Tm) obtained with 10-6 M
carbachol before administration of aminophylline and presented as

mean data ± s.e.mean.

Table 4 Effects of epithelial removal on carbachol T.
Carbachol 5 x l0-1 Out 1061 Out

(M) (n = 9) (n = 10)

EP

+ EP
p

10-6 In 5 x 10-6 Out
(n=10) (n =10)

1.1 ±0.1 1.14 ±0.08 1.62 ±0.19

1.32±0.09 1.36±0.12 1.03±0.11
NS NS <0.03

1.4 ± 0.12
1.68 ± 0.17

NS

Maximal tension (T,,,a) in g obtained following stimulation

with low (5 x 10-7 M), intermediate (10-6 M, equivalent to

EC"), and high concentrations (5 x M) of carbachol

perfused from the serosal side (Out) or (for carbachol

10-6 only) also from epithelial (In) side in tracheal

preparations with or without epithelium (+ EP, - EP)

(mean ± s.e.mean, NS = non significant).

of BRL 38227 administration (inside or outside the trachea).

Indeed, when the drug was perfused inside the trachea, the

relaxant effect of BRL 38227 in tracheae precontracted with

carbachol was much less potent in the preparations with

epithelium than in those without epithelium. Furthermore, it

was also found that BRL 38227 was more effective if admini-

stered outside (serosal side) than inside (epithelial side) the

trachea with the epithelium intact.
These results suggest that the epithelium may act as a

diffusion barrier, limiting access of the drug to the smooth

muscle. Indeed, in the same model, we have previously

shown that the time course of tension development was

longer when carbachol was administered inside the trachea

rather than outside, an effect that was abolished when the

epithelium was removed (Pavlovic et al., 1989). In the present

study, the relaxant effect of BRL 38227 was more pro-

nounced when the epithelium had been removed; no

difference was observed when BRL 38227 was administered

inside or outside the trachea, contrary to what was noted in

the intact preparations. This suggests that the epithelium

could act as a diffusion barrier when BRL 38227 was per-

fused inside the trachea in the preparations with intact

epithelium. This hypothesis is further supported by the

results obtained in experiments where we tested the effects of

BRL 38227 in preparations precontracted with different

(higher and lower) concentrations of carbachol. Indeed, it

has been suggested (Stuart-Smith & Vanhoutte, 1990) that

the type of contractile agent and the level of the excitation

might beimportant in explaining the modulatory effects of

bronchial epithelium on airway smooth muscle tone. How-

ever, we found that maximal tension of precontraction was
changed (increased) only in preparations without epithelium
when carbachol was perfused from the epithelial side and
BRL 38227 from the serosal side. In this series of experi-
ments we did not observe an effect of epithelium removal on
the sensitivity to BRL 38227. Indeed, in the preparations
precontracted with low concentrations of carbachol (5 x
10' M) the sensitivity to BRL 38227 (In) was strongly
influenced by the presence of the bronchial epithelium. By
contrast, in the preparations precontracted with the high
concentration of carbachol (5 x 10-6 M), the sensitivity to
BRL 38227 was not affected by the epithelium removal. The
fact that we did not find a difference in sensitivity to BRL
38227 in preparations with or without epithelium precont-
racted with higher concentrations of carbachol (5 x 10-6 M)
further supports our hypothesis that the tracheal epithelium
could play the role of a diffusion barrier. At a high level of
contractile excitation such as that obtained with a high car-
bachol concentration, higher concentrations of BRL 38227
are also necessary to obtain the relaxant effect. Assuming
that the epithelium has a limited capacity to act as a
diffusion barrier, in the presence of high concentrations of
BRL 38227 which largely overcome the capacity of the
epithelium layer, the effect of a diffusion barrier would be
practically unobservable.
Another explanation underlying the modulation of the

drug effect by the tracheal epithelium could be a direct effect
of BRL 38227 on the epithelial cells or on the release of
neuropeptides from sensory nerve terminals. In the latter
case, it has been shown that another potassium channel
activator, cromakalim, inhibited the excitatory NANC re-
sponse in guinea-pig airways, probably by reducing the
release of neuropeptides from sensory nerve terminals
(Ichinose & Barnes, 1990). This effect may be more pro-
nounced when the epithelium had been removed, facilitating
the access of BRL 38227 to the sensory nerve terminals.
Finally, BRL 38227 may stimulate tracheal epithelial cells to
produce some unknown constricting factor. Or, increased
permeability of the cell membrane could affect production of
the putative EpDIF (epithelium-derived inhibitory factor).
Indeed, it has been suggested that potassium exchange at the
cell membrane level could be important for the regulation of
tracheal smooth muscle tone through various mechanisms
which are still not fully elucidated (Fedan et al., 1988; Black
& Barnes, 1990).
The present results are difficult to compare with experi-

ments performed earlier by other investigators who used
different in vitro models, such as bronchial rings (Stuart-
Smith & Vanhoutte, 1990) or tracheal spirals (Arch et al.,
1988). In these models both sides of the bronchial smooth
muscle (epithelial and serosal) were perfused simultaneously.
The specific effect of epithelium removal may have been
missed by the presence of the agent not only on the epithelial
but on the serosal side as well. In our experiments the effect
of agents that were examined were perfused exclusively from
either the epithelial or serosal side.
By contrast to what was observed with BRL 38227, the

relaxant effect of aminophylline was not influenced by the
removal of the epithelium. Thus although it has been
previously suggested that the relaxant effect of aminophylline
depends on the presence of epithelium (Papadimikiou et al.,
1988) our results do not confirm this observation. This disc-
repancy may be explained by the preparation we used in
which we could separate the application of aminophylline to
the epithelial and serosal sides of the trachea.
Whatever the mechanisms by which the relaxant effect of

BRL 38227 is influenced by the tracheal epithelium, this
observation may be important in asthma since it has been
shown that in these patients, airway epithelium is damaged
(Laitinen et al., 1985). Our finding that the relaxant effect of
BRL 38227 is more potent after epithelium removal may
therefore have a therapeutic interest, particularly if the com-
pound is given by inhalation.
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Kinetics of rate-dependent slowing of intraventricular
conduction by the class lb antiarrhythmic agent tocainide in
vivo

'Hannes Todt, Niklas Zojer & Gerhard Raberger

Pharmakologisches Institut der Universitiit Wien, Wiihringerstr. 13a, 1090 Vienna, Austria

1 The effects of the class I antiarrhythmic agent, tocainide, on intraventricular conduction were
assessed in guinea-pigs, anaesthetized with pentobarbitone sodium 60 mg kg', i.p.
2 After electrical ablation of the sinus node, heart rate was controlled by atrial pacing. His bundle
electrograms were recorded by means of an epicardial bipolar electrode.
3 During continuous stimulation, comparison of HV intervals measured at a cycle length of 475 ms,
with HV intervals measured at a cycle length of 250 ms yielded the following results: 25.26 ± 0.64 ms
versus 25.02 ± 0.70 ms (NS), at baseline, 26.65 ± 0.80 ms versus 29.88 ± 1.13 ms (P<0.001) after i.v.
administration of 30 mg kg-' tocainide, and 28.04 ± 0.64 ms versus 36.24 ± 1.31 ms (P<0.001), after
addition of 20 mg kg-' tocainide. Thus, tocainide caused HV intervals to increase in a strictly rate-
dependent fashion.
4 In order to characterize the rate-dependent class I activity of tocainide in terms of its binding kinetics
to sodium channels, fractional sodium channel block was estimated from drug induced reductions of
intraventricular conduction velocity (AO). On abruptly changing the drive cycle length from 500 ms to
250 ms, AO reached a new steady state with rate constants of 1.23 ± 0.09 beat-' and 1.28 ± 0.09 beat ',
after administration of 30 mg kg-' and addition of 20 mg kg-' tocainide, respectively. At a basic drive
cycle length of 250 ms AO recovered with time constants of 250.29 ± 23.32 ms and 183.04 ± 8.03 ms after
administration of 30 mg kg- ' and addition of 20 mg kg- tocainide, respectively.
5 The experimentally determined kinetic parameters were implemented into a mathematical model that
assumes drug binding to sodium channels in terms of a periodical two-state process. Rate-dependent
reductions in conduction velocity during continuous stimulation after administration of tocainide were
closely approximated by steady state reductions in sodium channel availability as calculated on the basis
of the aforementioned model.
6 In agreement with previously published in vitro studies, our data, obtained in vivo, confirm the
classification of tocainide as a class I antiarrhythmic agent with fast onset and offset kinetics. The kinetic
parameters obtained in vivo can be used in order to predict steady state reductions in conduction
velocity at a wide range of frequencies.

Keywords: Tocainide; lignocaine; antiarrhythmic drugs; bundle of His; rate-dependent; mathematical models

Introduction

Class I antiarrhythmic drugs have been shown to reduce
sodium channel availability in a rate-dependent fashion
(Heistracher, 1971; Campbell, 1983b). Mathematical models
have been developed which describe the rate-dependent
nature of sodium channel block by class I antiarrhythmic
drugs in terms of a restriction of drug binding to certain
conformational channel states (Hondeghem & Katzung,
1977; Starmer et al., 1984; Starmer & Grant, 1984; Starmer,
1986). With regard to the kinetics of binding to the high-
affinity state, class I antiarrhythmic agents can be subdivided
into agents with 'fast' and 'slow' onset-offset kinetics (for
review see Campbell, 1992). On the basis of experimental
data and theoretical models it has recently been suggested
that class Ib drugs, which exhibit fast onset-offset kinetics
(e.g. lignocaine, tocainide and mexiletine) are likely to cause

less proarrhythmic events than slow kinetic agents (Starmer
et al., 1991; Nesterenko et al., 1992; Campbell, 1983a). The
present study was designed to investigate the use-dependent
action of the class lb antiarrhythmic drug, tocainide, an oral
congener of lignocaine, on intraventricular conduction
velocity in vivp. To date, the rate-dependent class I action of
tocainide has only been characterized in vitro (Oshita et al.,

1980; Borchard et al., 1985; Kodama et al., 1987). Since both
antiarrhythmic and proarrhythmic actions of class I agents
are mediated via depression of conduction velocity on a
multicellular level (Wald et al., 1980; Spinelli & Hoffman,
1989; Nesterenko et al., 1992), the characterization of rate-
dependent drug effects on intraventricular conduction in vivo
may be of considerable clinical relevance.

Furthermore, we wished to determine whether rate-
dependent depression of conduction by tocainide in vivo can
be characterized on the basis of an established theoretical
model of periodical ligand binding to sodium channels
(Starmer & Grant, 1984; Starmer et al., 1984; Starmer, 1986).
Because the onset-offset kinetics of rate-dependent suppres-
sion of conduction by sodium channel blockers depends
upon fibre orientation (Turgeon et al., 1992), we chose to
assess conduction time within the well defined physiological
conduction pathway of the His-Purkinje system. For this
purpose we used the recently described method of epicardial
His bundle recording in the guinea-pig (Todt & Raberger,
1992; Todt et al., 1992a).

Methods

The animals used in this study were handled in accordance
with the animal welfare regulations of the University of' Author for correspondence.

Br. J. Pharmacol. (1993), 110, 145-150 '." Macmillan Press Ltd, 1993
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Vienna. The method and the experimental protocol were
approved by the Animal Subjects Committee of the Univer-
sity of Vienna and by the Austrian Ministry of Science.

Guinea-pigs of either sex (300-500 g, n = 11) were anaes-
thetized with pentobarbitone sodium (60mgkg-', i.p.) and
respired artificially by a small animal ventilator (Type
874072, Braun Melsungen AG, FRG). Using needle elect-
rodes, standard limb leads I-III were recorded by means of
Grass 7P4F EKG preamplifiers and Grass model 7DAG
driver amplifiers (Grass Instrument Co., Quincy, Mass.,
U.S.A.). The right jugular vein was dissected and a catheter
was inserted for drug application. Following sternotomy the
heart was exposed and sinus rhythm was abolished by ap-
plication of high frequency alternating current (1.8 MHz;
Siemens Radiotom 612) to the junction of the Superior vena
cava with the right atrium. Thereafter heart rate was con-
trolled by bipolar pacing of the left atrium with a Medtronic
Model 5328 programmable stimulator and a Grass S48
Stimulator. The cycle length of stimulation was set at the
value of spontaneous sinus rhythm before ablation of the
sinus node. The electrical activity of the bundle of His was
recorded by means of an epicardial bipolar electrode which
was placed in the aortic-right atrial groove (Todt &
Raberger, 1992; Todt et al., 1992a). The electrode was con-
nected to a Gould model 11 G412301 amplifier (Gould Inc.,
Cleveland, Ohio, U.S.A.) using a filter setting of
30 Hz-20 kHz. Both His bundle and standard limb ECG
recordings were stored on magnetic tape (portable instrumen-
tation recorder model 17-6500-00, Gould Inc., Cleveland,
Ohio, U.S.A.). For measurement of HV intervals, the recor-
dings were displayed on a digital storage oscilloscope (OS
4200, Gould Inc., Cleveland, Ohio, U.S.A.).
HV intervals were measured from the H-deflection in His

bundle electrograms to the earliest peak of the R wave in any
of the recorded leads. Usually the earliest R-peak was
registered in the His-bundle electrogram. This measurement
technique encompasses the ventricular activation time (Mac-
Farlane & Veitch Lawrie, 1989) and thus allows assessment
of the time span from the beginning of activation of the
specialized ventricular conduction system until ventricular
activation reaches its maximum. No measurements were per-
formed if any change of the conduction pathway was
indicated by alterations of the QRS vector in standard limb
leads I-III.

A trial stimulation for assessment of steady state
conduction slowing (protocol 1)

The right atrium was continuously paced at selected cycle
lengths between 200 ms and a cycle length 10 ms below the
cycle length of spontaneous AV nodal rhythm. HV interval
measurements were performed on beats 11- 15 of each train
and the mean value of all 5 measurements was calculated.

A trial stimulation for assessment of onset of conduction
slowing (protocol 2)

Eight basic drive beats, paced at a cycle length of 500 ms,
were followed by a rapid train of 11 beats, paced at a cycle
length of 250 ms.

Atrial stimulation for assessment of recovery from
conduction slowing (protocol 3)
After a basic drive train of 8 depolarizations at a cycle length
of 250 ms, an extrastimulus was introduced at a coupling
interval of 225 ms. Thereafter the coupling interval was in-
creased by 25 ms steps until interference of the spontaneous
pacemaker was encountered. Because the excitation wave
elicited by atrial stimulation has to pass the AV node before
activating the ventricular conduction system, AV nodal
accommodation may cause differences between the cycle
length of stimulation (SIS2) and the cycle length of ven-

tricular activation (HIH2 intervals). Differences between SIS2
and H,H2 were usually encountered only at coupling intervals
of less than 275 ms. If present, such disparities were compen-
sated by adjustment of coupling intervals to yield the desired
H,H2 interval. The same applies to drug-induced changes in
AV conduction. Subsequently the terms cycle length, activa-
tion rate, coupling interval etc. refer to activation of the
ventricular conduction system.

Drug adninistration

The stimulation protocol was performed during a drug-free
baseline period and following cumulative i.v. infusion of
tocainide (30mgkg-' and 20mgkg-', each over 30min).
The protocol was started 10 min after the end of each drug
administration. The interval between administration of the
two doses was 60 min.

Data evaluation

Percentage sodium channel block, b, was calculated from
measurements of HV intervals by the formula

[eq 1] b = AO = [I - (HVb/HVd)]*100
where HVb denotes the mean HV interval at baseline and
HVd indicates the HV interval during a given activation
following drug administration (Packer et al., 1989). Under
the assumption of a stable conduction pathway, eq 1 yields
the drug induced fractional reduction of conduction velocity
within the His-Purkinje system (A@).
The onset rate constant of block (A*) was estimated by

fitting AO of every depolarization following an abrupt
decrease in cycle length to the single exponential equation
(Packer et al., 1989):

[eq 2] bn= b. + (bo-b,)e-
where b. is the block associated with the ntl stimulus, b. is
the steady state block during the rapid train, and bo is the
initial block prior to the abrupt beginning of rapid pacing.

In order to calculate the time constant of recovery from
block, T,rc, the AO values of each extrastimulus after the basic
train were plotted against the respective coupling interval.
The time course of recovery from steady state block at a
cycle length of 250 ms is then given by
[eq 3] b(t) = (b250- r.)*(e-(t-250)/t) + r,,,

where b2" is the amount of block at a coupling interval of
250 ms and r,. denotes the final level of block that is app-
roached if the recovery pause was extended for infinite time.

Analytical procedure

Starmer developed a theoretical model of drug binding to
sodium channels by assuming a periodical two-state binding
process (Starmer, 1986). Accordingly, sodium channels are
considered to switch between high affinity and low affinity
states during the cardiac cycle. Thus, steady state block (b,),
which is present if heart rate is maintained stable during a
prolonged period of time, can be described by:

[eq 4]
ta t, t

= a,,(1-e -re. =e + r,,(1-e -)
1 -e"

where ta and t, are the durations of high and low affinity
states, respectively. a00 and r0,, denote the fractional block
that would be achieved if channels were held for infinite time
in high and low affinity states, respectively. Since tocainide
has been shown to bind to both activated and inactivated
sodium channels (Borchard et al., 1985; Kodama et al.,
1987), ta roughly corresponds to the duration of the action
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potential (APD) and t, corresponds to the interval between
action potentials.

TO., the time constant of drug binding during the high
affinity state, can be calculated from the relationship:

[eq 5] A*=a + r
Iron -roc

where A* and trrC are determined from eq 2 and 3.
a,: was calculated by the following approach: during a

rapid train according to protocol 2, the amount of block at
the end of any action potential (bn(,pD)) is given by

[eq 6] bn(,pD) = (a. - bn)(1-e- "Don) + bn
where b. is the initial block at depolarization. bfl(APD) can also
be estimated by a modification of eq 3:

[eq 7] bn(APD) = (bn + 1- r.)*(e-(APD-230)I) + r,0

Once bn(ApD) has been determined from eq 7, a,> can be
calculated from eq 6. In the present study bn(ApD) was cal-
culated from the AO values of beats 10 (= bn) and 11
(= bn + 1) of the rapid train according to protocol 2.

r, is estimated from eq 3.
Because APD of the His-Purkinje system cannot be

measured in vivo, we estimated APD by means of the equa-
tion:
[eq 8]

The relationship between drive cycle length and AO values
at all assessed cycle lengths is shown in Figure 1. The drug-
induced increase in AO was tonic at long cycle lengths but
became strongly rate-dependent at short cycle lengths. The
longest cycle length that caused AO values to increase
significantly was 400 ms (rate = 150 beats min-') and 475 ms
(rate = 126.3 beats min-') after 30 mg kg- and after addi-
tional 20 mg kg-', respectively. Increasing the dosage of
tocainide had little effect upon AO values at long cycle lengths
but induced an extensive additional increase in AO at short
cycle lengths.

Onset of conduction slowing

Although in some animals spontaneous AV-nodal rhythm
interfered with sustained pacing at a cycle length of 500 ms

50 -

40 -

30-

20 -

10 -

0-

APD = 0.045*CL + 152
where CL = cycle length. This equation was derived by linear
regression analysis of previously published plots relating
APD in isolated guinea-pig Purkinje fibres to cycle lengths
between 300 ms and 1000 ms (r = 0.96) (Aomine, 1989).
Although the relationship between cardiac repolarization and
cycle length becomes hyperbolic if cycle lengths > 1000 ms
are included (Aomine, 1989; Surawicz, 1992), linear regres-
sion can be fitted equally well to the relationship if only the
range of cycle lengths pertinent to this study are considered
(Todt et al., 1992b).

T
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Statistics

Unless otherwise stated, data are given as mean ± s.e.mean.
Statistical comparisons were performed using Student's t test
for paired data with Bonferroni adjustment for multiple com-
parisons (Wallenstein et al., 1980).

Figure 1 Relationship between sodium channel block (b), as
reflected by conduction slowing (AO), and cycle length (rate) during
continuous stimulation. The points connected by dashed lines are
measurements after 30mgkg-' tocainide; the points connected by
dotted lines indicate measurements after addition of 20 mg kg-'
tocainide. Symbols indicate the level of significance when compared
with baseline values: (V): P<0.001; (v): P<0.05; (0): NS; (0):
no comparison (because of interference of AV-nodal rhythm with
stimulated rhythm at baseline).

Results

Steady state decrease in conduction velocity
At baseline, steady state HV intervals were independent of
changes in stimulation cycle length (25.26 ± 0.64 versus
25.02 ± 0.70 ms, NS, at stimulation cycle lengths of 475 and
250 ms, respectively). After administration of tocainide the
rate of spontaneous AV-nodal rhythm decreased, thus allow-
ing the assessment of lower frequencies than at baseline. The
longest cycle length that could be achieved in all animals
both during baseline and after tocainide was 475 ms
(rate = 126.3 beats min-'). At this cycle length HV intervals
were only moderately prolonged when compared to the
respective baseline values (26.65 ± 0.80 ms, NS, and 28.04 ±
0.64 ms, P<0.001, after administration of 30mg kg-' and
subsequent addition of 20mgkg-' tocainide, respectively).
At a cycle length of 250ms (rate=240beatsmin-') both
doses of tocainide caused very pronounced increases in HV
intervals when compared to the respective baseline values
(29.88 ± 1.13 ms, P<0.001, and 36.24 ± 1.31 ms, P<0.001,
after administration of 30mgkg-' and subsequent addition
of 20mgkg-' tocainide, respectively). At both dosages of
tocainide, HV intervals measured at cycle lengths of 250 ms
were significantly longer than HV intervals measured at cycle
lengths of 475 ms (P<0.001).
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Figure 2 Onset of sodium channel block (b), as reflected by conduc-
tion slowing (AG), during a rapid train paced at a cycle length of
250 ms. The beats of the rapid train are numbered consecutively
(abscissa scale). The rapid train was preceded by 8 basic stimuli
paced at a cycle length of 500 ms (not shown). The points fitted by
dashed lines are measurements after 30 mg kg- I tocainide, the points
fitted by dotted lines indicate measurements after addition of
20 mg kg- ' tocainide. Symbols indicate the level of significance when
compared with baseline values: (V): P<0.001; (0): NS.
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(protocol 1), such interference was not encountered during
the short 8-beat basic drive train before abruptly decreasing
the cycle length to 250 ms. Figure 2 shows the effect of a
sudden change of cycle length from 500 ms to 250 ms on AM
values after tocainide. Tocainide induced a small but non-
significant increase in AG at a cycle length of 500 ms. As the
cycle length was abruptly reduced to 250 ms, AM values in-
creased to a new steady state within 2-3 beats. Although the
amount of steady state block at a cycle length of 250 ms was
dose-dependent, the time course of onset of block was similar
for the two applied doses of tocainide. Thus, the calculated
rate constants of drug induced onset of AM are in the same
order of magnitude (Table 1).

Recovery from conduction slowing

An original registration demonstrating the recovery from
tocainide-induced HV-prolongation is presented in Figure 3.
Figure 4 shows the effect of administration of tocainide on
the time course of recovery from drug-induced increase in
A@. Recovery of exhibited a monoexponential time course
that allowed estimation of Troc and r,1, (Table 1). Tyec was
found to be in the same order of magnitude (<300ms)
following both doses of tocainide. r,, was unaffected by
30 mg kg-' tocainide but exhibited a slight increase following
addition of 20 mg kg-' tocainide.

Comparison with model predictions

In order to test whether the rate-dependent steady state
increase in after tocainide can be predicted by a
mathematical model of periodical two-state ligand binding to
sodium channels (eq 4), the model parameters to. and a,.
were calculated according to eqs 5, 6 and 7. APD within the

Table 1 Binding kine
measurements of HV

Tocainide 30mg kg-'
+ Tocainide 20 mg kg- '

His-Purkinje system cannot be measured in vivo and was
therefore estimated by means of eq 8, which describes the
relationship between APD and cycle length under drug free
conditions in vitro. However, the administration of tocainide
has been shown to shorten APD (Oshita et al., 1980). In
order to take such a potential shortening of APD into con-
sideration, we calculated the APD-dependent model para-
meters t,, and a,., as well as predicted steady state values of
AG under the assumption of various degrees of shortening of
APD (Table 2). The calculated values of steady state block
were only negligibly changed by the assumption of drug-
induced reductions in APD. This is the case because reduc-
tions in steady state AG, as would be predicted if only APD
was shortened in eq 4, are counteracted by concomitant
increases in the calculated value of a,0. Figure 5 shows the
predicted curves, relating AG to steady state cycle length.
Again, for each dosage, separate curves were calculated by
assuming drug induced shortening of APD by 0%, - 5%,
- 10%, - 15%, - 20%. Because these assumptions of APD
shortening had little influence on shape and position of the
calculated relationship between AG and steady cycle length,
the respective curves in Figure 5 are superimposed, giving the
impression of a single curve for each dosage of tocainide.
Also shown in Figure 5 are the experimentally determined
steady state values of AG at selected cycle lengths. Clearly,
measured values of AG are in good agreement with the
predicted relationship between and steady state cycle
length. This is also indicated by the residual sum of squares
(SS) of predicted values and experimental data, presented in
Table 2.

Discussion

It has been recently shown that the slow binding kinetic
properties of quinidine and procainamide can be charac-

.ticsoftocainid asdeterminterized from measures of impulse propagation within the
EiCS of tocainide as determined from framework of a mathematical model suggesting periodical
intervals drug binding to Na'-channels (Packer et al., 1989; Villemaire

A* (beat-') Trec (ms) r, (A%) et al., 1992). The present study provides an in vivo analysis of
rate-dependent conduction slowing induced by tocainide,

1.23 ± 0.09 250.29 ± 23.32 0.00 ± 0.63 which exhibits fast kinetic binding properties in vitro (Oshita
1.28 ± 0.09 183.04 ± 8.03 5.79 ± 0.36 et al., 1980; Borchard et al., 1985; Kodama et al., 1987).

Values are mean ± s.e.mean.
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Figure 3 Original registration of epicardial His Bundle electrograms
at baseline (a) and following cumulative administration of
30mg kg-' and 20mg kg-' tocainide (b). Shown are the two last
beats of a basic train consisting of 8 beats, paced at a cycle length of
250 ms, and one extra beat after a longer coupling interval which is
adjusted for differences in AH-intervals to yield a 500 ms interval
between the His activations before and after the pause.
Measurements of HV intervals are indicated by dotted lines. Clearly,
introduction of a 500 ms pause has no effect upon HV intervals at
baseline. Administration of tocainide prolongs HV intervals during
the rapid train. After the pause, HV prolongation recovers partially.
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Figure 4 Time course of recovery from sodium channel block (b), as
reflected by conduction slowing (AO). A conditioning train of 8
depolarizations at a cycle length of 250 ms was followed by a test
stimulus at variable coupling intervals. AO of the test depolarization
is displayed for each coupling interval. The points fitted by dashed
lines are measurements after 30 mg kg-' tocainide, the points fitted
by dotted lines indicate measurements after addition of 20 mg kg- '
tocainide. Symbols indicate the level of significance when compared
with baseline values: (v): P<0.001; (*): P<0.01; (-): P<0.05;
(-): NS; (0): no comparison (because of interference of AV-nodal
rhythm with stimulated beats at baseline).
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Table 2 Binding kinetics of tocainide as calculated from a mathematical model that assumes drug binding to sodium channels in
terms of a periodical two-state process

Tocainide (30 mg kg-')
0 -5 -10 -15

185.25
28.82
22.38
16.92
5.96
1.65

38.3

182.75
30.49
22.37
16.92
5.98
1.66

38.78

180.05
32.30
22.36
16.92
5.99
1.67

39.34

177.12
34.28
22.34
16.92
6.01
1.68

39.97

- 20

173.94
36.43
22.33
16.92
6.03
1.69

40.69

+ Tocainide (20 mg kg- ')
0 -5 - 10 - 15

201.59
57.26
41.85
30.47
12.03
6.91

55.59

202.67
61.65
41.82
30.46
12.05
6.92

56.05

203.88
66.61
41.79
30.46
12.07
6.93

56.6

205.26
72.26
41.76
30.46
12.10
6.94

57.23

Model parameters (T.,,, a,,.) and values of rate-dependent steady state block are calculated under assumptions of variable degrees of
drug induced reductions of APD. b2m, b2m, b475, bsoo denote calculated block values at steady state cycle lengths of 200, 250, 475 and
800 ms respectively. SS = residual sum of squares between all measured steady state values of AO and predicted values.
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Figure 5 Comparison of experimentally determined steady state
values of sodium channel block (b), as reflected by conduction
slowing (AO), after 30mg kg-' tocainide (0) and additional
20mg kg-' (V), with respective predictions as calculated from eq 4
(dotted lines). Analogously to the data presented in Table 3, steady
state reductions in AO are predicted under the assumption of drug-
induced reductions in APD by 0%, - 5%, - 10%, - 15% and
- 20%. The respective predicted curves are superimposed. However,
the deviations of the predicted curves from each other are negligible,
thus giving the impression of a single curve for each dosage of
tocainide. The residual sum of squares (SS) of predicted values and
experimental data are presented in Table 2.

In our model, the chosen procedure of atrial pacing follow-
ing ablation of the sinus node not only allows the assessment
of HV-conduction at slow rates without interference with
sinus rhythm, but also of HV intervals at activation rates
pertinent to the frequency pattern of ventricular tachycardia
in man. Because of the reported difficulties in achieving
selective His bundle pacing in vivo (Williams et al., 1976), we
did not attempt to pace directly the bundle of His. Further-
more, in small animals like the guinea-pig, atrial frequencies
higher than 200 beats min are conducted in a 1:1 pattern
to the ventricles thus eliminating the need to pace the bundle
of His in order to assess HV conduction at high rates. By
contrast, in vitro techniques, such as microelectrode impale-
ments of the papillary muscle are limited with regard to the
assessment of high frequencies by the increasing mechanical
activity of the preparations (Weirich & Antoni, 1988). On the
other hand, resting membrane potential, an important
modulator of sodium channel block, can only be controlled
in vitro. In the present study we avoided pacing at cycle
lengths <200 ms in order to exclude phase 3 block. Never-
theless, any characterization of the dynamics of sodium chan-
nel block from data obtained in vivo is limited by the

inability to exclude shifts in resting membrane potential,
which contribute to drug binding.

Tocainide depresses HV-conduction in a strictly rate-
dependent manner, pronounced depression of intraven-
tricular conduction only occurring at short cycle lengths.
Increasing the dosage caused an increase in rate-dependent
block as well as a shift in significant conduction slowing to
longer cycle lengths. As illustrated in Figure 1, a substantial
increase in dosage of tocainide may produce little extra in-
crease in block at long cycle lengths, but may be associated
with a very profound additional depression of conduction
velocity at short cycle lengths. Thus, as the dosage of
tocainide is increased, the amount of additional conduction
slowing that may be encountered during a period of
tachycardia appears to be essentially unpredictable if only
cycle lengths of > 500 ms (rates of <120 beats min-') are
considered.
The steady state relationship between AO and heart rate

was approximately linear for both dosages (Figure 1). These
dynamics of frequency-dependent steady state block are in
excellent agreement with previously published calculations
using in vitro kinetic data (Weirich & Antoni, 1990).

Steady state AO after tocainide was reached within two
beats of a rapid train at a cycle length of 250 ms. In guinea-
pig ventricular muscle, the rate-dependent reduction of V,.,.,
induced by tocainide has been reported to occur with an
onset rate constant of 0.277 AP' (Campbell, 1983a), which
is lower than the values of 1.23 (30 mg kg-' tocainide) and
1.28 beat-' (30 + 20 mg kg-' tocainide) obtained in the pres-
ent study. This difference may be accounted for by the longer
APD within the His-Purkinje system than in ventricular mus-
cle. Upon cessation of continuous stimulation, steady state
block induced by tocainide recovered rapidly. The recovery
time constants that were found in the present study
reasonably agree with those reported in vitro (Oshita et al.,
1980; Borchard et al., 1985; Kodama et al., 1987) and, thus,
confirm the classification of tocainide as a fast sodium chan-
nel blocker within the novel framework of the 'Sicilian gam-
bit' (T <300ms; Task Force of the Working Group on

Arrhythmias of the European Society of Cardiology, 1991).
An additional slower recovery time constant of 2.1-3.8 s was
found by Oshita et al. (1980) in guinea-pig isolated papillary
muscle. Because of the limited range of coupling intervals
that can be assessed in vivo, estimation of time constants
> 1 s would have required an extrapolation far beyond the
measured data points and might have been associated with
considerable variance. We, therefore, decided to apply a
monoexponential fit to the recovery data. Furthermore, from
visual inspection of the recovery curves, the contribution of a
second (slower) time constant to the overall amount of con-
duction slowing was regarded as only minimal.
As a major finding of our study, the relationship between

drug-induced slowing of conduction and cycle length closely
follows the model of a two-state process of drug binding to

APD (A%)

t,. (ms)
a, (A%)
b200 (A\%)
b2 (A%)
b475 (A%)
b80 (A%)
SS

- 20

206.82
78.74
41.72
30.46
12.12
6.95

57.97

.
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Na+-channels proposed by Starmer (1986). Thus, depression
of conduction occurring during continuous stimulation over
a wide range of cycle lengths can be predicted, if a limited
number of kinetic parameters is provided (A*, Troc, ag, r,o).
Increasing the dosage of tocainide induced a pronounced
increase in rate-dependent block although the parameters A*
and r, remained in the same order of magnitude. Thus,
within the framework of the described mathematical model,
the dose-dependent increase in frequency-dependent block
resulted predominantly from a substantial increase in a0 (and
to a lesser extend in rj,). In the clinical setting r,,0 could be
approximated by the steady state decrease in conduction
velocity at normal (low) heart rates. Using the mathematical

approach described in the methods section (eqs 6 and 7), a<,>
can be estimated from reductions in conduction velocity
measured during a short period of rapid stimulation. Thus,
once the values of I* and Troc of an agent exhibiting class I
action have been determined in vivo, steady state reductions
of conduction velocity can be predicted for a large range of
frequencies using a simple stimulation protocol (protocol 2).

We thank Professor Dr W. Schutz for critical correction of the
manuscript and Miss G. Brugger for graphical work. We are grateful
to Astra Hassle AB, Sweden, for the gift of tocainide. This study was
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Involvement of nitric oxide in the endothelium-dependent
relaxation induced by hydrogen peroxide in the rabbit aorta
'Artur Zembowicz, 2Richard J. Hatchett, Andrzej M. Jakubowski & Richard J. Gryglewski

Department of Pharmacology, Copernicus Academy of Medicine, ul. Grzegorzecka 16, 31-531 Krakow, Poland

1 The effects of hydrogen peroxide (H202, 0.1-1 mM) on the tone of the rings of rabbit aorta
precontracted with phenylephrine (0.2-0.3 gAM) were studied.
2 H202 induced a concentration-dependent relaxation of both the intact and endothelium-denuded
rings. However, in the presence of intact endothelium, H202-induced responses were 2-3 fold larger
than in its absence, demonstrating the existence of endothelium-independent and endothelium-dependent
components of the vasorelaxant action of H202.
3 The endothelium-dependent component of H202-induced relaxation was prevented by N0-nitro-L-
arginine methyl ester (L-NAME, 30 gM) or N0-monomethyl-L-arginine (300 JAM), inhibitors of nitric
oxide synthase (NOS), in a manner that was reversible by L-, but not by D-arginine (2 mM). The
inhibitors of NOS did not affect the responses of denuded rings.
4 Methylene blue (10 JAM), an inhibitor of soluble guanylate cyclase, blocked H202-induced relaxation
of both the intact and denuded rings.
5 H202 (1 mM) enhanced the efflux of cyclic GMP from both the endothelium-intact and denuded
rings. The effect of H202 was 4 fold greater in the presence of intact endothelium and this endothelium-
dependent component was abolished after the inhibition of NOS by L-NAME (30 JAM).
6 In contrast to the effects of H202, the vasorelaxant action of stable organic peroxides, tert-butyl
hydroperoxide or cumene hydroperoxide, did not have an endothelium-dependent component.
Moreover, they did not potentiate the efflux of cyclic GMP from the rings of rabbit aorta.
7 Exogenous donors of NO, specifically, 3-morpholinosydnonimine (SIN-1), glyceryl trinitrate or
sodium nitroprusside were used to decrease the tone of denuded rings to the level induced by
endogenous NO released from intact endothelium. This procedure did not influence the vasorelaxant
activity of H202, showing that H202 does not potentiate the vasorelaxant action of NO within the
smooth muscle.
8 Thus, H202-induced relaxation in the rabbit aorta has both endothelium-dependent and independent
components. The endothelium-dependent component of the relaxant action of H202 is due to enhanced
endothelial synthesis of NO.

Keywords: Nitric oxide; hydrogen peroxide; endothelium; L-arginine; nitric oxide synthase; nitric oxide synthase inhibitors;
methylene blue; polymorphonuclear leukocytes

Introduction

Endothelium-derived relaxing factor (EDRF), a mediator of
endothelium-dependent relaxation in the rabbit aorta (Fur-
chgott & Zawadzki, 1980), has recently been identified as
nitric oxide (NO) (Palmer et al., 1987). NO also plays a
significant role in the cytotoxicity of activated macrophages
(reviewed by Nathan & Hibbs, 1991) and is a neuromediator
in both the central and peripheral nervous system (reviewed
by Snyder & Bredt, 1991). The formation of NO from L-
arginine (Palmer et al., 1988a) is catalyzed by a family of
FAD and FMN containing haemoproteins (White &
Marletta, 1992; Stuehr & Ikeda-Saito, 1992) referred to as
NO synthases. These enzymes are dioxygenases (Kwon et al.,
1990; Leone et al., 1991), the activity of which depends on
NADPH and tetrahydrobiopterin (reviewed by Nathan,
1992). Isoforms of NO synthase present in vascular
endothelial (F6rstermann et al., 1991) and neuronal cells
(Bredt & Snyder, 1990) are expressed constitutively and their
activity is calcium- and calmodulin-dependent. In contrast,
the macrophage isoform is expressed in cells only following
their activation by cytokines and bacterial products and

generates NO independently of calcium or calmodulin
(Marletta et al., 1988). The activity of NO synthases can be
inhibited by NG-substituted analogues of L-arginine (L-Arg),
such as NG-nitro-L-arginine methyl ester (L-NAME) or N`-
monomethyl-L-arginine (L-NMMA) (Palmer et al., 1988b;
Mulsch & Busse, 1990).
The inhibitors of NO synthase cause a pronounced and

long lasting elevation of blood pressure and increase the
resistance of various vascular beds, indicating that the con-
tinuous generation of NO plays a crucial role in the regula-
tion of vascular tone (Rees et al., 1989; Gardiner et al.,
1990a,b). Moreover, the release of NO from the endothelium
plays an important role in the interactions between the vessel
wall and circulating blood cells. Activated platelets release
substances such as ADP or 5-hydroxytryptamine which
enhance the release of NO from the endothelium (Houston et
al., 1985). The released NO relaxes vascular smooth muscle
and serves as a negative feedback mechanism, exerting an
inhibitory action on the activated platelets resulting in
reduced platelet adhesion and aggregation (Radomski et al.,
1987a,b).

Several lines of evidence suggest that NO is also an
endogenous modulator of certain functions of polymor-
phonuclear leukocytes (PMNs), including the generation of
02-, enzyme release (Schr6der et al., 1990) and adhesion to
the endothelial cells (Kubes et al., 1991). Conversely,
activated PMNs affect the activity of endothelium-derived
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NO. Stimulation of PMNs leads to a rapid increase in the
consumption of oxygen and the concomitant release of large
amounts of oxygen-derived reactive species including 02
and H202 (Babior et al., 1973). 02- shortens the half-life of
endothelium-derived NO (Gryglewski et al., 1986). Consistent
with these observations are reports showing that activated
PMNs induce an endothelium-dependent contraction that
can be inhibited by superoxide dismutase (Ohlstein &
Nichols, 1989). Less is known about the regulation of vas-
cular tone by H202. Early studies investigating the effects of
H202 on the vascular endothelium established that H202 is
responsible for PMN-induced damage of endothelial cells
(Weiss et al., 1981). However, at lower than lethal concentra-
tions, H202 stimulates the biosynthesis of prostaglandins,
including vasodilator prostacyclin, by cultured endothelial
cells (Harlan & Callahan, 1984; Ager & Gordon, 1984).
Finally, H202 induces the relaxation of bovine pulmonary
artery via the stimulation of soluble guanylate cyclase,
through a process dependent on the metabolism of H202 by
catalase (Wolin & Burke, 1987).
We investigated the effects of H202 on the tone of

endothelium-intact and denuded rings of rabbit aorta. We
have shown that H202, at concentrations that do not impair
the functional integrity of endothelial cells, induces relaxation
in both types of rings; that H202-induced relaxation has both
endothelium-dependent and independent components and
that the endothelium-dependent component of the relaxant
action of H202 is due to the enhanced endothelial synthesis
of NO.

Methods

Organ bath experiments

New Zealand rabbit of either sex (2-2.5 kg) were killed with
an overdose of pentobarbitone (Verbutal, Biowet, Poland,
50 mg kg-', i.v.) and their thoracic aortae were isolated and
cut into rings of 3 mm width, which were then suspended
between stainless steel hooks and mounted in 5 ml organ
baths filled with warmed (37°C) and oxygenated (95% 02,

5% C02) Krebs solution containing 5.6 i4M indomethacin.
The Krebs solution had the following composition (mM):
NaCl 118, KCI 4.7, KH2PO4 1.2, MgSO4 1.17, CaC12 2.5,
NaHCO3 25, and glucose 5.6. Denuded rings were prepared
by gently rotating the rings on a stainless steel wire prior to
mounting. Isometric force was measured with Biegestab K30
type 351 transducers (Hugo Sachs Elektronic, Germany). A
tension of 4 g was applied and the rings were equilibrated
(60-90min) by changing the Krebs solution and adjusting
the preload to 4 g every 15 min. After a stable baseline was
obtained (1.5 h), the rings were contracted with KCI (60 mM)
followed by 30 min equilibration in fresh Krebs buffer. The
rings were then contracted with phenylephrine at concentra-
tions of 0.2-0.3 1AM, which typically produced 80% of KCI-
induced contraction, and acetylcholine (ACh, 0.3 1AM) was
added to the baths to test the functional integrity of the
endothelium. Only tissues which relaxed by more than 50%
of the phenylephrine-induced tone after addition of ACh
were considered to have undamaged endothelium. ACh
(0.3 1AM) either did not change the tone of endothelium-
denuded rings or slight contractions were observed. After
replacing the contents of the baths with fresh buffer 5 times
every 10 min, the rings were contracted with phenylephrine
(0.2-0.3 ylM) and the responses of tissues induced by H202
(0.1-1 mM) were recorded. L-NAME (30 AM), L-NMMA
(300 1AM) or MeB (10 1M) were added to the baths 20 min
before addition of H202 or after maximal H202-induced
relaxation was obtained. Relaxations were expressed as a

percentage of the tone induced by phenylephrine. Contrac-
tions were expressed as a percentage of the tone induced by
KCI (60 mM).

Determination of the effiux of cyclic GMPfrom the
rings of rabbit aorta

Rings of rabbit aorta were obtained as described above.
Before the experiments some of the rings were gently rotated
on a stainless steel rod to remove their endothelium. The
rings were transferred to 1.5 ml Eppendorf tubes containing
0.5 ml of oxygenated Krebs buffer and 0.1 mM isobutyl-
methylxanthine (IBMX), an inhibitor of phosphodiesterases.
After 30 min of incubation at 37°C the rings were transferred
to another set of Eppendorf tubes containing H202, cumene
hydroperoxide (CumHP), tert-butyl hydroxperoxide (t-
ButHP) (all at 1 mM) or ACh (0.3 ylM) diluted in 0.5 ml of
oxygenated Krebs buffer containing 0.1 mM IBMX. The
incubation was continued for another 20 min. In some
experiments, both the initial and final incubations were car-
ried out in the presence of L-NAME at a concentration of
30 tLM. Following incubation, the rings were removed from
the tubes, quickly dried on blotting paper, and weighed. The
weights of the rings were typically between 12 and 20 mg.
The tubes containing the incubation buffer were stored in a
deep freezer (- 70C) until the concentrations of guanosine
3':5'-cyclic monophosphate (cyclic GMP) in the buffer were
assayed with a specific radioimmunoassay (Amersham,
U.K.). The amount of cyclic GMP released from the rings
during 20 min of incubation was expressed as fmol mg-' of
tissue weight. The net change of the extravascular release of
cyclic GMP by peroxides or ACh was calculated by subtrac-
ting the concentrations of cyclic GMP in the presence of
tested compounds from the concentration obtained in their
absence.

Materials

Indomethacin, acetylcholine HCI (ACh), L-phenylephrine
HCI, N0-nitro-L-arginine methyl ester (L-NAME), N0-
monomethyl-L-arginine (L-NMMA), methylene blue (MeB),
sodium nitroprusside, catalase (thymol free from bovine
liver), superoxide dismutase, isobutylmethylxanthine (IBMX),
cumene hydroperoxide (CumHP) and tert-butyl hydroperox-
ide (t-ButHP) were purchased from Sigma, H202 (3% solu-
tion) was obtained from a local pharmacy. Glyceryl trinitrate
was from Lipha Pharmaceuticals Ltd. (West Drayton, U.K.).
SIN-1 (3-morpholinosydnonimine) was a gift from GEA Ltd.
(Copenhagen, Denmark). Lipid peroxidation inhibitor U-
83836E ((-)-2-[[4-(2,6-Di-l-pyrrolidinyl-4-pirymidinyl)-1-pip-
erazinyllmethyl]-3,4-dichloro-2,5,7,8-tetramethyl-2H-1-benzo-
pyran-6-ol, dihydrochloride) was a generous gift from The
Upjohn Company (Kalmazoo, MI, U.S.A.).

Statistical analysis

Results are expressed as mean ± s.e.mean of n observations. In
organ bath experiments, n is the number of separate rabbits
from which arterial rings used in a particular procotol were
obtained. The measurements of the efflux of cyclic GMP were
performed in duplicate; consequently, n is the number of rings
obtained from n/2 different rabbits. Statistical differences
between means were assessed by two-way unpaired Student's t
test or, in the case of multiple means, one-way analysis of
variance followed by the post hoc Bonferroni test or LSD test.
In appropriate situations an unpaired two-way one sample t
test was used. In all cases, a P value of 0.05 was considered
statistically significant.

Results

Endothelium-dependent and endothelium-independent
components of H202-induced relaxation

Addition of H202 (0.1-1 mM) to baths containing intact rings
of rabbit aorta precontracted with phenylephrine (0.2-0.3 gM)
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caused a biphasic response consisting of a small, brief contrac-
tion followed by a pronounced, sustained relaxation. In rings
denuded of endothelium only the relaxant response was
observed. As shown in Figure 1, the relaxant effects of H202
(0.1-1 mM) were concentration-dependent. The removal of
endothelium resulted in a 2-3 fold decrease of H202-induced
relaxation suggesting the existence of endothelium-dependent
and endothelium-independent components of H202-induced
relaxation.

The effect of inhibitors of nitric oxide synthase and
methylene blue on H202-induced relaxation

Relaxations induced by H202 (0.75 mM) in intact rings were
partially reversed when L-NAME (30 tiM) or L-NMMA
(300 tiM) were added to the baths after H202-induced relaxa-
tion attained its maximum. These inhibitors of NO synthase
did not reverse H202-induced relaxation in endothelium-
denuded rings. In contrast, MeB (10 .LM) reversed the relaxa-
tions induced by H202 in both intact and denuded tissues
(Figure 2).

In a separate series of experiments, L-NAME (30 tM) or
L-NMMA (300 jAM) given alone or in combination with L-Arg
or D-Arg (both at 2 mM), or MeB (10 M) was added 20 min
before the addition of H202 (0.75 mM). Both inhibitors of NO
synthase abolished the endothelium-dependent component of

E(-)
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t
P t MeB
H202

12 min

3g

t _
P t L-NMMA
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Figure 2 Reversal by inhibitors of NO synthase and methylene blue
of the endothelium-dependent component of H202-induced relaxa-
tion. For experimental details refer to Methods. Original traces of
four rings of rabbit aorta obtained from a single animal are shown.
The rings were precontracted with phenylephrine (P, 0.3 gAM). H202
(0.75 mM) induced the relaxation of the rings denuded of
endothelium (E (- )). Addition of H202 (0.75 mM) to the baths
containing intact rings (E (+)) elicited a biphasic response. A small,
brief contraction was followed by a pronounced relaxation.
Methylene blue (MeB, 1OgM) reversed the relaxation of both intact
and denuded ring (n = 6). NG-monomethyl-L-arginine (L-NMMA,
300 gM) had no effect on the H202-induced relaxation of the
denuded ring (n = 7). However, it partially reversed H202-induced
relaxation of endothelium-intact rings (n = 7). NG-nitro-L-arginine
methyl ester (L-NAME, 3011M) exerted effects similar to those of
L-NMMA (300 AM). L-NAME reversed the relaxations induced by
H202 in intact rings and did not affect the relaxations of rings
containing no endothelium (n = 5, not shown). Traces are typical of
n different experiments.
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the relaxant action of H202 and their inhibitory action was
reversed in the presence of 2 mM L-Arg, but not D-Arg. H202-
induced relaxations of intact rings in the presence of MeB

t (10 SAM) were reduced as compared to those of rings denuded
1.0 H202 (mM) of endothelium, indicating that MeB inhibited both the

endothelium-dependent and endothelium-independent com-
ponents of the relaxant action of H202 (Figure 3). H202 did
not affect the tone of intact or denuded rings in the presence of
catalase (100 u ml-', n = 3, data not shown). In contrast,
superoxide dismutase (50 u ml', n =6) did not change the
relaxant activity of H202 (0.3-1 mM) in either intact or
denuded rings. Interestingly, in the presence of L-NAME

-0 (30 IM, n =l1), L-NMMA (300 jIM, n =l1) or MeB (10 jAM,
n = 7) the initial contraction induced by H202 was also
abolished (data not shown).

The effect ofH202 on the functional integrity of
endothelium

In order to establish whether concentrations of H202 used in
this study affect the functional integrity of endothelium of the
rabbit aorta, we investigated the effects of pretreatment of the
rings of rabbit aorta with H202 (1 mM) on the endothelium-
dependent relaxation induced by ACh. In these experiments,
the H202-induced relaxation of intact rings precontracted with
phenylephrine (0.2-0.3 pM) was recorded. In control rings the
addition of H202 was omitted. Afterwards, the rings were
washed for 1 h with fresh Krebs buffer and, after again con-
tracting the rings with phenylephrine (0.2-0.3 jAM), concen-
tration-response curves to ACh (0.01-3 ltM) were obtained. As
shown on Figure 4, pretreatment of the rings with H202 did
not affect subsequent ACh-induced relaxation.

Because we suspected that H202-induced peroxidation of
lipids might contribute to the effects we had observed we
investigated the effect of the active (-)-racemate (U-83836E)
of a potent 2-methylaminochroman lipid peroxidation
inhibitor U-78517F (Hall et al., 1991) on the vasorelaxant

1.0

H202 (mM)

Figure 1 H202-induced relaxation of intact and endothelium-
denuded rings of rabbit aorta. For experimental details refer to
Methods: (a) shows original traces of six rings of rabbit aorta
obtained from a single animal. The rings were precontracted with
phenylephrine (P, 0.3 jiM). Increasing concentrations of H202
(0.1-1 mM) elicited a concentration-dependent relaxation both in
rings denuded of endothelium (upper 3 traces, E (-)) as well as in
those with intact endothelium (lower 3 traces, E (+)). The relaxant
responses of the endothelium-intact rings were 2-3 fold larger than
those of denuded ones. Addition of H202 to the baths containing
intact rings elicited a biphasic response in which a small, brief contrac-
tion was followed by a long, pronounced relaxation. The trace is
representative of n = 7 identical experiments which are summarized
in (b). The responses of rings containing endothelium are depicted as
(@ *), those of denuded rings are shown (O --- 0). Points
represent means ± s.e.mean of n = 7 different rings.
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activity of H202. U-83836E (1-50sM) did not affect the tone
of either intact or endothelium-denuded rings of rabbit aorta
(n = 4, data not shown). The preincubation of rings for 20 min
with U-83836E at concentrations (30-50 ,UM) which effectively
inhibit iron-catalysed lipid peroxidation (Hall et al., 1991), did

E(-)
E(+) *

L-NAME

L-NMMA

L-Arg + L-NAME *

L-Arg + L-NMMA
D-Arg + L-NAME
D-Arg + L-NMMA

MeB *

20 40 60
Relaxation (% induced tone)

Figure 3 Prevention of inhibitors of NO synthase and methylene
blue of endothelium-dependent component of H202-induced relaxa-
tion. For experimental details see Methods. The responses of
phenylephrine (0.3 gsM)-precontracted rings of rabbit aorta induced
by H202 (0.75 mM) are shown. The H202-induced relaxations of
rings containing undamaged endothelium (E (+), solid bars) were
significantly greater than those of rings denuded of endothelium (E
(-), open bar) (n = 15). Preincubation of the intact rings (20 min)
with the inhibitors of NO synthase, N0-monomethyl-L-arginine (L-
NMMA, 300 LM, n = 11) or N0-nitro-L-arginine methyl ester (L-
NAME, 30 gtM, n = I1), blocked the endothelium-dependent compo-
nent of the relaxant action of H202. The inhibitory action of both
L-NAME and L-NMMA was reversed in the presence of L-arginine
(L-Arg, 2 mM, n = 5). D-Arginine (D-Arg, 2 mM) did not affect the
inhibitory action of L-NAME or L-NMMA (n = 6). Preincubation of
intact rings with methylene blue (MeB, 10IM) inhibited the H202-
induced relaxation to the level below that observed in the tissues
denuded of endothelium (n = 7) indicating that MeB blocks both the
endothelium-dependent and the endothelium-independent com-
ponents of the relaxation induced by H202. Bars represent means
± s.e.mean of n different experiments. *Bonferroni P<0.01 as com-
pared to E(-).
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Figure 4 The lack of toxic effect of H202 on the endothelium on the
rabbit aorta. For experimental details see Methods. Rings of rabbit
aorta were precontracted with phenylephrine (0.2 JsM) and H202
(I mm) was added to some of the baths. After recording the relaxa-
tions induced by H202, the rings were washed with fresh Krebs
buffer for 1.5 h. Then, following contraction of tissues with
phenylephrine (0.2 pum), the relaxant responses induced by increasing
concentrations of acetylcholine (ACh, 0.0I-3ItM) were recorded.
The ACh-induced relaxations of the rings treated with H202 (I mM,
0 --- 0) were not different from those of the control rings
(0 0). Values represent means ± s.e.mean of n = 5 experi-
ments.

not affect the relaxant responses elicited by H202 (1 mM) in
either intact and denuded rings (n = 4, data not shown).

The effect ofH202 on the efflux of cyclic GMPfrom the
rings of rabbit aorta

Incubation of rings of rabbit aorta in Krebs buffer containing
IBMX (0.1 mM), an inhibitor of phosphodiesterases, resulted
in the accumulation of cyclic GMP in the incubation buffer.
As depicted in Figure 5, the concentrations of cyclic GMP
attained after 20 min incubation were 5 fold higher if intact
endothelium was present. H202 (1 mM) augmented the efflux of
cyclic GMP from denuded rings and, to a significantly greater
extent, from rings with intact endothelium. Moreover, the
endothelium-dependent component of cyclic GMP efflux was
abolished in the presence of L-NAME (30 gM) (Figure 5). As
seen in Table 1, the presence of intact endothelium resulted in
4 fold larger net stimulation of cyclic GMP release induced by
H202. Importantly, ACh (0.3 gM) did not affect the efflux of
cyclic GMP from denuded rings, demonstrating the complete
removal of endothelium. ACh (0.3 pM) did, however, poten-
tiate the efflux of cyclic GMP from rings with intact
endothelium (Table 1).
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Figure 5 Enhancement by H202 of the efflux of cyclic GMP from
rings of rabbit aorta. The results of experiments are shown (des-
cribed in detail in Methods), in which the concentration of cyclic
GMP released from the rings of rabbit aorta into the incubation
medium was measured by RIA. Columns represent the concentra-
tions of cyclic GMP, expressed as means ± s.e.means of n = 12-18
experiments, for intact (solid columns) and endothelium-denuded
rings (open columns). Hatched columns represent results of
experiments performed in the presence of NG-nitro-L-arginine methyl
ester (L-NAME, 30 gM). Incubation of the rings in the presence of
the phosphodiesterase inhibitor isobutylmethylxanthine (0.1 mM) for
20 min resulted in detectable levels of extravascular cyclic GMP
which were significantly enhanced if intact endothelium was present.
H202 (I mM) resulted in enhanced efflux of cyclic GMP from
denuded rings and, to a significantly greater extent, from
endothelium-intact rings. The endothelium-dependent component of
the efflux of cyclic GMP was abolished in the presence of L-NAME
(30 gM). *P<0.05 when compared to the appropriate control;
§P<0.05 as compared to rings without endothelium.

Table 1 Net stimulation of cyclic GMP efflux from the
rings of rabbit aorta by H202 and acetylcholine (ACh)

Presence of endothelium

Denuded [E (-), n= 12]
Intact [E (+), n = 18]

H202 (1mM) ACh (0.3 gM)
5.1 ± 1.2*

21.7 ± 4.2*§
0.6 ± 0.4
6.7 ± 1.5*§

For experimental details refer to Methods. Values represent
net increases in the concentration of extravascular cyclic
GMP (fmol mg '), as compared with the appropriate
controls, and are expressed as means ± s.e.means of n rings.
H202 (1 mM) caused a significant increase in the release of
cyclic GMP from both the intact and endothelium-denuded
rings, while ACh (0.3 gM) increased cyclic GMP efflux only
in the presence of endothelium. *P<0.002 as different from
0 by two-tailed one sample t test, §P<0.01 as compared to
E (-) by two-way unpaired t test.
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Comparison of the relaxant action ofH202 with the
effects of organic peroxides

Stable organic peroxides, t-ButHP (0.1-1 mM) and CumHP
(0.1-1 mM), caused relaxations of denuded rings similar to
those induced by H202 (n = 5). When endothelium was pres-
ent, the addition of t-ButHP or CumHP to the baths induced
a biphasic response, consisting of a pronounced contraction
followed by relaxation. However, in contrast to the effects of
H202, the relaxant effects of t-ButHP or CumHP were not
enhanced in the presence of endothelium (n= 5, Figure 6).

Comparison of the effects ofH202 and those of organic
peroxides on the efflux of cyclic GMPfrom the rabbit
aorta

As depicted in Figure 7, CumHP (1 mM) did not affect the
release of cyclic GMP from the denuded rings and significantly
reduced its release from the rings containing intact
endothelium. t-ButHP (1 mM) slightly enhanced the release of
cyclic GMP from denuded rings. Its effect was ca. 50% of that
of H202. In the presence of endothelium, t-ButHP (1 mM) also
decreased the efflux of cyclic GMP. These results suggest that
the initial contraction of the endothelium-intact rings of rabbit
aorta induced by organic peroxides was due to the inhibition
of endothelial NO production, most likely through damage
caused to the endothelium. Consistent with this notion are
observations that ACh-induced relaxations of intact rings
treated with CumHP (1 mM) were completely abolished, and
those of rings treated with t-ButHP (1 mM) were significantly
attenuated (n= 3, data not shown).

The effect of exogenous donors ofNO on H20rinduced
relaxation in the rabbit aorta

Smooth muscle of rings containing intact endothelium is under
the continuous influence of basally released NO, which
attenuates the contraction induced by phenylephrine. Thus, we
tested the hypothesis that the endothelium-dependent compo-
nent of H202-induced relaxation is due to the potentiation by
H202 of the vasorelaxant action of basally released NO within

the smooth muscle. To accomplish this, we investigated the
vasorelaxant activity of H202 (1 mM) in endothelium-denuded
rings after the titration of their tone to levels approximating
that Qf rings obtained from the same animals and possessing
an intact endothelium. Titrations were performed by the
sequential addition of the NO donors SIN-1 (30-60 nM),
glyceryl trinitrate (30-80 nM) or sodium nitroprusside (30 nM).
However, as shown in Figure 8, the vasorelaxant action of
H202 (1 mM) in the presence of NO donors was not different
from that of control rings without endothelium.
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Figure 7 Comparison of the effects of H202 and those of organic
peroxides on the efflux of cyclic GMP from the rings of rabbit aorta.
The results of a series of experiments are shown (described in detail
in Methods), in which the concentration of cyclic GMP released
from the rings of rabbit aorta into the incubation medium was
measured by RIA. Columns represent net change of cyclic GMP
concentration in the incubation buffer in the presence of cumene
hydroperoxide (CumHP, 1 mM), tert-butyl hydroperoxide (t-ButHP,
1 mM) or H202 (1 mM) and are expressed as means ± s.e.means of
n = 12 rings. CumHP (1 mM) did not affect the efflux of cyclic GMP
from denuded rings (open columns) while it significantly reduced the
efflux from rings containing intact endothelium (solid columns). t-
ButHP (I mM) slightly enhanced the release of cyclic GMP from
denuded rings. In the presence of endothelium, t-ButHP (I mM)
decreased the efflux of cyclic GMP. H202 (1 mM), on the other hand,
significantly enhanced cyclic GMP efflux from both intact and
denuded rings. *P< 0.05 as different from 0 by two-way, unpaired
one sample t test.
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Figure 6 Comparison of the relaxant effects of H202 and the stable
organic peroxides tert-butyl hydroperoxide and cumene hydroperox-
ide. For experimental details refer to Methods. Original traces of six
rings of rabbit aorta obtained from a single animal are shown. The
rings were precontracted with phenylephrine (P, 0.3 AM). The upper
traces show the responses of rings denuded of endothelium (E (-)),
while those of rings with intact endothelium (E (+)) are shown
below. H202 (I mM), tert-butyl hydroperoxide (t-ButHP, 1 mm) and
cumene hydroperoxide (CumHP, I mM) elicited comparable relaxa-
tion of the denuded rings. In the presence of intact endothelium,
addition of all tested peroxides resulted in a biphasic response, which
consisted of a contraction followed by relaxation. In the presence of
H202, this initial contraction was small and of short duration while
the following relaxation was pronounced and 2-3 fold larger than in
the absence of endothelium. In contrast, t-ButHP- and CumPH-
induced contractions were of much greater extent and duration and
were followed by relaxations of a magnitude similar to those induced
by organic peroxides in the denuded rings. This figure is represen-
tative of n = 5 similar experiments.
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Figure 8 Lack of effect of NO donors on H202-induced relaxation
in the rabbit aorta. For experimental details see Methods. The
relaxant responses induced by H202 (1 mM) in endothelium-intact (E
(+), solid column) and denuded (E(-), open column) rings of rabbit
aorta are shown. In this series of experiments, the tone of denuded
rings (99.7 ± 12.8% of KCI-induced contraction, n = 5) was reduced
to the level of rings containing endothelium (71.9 ± 4.5% KCI;
n = 10 from 5 separate animals) by the addition of increasing con-
centrations of 3-morpholinosydnonimine (SIN-I, 30-60 nM;
68.0± 10.2% KCI; n = 5), glyceryl trinitrate (GTN, 30-80 nM;
73.2 ± 12.6% KCI; n = 5) or sodium nitroprusside (SN, 30 nM;
67.8 ± 10.8% KCI; n = 5). H202-induced relaxation was enhanced in
rings with intact endothelium but not in the denuded rings relaxed
with NO-donors. Values represent means ± s.e.means of n different
rings. *Bonferroni P<0.01, as compared to E(-) as well as SIN-I,
GTN or SN.
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Discussion

Within the cardiovascular system, the major source of H202 is
the activated PMN. A significant, so called marginated, pool
of PMNs remains in close contact with endothelial cells.
Importantly, in response to tissue mediators of inflammation,
PMNs adhere to endothelial cells and crawl along their surface
towards interendothelial junctions. The adhesion of PMNs is
concomitant with their activation and leads to a massive
release of H202 and other oxygen-derived species into a micro-
compartment between plasma membranes of adjacent cells.
Therefore, the endothelial cells may be exposed to very high
local concentrations of H202.
We have investigated the effects of H202 on the tone of

intact and endothelium-denuded rings of rabbit aorta. H202, at
concentrations of 0.1-1 mM, elicits a concentration-dependent
relaxation of both intact and denuded rings. However, the
relaxant responses of rings containing undamaged endothelium
were 2-3 fold larger than those of denuded rings. This
indicates that in the rabbit aorta, the relaxant action of H202
has endothelium-dependent and endothelium-independent
components.
The major novel finding of this paper is that the

endothelium-dependent component of the relaxant action of
H202 is mediated through endogenous NO. This conclusion
is well supported by several lines of experimental data. The
relaxation of endothelium-intact rings induced by H202 was
reversed by L-NAME or L-NMMA, inhibitors of NO syn-
thase (Palmer et al., 1988b; Mulsch & Busse, 1990), while the
relaxation of denuded rings was unaffected. Preincubation of
endothelium-intact rings with L-NAME or L-NMMA
abolished the endothelium-dependent component of H202-
induced relaxation. The effects of inhibitors of NO synthase
were specific because their action could be reversed in the
presence of high concentrations of L-Arg, a physiological
substrate for NO synthase, while the D-stereoisomer of
arginine was inactive. It is important to note that preincuba-
tion with L-NAME and L-NMMA did not affect the relaxant
responses of denuded rings. Moreover, the relaxations
induced by H202 were also blocked by MeB, an inhibitor of
the soluble guanylate cyclase, activation of which is responsi-
ble for the vasorelaxant action of NO. However, in contrast
to the inhibitors of NO synthase, MeB blocked both the
endothelium-dependent and endothelium-components of the
relaxant action of H202, the implication being that both
components depend upon the stimulation of guanylate cyc-
lase within the vessel wall.

Conclusions derived from our bioassay experiments are
supported by the measurements of the release of cyclic GMP
from rabbit aortic rings. It is well established that a portion
of cyclic GMP escapes the action of phosphodiesterases and
can be detected extracellularly. The extracellular accumula-
tion of cyclic GMP following stimulation of guanylate cyc-
lase has been observed in isolated segments of rat aorta
(Schini et al., 1989), bovine cultured endothelial and rat
vascular smooth muscle cells (Hamet et al., 1989; Feelisch &
Kelm, 1991), dog kidney epithelial cell line MDCK (Woods
& Houslay, 1991), rat cerebellar (Tjornhammar et al., 1986),
and liver slices (Tjdrnhammar et al., 1983) as well as rat
pineal glands (O'Dea et al., 1978). Moreover, the release of
cyclic GMP from aortic rings is closely correlated with int-
racellular levels of cyclic GMP (Zembowicz et al., unpub-
lished observations). Consistent with these observations are
our results showing that the incubation of rings of rabbit
aorta in the presence of an inhibitor of phosphodiesterases
resulted in an accumulation of cyclic GMP in the incubation
buffer which was markedly enhanced in the presence of intact
endothelium. H202 enhanced the levels of cyclic GMP
released from the denuded rings which indicates that H202
enhances the activity of a soluble guanylate cyclase present in
the smooth muscle cells of the rabbit aorta. In the presence
of intact endothelium, H202-induced efflux of cyclic GMP
was significantly augmented, an observation which supports

the proposed endothelium-dependent component of guanyl-
ate cyclase stimulation induced by H202. This endothelium-
dependent component of H202-induced release of cyclic
GMP, like that of the endothelium-dependent component of
H202-induced relaxation, was abolished after the inhibition
of endothelial NO synthase by L-NAME.

It is known that H202 activates the soluble guanylate
cyclase present in the smooth muscle of the bovine aorta by a
mechanism that involves its metabolism by catalase (Wolin &
Burke, 1987). Consistent with this hypothesis is the inhibition
of H202-induced relaxation of bovine pulmonary artery by
ethanol (Burke-Wolin & Wolin, 1990), which decreases the
formation of compound I species of catalase. It is not imp-
lausible that the mechanism of endothelium-independent
relaxation induced by H202 in the rabbit aorta also involves
the catalase-dependent activation of the soluble guanylate
cyclase.
The results of our experiments discussed above clearly

establish that the endothelium-dependent component of the
vasorelaxant action of H202 was dependent on the activity of
endothelial NO synthase. This effect could be due to the
enhancement of the activity of endothelial NO synthase by
H202 or due to a potentiation of vasorelaxant action of
basally released NO at the level of the smooth muscle. In
order to resolve this, we investigated the relaxant activity of
H202 in denuded rings, the tone of which was decreased by
the exogenous donors of NO, SIN-1, glyceryl trinitrate or
sodium nitroprusside, to the level induced by NO released
from the endothelium of control tissues. Donors of NO did
not affect H202-induced relaxation. These results strongly
support the hypothesis that H202 enhances endothelial
biosynthesis of NO rather than its action in the vascular
smooth muscle and implies an augmentation of the activity
of NO synthase.

Like H202, the stable organic peroxides CumHP and t-
ButHP induced an endothelium-dependent contraction of the
intact rings of rabbit aorta that was followed by a relaxation.
However, the initial contractile response induced by organic
peroxides was much larger than that induced by H202. In
contrast to H202, the vasorelaxant activity of t-ButHP and
CumHP was not augmented in the presence of intact
endothelium. Thus, the activation of NO synthase induced by
H202 is not a general property of peroxides, but is a
phenomenon specific to H202. Interestingly, both CumHP
and t-ButHP reduced the efflux of cyclic GMP from the
intact rings. These results may reflect damage to the
endothelium induced by these organic peroxides. Finally,
CumHP did not affect and t-ButHP only slightly enhanced,
the efflux of cyclic GMP from denuded rings. This finding
suggests that mechanisms other than the activation of soluble
guanylate cyclase are. involved in the endothelium-
independent relaxation induced by organic peroxides.
As already discussed, our results demonstrate that H202

enhances endothelial synthesis of NO. However, the exact
mechanism responsible for the activation of NO synthase by
H202 has not yet been established. It is known that many
biological actions of H202 are mediated by hydroxyl radicals
formed during the iron-catalyzed Haber-Weiss reaction of
H202 with 02 (Haber & Weiss, 1934; McCord & Day,
1978). However, in contrast to catalase, superoxide dismutase
did not affect H202-induced endothelial NO synthesis. This
implies that the effects of H202 are not due to the production
of hydroxyl radicals as a consequence of its interactions with
02 present in oxygenated Krebs buffer.

Exposure of porcine cultured endothelial cells to H202 at
concentrations as low as 100 itM caused a time-dependent
augmentation of cytosolic calcium concentration which was
attenuated in the presence of a lipid peroxidation inhibitor
U-78517F (Kimura et al., 1992). Thus, we considered lipid
peroxidation-induced increase in cytosolic calcium concentra-
tion as a possible mechanism of the augmentation of
endothelial NO synthase activity by H202. However, the
active racemate of U-78517F, U-83836E (Hall et al., 1991),
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did not affect endothelium-dependent or endothelium-
independent components of H202-induced relaxation. It
should be noted that these results do no exclude the pos-
sibility that H202 activates endothelial cells and increases
levels of intracellular calcium by a mechanism not involving
lipid peroxidation.
Another possibility is suggested by the experiments of

Boucher et al. (1992) who demonstrated that a number of
haemoproteins in the presence of H202 or other peroxides
can catalyze the formation of NO and citrulline from L-
HOArg, an intermediate in the biosynthesis of NO from
L-arginine (Stuehr et al., 1991; Zembowicz et al., 1991).
Consistently, L-HOArg can be metabolized to NO in cultured
bovine endothelial cells by a pathway that is not blocked by
inhibitors of NO synthase (Zembowicz et al., 1991; 1992).
Thus, H202 may act upon L-HOArg formed by NO synthase
and convert it to NO in a haem-dependent manner. Interest-
ingly, NO synthase is also a haemoprotein (White &
Marletta, 1992; Stuehr & Ikeda-Saito, 1992). Thus, the haem
involved in this putative reaction might be the one present in
NO synthase.
Whatever mechanisms are involved, H202-induced

augmentation of endothelial NO synthesis may be part of the
complex physiological or pathophysiological interactions
between activated PMNs and the vessel wall. NO released by
H202 may react with 02 to form peroxynitrite which then
produces cytotoxic hydroxyl radicals (Beckman et al., 1990)
thereby contributing to H202-induced endothelial injury.
However, the NO-dependent relaxation induced by H202
occurred before any irreversible impairment of endothelial
cell function, assessed as the ability of endothelial cells to
release NO after subsequent stimulation with ACh, could be
observed. This suggests that H202-induced release of NO
may also play a regulatory role. NO may oppose the

vasoconstrictor effects of other PMN-derived mediators such
as O2-, thromboxane A2, peptidoleukotrienes (Goldstein et
al., 1978; Mullane et al., 1987; Ohlstein & Nichols, 1989) or
vasoactive peptides such as angiotensin II or endothelin-1
generated in the circulation of PMN-derived proteases (Win-
troub et al., 1984; Dzau et al., 1987; Kaw et al., 1992).
Moreover, NO exerts an inhibitory action on many functions
of the PMN. SIN-1, an exogenous donor of NO, inhibits the
release of lysosomal enzymes and the generation of superox-
ide anion (02-) by human PMNs stimulated by the
chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine
(fMLP) (Schroder et al., 1990). Inhibitors of NO synthase
have been shown to enhance adhesion of PMNs to the
endothelium of the mesenteric venules in the cat in vivo
(Kubes et al., 1991). Moreover, nitric oxide inhibits the
chemotaxis and adhesion to cultured endothelial cells of
fMLP-stimulated monocytes (Bath et al., 1991). Thus, the
augmentation of the formation of NO by H202 may serve as
a negative feedback mechanism by which the activation of
PMNs adhering to the endothelium is modulated by
endothelium-derived NO.
We conclude that H202-induced relaxation in the rabbit

aorta has both endothelium-dependent and independent com-
ponents. The endothelium-dependent component of the relax-
ant action of H202 is due to enhanced endothelial synthesis
of NO. These findings also suggest that H202-induced
release of NO may play a role in interactions between PMNs
and the vessel wall.

We are indebted to Mrs Maria Pyrka for excellent technical assis-
tance with bioassay experiments. This work was supported by a
grant from the Commission P 2.7 of the Committee for Scientific
Investigation of Polish Government. R.J.H. was supported by an
American Heart Association Student Research Fellowship.
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Regional haemodynamic effects of angiotensin 11 (3-8) in
conscious rats
'S.M. Gardiner, P.A. Kemp, J.E. March & T. Bennett

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

1 It has been reported that angiotensin II (AII) (3-8) causes endothelium-dependent renal cortical
vasodilatation, in anaesthetized rats, through interaction with a novel receptor that shows no affinity for
the AT,-receptor antagonist, losartan. Therefore in order to get a fuller profile of the regional
haemodynamic effects of AII (3-8) in conscious rats we assessed its renal, mesenteric and hindquarters
vascular effects, and compared them to the responses elicited by All and AIII.
2 AII and AIII (1.25, 12.5 and 125 pmol kg-') caused dose-dependent pressor and renal and
mesenteric vasoconstrictor effects. At doses up to 125 pmol kg-', AII (3-8) was without any cardiovas-
cular effects, but with doses of 1.25 and 12.5 nmol kg-' there were dose-dependent increases in mean
arterial blood pressure and reductions in renal and mesenteric flows and vascular conductances. The
responses to AII (3-8) (12.5 nmol kg-') were abolished by losartan (20 gAmol kg-').
3 Since it has been found that pretreatment with L-arginine can reveal a vasodilator effect of All (3-8)
on rabbit pial arterioles, we assessed responses to AII (3-8) (12.5 nmol kg-') before and 5 min after
onset of a primed infusion of L-arginine (1.4 mmol kg-' bolus, 1.4 mmol kg-' h-' infusion). Responses
to AII (3-8) were unchanged by L-arginine.
4 The results are consistent with AII (3-8) being a less effective agonist than All (or AIII) at the
AT,-receptor, but provide no evidence for AII (3-8) interacting with a novel receptor that shows no
affinity for losartan.

Keywords: Angiotensin II; angiotensin 11 (3-8); losartan; L-arginine; haemodynamics

Introduction

Recently, Swanson et al. (1992) described a specific binding
site for angiotensin II (AII) (3-8), distinct from the AT,- or
the AT2- receptor. Swanson et al. (1992) found that AII (3-8)
injected into the renal artery in anaesthetized rats caused an
increase in superficial renal blood flow, as assessed by a laser
Doppler flowmeter. Under the same conditions, Swanson et
al. (1992) found that AII caused a reduction in renal cortical
blood flow consistent with the potent renal vasoconstrictor
effect of this peptide seen in conscious rats (Gardiner et al.,
1988). In support of their findings, Swanson et al. (1992)
cited the work of Haberl et al. (1991), showing that AII (3-8)
could cause cerebral vasodilatation. However, in the latter
study, All (3-8) only caused vasodilatation after L-arginine
pretreatment, whereas AII and AIII both caused dilatation
when applied topically to pial arterioles. Since the vasodilator
effects of AII and AIII were inhibited by amastatin (which
blocks enzymatic degradation of AII and AIII), Haberl et al.
(1991) suggested that release of the AII degradation prod-
ucts, AII (3-8) and L-arginine, 'specifically produce endo-
thelium-dependent dilation of cerebral resistance vessels.'

Against this background, we compared the effects of All
(3-8), AII and AIII on renal, mesenteric and hindquarters
haemodynamics in conscious rats. In addition, we assessed
the effects of pretreatment with L-arginine, or the AT,-
receptor-selective antagonist, losartan (Timmermans et al.,
1991), on responses to AII (3-8).

Methods

Male Long Evans rats (350-450 g), bred in our Animal Unit,
were used in this study. Under sodium methohexitone anaes-
thesia (Brietal, Lilly; 60mg kg-', i.p. supplemented as re-
quired), pulsed Doppler flow probes (Haywood et al., 1991)
were sutured around the left renal and superior mesenteric

' Author for correspondence.

arteries, and the distal abdominal aorta (to monitor hind-
quarters flow). Animals were given an i.m. injection of
ampicillin (7 mg kg-') and were kept in individual home
cages to recover for 7-14 days with free access to food
(Biosure GLP grade 41B) and water. After that time, the
animals were anaesthetized again (sodium methohexitone,
40mgkg-', i.p.), and those with acceptable signals (signal:
noise >20:1) from all 3 probes had a catheter implanted in
the distal abdominal aorta (via the ventral caudal artery),
and 3 separate catheters implanted in the right jugular vein.
The catheters ran subcutaneously to emerge at the back of
the neck, with the probe wires. These wires were soldered
into a microconnector (Microtech Inc, Boothwyn, U.S.A.)
that was clamped in a harness fitted to the rat. The harness
was connected to a flexible spring through which the cath-
eters were threaded for protection. The spring and all con-
nections to the rat were supported by a counter-balanced
lever system that allowed the animal free movement in its
home cage to which it was returned, with free access to food
and water, until experiments began at least I day after catheter
implantation. The following experiments were performed:-

Responses to AII and AII (3-8)

The same animals (n = 7) were given increasing bolus doses
of AII (1.25, 12.5 and 125 pmol kg-') or AII (3-8) (0.125,
1.25 and 12.5 nmol kg-') in random order, in the morning or
afternoon of the same experimental day. Injections were
separated by at least 20 min to allow variables to return to
baseline. In pilot experiments, we found that AII (3-8) had
no consistent effects over the range of doses used for AII, so
we used the highest dose employed for AII (i.e., 125 pmol
kg-') as the lowest dose of the range for AII (3-8).
Effects of L-arginine on responses to AII (3-8)

Since there is some evidence that L-arginine promotes the
vasodilator effects of All (3-8) applied topically to rabbit pial
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arterioles (Haberl et al., 1991), we assessed regional haemo-
dynamic responses to All (3-8) before, and 5 min after, the
onset of a primed infusion of L-arginine (1.4 mmol kg-'
bolus, 1.4 mmol kg-' h-' infusion) in 3 of the animals
studied above; this experiment was carried out on a separate
day to that above.

Responses to AIII

In order to determine if responses to AII (3-8) resembled
those to AIII more than those to All, another three of the
animals used in the first experiment also received increasing
bolus doses (1.25, 12.5 and 125 pmol kg-') of AIII; this
experiment was carried out on the same day as the first
experiment, but at least 1 h before or after administration of
AII or AII (3-8).

Responses to AII (3-8) before and after administration
of the A T,-receptor antagonist, losartan

Swanson et al. (1992) reported that the site which bound AII
(3-8) showed no affinity for losartan, but they did not assess
the effects of losartan on functional responses to AII (3-8).
Therefore, in a separate group of rats (n = 5) we measured
regional haemodynamic responses to All (3-8) (12.5 nmol
kg-') before, and 5 min after i.v. bolus injection of losartan
(20 pmol kg-'). Elsewhere we have shown this dose of losar-
tan completely abolishes the ATE-receptor-mediated haemo-
dynamic effects of All for several hours (Batin et al.,
1991a,b).

Data analysis

Throughout an experiment, continuous recordings were made
of instantaneous heart rate, mean and phasic arterial blood
pressure, and mean and phasic Doppler shift signals with a
modified (Gardiner et al., 1990) VF-1 pulsed Doppler flow-
meter (Crystal Biotech, Hopkinton, U.S.A.). At time points
representative of the profile of response to any particular
intervention, variables were averaged over 20 s epochs. Chan-
ges relative to baseline were assessed by Friedman's test
(Theodorsson-Norheim, 1987), applied to the areas under or
over curves. Because the duration of responses to AII and
AII (3-8) differed (see Results), areas were calculated over the
5 min period following AII and over the 2 min period after
All (3-8) administration. A P value <0.05 was taken as
significant.

Drugs

AII (H2N-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-OH), AIII (H2N-
Arg-Val-Tyr-Ile-His-Pro-Phe-OH) and AII (3-8) (H2N-Val-
Tyr-Ile-His-Pro-Phe-OH), were obtained from Bachem (U.K.).
Peptides were dissolved in sterile isotonic saline (154 mmol
I` NaCI) containing 1% bovine serum albumin (Sigma).
L-Arginine hydrochloride (Sigma) and losartan potassium
(gift from Dr R. Smith, DuPont U.S.A.) were dissolved in
isotonic saline. All injections were given in a volume of
100 jil and flushed in with 100 la of saline. Administration of
saline alone in these volumes had no consistent cardiovas-
cular effects.

Results

All caused dose-dependent pressor effects and reductions in
renal and mesenteric flows and vascular conductances (Figure
1, Table 1). Only the highest dose of AII caused significant
bradycardia and hindquarters vasoconstriction (Figure 1,
Table 1).

All (3-8) also caused dose-dependent pressor effects, but
these were of shorter duration than those seen with AII
(Figure 1, Table 1). Moreover, although with the doses

9-

0 1
4-# C
co ._

E
o)
04.
.0

400 -

350----
300 -

250 -

2001-
160_

_ 150 P
I- x 1401-
< E 130 -

110

8.01- A

6.0 -I

4.0k
2.0 -

N o

-

0.

L._

ua

0
a

L.
v Renal

opsenteric

10.0 _

8.0 -

6.01-
4.01-
2.04 0

Hindquarters

All All (3-8)
Time (min)

Figure 1 Cardiovascular responses to angiotensin 11 ( 1.25; A
12.5; * 125 pmol kg-'; left-hand panels) or angiotensin 11 (3-8) (O
0.125; A 1.25; 0 12.5 nmol kg-'; right-hand panels) in the same
conscious Long Evans rats (n = 7). Values are mean with s.e.mean.
Statistics for the integrated changes are shown in Table 1.

chosen the peak pressor effects of AII and AII (3-8) were
similar, the doses of the latter were 100 fold higher than
those of AII (Figure 1, Table 1).
The pressor effects of AII (3-8) were accompanied by

dose-dependent reductions in renal and mesenteric flows and
vascular conductances, but the dose-effect relation was par-
ticularly steep in the renal vascular bed (Figure 1, Table 1).
As with AII, the changes in heart rate and hindquarters
haemodynamics in response to All (3-8) were variable (Fig-
ure 1, Table 1).

Pretreatment with L-arginine (n = 3) had no consistent
effects on responses to AII (3-8) (12.5 nmol kg-') (Table 2).
However, losartan abolished the effects of All (3-8) (Figure
2).

Cardiovascular responses to AIII were very similar to
those seen with All, and over the same dose-range (Figure
3).

Discussion

The present work has provided no evidence for AII (3-8)
acting as a vasodilator agent in the renal (Swanson et al.,
1992) or in the mesenteric vascular bed. Although AII (3-8)
was capable of causing an increase in hindquarters flow, this
effect was not different from that seen with AII, and, as with
the latter, was probably, in part, due to release of adrenal
medullary adrenaline, causing activation of P2-adrenoceptors
in the hindquarters vascular bed (Gardiner et al., 1988).
However, the effects of AII (3-8) (and of AII) on hind-
quarters haemodynamics and heart rate were less reproduci-
ble or prominent than its pressor and renal and mesenteric
vasoconstrictor actions, which were abolished by the AT,-
receptor antagonist, losartan.

These results do not agree with those of Swanson et al.
(1992), who considered that AII (3-8) interacted with 'an
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Table 1 Integrated (areas under or over curves) cardiovascular responses to incremental bolus doses of angiotensin II (All) or All
(3-8) in the same conscious, Long Evans rats (n = 7)

1.25

A Heart rate (beats) 66 ± 19*
A Mean arterial blood pressure (mmHg min) 3 ± 1
A Renal flow (kHz min) - 1.0 ± 0.2
A Mesenteric flow (kHz min) - 1.2 ± 0.5
A Hindquarters flow (kHz min) 2.2 ± 1.3
A Renal conductance ([kHz mmHg ' min] 103) -6 ± 2
A Mesenteric conductance ([kHz mmHg- I min] 103) - 11 ± 4
A Hindquarters conductance ([kHz mmHg ' min] 103) 22 ± 12

All (pmol kg-')
12.5

68 ± 29
38 ± 5*

- 5.4+ 0.8*
- 5.2 + 0.8*

3.1 ± 1.3
-74+ 10*
-69 + 9*
47 ± 21

All (3-8) (nmol kg-')
125 0.125 1.25 12.5

- 253 + 47*
146± 15*

- 15.7 ± 2.0*
- 12.9 + 1.6*

2.5± 1.1
- 189+ 19*
- 172+ 19*
- 109 + 26*

23 ± 7*
1± 1

- 0.6 ± 0.1
-0.5± 2

1.2 ± 0.4
- 5± 1
-4± 2
22 ± 6*

27 ± 13
8± 1*

- 3.1 ± 0.3*
- 1.6± 0.2*

1.3 ± 0.3*
- 32 + 4*
- 20 4*

11 ±4

-43_ 17*
23 ± 3*

- 8.8± 0.6*
- 4.4 ± 0.5*

2.9 ± 0.7*
- 88 + 6*
- 50+ 6*

16 ± 6*

Values are mean ± s.e.mean.
*P< 0.05 versus baseline.
Table 2 Integrated (areas under or over curves) cardiovascular responses to angiotensin IT (3-8) (All (3-8) (12.5 nmol kg-') in the
same conscious, Long Evans rats (n = 3) in the absence (control) or presence of L-arginine (1.4 mmol kg-' bolus, 1.4 mmol kg-' h-'
infusion)

Control

A Heart rate (beats)
A Mean arterial blood pressure (mmHg min)
A Renal flow (kHzmin)
A Mesenteric flow (kHzmin)
A Hindquarters flow (kHzmin)
A Renal conductance ([kHz mmHg -min] 103)
A Mesenteric conductance ([kHz mmHg-' min] 103)
A Hindquarters conductance ([kHz mmHg' min] 10)

Values are mean s.e.mean
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entirely new angiotensin receptor with unique specificity, dist-
ribution and functional characteristics'. Swanson et al. (1992)
speculated that the interaction of All (3-8) with its receptor
on endothelial cells stimulated the synthesis and release of
endothelium-derived relaxing factor (EDRF). In support of
their findings, Swanson et al. (1992) cited the work of Haberl
et al. (1991) which, they claimed, showed that AII (3-8) acted
as a vasodilator in rat cerebral arteries via an EDRF-
mediated mechanism. In fact, Haberl et al. (1991) studied
anaesthetized rabbits, and showed that All (3-8) was without
effect on pial arterioles, whereas All and AIII caused vaso-
dilatation. However, when AII (3-8) (which differs from AIII
only in the absence of the amino-terminal L-arginine residue)
was applied after L-arginine, vasodilatation was seen. As
mentioned in the Introduction, Haberl et al. (1991) con-
sidered that their results indicated availability of L-arginine
and All (3-8) was necessary for endothelium-dependent cere-
bral vasodilatation. However, there is no clear evidence that
L-arginine can enhance the release of nitric oxide (NO) con-
tingent upon receptor-mediated activation of constitutive NO
synthase, and in the present work, L-arginine had no effect
on responses to AII (3-8). Moreover, AIII had effects very
like All, causing marked renal and mesenteric vasoconstric-
tions. A similar pattern of response was seen with AII (3-8)
although it was about 100 fold less potent than AII, and its
duration of action was considerably shorter. Thus, our
results are consistent with AII (3-8) being a less effective
agonist at the receptor with which All interacts.

Considering the findings of Swanson et al. (1992), showing
that All (3-8) caused marked renal cortical vasodilatation, it
is particularly notable that, in our model, the effects of AII
(3-8) were characterized by dramatic renal vasoconstriction.
One difference between our study and that of Swanson et al.
(1992) is that we gave i.v. bolus injections of All (3-8) to
conscious animals, whereas they infused the peptide into the
renal artery of anaesthetized rats. Thus, it is possible that our
assessment of total renal flow masked a specific vasodilator
effect of AII (3-8) in the renal cortex. It is also feasible that,
given i.v., AII (3-8) activated mechanisms that concealed its
direct vasodilator effects, Indeed, it could be suggested that
the short duration of the pressor and vasoconstrictor action
of AII (3-8), compared to All, was due to concurrent activa-
tion of vasodilator mechanisms, possibly also in vascular
beds not studied by us. However, these arguments are
difficult to reconcile with our finding that losartan blocked all
the effects of AII (3-8), unless the former was not acting as a
selective antagonist of AT,-receptors, but was also inhibiting
the action of AII (3-8) on a distinct All-receptor subtype. In
that case, one is left with the problem of aligning this pro-
posal with the finding of Swanson et al. (1992) that AII (3-8)
interacted with a receptor that showed no affinity for losar-
tan. Whatever the explanation of the disparities between our
findings and those of Swanson et al. (1992), the present work
provides no evidence for All (3-8) exerting acute effects,
other than through activation of AT,-receptors.
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Blockade by 2,2',2"-tripyridine of the nicotinic acetylcholine
receptor channels in embryonic Xenopus muscle cells
K.S. Hsu, W.M. Fu & 'S.Y. Lin-Shiau

Institutes of Pharmacology and Toxicology, College of Medicine, National Taiwan University, Taipei, Taiwan

1 The effects of 2,2',2"-tripyridine on the nicotinic acetylcholine (ACh) receptor channels were studied
in the cultured myocytes of 1-day-old Xenopus embryos.
2 2,2',2"-Tripyridine depressed the amplitude of iontophoretic ACh-induced current at a low frequency
of 0.7 Hz stimulation and it not only decreased the initial responses but also enhanced the run-down of
ACh-induced current at higher frequency stimulation of 7 Hz and 30 Hz.
3 Single ACh channel recordings showed that 2,2',2"-tripyridine decreased the channel conductance,
the opening frequency and mean open time of both types of low- and high-conductance channels.
4 These results suggest that the blocking actions of 2,2',2"-tripyridine on ACh receptor channels in the
skeletal muscle may contribute to the depression of the nerve-evoked contraction of the mouse
diaphragm as reported previously.

Keywords: 2,2',2"-Tripyridine; nicotinic ACh receptor channel; Xenopus muscle cell

Introduction

2,2',2"-Tripyridine is a pyridine derivative that has been
found to be a synthetic by-product of the herbicide, paraquat
and to be a strong mutagen (Kuo et al., 1986; Lin et al.,
1988). Epidemiological studies showed that the incidence of
skin cancer of paraquat manufacturers was much higher than
that of the general population of Taiwan (Wang et al., 1986).
In addition 2,2',2"-tripyridine was more potent than para-

quat in producing carcinogenic actions and DNA damage
(Lin et al., 1988).

In our previous study, we have shown a curare-like action
of 2,2',2"-tripyridine in the mouse phrenic nerve-diaphragm
preparation (Lin-Shiau et al., 1992). At the mouse neuromus-
cular junction, 2,2',2"-tripyridine not only depressed the
amplitudes but also shortened the decay time constant of
both endplate potentials (e.p.ps) and miniature endplate
potentials (m.e.p.ps). In addition, it produced a fade of
tetanic muscle tension and a run down of successive endplate
potentials (e.p.ps) during repetitive stimulation in cut muscle
preparations of mouse phrenic nerve-diaphragm (Lin-Shiau
et al., 1992). The present study was aimed at the exploration
of the action of 2,2',2"-tripyridine on the acetylcholine recep-
tor channel of Xenopus muscle cells in culture, and attempted
to distinguish the actions of the neuromuscular blocking
agent, 2,2',2"-tripyridine on the ACh receptor and its
associated ionic channel.

Methods

Preparation ofXenopus nerve-muscle cultures

The Xenopus nerve-muscle cultures were prepared as pre-
viously reported (Spitzer & Lamborghini, 1976; Sanes & Poo,
1989). Briefly, the neural tube and the associated myotomal
tissues of 1-day-old Xenopus embryos (stage 20-22) were

dissociated in the Ca2`- and Mg2"-free saline. The cells were

plated on clean glass coverslips and were used for
experiments after 24 h at room temperature (20-22°C). The
culture medium consisted of 50% (vol/vol) Ringer solution
(composition mM: NaCl 115, CaCl2 2, KCI 2.5, HEPES 10
(pH7.6), 49% L-15 Leibovitz's medium (Sigma), and 1%
foetal bovine serum (Gibco).

' Author for correspondence.

Electrophysiological recording and analysis

Gigaohm-seal whole-cell and cell-attached patch clamp
recording methods followed those described previously
(Hamill et al., 1981; Young & Poo, 1983). Recordings were
made at room temperature in culture medium. The solution
inside the whole-cell recording pipettes contained (mM): KCI
150, NaCl 1, MgCl2 1 and HEPES 10, pH 7.2. Iontophoresis
of ACh was applied to the surface of the myocytes by
conventional glass microelectrodes filled with 3 M ACh (resis-
tance, 100-200 MQ). The iontophoretic ACh pulses of 2 ms
duration were supplied by a Grass stimulator (SD9) through
a microelectrode amplifier (WPI S-7061A), which provides a
breaking current between 2 to 10 nA. For cell-attached recor-
ding, the pipette was filled with Ringer solution containing
low concentrations of ACh (3-5 nM) to avoid the simul-
taneous opening of the multiple channels. In all recordings,
the membrane currents were monitored by a patch-clamp
amplifier (EPC-7), and the single channel current signal was
filtered at 3 kHz. The data were digitalized by a digitizing
unit (Neurocorder DR-384) and stored on a videotape
recorder. For single channel analysis, the current signals were
digitized at 100 As intervals and analysed with a PClamp
programme (Axon Instruments). Events corresponding to
opening of more than one channel were excluded from the
open time analysis. Events with open time shorter than
500 Ais were not analysed because of possible attenuation and
distortion. Open duration histograms were fitted with a
single exponential and the amplitude histograms were fitted
with Gaussian distribution curves, using least-squares methods
in both cases. Effects of drugs were compared from different
patches of the same myocyte.

Drugs

All of the chemical compounds listed above for the test
experiments were purchased from Sigma Chemical Company,
St. Louis, Missouri, U.S.A.

Results

Effects of 2,2',2"-tripyridine on the ACh-induced
whole-cell currents

ACh channels were found on the surface of isolated
myocytes of Xenopus at relatively high density and uniform
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distribution (Poo, 1982; Young & Poo, 1983). Repetitive
iontophoretic applications of identical ACh pulses at one
spot on the myocyte surface resulted in transient inward
membrane currents. Figure 1 shows an example of whole-
cell voltage-clamp recording of membrane currents induced
by iontophoretic ACh pulses. The ACh-induced currents
remained relatively constant at 0.7 Hz and 7 Hz application,
but showed gradual decline at 30 Hz. Bath application of
43 gM 2,2',2"-tripyridine inhibited the ACh-induced currents
when the iontophoretic ACh pulses were applied at 0.7 Hz
(Figure lb). In addition, 2,2',2"-tripyridine not only reduced
the amplitude of initial responses but also enhanced the rate
of decline at either 7 Hz or 30 Hz stimulation within 10 min
(Figures Ic and d). The decay time constant of ACh-induced
current recorded at a holding potential of - 60 mV was
significantly shorter in myocytes treated with 43 tLM 2,2',2"-
tripyridine (T = 2.7 ± 0.4 ms as compared with control;
T = 4.1 ± 0.3 ms, n = 12) (Figure la). 2,2',2"-Tripyridine
decreased whole-cell ACh-induced currents in a concen-
tration-dependent manner when ACh pulses were applied at
0.7 Hz (Figure 2). As shown in Figure 3, the amplitude and
decay time constant of ACh-induced currents were linearly
related to the membrane potential. 2,2',2"-Tripyridine
inhibited the ACh-induced currents more effectively at hyper-
polarized membrane potential but did not significantly affect
the reversal potential of ACh-induced whole-cell currents.

Effects of 2,2',2"-tripyridine on ACh single channel
currents

Cell-attached patch clamp recordings were made on isolated
myocytes in 1-day-old Xenopus cultures. The cultured myo-
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Figure 2 Concentration-dependent inhibition of acetylcholine (ACh)-
induced current of the Xenopus muscle cells by 2,2',2"-tripyridine.
The ACh-induced membrane currents were recorded by whole-cell
recording from the myocytes before and 20 min after bath applica-
tion of various concentrations (n = 3-6) of 2,2',2"-tripyridine. The
ACh-induced current was recorded by repetitive iontophoretic ACh
pulses on the surface of the myocyte at 0.7 Hz.

cytes possess two populations of ACh channels, i.e.
embryonic-type channels (low-conductance channels) which
have a prolonged mean open time and lower current
amplitude and adult-type channels (high-conductance chan-
nels) which have 50% greater unitary conductance than
embryonic-type channels and shorter mean open time. A
representative example of the single channel recordings is
shown in Figure 4. The average channel opening frequency,
the amplitude of single channel events, and mean channel

2,2',2"-Tripyridine
43 im

Washout

|0.7 Hz

0.7 Hz

II.
'p,.Pr7 Hz

30 Hz

Figure 1 Effects of 2,2',2"-tripyridine on the acetylcholine (ACh)-induced whole-cell currents in Xenopus cultured myocytes. The
myocytes were voltage-clamped at a holding potential of - 60 mV. Continuous traces showed the membrane currents recorded by
whole-cell recording from the same myocyte before (left), 20 min after bath application of 43 jAM 2,2',2"-tripyridine (middle) and
20 min after washout (right). The identical iontophoretic ACh pulses were applied on the surfae of the myoctye at a frequency of
0.7 (b), 7 (c) and 30 Hz (d), respectively (filtered at 150 Hz). Samples of current are shown on the upper trace at higher time
resolution (filtered at 10 kHz). Note that 2,2',2"-tripyridine inhibited the initial responses of ACh-induced currents and enhanced
the run-down of the currents at higher frequency of stimulation.
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Figure 3 Inhibitory action of 2,2',2"-tripyridine on the acetylcholine
(ACh)-induced current as a function of membrane potential. The
ACh-induced membrane currents were recorded by whole-cell recor-
ding from the myocytes in the absence (0) or 20 min after bath
application of 43 pM 2,2',2"-tripyridine (0). The ACh-induced cur-
rents were recorded by repetitive iontophoretic ACh pulses on the
surface of the myocyte at 0.7 Hz. Note that more pronounced
inhibitory effects of 2,2',2"-tripyridine on both the amplitude (a) and
decay time constant (b) of ACh-induced currents at hyperpolarizing
potentials. The symbols show mean ± s.e.means for the six
experiments. The reversal potentials were estimated at 0 mV (control)
and - 2 mV (43 gM 2,2',2"-tripyridine) respectively. Resting mem-
brane potentials in these cells were from - 75 mV to - 80 mV.

Table 1 Comparison of the kinetics of acetylcholine single
channel between control and 2,2',2"-tripyridine-treated
Xenopus embryonic myocytes in culture

Channel property Control

Low-conductance ACh channel
Amplitude (pA) 5.21 ± 0.06 (12)
Mean open time (ms) 4.92 ± 0.17 (12)
Opening frequency (s-') 7.4 ± 0.4 (12)

High-conductance ACh channel
Amplitude (pA) 7.71 ± 0.11 (12)
Mean open time (ms) 1.96 ± 0.05 (12)
Opening frequency (s-') 4.0 ± 0.3 (12)

2,2',2"-Tripyridine
(43 gM)

3.64±0.09 (12)*
3.68 ±0.14 (12)*
2.7 ± 0.3 (12)*

5.59 ± 0.10 (12)*
1.60 ± 0.04 (12)*
1.8 ± 0.2 (12)*

Single ACh channel currents were obtained from cell-
attached patch recording on the surface of isolated Xenopus
muscle cells and the patch was hyperpolarized to 60mV
from rest.
Pipettes were filled with Ringer solution containing acetyl-
choline (3-5 nM).
*P<0.05 as compared with control.
Data are presented as mean ± s.e.mean (n).
n represents the number of myocytes examined.

open time before and after 2,2',2"-tripyridine treatment were
analysed from different patches of the same myocyte. As
shown in Figure 4b, 2,2',2"-tripyridine reduced the current
amplitude, mean open time as well as average opening fre-
quency of both types of low- and high-conductance ACh
channels. Results obtained from 12 cells are summarized in
Table 1. Similar to the reversible blockade of 2,2',2"-
tripyridine on the ACh-induced whole-cell current, the
inhibitory effects of 2,2',2"-tripyridine (43 pM) on the single
ACh channel were restored by washout (Figure 4c). As
shown in Figure 5, the amplitude of single channel currents,
activated by ACh, was linearly related to the membrane
potential and the linear regression yielded one high-
conductance channel of 61.8 ± 0.9 pS (n = 12) and another
low-conductance channel of 42.6 ± 0.8 pS (n = 12). After
exposure to 2,2',2"-tripyridine (43 JAM), the conductance
decreased to 42.8 ± 1.2 pS and 31.4 ± 0.7 pS for high- and
low-conductance channel, respectively. The reversal poten-
tials of single ACh channels were correlated with the data
obtained from ACh-induced whole-cell currents and 2,2',2"-
tripyridine did not significantly affect the reversal potential
of ACh channels. This reduction of channel activity may
indicate that 2,2',2"-tripyridine blocks the open conformation
of the nicotinic ACh receptor channels.

Discussion

The action of the nondepolarizing neuromuscular blocking
agents, (+ )-tubocurarine and lobeline on both the ACh
receptor and ACh receptor-activated ionic channel at the
neuromuscular junction have been studied in some detail
(Katz & Miledi, 1978; Lambert et al., 1980; 1981; Gibb &
Marshall, 1984). Initial work indicated that (+)-tubocurarine
competitively blocked ACh receptors with no effect on the
channel lifetime (Katz & Miledi, 1978), despite some earlier
evidence that the drug shortened endplate current (e.p.c)
decay (Beranek & Vyskocil, 1968) and blocked ACh-
activated channels in Aplysia neurone (Marty et al., 1976).
Manalis (1977) demonstrated that the e.p.c. produced by
iontophoretic application of ACh at frog endplates was
shortened by (+)-tubocurarine, which produced a voltage-
dependent decrease of peak e.p.c. amplitude. This effect
became more pronounced at hyperpolarizing potentials.
These observations led to a 'reexamination' of the action of
(+)-tubocurarine by Katz & Miledi (1978), who confirmed
the voltage-dependent channel-blocking action of the drug; in
contrast, this effect was not seen with a-bungarotoxin.
The present results clearly showed that 2,2',2"-tripyridine

not only depressed the amplitude but also shortened the
decay time constant of ACh-induced whole-cell current in
Xenopus myocyte. The reduction in peak amplitude of the
ACh-induced current could be due to the inhibition of either
or both the ACh receptor and its associated ionic channel.
The sudden rise of the ACh concentration at the Xenopus
myocyte causes a number of channels to open. Each channel
will stay opened for a random, experimentally distributed
period of time. The rising phase of the current reflects the
number of channels opening as a function of time and the
falling phase reflects the distribution of channel closing. The
exponential time constant of the current decay is a measure
of mean channel open time, a finding that has been
confirmed by independent techniques such as noise analysis
and patch clamp (Anderson & Stevens, 1973; Neher & Stein-
bach, 1978). In our experiments, the decay time constant of
ACh-induced current recorded at a holding potential of
- 60 mV was 4.1 ± 0.3 ms in control compared with 2.7 ±
0.4 ms in the presence of 43 JAM 2,2',2"-tripyridine. From
the result of single channel recording, 2,2',2"-tri-
pyridine reduced the mean open time of both types of low-
and high-conductance ACh channels which could explain the
effects of 2,2',2"-tripyridine on the shortening of ACh-
induced current decay time constant. Furthermore, the total
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Figure 4 Effects of 2,2',2"-tripyridine on single acetylcholine (ACh) channel currents. Samples of recordings of single ACh channel
currents and histograms of channel open time before (a) and after (b) treatment with 2,2',2"-tripyridine (43 jtM) and 20 min after
washout (c) were obtained from different cell-attached patches of the same Xenopus myocyte. Pipettes were filled with Ringer
containing 3 nM ACh. The records were low-pass-filtered at 3 kHz and the patch was hyperpolarized to 60 mV from rest. Note that
2,2',2"-tripyridine decreased the open time and opening frequency of both classes of ACh channels.

Membrane potential (mV)

31 pS

43 pS.
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Figure 5 Effects of 2,2',2"-tripyridine on the conductance of
acetylcholine (ACh) channels. This figure showed the current-voltage
relations for high- (O,-) and low- (A,A) conductance of ACh-
activated channels in Xenopus muscle cells in culture. The open
symbols (control) and filled symbols (20 min after bath application
of 43 zM 2,2',2"-tripyridine) were recorded from the five cells. The
indicated conductances were computed by the inverse slope of the
line fitted by least squares of the five data points. Note that 2,2',2"-
tripyridine reduced the conductance of both classes of ACh channels
to the same degree. The symbols show mean ± s.e.means for the five
experiments. The reversal potentials of the currents were estimated at
- 3 mV (high conductance) and -6 mV (low conductance) for the
control condition and at - 4 mV (high conductance) and - 7 mV
(low conductance) for the application of 43 jtM 2,2',2"-tripyridine.
Resting membrane potentials in these cells were - 75 mV to
- 80 mV.

conductance of the membrane induced by ACh is supposed
to be the sum of the conductance of individual channels and
that each channel can show multiple open states (Sakmann et
al., 1980). The peak amplitude of ACh-induced currents in
the whole cell recording was reduced by 2,2',2"-tripyridine in
a concentration-dependent manner which corresponded to
the depression of both types of low- and high-conductance
ACh channels in the single channel recordings. Similar effects
have been reported for (+)-tubocurarine (Katz & Miledi,
1978; Lambert et al., 1980; 1981; Gibb & Marshall, 1984)
and other neuromusclar blocking agents (Colquhoun &
Sheridan, 198 1).

2,2',2"-Tripyridine increased the run-down of ACh-induced
currents at higher frequency stimulations of 7 Hz and 30 Hz,
which could be accounted for either by enhancement of the
rate of agonist-induced desensitization or by a direct action
on the receptor-activated ionic channel. From the data of
single channel recording, it seems unlikely that the enhance-
ment of run-down of trains of ACh-induced current by
2,2',2"-tripyridine can be accounted for by postulating
enhancement of desensitization of the receptor-channel com-
plex (Bowman et al., 1986; Wilson & Thomsen, 1991) since
the conductance of ACh-activated single channels appeared
to be independent of ACh receptor desensitization (Sakmann
et al., 1980); however, 2,2',2"-tripyridine could decrease the
conductance of both types of low- and high-conductance
ACh-activated channels. Furthermore, if 2,2',2"-tripyridine
possessed an ability to enhance desensitization of the
receptor-channel complex, it could potentiate the occurrence
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of grouping or clustering of ACh channels opening in the
presence of higher concentrations of ACh (>1 M). While, in
our experiments with 2,2',2"-tripyridine on the patch pipettes
with 1 JLM ACh on cell attached patches, we saw less evidence
for grouping or clustering of openings than in the absence of
2,2',2"-tripyridine. Thus, it was considered that 2,2',2"-
tripyridine probably inhibited the nicotinic acetylcholine
channels which resulted in the reduction of conductance of
both types of ACh channel in the Xenopus muscle cells.
Furthermore, 2,2',2"-tripyridine decreased the opening fre-
quency and the mean open time of both types of low- and
high-conductance ACh channel in Xenopus muscle cells.
These decreasing effects on ACh channel activity were com-
pared with those of typical blockers of nicotinic ACh recep-
tor channels: bupivacaine as an open channel blocker
(Aracava et al., 1984), chlorpromazine as a closed or noncon-
ducting channel blocker (Carp et al., 1983) and phencyclidine
as an open and closed channel blocker (Aguayo et al., 1986).
These three drugs manifested different blocking actions on
single channel currents (Kimura et al., 1991). 2,2',2"-
Tripyridine was shown to be a mixed type of channel blocker
of open and closed conformation of the ionic channel (like
phencylidine) because of the simultaneous decrease of both
the open time and open frequency.

2,2',2"-Tripyridine exerted two effects on the endplate
potentials (e.p.ps) on the mouse phrenic nerve-diaphragm
preparations: a depression in the peak amplitude and a
decrease in decay time constant. Both effects seemed to be
affected independently for the following reasons: (a) the onset
of the depression of decay time constant was much faster
than the depression of the peak amplitude; (b) the peak
amplitude but not the decay time constant was progres-
sively reduced by the repetitive stimulations. It is not known

whether this dichotomy in the actions of the toxin reflects
two different binding sites or a single topographical site
possessing two conformations, one of which alters the decay
time constant and the other immobilizes the ACh receptor in
its closed form (Hsu et al., 1992). A similar result was found
in the present study. ACh-induced whole-cell current shows
as a function of membrane potential under control and in the
presence of 2,2',2"-tripyridine. 2,2',2"-Tripyridine reduces the
peak amplitudes and decay time constant of ACh-induced
whole-cell current in a voltage-dependent manner. Like (+)-
tubocurarine, 2,2',2"-tripyridine is more effective in reducing
ACh-induced whole-cell currents at hyperpolarized poten-
tials. Furthermore, the reversal potential for both ACh-
induced whole-ell currents and single ACh channel currents
were not altered by 2,2',2"-tripyridine. In addition, 2,2',2"-
tripyridine has no effect on the membrane potential of
myocytes. These observed effects of 2,2',2"-tripyridine on the
Xenopus muscle cells were correlated with findings on the
mouse phrenic nerve-diaphragm preparations.

In conclusion, these results together with our previous
report (Lin-Shiau et al., 1992) which showed that 2,2',2"-
tripyridine inhibited the binding of a-bungarotoxin in the
mouse diaphragm, suggest that 2,2',2"-tripyridine, like (+)-
tubocurarine, has at least two distinct postjunctional actions.
2,2',2"-Tripyridine appears to interact with both the ACh
receptor and its ionic channel. It would be of interest to
compare the binding characteristics of these two sites and to
determine if 2,2',2"-tripyridine, (+)-tubocurarine and local
anaesthetics share common channel binding sites.

This work was supported by a research grant from the National
Science Council, Republic of China (NSC81-0412-B002-06z).
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Effects of the central analgesic tramadol and its main
metabolite, 0-desmethyltramadol, on rat locus coeruleus
neurones

'Jan Sevcik, Karen Nieber, Bernd Driessen & 2Peter Illes

Department of Pharmacology, University of Freiburg, Hermann-Herder-Strasse 5, D-7800 Freiburg, Germany

1 Tramadol is a centrally acting analgesic with low opioid receptor affinity and, therefore, presumably
additional mechanisms of analgesic action. Tramadol and its main metabolite 0-desmethyltramadol
were tested on rat central noradrenergic neurones of the nucleus locus coeruleus (LC), which are
involved in the modulation of nociceptive afferent stimuli.
2 In pontine slices of the rat brain the spontaneous discharge of action potentials of LC cells was

recorded extracellularly. (-)-Tramadol (0.1-100JM), (+)-tramadol (0.1-100tJM), (-)-O-desmethyl-
tramadol (0.1-100 JM) and (+)-O-desmethyltramadol (0.01-1 JM) inhibited the firing rate in a

concentration-dependent manner. (+)-O-desmethyltramadol had the highest potency, while all other
agonists were active at a similar range of concentrations.
3 (-)-Tramadol (10, 100 1M) was less inhibitory in brain slices of rats pretreated with reserpine
(5mgkg-', 5h before decapitation) than in controls.
4 The effect of (- )-tramadol (1O JM) was abolished in the presence of the x2-adrenoceptor antagonist,
rauwolscine (1 JiM), whilst that of (+)-O-desmethyltramadol (0.3 JM) virtually disappeared in the
presence of the opioid antagonist, naloxone (0.1IJM). (+)-Tramadol (30 JM) and (-)-O-desmethyl-
tramadol (1O JM) became inactive only in the combined presence of naloxone (0.1 JAM) and rauwolscine
(I gM).
5 In another series of experiments, the membrane potential of LC neurones was determined with
intracellular microelectrodes. (-)-Tramadol (100 JM) inhibited the spontaneous firing and hyper-
polarized the cells; this effect was abolished by rauwolscine (1 gM). (+)-O-desmethyltramadol (10 gM)
had a similar but somewhat larger effect on the membrane potential than (-)-tramadol. The (+)-O-
desmethyltramadol- (1O gM) induced hyperpolarization was abolished by naloxone (0.1 AM).
6 The hyperpolarizing effect of noradrenaline (30 JM) was potentiated in the presence of (- )-tramadol
(100 JM), but not in the presence of (+ )-O-desmethyltramadol (10 JAM). There was no potentiation of
the noradrenaline (30 iAM) effect, when the cells were hyperpolarized by current injection to an extent
similar to that produced by (-)-tramadol (100 JM).
7 Both noradrenaline (100 JM) and (- )-tramadol (1I00 jaM) decreased the input resistance.
8 The results confirm that the analgesic action of tramadol involves both opioid and non-opioid
components. It appears that (-)-tramadol inhibits the uptake of noradrenaline and via a subsequent
increase in the concentration of endogenous noradrenaline indirectly stimulates a2-adrenoceptors. (+ )-
0-desmethyltramadol seems to stimulate directly opioid "-receptors. The effects of (+)-tramadol and
(-)-O-desmethyltramadol consist of combined J-opioid and a2-adrenergic components.

Keywords: Tramadol; 0-desmethyltramadol; locus coeruleus neurones; firing rate; membrane potential; noradrenaline uptake
blockade

Introduction

Tramadol is a centrally acting analgesic (Friderichs et al.,
1978) with a limited range of side effects (Vogel et al., 1978;
Flohe et al., 1978). It binds to opioid JA-receptors with an
approximately 100-times lower affinity than morphine (Hen-
nies et al., 1988), while there is a much smaller difference
between the analgesic potencies of these compounds (Fride-
richs et al., 1978). Hence, it was concluded that non-opioid
mechanisms are likely to be involved in tramadol analgesia
(see e.g. Carlsson & Jurna, 1987). In fact this opioid has been
shown to inhibit the uptake of noradrenaline and 5-hydroxy-
tryptamine (Driessen & Reimann, 1992; Raffa et al., 1992)
thereby increasing the concentration of the two neuro-
transmitters in the central nervous system (CNS). Endo-
genous noradrenaline and 5-hydroxytryptamine participate in
pain modulation (Besson & Chaouch, 1987; Jones, 1991) and
may, in consequence, mediate the analgesic effect of
tramadol.

' Permanent address: Institute of Pharmacology, CSAV, Albertov 4,
128 00 Prague 2, The Czech Republic.
2Author for correspondence.

The nucleus locus coeruleus (LC) is situated in the pons
and consists of a compact group of noradrenergic cell bodies,
which project into various areas of the central nervous
system (Foote et al., 1983). LC neurones possess somatic
(and/or dendritic) U2-adrenoceptors (Aghajanian & Vander-
Maelen, 1982; Williams et al., 1985) and opioid p-receptors
(Williams & North, 1984). Stimulation of either receptor-type
increases the same potassium conductance (North & Wil-
liams, 1985) and, subsequently, leads to hyperpolarization
and inhibition of spontaneous firing. a2-Adrenoceptors may
be tonically activated by endogenous noradrenaline after
uptake blockade by desipramine (Egan et al., 1983) or
cocaine (Surprenant & Williams, 1987).
The LC is involved in the control of various cognitive and

vegetative functions (Olpe et al., 1985), including the modula-
tion of pain perception (Jones, 1991). The aim of the present
study was two fold. Firstly, the effects of tramadol and its
main metabolite 0-desmethyltramadol (Lintz et al., 1981)
were investigated on the firing rate and membrane potential
of LC neurones. Secondly, the possible involvements of
z2-adrenoceptors and opioid tL-receptors in the effects of
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tramadol and 0-desmethyltramadol were studied. Both (-)-
and (+)-enantiomers of tramadol and 0-desmethyltramadol
were used, since opioid receptors (Holit & Wiister, 1978) and
the noradrenaline carrier (Graefe & Bonisch, 1988) bind
ligands in a stereoselective manner.

Methods

Brain slice preparation

Midpontine slices of the rat brain were prepared and main-
tained as described earlier (Henderson et al., 1982; Regenold
& Illes, 1990). In brief, male Wistar rats (150-220 g) were
anaesthetized with ether and decapitated. Slices of 4001tm
thickness, containing the caudal part of the LC were
prepared in oxygenated medium at I -4'C with a Lancer
vibratome. A single slice was transferred to the recording
chamber and was superfused at a rate of 2 ml min-' with
medium saturated with 95% 02 plus 5% CO2 and maintained
at 35-36°C. The medium was of the following composition
(in mM): NaCI 126, KCI 2.5, NaH2PO4 1.2, MgCl2 1.3, CaCl2
2.4, NaHCO3 25, glucose 11, EDTA 0.03 and ascorbic acid
0.3.

Recording techniques

Extracellular recording Glass microelectrodes filled with 4 M
NaCl and having a tip resistance of 2-4 MQ were used to
record the firing rate. The electrode signals were passed
through a Grass P16 high impedance amplifier, filtered and
displayed on a Tektronix 5113 oscilloscope. The spikes were
gated and counted by means of a WPI 121 window dis-
criminator coupled to an electronic ratemeter and a
Watanabe WTR 311 pen-recorder. Firing rate was recorded
as consecutive 30 s samples.

Intracellular recording Recordings were carried out with
glass microelectrodes filled with KCI 2M (tip resistance
60-100 MQ) using a high impedance pre-amplifier and a
bridge-circuit (Axoclamp 2 A). In some experiments LC cells
were constantly hyperpolarized (about 15mV) by injecting
current through the microelectrode. In addition, hyper-
polarizing current pulses of constant amplitude and 250 ms
duration were delivered at a frequency of 0.5 Hz. The input
resistance was calculated from the peak potential change
produced. The membrane potential was determined on with-
drawal of the microelectrode from the cell at the end of each
experiment. Changes in the membrane potential were dis-
played on a Gould RS 3200 pen-recorder and in addition
stored on tape (Racal Store 4).

Identification of LC neurones

The LC could be easily identified under a binocular micro-
scope as a translucent oval area at the ventrolateral border of
the fourth ventricle. LC cells spontaneously fire with a con-
stant rate of 0.2-5 Hz. The neurones were identified on the
basis of their electrophysiological properties and their sen-
sitivity to noradrenaline (Illes & N6renberg, 1990; Regenold
& Illes, 1990).

Application of drugs and evaluation of data

Drugs were applied by changing the superfusion medium by
means of three-way taps. At the constant flow rate of
2 ml min'I about 30 s were required for the drug to reach the
bath.

Extracellular recording A first series of experiments was
designed in order to find out whether the inhibitory effect of
(-)-tramadol (1OIAM) reaches a steady-state within 10min.
The depression of firing rate was measured 10 and 20min

after addition of tramadol (average of two counting periods
each). These effects were expressed as percentages of the
average firing during the 2 min immediately before addition
of (-)-tramadol (average of 4 counting periods). (-)-
Tramadol (10 JAM) decreased the discharge of action poten-
tials 10 min after its application to 44.0 ± 5.4% of the
pre-drug value; the effect of (-)-tramadol did not increase
further during the next 10 min of incubation (41.2 ± 5.2%;
n = 7; P> 0.05). A few preliminary experiments indicated
that the effects of (+)-tramadol (30 JAM), as well as (-)- and
(+)-O-desmethyltramadol (10 JAM and 0.3 JAM, respectively)
also reached a maximum within 10 min of superfusion.
Therefore, cumulative concentration-response curves of (-)-
and (+ )-tramadol as well as (-)- and (+ )-O-desmethyl-
tramadol were determined by applying increasing concentra-
tions of each drug for 10 min. The depression of firing rate
was measured again at its maximum. In every experiment,
the ICm value, i.e. the concentration that produced 50%
inhibition of the spike discharge, was graphically estimated.
Only one concentration-response curve for one drug was
determined on a single cell of a brain slice. Concentration-
response curves for (-)-tramadol were determined also by
using brain slices of rats pretreated with reserpine (5 mg
kg-', i.p., 5 h before decapitation).
The interaction of the agonists [(-)- and (+)-tramadol;

(-)- and (+)-O-desmethyltramadol] with naloxone or rau-
wolscine was tested as follows. A concentration of the respec-
tive agonist was used that inhibited the discharge of action
potentials by about 80%, as estimated from the concen-
tration-response curves. At first the agonist was applied for
10 min. Then either naloxone (0.1 AM) or rauwolscine (1 pM)
were co-applied in the continuous presence of the agonist for
another 10 min. Finally, both antagonists together with the
agonist were present in the medium for an additional 10 min;
this period was followed by washout.

Intracellular recording (-)-Tramadol (100 JAM) was applied
to spontaneously firing LC neurones at the resting membrane
potential. When the (-)-tramadol-induced hyperpolarization
did not increase further, rauwolscine (1 JM) was added in the
continued presence of the agonist until a complete recovery
was achieved. In analogous experiments (+ )-O-desmethyl-
tramadol (10 JAM) was used as an agonist and naloxone
(0.1 JM) as an antagonist. Agonists were present for about
10 min alone and then for another 10 min in the presence of
the respective antagonist.
The effect of noradrenaline (30 JAM) was tested before,

during and after the application of (-)-tramadol (100 JAM) or
(+)-O-desmethyltramadol (10 JAM). At first noradrenaline
(30 JAM) was applied for 1.5 min. Then (-)-tramadol
(100 JM) or (+)-O-desmethyltramadol (10 JAM) was added for
10 min without, and subsequently for 1.5 min with nor-
adrenaline (30 JM). After a washout period, during which the
firing rate and membrane potential of LC neurones recovered
to their pre-drug level, noradrenaline (30 JAM) was applied
again for 1.5 min. In some additional experiments, LC
neurones were hyperpolarized (about 15 mV) by passing con-
stant current through the microelectrode. The effect of
noradrenaline (30;JM) was tested before, during and after
hyperpolarization.
The effects of (- )-tramadol (100 JM; 10 min superfusion)

and noradrenaline (100 JM; 1.5 min superfusion) on the ap-
parent input resistance of LC neurones were determined on
constantly hyperpolarized non-firing neurones (for experi-
mental details see 'Recording techniques'). The two com-
pounds were added in random order to the same cell;
between applications sufficient time was allowed for full
recovery of the membrane potential and input resistance.
When the response to either drug reached a steady-state, the
membrane potential was temporarily restored to its pre-drug
value by depolarizing current injection. The input resistance
measured during this procedure (manual clamp) was com-
pared with the input resistance determined before the
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application of noradrenaline (100 giM) or (- )-tramadol
(100 SAM).

no naloxone (0.1 fiM) in the perfusion medium (Figure 2b,
left panel).

Materials

The following drugs were used: reserpine (Serpasil, 0.1%;
Ciba-Geigy, Wehr, Germany); naloxone hydrochloride (Du
Pont, Wilmington, DE, U.S.A.); (-)- and (+)-tramadol hyd-
rochloride [(1RS;2RS)-2-[(dimethylamino)methyl]-1-(3-meth-
oxyphenyl)-cyclohexanol hydrochloride], (-)- and (+ )-O-
desmethyltramadol hydrochloride (Dr W. Reimann; Grun-
enthal, Aachen, Germany); (-)-noradrenaline hydrochloride
(Hoechst, Frankfurt am Main, Germany); rauwolscine
hydrochloride (Roth, Karlsruhe, Germany).

Stock solutions (1-10 mM) of all drugs were prepared with
distilled water. Further dilutions were made with medium.
Equivalent quantities of the solvent had no effect.

Statistics

Arithmetic means ± s.e.mean are given throughout except in
the case of IC50 values, when geometric means and 95%
confidence limits are presented. The paired or unpaired
Student's t test (as appropriate) was used for comparison of
the means, and the paired Student's t test was used for
comparison of the means with zero. A probability level of
0.05 or less was considered to be statistically significant.

Results

Extracellular recording

Effects of (-)-tramadol, (+ )-tramadol, (-)-O-desmethyl-
tramadol and (+)-O-desmethyltramadol on the discharge of
action potentials All LC neurones included in this extracel-
lular study fired spontaneously with an average rate of
1.00 ± 0.04 Hz (n = 88). (-)-Tramadol (0.1-100tiM) and
(+)-tramadol (0.1-100 M) inhibited the firing rate in a
concentration-dependent manner and with similar potencies
(Figure la). When the experiments were performed on brain
slices of rats pretreated with reserpine (5 mg kg-'), both
10I1M and 100 AM (-)-tramadol produced less inhibition
than on brain slices of untreated rats (Figure la). (-)-O-
desmethyltramadol (0.1-1I100M) and (+)-O-desmethyltra-
madol (0.01-1I LM) also depressed the discharge of action
potentials in a concentration-dependent manner. The (+)-
isomer had a considerably higher potency than the (-)-
isomer (Figure lb). The highest concentrations of all agonists
abolished the firing. The IC50 values determined from the
concentration-response curves were 6.0 (2.6- 13.4) tM for
(-)-tramadol (n=5), 11.6 (5.7-23.7)gM for (+)-tramadol
(n = 8), 2.1 (0.3-14.2)ILM for (-)-O-desmethyltramadol
(n= 5) and 0.15 (0.11-0.22)I1M for (+)-O-desmethyl-
tramadol (n = 6). Thus, (+ )-O-desmethyltramadol had the
highest potency, while all other agonists were active at a
similar range of concentrations.

Interaction of 0-desmethyltramadol with rauwolscine and
naloxone The experimental schedule was the same as des-
cribed above. The effect of (+)-O-desmethyltramadol (0.3
tLM) was not influenced by rauwolscine (I PiM), but was
abolished in the combined presence of rauwolscine (1 jaM)
and naloxone (0.1 JAM) (Figure 3a, left panel). When nalox-
one (0.1 JiM) was applied first, the effect of (+)-O-
desmethyltramadol (0.3 J1M) was nearly fully antagonized,
and there was only a very slight further antagonism by
rauwolscine (1 lAM) (Figure 3a, right panel).
The effect of (-)-O-desmethyltramadol (101gM) was only

moderately attenuated in the presence of rauwolscine (1 AM),
but disappeared in the combined presence of rauwolscine
(1 JiM) and naloxone (0.1 JiM) (Figure 3b, left panel). On the
other hand, naloxone on its own was capable of markedly
diminishing the effect of (-)-O-desmethyltramadol (10OJM)
(Figure 3b, right panel).

In accordance with previous results (Illes & Norenberg,
1990) neither rauwolscine (1 JAM) nor naloxone (0.1 AM)
altered the firing on its own (not shown).

Intracellular recording

Effects of (-)-tramadol and (+ )-O-desmethyltramadol on
the membrane potential; interaction with rauwolscine and
naloxone, respectively. The resting membrane potential
(RMP) of the 30 LC neurones impaled by intracellular
microelectrodes was - 52.9 ± 1.5 mV. In 5 cells (RMP,
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Interaction of tramadol with rauwolscine and naloxone Based
on the concentration-response curves (Figure la), concentra-
tions of (-)-tramadol (10 JAM) and (+ )-tramadol (30 gM)
were chosen that inhibited the firing rate by about 80%. The
effect of (-)-tramadol (10 JAM) was not changed in the
presence of naloxone (0.1 AM), but was abolished in the
combined presence of naloxone (0.1 jAM) and rauwolscine
(1 gM) (Figure 2a, left panel) as well as in the presence of
rauwolscine (1 JM) alone (Figure 2a, right panel). On the
other hand, the effect of (+)-tramadol (30 JAM) was greatly
reduced in the presence of naloxone (0.1 JAM) (Figure 2b,
right panel) and abolished in the combined presence of
naloxone (0.1 JM) and rauwolscine (1 JAM) (Figure 2b, left
and right panels). However, rauwolscine (1 JM) failed to
attenuate the effect of (+ )-tramadol (30 JM), when there was
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Figure 1 Inhibitory effects of (-)- and (+)-tramadol, and (-)- and
(+)-O-desmethyltramadol on the firing rate of rat LC neurones.
Extracellular recording. (a) Concentration-response curves of (-)-
tramadol (0, n = 5) and (+)-tramadol (@, n = 8) on brain slices of
untreated rats. Concentration-response curve of (-)-tramadol on
brain slices of rats pretreated with reserpine (5 mg kg-') 5 h before
decapitation (A, n = 5). Asterisks indicate significant differences
from the effects of (-)-tramadol on brain slices of untreated rats
(*P<0.05; **P<0.01). (b) Concentration-response curves of (-)-
0-desmethyltramadol (0, n = 5) and (+)-O-desmethyltramadol (@,
n = 6). Asterisks indicate significant differences from the effect of
(-)-O-desmethyltramadol (*P< 0.05; **P< 0.01). Means ±
s.e.mean from n slices each.
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Figure 2 Inhibitory effects of (-)- and (+)-tramadol on the firing rate of LC neurones and antagonism by naloxone or

rauwolscine. Extracellular recording. In this and the subsequent figure, the average firing rate during the 2 min immediately before
addition of agonists was taken as 100% in each experiment (1st column). (a) Interaction between (-)-tramadol (Tram) and
naloxone (Nal) or rauwolscine (Rau) (or both antagonists). Effect of naloxone (0.1 g1M), and naloxone (0.1 t1M) plus rauwolscine
(1 gM) on the (-)-tramadol- (10I M) induced inhibition (left panel). Asterisks indicate significant differences between the 3rd and
4th columns (**P<0.01). Means ± s.e.mean from 5 slices. Effect of rauwolscine (1 1AM) on the (-)-tramadol- (10 gM) induced
inhibition (right panel). Asterisks indicate significant differences between the 2nd and 3rd columns (**P<0.01). Means ± s.e.mean

from 5 slices. (b) Interaction between (+)-tramadol, and rauwolscine or naloxone (or both antagonists). Effect of rauwolscine
(I g1M), and rauwolscine (1 1AM) plus naloxone (0.1 1AM) on the (+)-tramadol- (30 gM) induced inhibition (left panel). Asterisks
indicate significant differences between the 3rd and 4th columns (**P<0.01). Means ± s.e.mean from 6 slices. Effect of naloxone
(0.1 AM), and naloxone (0.1 1AM) plus rauwolscine (I FM) on the (+)-tramadol- (30 1AM) induced inhibition (right panel). Asterisks
indicate significant differences between the 2nd and 3rd (**P<0.01) as well as between the 3rd and 4th columns (**P<0.01).
Means ± s.e.mean from 6 slices.

- 57.8 ± 1.1 mV), (- )-tramadol (100 jaM) abolished the
firing and caused a hyperpolarization of 12.3 ± 2.4 mV
(P<0.01), which was abolished in the presence of rauwol-
scine (1 gAM) (Figure 4) the membrane potential returning to
its original value (RMP, - 53.5 ± 3.9 mV). Similarly, (+ )-O-
desmethyltramadol (10 1AM) hyperpolarized another 4 cells
(RMP, - 53.0 ± 3.8 mV) by 19.5 ± 1.7 mV (P<0.0 1); this
effect was abolished by naloxone (0.1 M) (RMP, - 53.2 +
4.8 mV).

Interaction of (-)-tramadol and (+ )-O-desmethyltramadol
with noradrenaline Noradrenaline (30 1M) caused in 6LC
neurones a quickly developing hyperpolarization (14.2 +
2.3 mV) (Figure 5). Subsequently applied (-)-tramadol
(100 IM) evoked a hyperpolarization of comparable am-

plitude (12.3 ± 1.9 mV) but slower onset and offset. The
effect of noradrenaline (30 tM) was more marked (19.1 +
2.3 mV; P <0.01) and longer lasting in the presence of (-)-
tramadol (100I1M) than in its absence. After the washout of
(-)-tramadol (1001AM), the original sensitivity of LC cells to
noradrenaline (301AM) recovered (15.0±2.8mV hyperpolar-
ization).

In another 5 neurones, (+)-O-desmethyltramadol (101gM)
produced a hyperpolarization of 14.2±2.7mV. Noradren-
aline had the same effect before (9.7 ± 1.8 mV), during
(7.3 0.7 mV; P> 0.05 from the preceding value) and after
(8.3 0.8 mV) the application of (+)-O-desmethyltramadol
(1O 1M). Finally, in 5 LC cells the membrane potential was

hyperpolarized (about 15 mV) by passing current through the
microelectrode. The effects of noradrenaline before (11.1 +
1.4 mV), during (10.7 ± 1.3 mV; P>0.05 from the preceding
value) and after (11.1i± 1.0 mV) current injection did not
change.

Effects of noradrenaline and (-)-tramadol on the input resis-
tance Five LC cells were constantly hyperpolarized (about
15mV) by injecting current through the microelectrode
(Figure 6). In addition, hyperpolarizing current pulses of
constant amplitude and 250 ms duration were delivered at a

frequency of 0.5 Hz. The apparent input resistance of these
neurones was 176.4 ± 16.9 MQl. (- )-Tramadol (1001AM)
caused a slowly developing hyperpolarization (10.8 ± 0.9 mV)
and in addition decreased the input resistance by 18.4 ±
2.6% (P<0.01). Noradrenaline (1001M) evoked a hyper-
polarization of faster onset (13.3 ± 0.9 mV) than (- )-
tramadol (100p1M), and decreased the input resistance by
34.6 ± 6.2% (P< 0.01).

Discussion

The present experiments demonstrate that tramadol and its
main metabolite, 0-desmethyltramadol, depress the firing
rate of rat LC neurones. This effect is stereospecific and
consists of two components, one of them mediated by opioid
1A-receptors and the other one by x2-adrenoceptors. Two
antagonists were used as experimental tools, namely nalox-
one and rauwolscine. Rauwolscine exhibits a high selectivity
for a2- over a,-adrenoceptors (Weitzell et al., 1979), while
naloxone has only a slight preference for 1A- over 6- and
ic-opioid receptors (Illes, 1989). However, the limited selec-
tivity of naloxone does not constitute a major problem, since
LC neurones of rats are endowed with a homogeneous
population of opioid 1A-receptors (Williams & North, 1984).
Furthermore, it is noteworthy that the only adrenoceptors
present in the rat LC belong to the a2-type (Williams et al.,
1985).
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Noradrenaline released from dendrites or recurrent axon
collaterals of LC neurones may regulate under in vivo condi-
tions the spontaneous discharge of the action potentials
(Aghajanian & VanderMaelen, 1982). However, under in
vitro conditions there is probably no major a2-adrenoceptor-
mediated tonic control of neuronal activity, since rauwolscine
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did not increase the firing rate when given alone (Illes &
Norenberg, 1990). This may be due to the disruption of
excitatory inputs to LC cells during the preparation of brain
slices and the subsequent depression of the spontaneous den-
dritic release of noradrenaline. We suggest that (-)-tramadol
induces an increase in the concentration of noradrenaline in
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Figure 3 Inhibitory effects of (+)- and (-)-O-desmethyltramadol on the firing rate of LC neurones and antagonism by naloxone
or rauwolscine. Extracellular recording. (a) Interaction between (+)-O-desmethyltramadol (DMTram) and rauwolscine (Rau) or
naloxone (Nal) (or both antagonists). Effect of rauwolscine (1 pM), and rauwolscine (1 ylM) plus naloxone (0.1 tM) on the
(+)-O-desmethyltramadol- (0.3 gM) induced inhibition (left panel). Asterisks indicate significant differences between the 3rd and
4th columns (**P <0.01). Means ± s.e.mean from 8 slices. Effect of naloxone (0.1 LM), and naloxone (0.1 M) plus rauwolscine
(1 gM) on the (+)-O-desmethyltramadol- (0.3 jsM) induced inhibition (right panel). Asterisks indicate significant differences between
the 2nd and 3rd columns (**P <0.01) as well as between the 3rd and 4th columns (*P <0.05). Means ± s.e.mean from 7 slices. (b)
Interaction between (-)-O-desmethyltramadol, and rauwolscine or naloxone (or both antagonists). Effect of rauwolscine (I gM),
and rauwolscine (I FM) plus naloxone (0.1 M) on the (- )-O-desmethyltramadol- (10 M) induced inhibition (left panel). Asterisks
indicate significant differences between the 2nd and 3rd columns (*P<0.05) as well as between the 3rd and 4th columns
(**P <0.01). Means ± s.e.mean from 7 slices. Effect of naloxone (0.1 M), and naloxone (0.1IlM) plus rauwolscine (I IM) on the
(-)-O-desmethyltramadol- (10IM) induced inhibition (right panel). Asterisks indicate significant differences between the 2nd and
3rd (**P<0.01) as well as between the 3rd and 4th columns (**P<0.01). Means s.e.mean from 8 slices.
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Figure 4 Effect of (-)-tramadol (Tram) on LC neurones. Intracellular recording. (-)-Tramadol (100ItM) abolished the spon-
taneous firing and hyperpolarized the neurone; its effect was antagonized by rauwolscine (Rau, 1 gMi). The full height of action
potentials was not reproduced by the pen-recorder. The resting membrane potential is indicated by the broken line. Representative
experiment from 5 slices. Drugs were present for the periods indicated by the horizontal bars.
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1 min

NA 30
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15min
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Figure 5 Potentiation of the effect of noradrenaline in LC neurones. Intracellular recording. Noradrenaline (NA, 30 jiM) had a
larger and longer-lasting effect during, than before or after the application of (-)-tramadol (Tram, 100 piM). The resting membrane
potential is indicated by the broken line. The steady-state effect of (-)-tramadol is designated by the dotted line. Representative
experiment from 6 slices. Drugs were present for the periods indicated by the horizontal bars. The intervals between the traces are
shown.
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Figure 6 Effects of noradrenaline (NA) and (-)-tramadol (Tram) on the input resistance of LC neurones. Intracellular recording.
The resting membrane potential of the neurone was slightly raised by continuous current injection in order to suppress spontaneous
firing; this raised membrane potential is indicated by the broken line. Downward deflections represent electrotonic potentials caused
by hyperpolarizing current pulses of constant amplitude. The electrotonic potentials are directly proportional to the input
resistance. At the steady-states of the (-)-tramadol (100ILM) and noradrenaline (100 gM) responses the membrane potential was
temporarily restored to its pre-drug value with depolarizing current. Representative experiment from 5 slices. Drugs were present
for the periods indicated by the horizontal bars. The intervals between the traces are shown.
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the vicinity of the M2-adrenoceptors, and thereby inhibits the
firing rate. In fact, the inhibitory potency of (-)-tramadol
decreased in brain slices of rats pretreated with reserpine, a
compound known to deplete noradrenaline pools. Moreover,
(-)-tramadol caused a slowly developing depression of the
firing, which was antagonized by rauwolscine, but not nalox-
one. The prototypic uptake inhibitor, desipramine, has been
shown to cause a similar rauwolscine-sensitive inhibitory
effect on LC neurones (Illes & N6renberg, 1990).

Intracellular recordings in LC cells also suggest that (-)-
tramadol acts by the blockade of noradrenaline uptake. Such
a mode of action is favoured by three fold evidence. Firstly,
the effects of (-)-tramadol on the membrane potential and
firing rate were abolished by rauwolscine. Hyperpolarizations
sensitive to a2-adrenoceptor antagonists developed in LC
neurones also in the presence of the uptake inhibitors, desi-
pramine (Egan et al., 1983) and cocaine (Surprenant & Wil-
liams, 1987). Secondly, the hyperpolarizing effect of
noradrenaline was potentiated in the presence of (-)-
tramadol. In good accordance with this finding, the uptake
inhibitor cocaine was reported to facilitate the noradrenaline-
induced outward current (Surprenant & Williams, 1987).
Since (-)-tramadol causes hyperpolarization when given
alone, we shifted the membrane potential to a similar extent
by passing constant current via the microelectrode. Under
these conditions the effect of noradrenaline was the same as
in the absence of (-)-tramadol at the original resting
membrane potential. It is unclear, why the expected slight
depression of the noradrenaline-induced response after hyper-
polarizing current injection was not noticed (Williams et al.,
1985). Thirdly, (-)-tramadol may act in LC neurones by the
same mechanism as noradrenaline. Both compounds caused
hyperpolarization and a reduction of input resistance, which
persisted when the membrane potential was manually
clamped to its pre-drug value. Input resistance changes that
are secondary to hyperpolarization are thereby eliminated
(Williams et al., 1984). The ions involved in the (-)-
tramadol effect might be potassium and not chloride as the
microelectrodes were filled with KCI. When Cl- diffuses from
the microelectrode into the cells, an increased permeability of
the membrane to Cl- depolarizes rather than hyperpolarizes
LC neurones (Cherubini et al., 1988).
(+)-O-desmethyltramadol depressed the firing rate of LC

neurones in a naloxone-reversible manner; rauwolscine had
only a slight antagonistic effect. The (+ )-O-desmethyl-
tramadol-induced hyperpolarization was also abolished by
naloxone. In contrast to (-)-tramadol, (+ )-O-desmethyl-
tramadol did not potentiate the effect of noradrenaline.
Hence, (+)-O-desmethyltramadol seems to stimulate directly
opioid ri-receptors, while the activation of oC2-adrenoceptors
by (-)-tramadol is indirect. This proposal is in good agree-
ment with the previously published high binding affinity of
(±)-O-desmethyltramadol to opioid ft-sites and its corres-
pondingly strong analgesic potency (Hennies et al., 1988). In
contrast, (± )-tramadol blocked the neuronal uptake of
noradrenaline with a dissociation constant of approximately
1 ftM, although even much higher concentrations of the com-
pound did not bind to a2-adrenoceptors (Raffa et al., 1992).
Furthermore, (±)-tramadol facilitated the electrically-evoked
release of pH]-noradrenaline from rat brain cortex slices in
the absence, but not in the presence of the uptake inhibitor
cocaine (Driessen et al.,1993).
The use of naloxone and rauwolscine demonstrated that

(-)-tramadol acts exclusively via M2-adrenoceptors, whereas
(+ )-O-desmethyltramadol activates mostly opioid "-receptors

(see above). The effects of (+ )tramadol and (-)-O-des-
methyltramadol consist of both opioid and noradrenergic
components. The relative contribution of these components
to the effect of agonists was determined by the application of
rauwolscine or naloxone, and the subsequent application of
both antagonists. With this experimental schedule the
noradrenergic components of both (+)-tramadol and (-)-O-
desmethyltramadol appear to be smaller, when rauwolscine is
applied alone, than when rauwolscine and naloxone are pres-
ent together in the medium (see Figures 2b, 3b). The underes-
timation of the noradrenergic component may be due to the
unidirectional interaction between M2-adrenoceptors and
opioid gi-receptors (Illes & N6renberg, 1990; Illes et al.,
1990): blockade of M2-adrenoceptors enhanced ni-receptor-
mediated effects, while blockade of ft-receptors did not alter
cz2-adrenoceptor-mediated effects. Thus, rauwolscine may, on
the one hand, potentiate the opioid component, and, on the
other hand, counteract the noradrenergic component of both
(+)-tramadol and (-)-O-desmethyltramadol.
Although 0-desmethyltramadol is the main metabolite of

tramadol in most species, in man there is only a slow bio-
transformation, and tramadol is excreted mainly unchanged
(Lintz et al., 1981). Hence, the production of metabolites
with strong opioid activity (i.e. 0-desmethyltramadol) occurs
in man only to a minor extent.
Drugs that manipulate noradrenergic activity markedly

influence opioid-induced antinociception (Blasig & Herz,
1980). The LC is a main source of the ascending and descen-
ding noradrenergic systems in the CNS (Moore & Card,
1984). Noradrenaline administered into the spinal subarach-
noidal space produces powerful analgesic effects (Reddy et
al., 1980). Electrical or chemical stimulation of the LC also
causes analgesia of spinal origin (Segal & Sandberg, 1977;
Jones & Gebhart, 1988). It is difficult to reconcile these data
with the finding that opioids depress the firing rate of LC
neurones both in vivo (Bird & Kuhar, 1977) and in vitro
(Pepper & Henderson, 1980; North & Williams, 1985). The
most likely explanation is that noradrenaline plays opposite
roles in the brain and spinal cord; the descending noradrener-
gic system facilitates analgesia, while the ascending system
inhibits it (Kuraishi et al., 1987). Ascending nociceptive pro-
jections from the spinal cord transmit information via col-
laterals to the LC (Jones, 1991). Opioids, including tramadol
may interrupt the subsequent noradrenergic activation of
higher brain centres necessary for the perception of pain.

Potentiation of opioid analgesia by noradrenaline uptake
blockers is a well documented clinical finding (Jaffe & Mar-
tin, 1990). It has been shown that the inhibitory effect of
tramadol on the uptake of noradrenaline occurs at serum
concentrations which are achieved with analgesic doses in the
mouse tail-flick test (Friderichs & Becker, 1991). These obser-
vations support the proposal that inhibition of the activity
of LC neurones by a combined stimulation of opioid
n-receptors and a2-adrenoceptors may be one of the
mechanisms by which tramadol exerts antinociception. Of
course additional transmitter systems (e.g. 5-hydroxytryp-
tamine; Driessen & Reimann, 1992) may also be involved.
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Role of tumour necrosis factor in the induction of nitric oxide
synthase in a rat model of endotoxin shock
'Christoph Thiemermann, Chin-Chen Wu, Csaba Szabo, Mauro Perretti &
John R. Vane

The William Harvey Research Institute, St. Bartholomew's Hospital Medical College, Charterhouse Square, London,
ECIM 6BQ

1 This study investigates the role of tumour necrosis factor (TNF) in the induction of nitric oxide
synthase (NOS) by bacterial endotoxin (lipopolysaccharide; LPS) in a rat model of endotoxin shock.
2 In anaesthetized rats, pretreatment with a monoclonal antibody for TNF (TNFab; 20 mg kg- ', s.c., at
16 h prior to LPS) ameliorated the fall in mean arterial blood pressure (MAP) in response to LPS
(2 mg kg-', i.v.). For instance, endotoxaemia for 180 min resulted in a fall in MAP from 114 ± 6
(control) to 84 ± 5 mmHg (P <0.01; n = 7). In contrast, animals pretreated with TNFab prior to LPS
injection maintained significantly higher MAP when compared to LPS-control (MAP at 180 min;
118± 3mmHg; P<0.01, n=5).
3 Three hours of endotoxaemia was also associated with a significant reduction of the contractile
effects of noradrenaline (NA) (10-'- 10-6 M) on the thoracic aorta ex vivo. This hyporeactivity to NA
was partially restored by in vitro treatment of the vessels with N0-nitro-L-arginine methyl ester
(L-NAME, 20 min, 3 x 10-4 M). Pretreatment of rats with TNFab (20 mg kg-'; at 16 h prior to LPS)
significantly (P<0.05) attenuated the LPS-induced hyporeactivity of rat aortic rings ex vivo. L-NAME
did not enhance the contractions of aortic rings obtained from TNFab pretreated LPS-rats.
4 At 180min after LPS there was a significant elevation of the induced NOS activity in the lung
(5.14 ± 0.57 pmol citrulline mg-' min-', n = 8). TNFab pretreatment significantly attenuated this induc-
tion of NOS in response to LPS by 37 ± 6% (n = 5; P<0.05).
5 We conclude that the formation of endogenous TNF contributes to the induction of the calcium-
independent isoform of NOS in response to LPS in vivo. Thus, the beneficial effects of agents which
inhibit either the release or the action of TNF in circulatory shock may be, in part, due to inhibition of
NOS induction.

Keywords: Nitric oxide; endotoxin shock; vasodilatation; contraction; aorta; noradrenaline

Introduction

Tumour necrosis factor (TNF) is a primary mediator of
circulatory shock (Tracey et al., 1986; 1987; see Billiau &
Vanderkerchove, 1991, for review). Administration of TNF
alone, or in combination with low (otherwise ineffective)
doses of endotoxin mimics several cardiovascular features of
circulatory shock, including hypotension, peripheral vaso-
dilatation, and organ damage (for review see Billiau &
Vanderkerchove, 1991). Elevated plasma concentrations of
TNF are found in endotoxaemia (Beutler et al., 1985; Waage,
1987; Michie et al., 1988; Feuerstein et al., 1990; Kloster-
hafen et al., 1992). In addition, antibodies directed against
TNF (Tracey et al., 1987; Mathison et al., 1988; Hinshaw et
al., 1990; Silva et al., 1990; Walsh et al., 1992), or agents
which inhibit the release of TNF, such as pentoxyfilline
(Schade, 1990), exert protective effects in animal models of
endotoxin shock.
An enhanced formation of NO in response to LPS is an

important mediator of hypotension, peripheral vasodilatation
and vascular hyporeactivity to vasoconstrictor agents in
endotoxaemia (Julou-Schaeffer et al., 1990; Thiemermann &
Vane, 1990; Kilbourn et al., 1990; Wright et al., 1992; Meyer
et al., 1992; Szabo et al., 1993a). LPS induces a calcium-
independent nitric oxide (NO) synthase (NOS) in various
cells (including macrophages and vascular smooth muscle
cells in vitro), as well as in whole organs such as lung, liver
and spleen in vivo, resulting in an enhanced formation of NO
(see Moncada et al., 1991; Kilbourn & Griffith, 1992;
Nathan, 1992). Corticosteroids, which inhibit the induction
of this calcium-independent isoform of NO synthase (NOS)

'Author for correspondence.

in response to LPS (Radomski et al., 1990; Knowles et al.,
1990) exert beneficial effects in circulatory shock (Wright et
al., 1992; Szabo et al., 1993a).

Like LPS, TNF also induces the calcium-independent
isoform of NOS in vitro (Drapier et al., 1988; Kilbourn &
Belloni, 1990). Systemic administration of TNF increases NO
production (Kosaka et al., 1992) and causes NO-mediated
vasodilatation (Kilbourn et al., 1990) and vascular hyporeac-
tivity to vasoconstrictors in vivo (Vicaut & Baundry, 1992)
and ex vivo (Takahashi et al., 1992; Foulkes & Shaw, 1992).

Thus, there is strong experimental evidence suggesting that
(i) TNF is a key mediator of endotoxin shock; (ii) TNF can
induce NOS in vitro and (iii) NOS induction leading to an
enhanced formation of NO contributes to the cardiovascular
failure in endotoxin shock. The importance of TNF in the
induction of NOS in vivo, however, has not yet been ade-
quately studied. Here we investigate whether the endogenous
production of TNF contributes to the induction of NOS in
response to LPS in the anaesthetized rat.

Methods

Haemodynamic measurements

Male Wistar rats (250-290 g; Glaxo Laboratories Ltd.,
Greenford, Middx.) were anaesthetized with thiopentone
sodium (Trapanal; 120 mg kg', i.p.). The trachea was can-
nulated to facilitate respiration and rectal temperature was
maintained at 37°C with a homeothermic blanket (Bio-
Sciences, Sheerness, Kent). The right carotid artery was can-
nulated and connected to a pressure transducer (P23XL,
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Spectramed, Statham, U.S.A.) for the measurement of phasic
and mean arterial blood pressure (MAP) and heart rate (HR)
which were displayed on a Grass model 7D polygraph
recorder (Grass Instruments, Quincy, Mass, U.S.A.). Left or
right femoral veins were cannulated for the administration of
drugs.
Upon completion of the surgical procedure, cardiovascular

parameters were allowed to stabilize for 15 min. After recor-
ding baseline haemodynamic parameters, animals received E.
coli LPS (2 mg kg-', i.v.; in 0.3 ml saline) as a slow injection
over 2 min and were monitored for 180 min. The above
protocol was used in vehicle-treated control rats and in rats
pretreated subcutaneously with monoclonal antibody for
TNF,, (TNFab; 20mg kg-', 16 h prior to LPS). Such treat-
ment produces maximal plasma concentrations at 16 h (Per-
retti & Flower, 1993). Moreover, this pretreatment with
TNFab neutralizes the TNFa-mediated cytotoxic effect of
plasma obtained from rats at 60 min after E. coli LPS
(1 mg kg-', i.p.) in L-929 fibroblasts (Perretti & Peers,
unpublished observation).

Organ bath experiments

At 180 min after the injection of LPS, thoracic aortae were
obtained from rats pretreated either with vehicle (control) or
with TNFab. In addition, control aortic rings were obtained
from male Wistar rats anaesthetized as above and subse-
quently exsanguinated. The vessels were rapidly removed,
cleared of adhering periadventitial fat and cut into rings of
2 mm width. The endothelium was removed by rubbing. The
rings were mounted in 20 ml organ baths filled with warmed
(37°C), oxygenated (95% 02/5% CO2) Krebs solution
(pH 7.4) consisting of (mM): NaCl 118, KC1 4.7, KH2PO4 1.2,
MgSO4 1.17, CaCl2 2.5, NaHCO3 25 and glucose 5.6. Isomet-
ric force was measured with Biegestab K30 type 351 trans-
ducers (Hugo Sachs Elektronik, Germany) and recorded on a
Grass model 7D polygraph recorder (Grass Instruments,
Quincy, Mass, U.S.A.). A tension of 2 g was applied and the
rings were equilibrated for 60 min, changing the Krebs
solution every 15 min. In every experimental group, dose-
response curves to noradrenaline (10-9- 10-6 M) were ob-
tained before and after NG-nitro-L-arginine methyl ester
(L-NAME; 20 min, 3 x 10-4 M).

Nitric oxide synthase assay

Lungs from animals treated with LPS (in the absence [con-
trol] or in the presence of TNFab pretreatment) were removed
at 180 min and frozen in liquid nitrogen. Lungs from sham-
operated rats were also prepared for determination of
baseline NOS activity. Lungs were stored for no more than 2
weeks at - 80'C before assay. Frozen lungs were homo-
genized on ice with an Ultra-Turrax T 25 homogenizer
(Janke & Kunkel, IKA Labortechnik, Staufen i. Br., Ger-
many) in a buffer composed of (mM): Tris-HCI 50, EDTA
0.1 mM, EGTA 0.1 mM, 2-mercaptoethanol 12 mM and
phenylmethylsulphonyl fluoride 1 mM (pH 7.4). Conversion
of [3H]-arginine to [3H]-citrulline was measured in the
homogenates as described by Mitchell et al. (1991) and Szabo
et al. (1993a). Briefly, tissue homogenates (50 fl, approx.
lOO1 g protein) were incubated in the presence of [3H]-L-
arginine (10I M, 5 kBq/tube), NADPH (1 mM), calmodulin
(30 nM), tetrahydrobiopterin (5 pM) and calcium (2 mM) for
35 min at 37°C in HEPES buffer (pH 7.5). Reactions were

stopped by dilution with 1 ml of ice cold HEPES buffer
(pH 5.5) containing EGTA (2 mM) and EDTA (2 mM). Reac-
tion mixtures were applied to Dowex 5OW (Na+ form) col-
umns and the eluted [3H]-L-citrulline activity was measured
by scintillation counting (Beckman, LS3801; Fullerton, CA,
U.S.A.). Experiments performed in the absence of NADPH
determined the extent of [3H]-L-citrulline formation indepen-
dent of a specific NOS activity. Experiments in the presence
of NADPH, without calcium and with EGTA (5 mM), deter-

mined the calcium-independent (i.e. induced) NOS activity.
Protein concentration was measured spectrophotomet-

rically in 96-well plates with Bradford reagent (Bradford,
1976), using bovine serum albumin as standard.

Materials

Calmodulin, bacterial lipopolysaccharide (E. coli serotype
0.127:B8), NADPH, N0-nitro-L-arginine methyl ester,
noradrenaline bitartrate, and Dowex 50W anion exchange
resin were obtained from Sigma Chemical Co. (Poole,
Dorset). Monoclonal antibody for murine TNF. (raised in
hamster; TN3.19.12) was supplied by Celltech (Slough,
Bucks). All solutions were made in saline. L-[2,3,4,5-3H]
arginine hydrochloride was obtained from Amersham (Buck-
inghamshire, U.K.). Tetrahydrobiopterin (6R-L-erythro-5,6,-
7,8,tetrahydrobiopterin) was obtained from Dr B. Schircks
Laboratories (Jona, Switzerland).

Statistical evaluation

All values in the figures and text are expressed as mean ±
standard error of the mean of n observations, where n
represents the number of animals, or the number of blood
vessels studied. Student's paired or unpaired t tests were used
to compare means among or between groups, respectively. A
P-value less than 0.05 was considered to be statistically
significant.

Results

TNF,,b protects against LPS-induced cardiovascular
changes in the anaesthetized rat

Baseline values for MAP and HR of the vehicle- and TNFab-
pretreated animal groups were 114 ± 6 (n =7) and 118 ± 6
(n = 5) mmHg and 423 ± 9 (n = 7) and 422 ± 17 (n = 5) beats
min- , respectively and were not significantly different
between groups. Administration of LPS (2 mg kg-', i.v.)
induced a fall in MAP from 114 ± 6 mmHg to 84 ± 5 mmHg
(n = 7, P <0.01) at 60 min. Thereafter, MAP remained
significantly reduced throughout the 180 min experimental
period; e.g. at 180 min, MAP was 84 ± 5 mmHg (n = 7)
(Figure la). LPS injection did not cause a significant change
in HR (Figure lb). LPS-treated animals which had been
pretreated with TNFab maintained higher MAP values when
compared to rats treated with LPS alone at 90-180 min
(Figure la). TNFab pretreatment of LPS-rats did not affect
HR (Figure lb).

TNF,, prevents the LPS-induced vascular hyporeactivity
to noradrenaline ex vivo

In rat aortic rings obtained from sham-operated rats (con-
trol), NA caused a dose-dependent increase in vascular tone.
Rat aortic rings obtained from rats subjected to a 180 min
period of endotoxaemia showed a significant reduction of the
contractile responses to NA (P<0.01 at 10-9- 10-6 M;
Figure 2a). TNFab pretreatment of LPS-rats significantly
attenuated the vascular hyporeactivity to NA of rat aortic
rings ex vivo (P<0.05 at 108-1 10-6M; Figure 2a). However,
contractions of the rat aortic rings produced by NA obtained
from TNFab pretreated LPS-rats were still significantly
reduced when compared to control responses (P<0.05 at
10-8-10-7M; Figure 2a).

In vitro treatment of vessels with L-NAME, an inhibitor of
NO synthase (Moore et al., 1990) (3 x 10-4M), did not
enhance the contractions to NA in control rings (Figure 2b).
In contrast, L-NAME significantly enhanced the contractile
responses to NA in aortic rings obtained from vehicle-treated
LPS-rats (P<0.05 at 108-1 10-6 M) (Figure 2c). However,
even after L-NAME the contractile responses of these vessels
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Figure 1 Tumour necrosis factor antibody (TNFab) ameliorates the
delayed hypotension in endotoxic shock in the anaesthetized rat.
Depicted are the changes in (a) mean arterial blood pressure and (b)
heart rate in rats subjected to E. coli lipopolysaccharide (LPS,
2 mg kg-', i.v.). Groups of animals were pretreated either with
vehicle (0, n = 7), or TNFab (20mg kg-1, s.c. for 16 h; 0, n = 5).
LPS was administered at time 0. Data are expressed as means ±
s.e.mean of n observations. *P<0.05 and **P<0.01 represent
significant differences when compared to control at the same time
point.

to NA were still significantly smaller when compared to
control (P<0.05 at 10-9- 10-6 M). In contrast, L-NAME did
not enhance the NA-induced contractions of rat aortic rings
obtained from TNFab-pretreated LPS-rats (Figure 2d).

TNF,b inhibits the induction of nitric oxide synthase by
LPS in vivo

A small, calcium-independent NOS activity was detectable in
lung homogenates obtained from sham-operated control
animals. After 180 min of endotoxaemia there was a substan-
tial induction of NOS activity in lung homogenates (Figure
3). The activity of this induced NOS was significantly
reduced (by 37 ± 6%, n = 5, P<0.05) in lungs obtained
from TNFab pretreated LPS-rats (Figure 3).
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Discussion

The present study demonstrates that TNFab attenuates the
induction of NOS by LPS in lung homogenates ex vivo and it
protects against the vascular hyporeactivity of rat aortic rings
ex vivo. The inhibition of NOS induction by TNFab was
associated with a significant protection against the fall in
MAP. Indeed, at 180 min there was a complete recovery of
MAP, as compared to LPS alone. Thus, our data suggest
that TNF is one of the endogenous mediators of NOS induc-
tion by LPS in the lung and aorta of the anaesthetized rat.
LPS treatment results in reduced contractile responsiveness

Figure 2 Tumour necrosis factor antibody (TNFab) protects against
the development of vascular hyporeactivity to noradrenaline
(10-8-10-6M) after lipopolysaccharide (LPS) injection ex vivo (a)
Dose-response curves to noradrenaline (10-9 10-6 M) in aortic rings
without endothelium obtained from control rats (U, n = 5), from
LPS-treated rats (0, n = 12) and from LPS-treated rats pretreated
with TNFab (0, n = 9). (b-d) Dose-response curves to noradrenaline
(0-_ 10-6 M) in aortic rings without endothelium obtained from
control rats (U), from LPS-treated rats (0) and from LPS-treated
rats pretreated with TNFab (0) before (solid line) and after (dotted
line) in vitro L-NAME (3 x 10-4 M) treatment. Data are expressed as
means ± s.e.mean.
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Figure 3 Tumour necrosis factor antibody (TNFab) inhibits induc-
tion of the calcium-independent nitric oxide synthase in lung
homogenates ex vivo. Calcium-independent (induced) nitric oxide
synthase (NOS) activity was measured in lung homogenates obtained
from control rats (C, n = 3) and from rats pretreated with vehicle
(LPS, n = 7) or TNF1b (20mg kg-', s.c. 16 h prior to LPS; TNFab/
LPS n = 5) at 180 min after LPS administration (2 mg kg-', i.v.).
**Represents a significant (P<0.01) increase in NOS activity after
180min of endotoxaemia (LPS) when compared to controls (C);
trepresents a significant (P<0.05) reduction in the LPS-induced
NOS activity in TNF1b-treated animals. Data are expressed as
means ± s.e.mean.

to NA in blood vessels such as the rat thoracic aorta ex vivo,
which is mediated by an enhanced formation of NO by the
inducible NOS (Julou-Schaeffer et al., 1990; Rees et al.,
1990). The present findings demonstrate that pretreatment of
LPS-treated rats with TNFab significantly attenuated the
hyporeactivity to NA in aortic rings ex vivo. However, L-
NAME only partially restored the contractile response to
NA in LPS-treated rats, suggesting that the vascular
hyporeactivity to NA following systemic LPS administration
is only partially mediated by NO. These results reinforce the
contribution made by mechanisms independent of NOS
induction to the vascular hyporeactivity to NA. For instance,
LPS induces an isoform of cyclo-oxygenase (COX-2) result-
ing in an enhanced formation of cyclo-oxygenase metabolites
including vasodilator prostanoids (Masferrer et al., 1992).
The subsequent enhanced formation of adenosine 3':5'-cyclic
monophosphate (cyclic AMP) in the vascular smooth muscle
and an impairment of the NA-mediated signal transduction
(see Suba et al., 1992) may also contribute to the vascular
hyporeactivity in response to endotoxin. Nevertheless, TNFab
significantly attenuated the hyporeactivity to NA in aortic
rings ex vivo, and L-NAME did not further enhance the
contractions to NA in rats pretreated with TNFab prior to
LPS. This suggests that TNFab may completely prevent NOS
induction in the aorta.

Thus, the endogenous release of TNF in endotoxaemia
contributes to the induction of NOS by LPS in vivo.
Although the inhibition of NOS induction by TNFab in the
lung was only partial, pretreatment with TNFab prevented the
fall in MAP observed at 180 min after LPS. Similarly, dex-
amethasone administration prior to LPS injection results in
an incomplete inhibition of NOS induction in the lung, but
abolishes NOS induction in the aorta (Szabo et al., 1993a).
Moreover in anaesthetized rats, the calcium antagonist,
nifedipine (Szabo et al., 1993b) and the platelet-activating
factor antagonist, WEB 2086 (Szabo et al., 1993c) only par-
tially inhibit NOS induction in the lung. However, both
drugs cause a near-complete prevention of the delayed fall in
blood pressure associated with endotoxaemia in the anaes-
thetized rat.
The present data provide a rational basis for recent obser-

vations demonstrating that the platelet-activating factor

antagonist, WEB 2086 (Szabo et al., 1993c) and certain
prostaglandins such as prostacyclin and prostaglandin E2
(Marotta et al., 1992) inhibit NOS induction, for PAF
antagonists (Floch et al., 1989; Rabinovici et al., 1990) and
prostaglandin E2 (Renz et al., 1988; Ferreri et al., 1992)
inhibit the release of TNF in response to LPS. In addition,
the present data support the view that elevations of plasma
TNF levels in the absence of endotoxaemia are involved in
the induction of NOS in haemorrhagic shock (Thiemermann
et al., 1993).
Although TNFab attenuated both NOS induction and the

delayed fall in MAP in rats subjected to LPS, TNFab did
not affect the immediate hypotension caused by LPS injec-
tion. This is consistent with the view that approximately
30-60 min are required for an increase in plasma concentra-
tions of TNF after LPS injection (Feuerstein et al., 1990;
Klosterhafen et al., 1992). In contrast, the immediate
hypotension in response to LPS can be prevented by NO
synthase inhibitors (Thiemermann & Vane, 1990; Lambert et
al., 1992) and platelet-activating factor antagonists (Casals-
Stenzel, 1987; Szabo et al., 1993c). As PAF can release NO
(Schmidt et al., 1989; Moritoki et al., 1992), it is conceivable
that the immediate hypotension to LPS in the rat is due to
an enhanced formation of NO which is triggered by activa-
tion of the constitutive NOS by PAF.

Glucocorticosteroids such as dexamethasone inhibit the
LPS-mediated induction of NOS in vitro and in vivo (Radom-
ski et al., 1990; Knowles et al., 1990). Glucocorticosteroid
pretreatment also ameliorates the delayed fall in MAP after
LPS administration (Wright et al., 1992; Szabo et al., 1993a).
As glucocorticosteroids inhibit the release of TNF (Waage,
1987; Zuckerman et al., 1989), the present study suggests that
this may be one of the mechanisms by which glucocor-
ticosteroids inhibit the induction of NOS.
NO, when produced in large amounts (e.g. following NOS

induction), acts as a cytotoxic effector molecule (Stuehr &
Nathan, 1989) which can mediate or enhance cellular damage
in endotoxaemia. Thus, NO is likely to participate in the
TNF-induced cellular damage. Indeed, TNF-induced endo-
thelial cell damage can be blocked by NO synthase inhibitors
(Estrada et al., 1992). In additon, both NO (Geng et al.,
1992) and TNF (Stadler et al., 1992) inhibit mitochondrial
respiration. It is conceivable that NO also participates in the
inhibitory effect of TNF on mitochondrial respiration.
Although the prevention of the LPS-induced circulatory

failure with antibodies directed against TNF appears to be
an important approach for the therapy of endotoxin shock, it
should be stressed that the beneficial cardiovascular effects of
TNF antibodies, when administered following LPS, are
limited (Tracey et al., 1987; Mathison et al., 1988; Hinshaw
et al., 1990; Silva et al., 1990). Similarly, inhibition of NOS
induction with corticosteroids (Radomski et al., 1990;
Knowles et al., 1990), prevents the cardiovascular failure
caused by LPS, but does not exert beneficial cardiovascular
effects once NOS induction has occurred (Wright et al., 1992;
Szabo et al., 1993a; Paya et al., 1993). This is consistent with
the hypothesis that NOS induction contributes importantly
to the delayed cardiovascular failure in endotoxaemia
(Wright et al., 1992; Szabo et al., 1993a) and haemorrhagic
shock (Thiemermann et al., 1993). This observation also
suggests that at a later stage of endotoxin shock, when the
induction of NOS has already occurred, inhibitors of the
inducible isoform of NOS may be therapeutically important.
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Use-dependent block of Na+ currents by mexiletine at the
single channel level in guinea-pig ventricular myocytes
Akihiko Sunami, Zheng Fan, Tohru Sawanobori & 'Masayasu Hiraoka

Department of Cardiovascular Diseases, Medical Research Institute, Tokyo Medical and Dental University, 1-5-45 Yushima,
Bunkyo-ku, Tokyo 113, Japan

1 The mechanism of use-dependent block of Na+ current by mexiletine was studied at the single
channel level in guinea-pig ventricular myocytes by the patch-clamp techniques. All experiments were
performed using stimulation protocols to enable us to analyze the strict dependence of changes in
channel properties on channel use.
2 In cell-attached patches, bath or pipette application of mexiletine (40 ytM) produced a use-dependent
reduction of the peak average current without changes in single channel conductance. Null sweeps were
increased and the number of openings per sweep decreased with successive pulses, whereas no significant
change in the mean open time was detected during the train.
3 Block by mexiletine became greater when pulse duration was extended beyond the period in which
channels were open, suggesting that block progressed without channel opening.
4 At near threshold potentials, mexiletine decreased the later occurrence of first openings. Additionally,
late openings were reduced in a use-dependent way.
5 We conclude that mexiltine binds to the inactivated closed states of the Na+ channel and then causes
a failure of late openings as well as early, which results in null sweeps on subsequent depolarization.

Keywords: Single Na+ channel current, inactivated states of the Na+ channels; mexiletine; cell-attached patches

Introduction

Mexiletine has been shown to exert suppressive effects
against a variety of experimental and clinical arrhythmias
(Chew et al., 1979; Hondeghem & Katzung, 1984). It is a
class I antiarrhythmic agent the main action of which is to
inhibit the fast Na+ current (INa) for excitation. However,
there have been few studies that examine the action of mex-
iletine on cardiac Na+ channels by direct measurement of INa
using the whole-cell patch-clamp technique (Hering et al.,
1983; Yatani & Akaike, 1985) and, so far, no detailed reports
are available to deal with its action at the single channel
level. Therefore, its precise mechanism of action has not been
clarified.

Recordings of single Na4 channel currents have provided
direct information on the mechanism by block by class I
antiarrhythmic agents (Nilius et al., 1987; Kohlhardt & Fich-
tner, 1988; Grant et al., 1989; McDonald et al., 1989; Undro-
vinas et al., 1989) and on the drug binding site in cardiac
Na4 channels (Carmeliet et al., 1989; Baumgarten et al.,
1991; Gruber et al., 1991). The class I agents are also charac-
terized by use-dependent block of INa. The mechanism of
use-dependent block by these agents has been explained by
either the modulated receptor hypothesis (Hille, 1977; Hond-
eghem & Katzung, 1977) or the guarded receptor hypothesis
(Starmer et al., 1984; Starmer & Grant, 1985) based on
studies using the maximum rate of rise (V.,a) of the action
potential and macroscopic INa measurements. However, there
have been few detailed studies on single Na4 channel block
that is strictly dependent on channel use (Grant et al., 1989;
McDonald et al., 1989). This is in part due to the difficulty of
setting a recovery interval long enough for drug unbinding
because of time-dependent shifts of gating which are com-
monly seen during single channel recordings from cell-
attached and inside-out patches (Cachelin et al., 1983; Kunze
et al., 1985; Patlak & Ortiz, 1985; Kimitsuki et al., 1990).
Therefore, we used a fast kinetic drug (Campbell, 1983),
mexiletine and performed all the experiments in cell-attached
and inside-out patches using the protocol proposed by Grant

' Author for correspondence.

et al. (1989), applying trains of pulses separated by an inter-
val to attain a full recovery. This enabled us to analyze the
dependence of change in gating parameters on channel use
and clarify the precise mechanisms of use-dependent block of
the Na4 channel by mexiletine at the single channel level.

Methods

Myocyte preparation

Single ventricular myocytes from guinea-pig hearts were
prepared by an enzymatic dissociation procedure as described
previously (Hirano & Hiraoka, 1988).

Solutions

For cell-attached recordings, the bath solution was Tyrode of
the following composition (mM): NaCl 144.0, KCI 4.0, CaCl2
1.8, MgCl2 0.53, glucose 5.5, NaH2PO4 0.33, and HEPES 5.0;
the pH was adjusted to 7.3 by addition of NaOH. In some
experiments, the isolated myocytes were superfused with a
high-K4 solution of the following composition (mM): K-
aspartate 140.0, NaCl 4.5, MgCl2 0.5, EGTA 1.0, glucose 5.5
and HEPES 5.0. The pH was adjusted to 7.3 with KOH.
This high-K4 solution was used to depolarize cells to ap-
proximately 0 mV. The pipette solution contained (mM):
NaCl 140.0, KCI 4.0, MgCl2 1.0, CaCI2 0.1, glucose 5.5, and
HEPES 5.0; the pH was adjusted to 7.3 by adding NaOH
(Sunami et al., 1993).
For inside-out patch recordings, the high-K4 solution was

used to perfuse the bath.

Single channel recordings

Single Na4 channel currents were recorded at room temp-
erature (22-25°C) in the cell-attached and inside-out patch
configurations (Hamill et al., 1981) using a patch-clamp
amplifier (AXOPATCH-IC, Axon Instruments, Foster City,
Calif., U.S.A.). At the start of each experiment, the junction
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potential of each electrode was nulled to zero. It was checked
again at the end of each experiment. The shift of the junction
potential was usually less than ± 2 mV. Current signals were
stored on a video cassette recorder (HR-S 7000, Victor Co.,
Tokyo, Japan) through a PCM converter system (RP-880,
NF Instruments, Yokohama, Japan). The recorded signals
were filtered by an active 16-pole Bessel filter (FV-665, NF
Instruments) using a -3dB cutoff point at 2 kHz. The analog
signals were converted into digital signals with an AD con-
verter (TL-1 DMA INTERFACE, Axon Instruments) at a
sampling frequency of 8 kHz and were stored in an IBM-PS/
2 personal computer (Sunami et al., 1993).

Experimental protocols

Stimulation protocols were designed to examine use-depen-
dent block of single Na+ channel currents by mexiletine.
Trains of five or ten 20- or/and 200 ms pulses with an
interpulse interval of 500 ms were applied. Each pulse train
was followed by a recovery interval of 7s, which was
sufficient to permit full recovery from mexiletine block. We
applied a total of 100 such trains, giving a total of 500 or
1000 voltage steps in each condition. Voltage steps were
applied to test potentials ranging from - 70 to - 40 mV or
from 15 mV positive to the resting potential (Vr + 15 mV) to
Vr + 40 mV. The holding potential usually was set at - 120
mV or Vr-40 mV.

Mexiletine (mexiletine HCI, a gift from Boehringer Japan,
Kawanishi City, Japan) was applied to the bath solution or
in the pipette solution in concentrations of 40 gLM. This con-
centration was chosen to produce moderate degrees of use-
dependent block under the stimulation protocols described
above and similar to those in previous studies using isolated
cardiac myocytes (Hering et al., 1983; Yatani & Akaike,
1985). In the case of bath-application of mexiletine in cell-
attached (external application) or inside-out patch recording
(internal application), the usual approach was to obtain the
control and then the mexiletine data in the same patch. The
bath solution could be replaced completely within 30 s by
changing from one solution to another. We describe results
of experiments under both conditions. As another mode of
external application for mexiletine, the outside of the mem-
brane was also exposed to the drug in the pipette for cell-
attached patch recording.

Data analysis

Single Na+ channel records were analyzed using the software
package, pCLAMP 5.5.1 on a computer (IBM-PS/2). The
capacitive transient was partially compensated by analog cir-
cuitry and the residual transient was removed by subtracting
the average current from steps to the same potential without
openings. Ensemble average currents were obtained by aver-
aging 100 sweeps, that is, the set of nth pulses of all trains.
Channel openings were detected using a half-amplitude thres-
hold. Open time histograms were obtained from open events
that did not overlap with other open-channel currents and
could be fitted to a single exponential after exclusion of the
first bin (0.125 ms). The number of channels in a patch was
estimated by counting the maximum number of overlapping
events. Since patches always had more than one channel,
closed times were not determined. First latency was measured
as the time from the start of depolarization to the first
channel opening. 'Active time' was defined as the interval
between the first opening and the last closure. For the
measurement of the first latency and active time, we included
overlapping events as well as non-overlapping events. All the
time histograms were constructed from uncorrected data and
bin sizes for those were set as multiples of the sampling
interval. In addition to the analysis of total sweeps, para-
meters of open time, first latency and active time were
analyzed in every set of nth pulses of all trains. All the values
are expressed as mean ± s.e. Statistical analysis was by the

paired t test for the comparison between two groups of mean
values, and P<0.05 was considered significant.

Results

Use-dependent block by mexiletine

We examined the use-dependent block of single cardiac Na+
channels by mexiletine applied to the bath solution in cell-
attached patches. Figures 1 and 2 show 10 consecutive
sweeps of each train and ensemble average currents obtained
from 100 sweeps for the nth pulses of each train, before and
after adding 40 lAM mexiletine to the bath solution. In the
control, the patterns of single channel activity did not reveal
any striking differences in different pulses and the peak amp-
litude of the average current was stable over 10 pulses during
the train (Figure lb,c). This indicated that the interpulse
interval of 500 ms was enough time for channels to recover
from inactivation. During exposure to mexiletine, single
channel activity decreased with increasing pulse numbers and
the average currents declined progressively during the train
(Figure 2a). There was a 48.1% decline in the average cur-
rents between the 1st and 10th pulses (Figure 2b). In other
words, use-dependent Na+ channel block could be observed
at the single channel level.
Under these conditions, use-dependent block of single

channel currents was confirmed in all of five patches tested.
This was also true in two patches of the cells superfused with
a high-K+ bath solution including 40 iLM mexiletine. Similar
effects were obtained on two patches when 40 tLM mexiletine
was added to the pipette solution but not to the bath solu-
tion. Figure 3 shows an example of the effect of mexiletine
added to the pipette solution on single channel currents in a
cell-attached patch. During exposure of mexiletine to the
outside of the membrane patch, single channel activity
decreased as the pulse number of train increased (Figure 3a)
and the average currents declined progressively during the
train (Figure 3c). There was a 42.7% decline in the peak
average currents between the 1st and 5th pulses (Figure 3b).
In Figure 4, the effects of 40ytM mexiletine on single Na+
channel currents were examined with inside-out patches when
the drug was added to the bath solution. From the examples
of consecutive current records (Figure 4a) and the ensemble
average currents (Figure 4b,c), mexiletine did not block the
channels in a use-dependent manner. Lack of block by inter-
nal application of mexiletine was confirmed in three inside-
out patches, which might be due to gating changes caused by
the replacement of the cytoplasm by the internal solution
after excision (Horn & Vandenberg, 1986; Kirsch & Brown,
1989). Therefore, the following experiments were carried out
on cell-attached patches.

In the presence of mexiletine, sweeps without channel
openings (null sweeps) could be seen as shown in the middle
column of Figure 2a. There was a question whether use-
dependent block by mexiletine was associated with the num-
ber of nulls between the pulses within a train. Figure 5 shows
the relation between the average currents and number of
nulls in a different patch from that shown in Figures 1 and 2.
Under the same stimulation protocol as that shown in Figure
la, mexiletine produced a use-dependent reduction of the
average currents. At this time, the number of nulls increased
progressively during the train and consequently the number
of openings per sweep decreased with pulse number. In this
way, use-dependent block by mexiletine reflected a decrease
in the number of open events.

Modulation of channel kinetics by mexiletine

The effect of mexiletine on the fast gating process was
analyzed with open time histograms. Probability density his-
tograms of the open times measured at Vr+ 20 mV are
shown in Figure 6. The open time histograms, which were
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Figure 1 Single Na+ channel currents recorded from a cell-attached patch in the control. (a) Voltage protocols. Currents were
elicited by 100 trains of ten pulses of 20 ms duration. Pulses were applied from a holding potential at 40 mV negative to the resting
potential (Vr -40 mV) to Vr + 20 mV. An interpulse interval was 500 ms and each train was followed by a recovery interval of 7 s.
The pulses were grouped according to the sequence in each train. The nth means the set of nth pulses of all trains. (b) Single
channel currents and ensemble average current records. In the left and middle column, the top panels show the voltage protocols
and the bottom 10 consecutive traces illustrate current records. The number to the left of each current trace represents the train
and pulse numbers which are separated by a bar (-). Current records of the left and middle column were obtained from 10
consecutive depolarizations in the 26th and 55th train, respectively. The right column shows ensemble average currents (Ave)
obtained from 100 sweeps for each set. Sequence numbers of sets are indicated as nth at the left side of each average current trace.
(c) Plot of amplitude of average currents vs. the sequence of the pulses within the train. The ordinate scale indicates the peak
amplitude of average currents (Peak Ave) in each set (1st, 2nd, 3rd, 4th . . ) of the train pulses and the abscissa scale represents the
nth pulse of the trains. The patch contained four channels.

analyzed for the 1st and 5th pulses of trains, revealed a single
exponential distribution with a time constant of 0.55 ms for
the 1st pulses and 0.56 ms for the 5th pulses in control. After
application of 40 pM mexiletine, the open time constants for
the 1st and 5th pulses were not changed and their values did
not differ from those in the control condition (To = 0.57 and
0.59 ms for 1st and 5th pulses, respectively). No differences in

the open time constants for the 1st and 5th pulses in the
presence of 40 lLM mexiletine were confirmed in three other
patches at Vr + 20 mV (1st vs. 5th; 0.53 + 0.04 ms vs. 0.52
± 0.04 ms, not significant). In other voltages, there were no
systematic changes in open times between the groups of the
first and last pulses in the train during exposure to mex-
iletine. The single channel current-voltage relation was linear
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Figure 2 Use-dependent block of single Na+ channel currents in a cell-attached patch by mexiletine. (a) Single channel currents
and ensemble average current records in the presence of 40 IM mexiletine in the bath solution. This patch was the same patch
shown in Figure 1. After control records of Figure 1, 40 jAM mexiletine was added to the bath solution and currents were elicited by
the same protocol shown in Figure la. The left and middle column illustrate 10 consecutive traces in the 15th and 67th train,
respectively. Single channel activities of the later traces are obviously less than those of the earlier traces in both trains.
Consequently, use-dependent reduction of the peak average currents (Peak Ave) from 100 sweeps is evident between pulses (right
column). (b) Plot of amplitude of average currents vs. the sequence of the pulses within the train with mexiletine in the bath. The
peak amplitude of average currents (Peak Ave) in each set from the right column of (a) is indicated.

between Vr + 15 and Vr + 40 mV with a slope of 16 pS and
was not affected by mexiletine. In this way, use-dependent
block of single Na+ channel currents by mexiletine was

caused by a progressive decrease in the number rather than
the duration of open events.

It has been reported that local anaesthetics affect the time
course of the Na+ current decay (Bennet, 1987; Nilius et al.,
1987; Baumgarten et al., 1991; Gruber et al., 1991). There-
fore, we examined the effects of mexiletine on the ensemble
current decay. Figure 7a shows a typical example of the
mexiletine effect on ensemble average currents. After applica-
tion of 40 gM mexiletine, peak current decreased from 1.82 to
0.58 pA and the ensemble current decayed faster. The decay
time constants from single exponential fits were 4.2 ms for
the control and 3.2 ms with 40 lM mexiletine. In the five
patches, the decay time constants of control and mexiletine
were 3.1 ± 0.3 and 2.7 ± 0.2 ms, respectively (significantly
different, P <0.05). The waiting time to the first opening

(first latency) is correlated with the time course of decay as
well as activation (Aldrich et al., 1983). A previous study of
cardiac Na+ channel block by ethacizin showed that the drug
caused a decrease in the peak open probability with an
increase in the first latency (Undrovinas et al., 1989). We
therefore examined the effects of mexiletine on the first
latency. Figure 7b depicts the influence of mexiletine on the
first latency distribution. As previously noted (Patlak &
Horn, 1982; Kunze et al., 1985; Scanley et al., 1990), the
observed first latencies revealed biphasic distributions during
the control and mexiletine exposure. After application of
40gM mexiletine to the bath solution, the mean first latency
multiplied by the number of channels in the patch decreased
from 8.60 to 6.60 ms. Such a decrease in the first latency
induced by mexiletine was observed in five other patches at
Vr + 20 mV (control vs. 40 LM mexiletine; 9.83 ± 0.66 ms vs.

7.55±0.52ms, P<0.001, n=6).
Since mexiletine decreased the first latency at voltages near
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Figure 3 Effects of mexiletine applied to the outside of the membrane patch on single Na+ channel currents recorded from a
cell-attached patch. A high-K+ bath solution was used to depolarize the cell to approximately 0 mV. (a) Single channel current
records from a cell-attached patch in the presence of 40 gM mexiletine in the pipette solution. Currents were elicited by the protocol
similar to that shown in Figure la except that test pulses were applied to - 60 mV from a holding potential of - 120 mV and the
number of pulses during a train was five. The left and right column show 5 consecutive traces in the 41st and 72nd train,
respectively. (b) Superimposed ensemble average current records for the 1st and 5th pulses. Average currents were obtained from
100 sweeps for each sets. (c) Plot of amplitude of average currents vs. the sequence of the pulses within the train. The peak
amplitude of average currents (Ave) in each set was normalized by that in the 1st set. The patch contained four channels.
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Figure 4 Effects of mexiletine applied to the intracellular solution on single Na+ channel currents recorded from an inside-out
patch. (a) Single channel current records from an inside-out patch in the presence of 40 LM mexiletine in the bath solution.
Currents were elicited by the protocol similar to that shown in Figure la except that test pulses were applied to - 60 mV from a
holding potential of - 120 mV and the number of pulses during a train was five. The left, middle and right column show 5

consecutive traces in the 25th, 47th and 58th train, respectively. (b) Superimposed ensemble average currents records for the 1st,
4th and 5th pulses. Average currents were obtained from 100 sweeps for each set. (c) Plot of amplitude of average currents vs. the
sequence of the pulses within the train. The peak amplitude of average currents (Ave) in each set was normalized by that in the 1st
set. The patch contained three channels.
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Figure 5 Use-dependent appearance of null sweeps and reduction of
open events by mexiletine. The data were obtained from a cell-
attached patch during exposure to 40FtM mexiletine in the bath
solution. This patch was different from that in Figures 1 and 2, and
contained five channels. The pulse protocol was similar to that
shown in Figure la, but the number of pulses during a train was five.
Normalized peak amplitude of average currents (Ave) (@), numbers
of sweeps without openings of the channel (null sweeps) (A) and
open events per sweep (A) were plotted against the sequence of the
pulses within the train.
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Figure 6 Effects of mexiletine on the open time of single Na+
channel currents recorded from a cell-attached patch. The left col-
umn shows the open time histograms under control conditions (Con)
and the right those in the presence of 40 ltM mexiletine applied to the
bath solution (Mex). Open time distributions were analyzed for the
1st pulses (upper panel) and 5th pulses (lower panel) within the train.
The time constants (To) of the open time were obtained from single
exponential fits for all the cases. Currents were elicited by a protocol
similar to that shown in Figure la except that there were five pulses
during a train. The patch contained four channels.
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Figure 7 Effects of mexiletine on the first latency of single Na+
channel currents recorded from a cell-attached patch. The data were
obtained with a voltage protocol similar to that shown in Figure la
except that there were 200-ms pulses within a train before and after
application of 40 gm mexiletine to the bath solution. (a) Ensemble
average currents in the absence and presence of mexiletine. The left
column shows ensemble average currents obtained from 1000 sweeps
for control (Con, 0) and 40ylM mexiletine (Mex, 0). The right
column shows the decay phase of the ensemble currents during
control (0) and mexiletine exposure (0). The smooth curves in
average currents are fit to a single exponential function using a
least-squares procedure and the decay time constants (t) are
indicated. Average currents were arbitrarily scaled and superimposed
for comparison. (b) First latency distribution during control and
mexiletine exposure. The first latency histogram was obtained from
all sweeps with activity for 1000 depolarizations producing the
average currents in (a) under control conditions (Con) (upper panel)
and in the presence of 40 gM mexiletine (Mex) (lower panel).

threshold but a decrease in time to peak current was not
observed, it seemed likely that mexiletine suppressed the first
openings occurring at later times during a voltage step.
Reopening is an important source of Na+ current for cardiac
cells near threshold potentials (Kunze et al., 1985) and the
ensemble is a convolution of the all latency distribution and
the mean open time (Scanley et al., 1990). In order to
evaluate further the effects of mexiletine on the late openings,
we defined 'active time' as the interval between the first
opening and the last closure as shown with the 'shadow' in
Figure 8a. Figure 8b shows the active time distribution from
total sweeps during the control and 40 ltM mexiletine expo-
sure. In the control, the active time histogram demonstrated
the rising and declining phase with time to peak of 4.04 ms
and an arithmetic mean was 6.46ms. After application of
mexiletine, the time to peak markedly decreased and an

arithmetic mean of active time was decreased to 3.23 ms.
Figure 9 shows a test of whether the shortening of the active
time during exposure to mexiletine was use-dependent or not.
Under control conditions, active times revealed biphasic
distributions both for the 1st and 10th pulses and their mean
values did not differ substantially from each other (6.75 and
6.25 ms for the 1st and 10th pulses, respectively). After appli-
cation of mexiletine, the peak values of active times in the
10th pulses was strikingly decreased compared to that in the
1st pulses and consequently active times of the 10th pulses
were distributed in one phase, whereas those of the 1st pulses
were distributed in two phases. Here, in the 100th pulses, the
numbers of sweeps with activity were decreased and the mean
value of active times was shortened (1st vs. 10th, 4.43 vs.
2.90 ms, a mean of 81 and 71 traces). Such use-dependent
shortening of active times by mexiletine was observed in five
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Figure 8 Effects of mexiletine on the active time of single Na+ channel currents recorded from a cell-attached patch. (a)
Estimation of the active time. Active was defined as the time from the first channel opening to the end of the last opening and
indicated with shaded area in response to 3 consecutive traces before (Con) (left column) and after application of 40 JiM mexiletine
to the bath solution (Mex) (right column). (b) Active time distribution during control and mexiletine exposure. The left column
shows the active time histogram obtained from the total sweeps with openings including 3 traces in (a) for 1000 depolarizations
under control conditions and the right column shows that in the presence of 40 tIM mexiletine. The data were obtained from the
same protocol as shown in Figure 7.

other patches. On average, the mean value of active times
significantly decreased from 5.79 ± 0.30 (the 1st pulses, n
= 6) to 3.18 ± 0.09 ms (the 5th or 10th pulses) (P<0.001).

Interaction of mexiletine with inactivated closed state

We have described above the effects of mexiletine on the
patches near threshold potentials and in which open events
occurred even at late times during a voltage step. Under
these conditions, it is not clear if the cumulative block by
mexiletine is dependent on the open events. Therefore, we
used patches in which events closed at earlier times during
some voltage steps and compared the extent of block pro-
duced by short and long pulses applied to the same potential.
Figure 10 shows a typical example of such experiments. In
the absence of drug, for 100 trains giving a total of 500
voltage steps, channel openings never appeared later than
15 ms after depolarization at Vr + 30 mV (Figure 10a). After
application of 40 lM mexiletine, 200 ms-pulses produced a
greater decline in the average currents than 20 ms-pulses
between the 1st and 5th pulses (Figure b0c) in spite of no
open events at a later time than 20 ms after depolarization at
this voltage. This demonstrated a prominent development of
block by mexiletine when the channel was still in an inac-
tivated closed state.

Recently, several groups (Patlak & Ortiz, 1985; Grant &
Starmer, 1987) have identified slow gating kinetics in a low
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Figure 9 Use-dependent shortening of the active time of single Na+
channel currents in a cell-attached patch by mexiletine. The left
column shows the active time histograms under control conditions
(Con) and the right column shows those in the presence of 40 tM
mexiletine applied to the bath solution (Mex). Active time distribu-
tions were analyzed for 1st pulses (upper panel) and 10th pulses
(lower panel) within the train. The data were obtained from the same
experiments as that shown in Figure 8.
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percentage (<1%) of depolarizing sweeps in ventricular cells.
However, because of the low probability of observing bursts
of opening, we were unable to study effects of mexiletine on
such bursts before and after drug exposure in the same patch.
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Figure 10 Effect of pulse duration on use-dependent block of single
Na+ channel currents by mexiletine in a cell-attached patch. (a)
Estimation of the end of the last opening. The time from the start of
depolarization to the end of the last channel opening was indicated
with a 'dotted line' in 3 selected traces in the control (Con) (upper
panel). The voltage protocol was similar to that shown in Figure la
except that there were five 200-ms pulses within a train and the test
potential was Vr + 30 mV. The histogram in the lower panel
represents the distribution of the time from the start of the voltage
step to the end of the last opening obtained from the total sweeps

with openings including 3 traces in the upper panel for 500
depolarizations. Note that the channel openings never appeared later
than 15 ms after depolarization at this voltage (Vr + 30 mV). (b)
Single Na+ channel currents elicited with 200- and 20-ms pulses
during exposure to mexiletine. After the control records shown in
(a), 40 tsM mexiletine (Mex) was applied to the bath solution and
currents were first elicited with 200-ms pulses and then with 20-ms
pulses. The left column illustrates 5 consecutive traces in the 9th
train with 200-ms pulses and the right column illustrates those in the
54th train with 20-ms pulses. (c) Plot of amplitude of average

currents vs. the sequence of the pulses within the train in the
presence of 40 jM mexiletine in the bath. Normalized peak amplitude
of average currents (Ave) with 200- (@) and 20-ms (0) pulses was

plotted against the sequence of the pulses within the train. The patch
contained three channels.

The present study demonstrated the use-dependent block of
cardiac Na+ channels by mexiletine at the single channel
level. The use-dependent block was manifested as an increase
in the number of null sweeps and consequently a decrease in
the number of open events, whereas the unitary current
amplitude and mean open times were not affected. Further-
more, late openings were reduced in a use-dependent manner.

Time-dependent voltage shifts in the Na+ channel gating
have been suggested in single channel recordings of the cell-
attached and inside-out patches (Cachelin et al., 1983; Kunze
et al., 1985; Patlak & Ortiz, 1985; Kimitsuki et al., 1990).
These changes confuse the drug effects and limit the useful-
ness of detailed kinetic data. Previous studies on the block
kinetics of single Na+ channel currents by class I agents were
carried out under long-term periods of recordings (Nilius et
al., 1987; Kohlhardt & Fichtner, 1988). Recently, Undrovinas
et al. (1989) and Baumgarten et al. (1991) observed use-
dependent block of single channel currents from frequency-
dependent effects or the difference between initial and the
final segments of successive depolarizations. Similarly, the
use-dependence of the blocking action of the drug was pre-
sented in DPI 201-106 modified Na+ channels (Carmeliet et
al., 1989). All of the above reports, however, did not mention
the appearance and extent of the voltage shifts occurring
during the drug exposure, and how much the voltage shift
effects affected the observed use-dependent block. To depict
the manner of use-dependent block observed in whole-cell
and action potential recordings, we designed a stimulation
protocol similar to the one used for single channel recordings
(Grant et al., 1989). Using these protocols, any time-depen-
dent changes should affect the groups of the train pulses in a
similar manner. Moreover, in most cases, the time difference
between first and last pulses in trains was within 2.08-6.3 s,
during which time-dependent gating shifts were negligible.
However, when we compared the total data in one condition
with those in another, we could not exclude any interference
of time-dependent shifts.

Previous studies of Na+ channel block by class I agents
showed a reduction in open channel probability (P.) without
change in single channel conductance (Nilius et al., 1987;
Kohlhardt & Fichtner, 1988; Carmeliet et al., 1989; Grant et
al., 1989; McDonald et al., 1989; Undrovinas et al., 1989;
Baumgarten et al., 1991; Gruber et al., 1991). We also
observed this change for mexiletine. During exposure to mex-
iletine, channel openings decreased as pulses progressed. That
is, use-dependent binding of mexiletine decreased the prob-
ability of channel openings (P.). However, we could not
detect any significant change in the mean open time during
the train. A shortening of mean open time has been reported
for diprafenone (Kohlhardt & Fichtner, 1988) and pen-
ticainide (Carmeliet et al., 1989; Gruber et al., 1991) having a
high affinity for the activated state of the channel. On the
other hand, there is a conflict among the reports as to
lignocaine having a high affinity for the inactivated state of
the channel. A shortening (Nilius et al., 1987; McDonald et
al., 1989; Baumgarten et al., 1991) and no change (Grant et
al., 1989) of mean open time have been observed for lig-
nocaine. In the present study, use-dependent block of the
Na+ channel by mexiletine did not require a shortening of
open time. This is the first demonstration that use-dependent
block by mexiletine is caused by a progressive decrease in the
number (open channel probability, PO) rather than the dura-
tion of open events. Here, we assume that a channel is
blocked when the drug is bound and that it conducts only
when the drug 'unbinds'. If binding occurs rapidly during the
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time course of an opening, mean open time should be
shortened. Recently, it was suggested that drug-bound chan-
nels can still open and conduct with different gating kinetics
from drug-free channels (McDonald et al., 1989; Baumgarten
et al., 1991). McDonald et al. (1989) and Baumgarten et al.
(1991) postulated this from quantitative analysis of two-
pulse protocols and the existence of two exponentials of open
time distributions in the presence of lignocaine. We cannot
exclude this hypothesis completely but we failed to find
evidence that drug-bound channels conduct with altered
kinetics. In addition, if apparent shortening of the mean open
time occurs, it should make the time to peak of the ensemble
current earlier than the control. But we did not observe any
consistent changes in time to peak current. Therefore, lack of
effects on mean open time might be due to a slow binding of
mexiletine relative to gating events of the channels.

Preferential binding of mexiletine to the inactivated state
of the channel was suggested from the macroscopic current
(Courtney, 1981; Hering et al., 1983) and V. experiments
(Kodama et al., 1987). Our single channel results demon-
strated that block by mexiletine continued to accumulate and
became greater when pulse duration was extended beyond
the period in which channels were open. This result might
indicate accumulation of drug-bound channels in an absor-
bing inactivated state since the number of nulls increased
progressively during the train. These results further imply
that use-dependent block of the Na+ channel by mexiletine
does not require channel openings.
From the data on the first latency near threshold poten-

tials, mexiletine seemed to suppress the first openings at later
times. However, an ensemble cannot be sufficiently accounted
for by the first latencies (Kunze et al., 1985) but is a com-
bination of the all latency distribution and the open time
distribution (Scanley et al., 1990). On the other hand, the
drug did not change the mean open times as described above.
Therefore, to estimate effects of mexiletine on the late open-

ings, we tried to quantify simply the late opening behaviour
by using the active time histogram instead of the all latency
histogram. Active time is the time from the first channel
opening to the end of the last channel reopening in the case
of patches, including a single level of the channel. In the case
of multi-channel patches, we cannot be sure to ascertain
reopenings of the channels, since the persistent channel
activity may include later openings of any channel. Active
time histograms during control demonstrated the rising and
declining phase as shown in Figures 8 and 9, similar to the
previous reports on all latency (Scanley et al., 1990), reopen-
ing (Scanley et al., 1990) and first latency histograms (Patlak
& Horn, 1982; Kunze et al., 1985; Scanley et al., 1990) (see
also Figure 7), which might also be able to support the
presence of a series of closed states prior to the open state.
Here, we saw consistent evidence for reductions of late open-
ing events by mexiletine, as others have reported for lig-
nocaine (Bennet, 1987; Baumgarten et al., 1991). In those
studies, however, time-dependent gating shifts could not be
completely excluded, although we observed a use-dependent
reduction of late openings by mexiletine during the train of
depolarizations under conditions minimizing time-dependent
shifts of gating. To our knowledge, the present study is the
first single channel study demonstrating the use-dependent
suppression of late openings.

In conclusion, mexiletine exhibits slow binding to the inac-
tivated closed states of the Na+ channel causing a failure of
late as well as early openings, which results in null sweeps on
subsequent depolarization.
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Evidence for participation of B1 and B2 kinin receptors in
formalin-induced nociceptive response in the mouse
Clovis R. Correa & 'Joao B. Calixto

Deparment of Pharmacology, CCB, Universidade Federal de Santa Catarina, Rua Ferreira Lima, 82-88015-420,
Florianopolis-SC, Brazil

1 This study was designed to investigate the role of bradykinin (BK), as well as the subtype of BK
receptors involved, in formalin-induced hindpaw pain in the mouse by use of selective B, and B2
receptor antagonists. In addition, we have analysed whether or not BK may be involved in formalin-
induced hindpaw oedema in the mouse.
2 The pretreatment of animals with captopril (2 and 5 mg kg- ', s.c.) significantly increase the first and
the second phases of formalin-induced pain.
3 Co-injection of the selective B, receptor antagonist des-Arg9[Leu8]-BK (0.2-0.4 nmol/paw), together
with formalin, caused graded and similar inhibitions of both phases of formalin-induced pain. Similar
results were obtained with the B2 antagonists NPC 349 (D-Arg[Hyp3,Thi58-D-Phe']-BK) and NPC 567
(D-Arg[Hyp3, D-Phe7]-BK) (0.2 and 0.6 nmol/paw). Higher concentrations of these antagonists (1 nmol/
paw) failed to antagonize formalin-induced pain.
4 The new potent and selective B2 receptor antagonists, Hoe 140 (D-Arg[Hyp3,Thi5,D-Tic7,Oic8]-BK),
NPC 17731 (D-Arg[Hyp3, trans-4-propoxy-D-proline (transpropyl)', Oic8]-BK), and NPC 17761 (D-
Arg[Hyp3, trans-4-propoxy-D-proline (trans thiophenyl)7, Oic8]-BK) (0.02 to 1.0 nmol/paw), also caused
significant inhibitions of both phases of formalin-induced pain. When Hoe 140 was injected sub-
cutaneously 30 min before formalin injection (9.9 and 99 nmol kg-'), it significantly attenuated both
phases of formalin-induced pain. The putative non-peptide BK antagonist, MV 8612 (1.6 to 9.6 nmol/
paw), but not MV 8608 (5.5 to 33 nmol/paw), caused a graded inhibition of both phases of formalin-
induced pain, being, however, more active against the first phase.
5 The pretreatment of animals with morphine (2.6 to 13 #zmol kg-', s.c.) caused dose-dependent and
equipotent inhibitions of both phases of formalin-induced pain. In contrast, indomethacin (2.7 to
27 limol kg -) antagonized only the second phase of formalin-induced pain.
6 The B2 receptor antagonists, Hoe 140, NPC 17731, NPC 17761, NPC 349 and NPC 567, all caused a
significant inhibition of formalin-induced hindpaw oedema. A similar inhibition was also observed with
indomethacin but not with captopril or morphine.
7 Our results provide strong evidence for the important role of endogenous BK, acting through both
B, and B2 receptors, in the genesis of both phases of formalin-induced persistent pain in the mouse. In
addition, the current results also demonstrate that the inflammatory oedema associated with the later
phase of formalin-induced pain seems to be mediated by endogenous BK, via activation of B2 receptors.

Keywords: Formalin test; pain; oedema; kinins; B, and B2 bradykinin antagonists; Mandevilla velutina compounds

Introduction

The nonapeptide bradykinin (BK) and its related kinins are
generated in plasma and in several tissues following tissue
damage or infection. Once released, BK may induce pain and
is thought to be involved in many inflammatory states (for
review see: Marceau et al., 1983; Proud & Kaplan, 1988;
Steranka & Burch, 1991). Exogenous BK produces pain by
activating and/or sensitizing nociceptive afferent A-6 and C
fibres (Collier & Lee, 1963; Franz & Mense, 1975; Mense,
1975; Besson & Chaouch, 1987; Szolcsanyi, 1987).

Considerable biochemical and functional evidence indicates
that the effects of BK result from stimulation of specific
membrane receptors B, and/or B2, widely distributed in the
peripheral and central nervous system (for review see: Regoli
& Barabe, 1980; Steranka et al., 1988a,b; Burch et al., 1990;
Bathon & Proud, 1991; Farmer & Burch, 1992). With the
development of more selective and competitive BK antagon-
ists, many biochemical and pharmacological studies have
suggested that kinins are involved in inflammatory pain,
acting mainly by stimulation of B2 receptors (for review see:
Proud & Kaplan, 1988; Steranka et al., 1988b; Steranka &
Burch, 1991). Thus, BK and its related kinins may play an

' Author for correspondence.

important role as physiological mediators of pain and
inflammatory hyperalgesia.

Formalin induces a long lasting nociceptive response in the
mouse paw, and this effect has been widely used to model
persistent tonic pain of moderate intensity which involves
chemical irritation, some tissue damage, and formation of
oedema due to release of inflammatory mediators (Hunskaar
et al., 1985; Hunskaar & Hole, 1987; Murray et al., 1988).
This nociceptive model usually involves two distinct phases:
an early transient phase, which occurs in the first 5 min and a
late tonic phase, evident 15 to 30 min after injection. It has
been proposed that the early phase reflects direct stimulation
of nociceptors, while the late phase may be associated with
release of inflammatory mediators (Dubuisson & Dennis,
1977; Hunskaar et al., 1985; 1986; Rosland et al., 1990). In
addition, formalin-induced persistent pain is thought to re-
semble clinical pain due to its tonic nature (Dennis & Mel-
zack, 1979; Abbott et al., 1982; Abbott & Franklin, 1986).
A recent electrophysiological study suggested that BK may

be involved in the second phase of formalin-induced tonic
pain in the mouse (Haley et al., 1989). As the nociceptive
response to formalin was markedly inhibited by the NPC 349
(D-Arg[Hyp3,Thi5'8,D-Phe7]-BK), but not by the selective B,
antagonist des-Arg9-[Leu8]-BK, the authors concluded that
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activation of B2 receptors may underlie formalin-induced
pain. In contrast, Shibata et al. (1989) reported that the first
and second phases of pain elicited by formalin in the mouse
were significantly antagonized by the B1 selective antagonist
des-Arg9[Leu8]-BK.

In the present study we have attempted to examine further
the possible participation of BK in formalin-induced peri-
pheral persistent pain in mice, and to characterize the
subtype of BK receptors involved, by use of selective and
competitive B1 and B2 receptor antagonists. In addition, we
have also investigated whether BK is involved in formalin-
induced hindpaw oedema in mice.

Statistical analysis

The results are presented as the mean ± s.e.mean, and statis-
tical significance of differences between groups was analysed
by means of analysis of variance followed by Dunnett's test
or by the unpaired t test where indicated. P values less than
0.05, were considered as indicative of significance. When
possible, the ID50 or IC50 (i.e. the dose or concentrations of
drugs that reduced formalin pain by 50% relative to control
values), were estimated from individual experiments by using
the least squares method in a computer programme, pro-
duced in our laboratory (Armando Dettemer).

Methods

Formalin-induced pain

Male Swiss mice (25-35 g) were housed at 22-24°C under a
12 h light/12 h dark cycle and were given access to water and
purina chow ad libitum. The procedure used was essentially
similar to that described by Hunskaar & Hole (1987) and
Murray et al. (1988), with minor modifications. Briefly,
animals of the same strain were lightly anaesthetized with
ether, except when used to analyse the first phase of form-
alin-induced pain, and 20 ftl of 2.5% formalin solution
(0.92% of formaldehyde), made up in PBS (phosphate-
buffered solution containing: NaCl 137 mM; KCI 2.7 mM and
phosphate buffer 10 mM), was injected s.c. under the plantar
surface of the left hindpaw with a Hamilton microsyringe.
Animals were acclimatized to the laboratory for at least 24 h
before the experiments. Usually, two mice (control and
treated) were observed simultaneously for 0 to 30 min follow-
ing formalin injection. All experiments were carried out dur-
ing the light period at 23 ± 2°C (Rosland et al., 1990).
The amount of time (s) that animals spent licking the

injected paw was timed with a chronometer and was con-
sidered as an index of pain. The initial nociceptive response
normally peaked about 5 min after formalin injection (first
phase), and was followed by a second peak that occurred 15
to 30 min after formalin injection (second phase). This later
phase was usually accompanied by inflammation due to
release of inflammatory mediators (Hunskaar & Hole, 1987).
To avoid the influences of pharmacokinetics in the action of
the drugs studied, different groups of animals were used to
analyse each phase of formalin-induced pain. The animals
were treated topically (in association with formalin) or by the
s.c. route (0.1 ml 10 g ' weight) with several selective B, and
B2 antagonists, or with functional BK antagonists isolated
from the rhizome of the plant Mandevilla velutina (Calixto et
al., 1988). For the purpose of comparison in a separate set of
experiments, the animals were treated with morphine (2.6-13
ltmol kg- , s.c.) or with indomethacin (2.7-27 j.mol/paw,
i.p.), 30 and 60 min before formalin injection, respectively.
Other groups of animals were treated with captopril (2 and
5 mg kg-', s.c.) 2 h before subplantar injection of formalin.
Control animals received only the vehicle used to dilute these
drugs (PBS or NaCl solution containing 5% w/v NaHCO3;
0.1 ml 10g-' weight). Following intraplantar injection of
formalin, the animals were immediately placed into the glass
cylinder 20 cm in diameter and the time spent licking the
injected paw was determined.

Effect of bradykinin antagonists on formalin-induced
hindpaw oedema in the mouse

We measured the oedema by comparing the difference in
weight of the formalin-treated paw and the weight of the
control paw (untreated paw). For this purpose, the animals
were killed 30 min after formalin injection by cervical dis-
location, and the paw was cut at the knee joint and weighed
on an analytical balance.

Drugs

The following drugs were used: des-Arg9-[Leu8]-BK, capto-
pril, indomethacin (from Sigma Chemical Company, St. Lou-
is, U.S.A.), formalin, morphine sulphate (Merck, Germany),
NPC 349 (D-Arg-[Hyp3, ThiV'8, D-Phe7]-BK), NPC 567 (D-
Arg-[Hyp3, D-Phe7]-BK) (Peninsula Laboratories, U.S.A.),
Hoe 140 (D-Arg-[Hyp3,Thi5,D-Tic7,Oic8]-BK) was kindly sup-
plied by the Department of Pharma Synthesis, Hoechst,
Frankfurt Main, Germany; NPC 17731 [D-Arg9,Hyp3,trans-4-
propoxy-D-proline (trans propyl)7,0ic8]-BK and NPC 17761
[D-Arg9, Hyp3,trans-4-propoxy-D-proline (trans thiophenyl)7,
Oic8]-BK were kindly supplied by Nova Pharmaceutical Cor-
poration, Baltimore, U.S.A. The Mandevilla velutina com-
pounds (MV 8608, molecular weight of 326 and MV8612,
molecular weight of 1182) were obtained in our laboratory as
described previously (Calixto et al., 1988). The stock solution
for all peptides used was prepared in PBS (1-10 mM) and kept
in siliconized plastic tubes, maintained in a freezer at - 18°C.
The other drugs were prepared just before use in 0.9% w/v of
NaCl solution, except indomethacin (NaCl solution plus 5%
w/v of NaHCO3) and M. velutina compounds (absolute
ethanol). The final ethanol concentration did not exceed 5%.

Results

Effects of drugs on formalin-induced pain

Figure 1 (a and b) shows that the pretreatment of animals
with captopril (2 and 5 mg kg- ', s.c.) 2 h beforehand caused
a significant enhancement of both the first and the second
phases of formalin-induced pain. Figure 2 (a and b) illus-
trates that the co-injection of the selective B, receptor
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Figure 1 Effect of pretreatment with subcutaneous captopril on the
formalin-induced pain in mice. In this and subsequent figures the
total time (s, mean ± s.e.mean) spent licking the hindpaw was
measured in the first (0-5 min, a) and the second phase (15 -30 min,
b), after intradermal injection of formalin in the hindpaw. Each
column represents the mean with s.e.mean of 5 to 8 animals. C
indicates the control animals (injected with the vehicle) and the
asterisks denote the significance levels. Significantly different from
controls: *P<0.05; **P<0.01.
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antagonist des-Arg9-[Leu8]-BK (0.2 and 0.4 nmol/paw), toge-
ther with formalin, caused a graded and similar degree of
inhibition of the first and the second phases of the formalin-
induced pain (maximal inhibition of about 40%). Never-
theless, at a higher concentration (0.6 nmol/paw) its analgesic
effect against both phases of formalin-induced pain was
absent. Very similar results were obtained when animals were
pretreated with the B2 antagonists NPC 349 (0.2 and 0.6
nmol/paw) and NPC 567 (0.2 and 0.6 nmol/paw) (Figure 3).
Both BK antagonists consistently inhibited both phases of
formalin-induced pain (maximum inhibition of about 45 to
50%). However, higher concentrations of these antagonists
(1 nmol/paw) failed to antagonize the formalin-induced al-
gesia (Figure 3).
The new generation of selective B2 receptor antagonists,

NPC 17731 (0.02 to 0.2 nmol/paw) and 17761 (0.1 to 1 nmol/
paw), also caused a significant inhibition of both phases of
the formalin-induced nociceptive response (Figure 4).
NPC 17731 was more potent than NPC 17761, and their

antinociceptive effects were not dose-dependent. At higher
concentrations NPC 17731 (0.2 and 0.4 nmol/paw) did not
cause any significant analgesic effect (Figure 4). The maximal
inhibition produced by NPC 17731 and NPC 17761 was
about 40-45%, against the first and the second phase of
formalin-induced pain. Figure 5 shows that Hoe 140, a selec-
tive B2 antagonist (0.19 to 1.9 nmol/paw), caused discrete,
but significant inhibition of both phases of the formalin-
induced persistent nociceptive response (maximal inhibition
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of about 40%). On the other hand, when Hoe 140 was
administered subcutaneously 30 min before formalin injection
(9.9 to 99 nmol kg-') it was markedly more effective in
inhibiting the second phase of formalin-induced pain (max-
imal inhibition of 50%), than the first phase of formalin-
induced pain. The nonpeptide BK antagonist isolated from
M. velutina, compound MV 8612 (1.6 to 9.6 nmol/paw)
caused graded and potent inhibitions of both phases of
formalin-induced pain, being however much more effective
against the first phase, with maximal inhibitions of 50 and
20%, respectively (Figure 6). Compound MV 8608 (5.5 to
33 nmol/paw) was completely ineffective against both phases
of the formaliiq-induced nociceptive response (Figure 6).
The pretreatment of mice with morphine (2.6-13 ltmol/kg,

s.c.) caused dose-dependent and equipotent inhibition of both
phases of formalin-induced pain, with an ID5, of about
3.5 ;Lmol kg-' (against both phases) and caused about 90%
to 100% inhibition of formalin-induced pain (Figure 7). In
contrast, indomethacin (2.7 to 27 gmol kg-', i.p.) dose-de-
pendently antagonized only the second phase of formalin-
induced pain, with an ID" of about 10 1tmol kg-' (Figure 7).

Effects of drugs on formalin-induced paw oedema

The results summarized in Table I show that the selective B,
receptor antagonist, des-Arg9-[Leu8]-BK, did not significantly
inhibit formalin-induced hindpaw oedema. The B2 antagon-
ists NPC 349 and NPC 567 caused a discrete but significant
inhibition of formalin-induced oedema (Table 1). However,
the most potent and selective B2 receptor antagonists,
NPC 17731, NPC 17761 and Hoe 140 were all very effective
and significantly inhibited formalin-induced paw oedema.
Similar inhibition of formalin-induced paw oedema was
observed in animals pretreated with indomethacin (Table 1).
In contrast, M. velutina compounds, captopril and morphine
all failed to inhibit significantly formalin-induced oedema
(results not shown).
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Discussion

The present study clearly demonstrates that selective and
competitive BK receptor antagonists caused a pronounced
antinociceptive effect in a model of persistent pain. This
strongly supports the view that endogenous BK plays an
important role in the genesis of both the first and second
phases of the peripheral nociceptive response caused by intra-
dermal injection of formalin in the mouse hindpaw. In addi-
tion, our results also indicate that both BK receptor subtypes,
B, and B2, are involved in both phases of formalin-induced
tonic nociceptive response in mice. These views are substan-
tiated by the fact that the selective B, receptor antagonist,
des-Arg9-[Leu8]-BK, as well as the most potent and selective
B2 receptor antagonists, including NPC 349, NPC 567 (Burch
et al., 1990; Bathon & Proud, 1991), Hoe 140 (Hook et al.,
1991; Lembeck et al., 1991), NPC 17761 and NPC 17731
(Kyle et al., 1991a,b; Kyle & Burch, 1992), when co-injected
with formalin or given subcutaneously, caused a pronounced
inhibition of both phases of the pain caused in mice by
formalin. Similar inhibition has been previously observed
with selective B2 antagonists, including Hoe 140 (Chapman &
Dickenson, 1992), NPC 349 (Haley et al., 1989), and with the
selective B, receptor antagonist, des-Arg9-[Leu8]-BK (Shibata
et al., 1989). Interestingly, higher doses of most of the BK
antagonists, failed to affect formalin-induced pain. These
data are consistent with the view that BK antagonists may
exhibit agonist activity (Steranka et al., 1988a;b; 1989; Kind-
sen-Mells & Klement, 1992; Farmer & Burch, 1992). How-
ever, our results agree well with previously reported data,
indicating that neither of the selective BK receptor antagon-
ists was able to abolish completely the formalin-induced
nociceptive response. These findings are consistent with the
notion that other inflammatory mediators besides BK also
participate in this response (Shibata et al., 1986; 1989; Haley
et al., 1989; Dray & Dickenson, 1991; Murray et al., 1991;
Moore et al., 1991). Another clear piece of evidence suppor-
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Table 1 Effect of several peptide bradykinin receptor antagonists on formalin-induced oedema in the mice paw

Dose
Systemic Local Oedema %

Group (nmol kg-') (nmol/paw) (mg) Inhibition

Control - - 63 ± 4
Des-Arg9-[Leu8]-BK - 0.2 57 ± 3 10

- 0.4 52 3 18
- 0.6 63±5 00

Hoe 140 9.9 - 67±3 00
D-Arg-[Hyp3,Thi5,D-Thi7,Oic8]-BK 49.5 - 48 + 3 26*

99.0 - 56±4 11
- 0.1 52 5 21*
- 0.99 63±5 00

NPC 567 - 0.2 58 ± 2 08
D-Arg-[Hyp3,D-Phe7J-BK - 0.4 47 ± 2 26*

- 1.0 55±4 12
NPC 349 - 0.2 53 2 16
Arg-[Hyp3,Thi58,D Phe7]-BK - 0.6 49 ± 3 22*

- 1.0 54±5 15
NPC 17731 - 0.02 53 2 16
D-[Argo,Hyp3,trans-4-propoxy-proline - 0.1 39 ± 3 38**
(transpropyl)7,Oic8]-BK - 0.2 42 ± 3 33**

- 0.4 53±2 16
NPC 17761 - 0.1 63±3 00
D-[Arg0,Hyp3,trans-4-propoxy-proline- - 0.2 46 ± 1 28**
(trans thiophenyl)7,Oic8]-BK - 0.6 53 ± 1 16
Indomethacina 2.7 - 66 5 00

8.4 - 56 2 14*
27.0 - 49 3 25**

'jimol kg-', i.p.
Each group represents the mean of 5 to 12 animals. Oedema was measured 30 min after formalin injection.
Significantly different from controls: *P<0.05; **P<0.01.

ting a role of BK in formalin-induced tonic pain was the
significant potentiation of formalin-induced licking by sys-
temic captopril, a kininase II inhibitor (Ondetti et al., 1977).
However, captopril failed to affect the paw oedema associ-
ated with late phase of formalin-induced pain. Thus, we
cannot rule out the possibility that the potentiation caused
by captopril in formalin-induced pain may be, at least in
part, secondary to the fall in blood pressure. The potent
antinociceptive effect caused by morphine against both pha-
ses of formalin-induced pain, and the inhibition of the second
phase of the formalin-induced pain by indomethacin are in
good agreement with previous evidence reported in the
literature (Hunskaar et al., 1985; Murray et al., 1988; Shibata
et al., 1989; Dray & Dickenson, 1991; Moore et al., 1991;
Oluyomi et al., 1992; Chapman & Dickenson, 1992).
An interesting aspect investigated in the present study was

whether the oedema associated with the later phase of
formalin-induced pain, was also mediated by BK. Our results
clearly show that the most potent and selective B2 receptor
antagonists such as Hoe 140, NPC 17731 and NPC 17761,
and to a lesser extent the less potent B2 antagonists such as
NPC 349 and NPC 567, but not the selective B, antagonist,
des-Arg9[Leu8]-BK, were found to be effective in antagonizing
formalin-induced hindpaw oedema. This supports the view
that only B2 receptors appear to be involved in the formalin-
induced inflammatory response. Our results are in agreement
with a great deal of experimental evidence that suggests the
involvement of the B2 but not B1 receptors in many experi-
mental inflammation models (see for review: Marceau et al.,

1983; Proud & Kaplan, 1988; Burch et al., 1990; Bathon &
Proud, 1991; Steranka & Burch, 1991).

Concerning the potent antinociceptive effect of the func-
tional BK antagonist isolated from Mandevilla velutina, com-
pound MV 8612 but not MV 8608 was found very active in
inhibiting both phases of formalin-induced pain, being more
effective against the first phase of the formalin-induced pain.
These findings provide additional evidence supporting our
previous view that this compound may interfere with some
stage of BK action (Calixto et al., 1985; 1987; 1988; 1991).

In conclusion, our current data show that the selective and
competitive BK receptor antagonists caused a pronounced
antinociceptive effect against formalin-induced persistent pain
in mice, thus providing strong evidence supporting the notion
that endogenous BK, acting through B1 and B2 receptors,
contributes to the genesis of both phases of peripheral
nociceptive response. In addition, these results also demon-
strate that the inflammatory response associated with the late
phase of formalin-induced pain in mice seems to be
mediated, at least in part, by endogenous BK via stimulation
of the B2 receptors.

We are grateful to Josane R. de Andrada and Elizabet T. Ramos for
secretarial help in preparing this manuscript and to Dr G.A. Rae for
his critical comments. C.R.C. is an undergraduate medical student
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Effects of hydroxyethylrutosides on the permeability of
microvessels in the frog mesentery

S. Kendall, *R. Towart & 'C.C. Michel

Department of Physiology & Biophysics, St Mary's Hospital Medical School, Imperial College of Science, Technology &
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1 We have investigated the effects of a standardised mixture of hydroxyethylrutosides (HR,
Venoruton), a mixture of five of its main components (M) and each of the five components separately
(7-mono-HR, 7,4'-di-HR, 7,3',4'-tri-HR, 5,7,3',4'-tetra-HR and 7,3'4'-tri HQ) upon the permeability of
single perfused capillaries and venules in the mesenteries of pithed frogs.
2 In each experiment, the hydraulic permeability (Lp) of a single perfused microvessel and the effective
osmotic pressure (aAic) exerted by macromolecules across its walls were estimated by a microcclusion
technique, first during control perfusion and then in the presence of a known concentration of test
substance.
3 HR, M and 7,4'-di-HR reduced Lp in a similar concentration-dependent manner over the range of
1 tLg ml-' to 1 mg ml-' (maximum reduction was to 40% of control Lp at 1 mg ml-'). At perfusate
concentrations greater than 1 mg ml-', these substances reduced Lp to a lesser extent. While the four
other test substances reduced Lp significantly when their perfusate concentrations equalled or exceeded
100 ig ml-1, they were all less potent than 7,4'-di-HR.
4 The reduction in Lp induced by the mixture of flavonoids was only slightly reversed by subsequent
perfusion with flavonoid-free solutions.
5 When permeability was increased by perfusing with protein-free solutions, both HR and 7,4'-di-HR
reduced and then reversed the increase in Lp in a concentration-dependent manner over the range of
1 jg ml' to 100 yg ml-'. None of the other component flavonoids was effective in restoring Lp under
these conditions.

Keywords: Capillaries; flavonoids; hydroxyethylrutosides; microcirculation; microvascular permeability; vascular permeability

Introduction

O-(P-hydroxyethyl)-rutosides (oxerutins, Venoruton), abbre-
viated to HR, is a standardized mixture of hydroxyethyl
derivatives of rutin which is widely used in patients with
chronic venous insufficiency to reduce leg oedema and its
related symptoms (Pulvertaft, 1983; Balmer & Limoni, 1989;
Nocker et al., 1989; de Jongste et al., 1989, Wadworth &
Faulds, 1992). Although HR has been shown to lower micro-
vascular filtration rates in human limbs (Roztocil et al., 1971;
1977; Cesarone et al., 1992), the mechanism of its action is
obscure.

Studies on experimental animals suggest that HR reduces
microvascular permeability. It has been shown to reduce the
leakage of plasma macromolecules in burns in anaesthetized
dogs (Arturson, 1972; Hilton, 1982) and to diminish the
accumulation of albumin in rats after local injection of his-
tamine and bradykinin (Gerdin & Svensjo, 1983). Previous
studies in our laboratory (Blumberg et al., 1989; Michel et
al., 1990) showed that HR reduced the hydraulic perme-
ability (Lp) of single perfused frog capillaries in both normal
and inflamed mesenteric tissues. In inflamed tissues where
permeability to plasma proteins was increased, HR was
found to raise the effective osmotic pressure (aAi) exerted
across the microvascular walls by perfusate macromolecules
(Blumberg et al., 1989). In preliminary experiments we also
observed that the increase in vascular permeability which
follows perfusion of these vessels with solutions free of
plasma proteins (Mason et al., 1977; Michel & Phillips 1985),
could be partially (and sometimes completely) reversed by
perfusion with solutions containing HR (Michel et al., 1990).
The present paper describes experiments which address

three issues arising from our previous studies. The first of
these is to establish the relation between the reduction in Lp

'Author for correspondence.

induced by HR and the concentration of HR in the perfus-
ate. While Blumberg et al. (1989) showed that the effect of
HR was concentration-dependent, they failed to establish a
clear dose-response relation, possibly because they pooled
data from both normal and inflamed vessels. To minimize
the range of 'control' values of permeability in the present
study, we have investigated only vessels that appeared nor-
mal at the outset of an experiment.
The second issue arises from HR's being a mixture of

O-(P-hydroxyethyl)-rutosides. The potency of its separate
components has not been investigated previously and in this
paper we describe the permeability-reducing effects of five of
the principal constituents of HR.
The third set of experiments described in this paper was

designed to investigate the range of perfusate concentration
of HR over which it would reverse the increase in perme-
ability induced by perfusion with protein-free solutions. We
extended these experiments to examine the effectiveness of
some of the principal components of HR in reducing perme-
ability under these conditions. The effects of 7,4'-di-O-(P-
hydroxyethyl)-rutoside, the constituent that reduced perme-
ability most effectively in our preparation, were examined
also over a range of perfusate concentrations. The effects of
the other principal components were examined only at a
single perfusate concentration.

Like Blumberg et al. (1989) we carried out our experi-
ments on single perfused frog mesenteric capillaries and
venules. By using this preparation we were able to apply
techniques (Michel et al., 1974; Michel, 1980) which yield
values for both the Lp and the molecular sieving properties of
vessel walls to macromolecules (a7r) in the same microvessel
before, during and after perfusion with HR or one of its
components. Working on single perfused microvessels
reduces the ambiguities involved in interpreting changes in

19-'. Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 199-206
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blood tissue transport in terms of changes in permeability. In
the capillary beds of intact organs and tissues, however,
changes in blood-tissue transport may result from changes in
the distribution of flow (and pressure) between different
microvascular units as well as from changes in permeability.

Methods

Preparation

The experiments were performed on single mesenteric capil-
laries and venules of frogs (R. temporaria and R. pipiens) in
which brains and upper spinal cords had been destroyed by
pithing. The frog was laid in a perspex tray and a loop of
intestine was delivered through a lateral incision through the
abdominal wall and the mesentery laid over the polished
upper surface of a short perspex pillar. The mesentery was
then transilluminated through the pillar and viewed through
a Wild M8 stereomicroscope while the tissuo was kept cool,
moist and well oxygenated by continuous superfusion of its
upper surface with frog Ringer solution bubbled with 97%
02, 3% CO2. A thermistor bead on the upper surface of the
pillar in contact with the base of the mesentery, allowed
tissue temperature to be monitored continuously.

Solutions

The Ringer solution used as a superfusate had the following
constituents (mM): NaCl 111.1, KC1 2.4, MgSO47H2O 1.1,
glucose 5.5, CaCI21.1, NaHCO3 approximately 10 but
adjusted so that pH was between 7.2 and 7.4 when the
solution was bubbled with 97% 02 and 3% CO2. Single
microvessels were perfused with control and test Ringer solu-
tions to which had been added bovine serum albumin
(10 mg ml-') and the neutral macromolecule, Ficoll 70
(40 mg ml-'). The concentrations of small molecules in the
control perfusates were identical to those in the superfusates
except the perfusates contained no NaHCO3 and pH was
adjusted by titration with 0.23 M NaOH immediately before
being used. The test perfusates were made by adding a
known mass of test substance to a measured volume of
control perfusate. For the experiments described below in
Sections 2 and 3 of Results, seven test substances were
supplied to the experimenters (S.K. and C.C.M.) under ten
different code numbers.

In some cases the same substance was supplied under a
different code number. The code was revealed to the
experimenters only after these experiments had been com-
pleted. The test substances were: (a) a standard preparation
of HR (O-(P-hydroxyethyl)-rutosides, (lot number 2634,
Zyma SA); (b) 7-mono-O-(P-hydroxyethyl)-rutoside (7-mono-
HR); (c) 7,4'-di-O-(P-hydroxyethyl-rutoside (7,4'-di-HR); (d)
7,3'4'-tri-O-(8-hydroxyethyl)-rutoside (7,3',4'-tri-HR); (e)
5,7,3',4'-tetra-O-(fi-hydroxyethyl)-rutoside (5,7,3',4'-tetra-HR);
(f) 7,3',4'-trio-O-(P-hydroxyethyl)-quercetin (7,3',4'-tri-HQ):
(g) an artificial mixture (M) consisting of the above five pure
compounds, in the same proportions in which they occur in
HR (3: 32: 57: 7.5: 0.5). The structures of these flavonoid
derivatives are shown in Table 1.
The oncotic pressure of both control and test perfusates,

measured in a Hansen type membrane osmometer fitted with
an Amicon PM-10 membrane, lay in the range of 20-23
cmH2O. A few washed human red cells were added to all the
perfusate solutions to act as markers of fluid flow. For the
experiments described in Section 5 of Results, the second
perfusate was a Ringer solution containing Ficoll 70
(40 mg ml-') but no bovine serum albumin (BSA). The third
perfusate in these experiments was a similar Ringer solution
(containing Ficoll 70 but not BSA) to which the test sub-
stance was added at a known concentration. Test substances
were not coded in these later experiments.

Measurement ofmicrovascular permeability
Microvascular permeability was assessed from the hydraulic
permeability coefficient (Lp) and the effective oncotic pressure
exerted across the microvascular walls by perfusate macro-
molecules (a&x). Fluid movements through unit area of
vessel wall (J,/A) are related to the transmural hydrostatic
pressure difference (AP) across them through the relation:

JV/A = Lp (AP-aAIc) ...... 1.

Since Lp is independent of capillary hydrostatic pressure in
these vessels over a wide range, the relation between JV/A and
AP, at constant aAir, is linear with a slope of Lp and an
intercept of aAc. Thus measurements of JV/A at two values
of AP allow both Lp and rAic to be estimated.

J,/A and AP were measured by the method of Michel et al.
(1974). In this technique a long, straight and unbranched
microvessel (diameter 15-25 pm) is cannulated with a
sharpened micropipette and perfused with a Ringer solution

Table 1 Structure of the flavonoid derivatives tested

OR5

R20

No.*

1
2
3
4
5
6

R'

HOCH2CH2
HOCH2CH2
HOCH2CH2
HOCH2CH2
HOCH2CH2

H
H
H

HOCH2CH2
H

Mixture of

Rutinose
Rutinose
Rutinose
Rutinose

H
compounds 1,

H
HOCH2CH2
HOCH2CH2
HOCH2CH2
HOCH2CH2

2, 3 and 4

H
H

HOCH2CH2
HOCH2CH2
HOCH2CH2

* 1 7-Mono-hydroxyethyl rutoside. 2 7,4'-Di-hydroxyethyl rutoside. 3 7,3',4'-Tri-hydroxyethyl rutoside. 4 5,7,3',4'-Tetra-hydroxyethyl
rutoside. 5 7,3',4'-Tri-hydroxyethyl quercetin.
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containing a few suspended red cells at constant pressure.
After 5-10min of perfusion, the outflow from the micro-
vessel is interrupted by occlusion with a fine microneedle,
some distance downstream from the cannulation site. The
movements of red cells in the occluded segment then reflect
fluid movements through the capillary walls between the
marker red cells and the site of occlusion. From the velocity
of a red cell (which is determined from a video recording)
and the dimensions of the microvessel, Jv/A can be cal-
culated. Such measurements of red cell velocity are made
over the period 2 s to lOs after microocclusion when the
pressure applied to the microvessel through the pipette can
be switched to a second value (Michel, 1980). While changes
in the volume of the occluded segment interfere with the red
cell movements immediately after occlusion or immediately
after step changes in pipette pressure during occlusion, these
compliance changes are complete within a second providing
the microvascular pressure remains higher than 10cmH20
(Michel et al., 1974; Levick & Michel, 1977; Swayne &
Smaje, 1989). No attempt to estimate microvascular com-
pliance was made in the present experiments.

Because the pressure applied to the micropipette approx-
imates within 0.1 cmH20 to the pressure inside the micro-
vessels during occlusion, values of Jv/A can be estimated at
different values of microvascular pressure which in turn
approximates closely to &P. Thus both Lp and crAc may be
determined.

Protocol

In each experiment a single chosen capillary or venule was
perfused with the control perfusate and Lp and aAn were
determined. The micropipette was then removed and the
vessel was recannulated with a second micropipette filled with
the test perfusate. Lp and aA&c were redetermined after at
least 5 min perfusion with the second (test) solution. In the
determination of dose-response curves, estimates of L. and
aAic were made on 12 different vessels in the absence and
presence of a given concentration of the test substance.
To investigate the effects of test substances in the absence

of plasma proteins, Lp and crAi were determined during each
of three successive perfusions on the same microvessel. The
first perfusate was the standard control perfusate containing
Ficoll 70 and BSA; the second perfusate contained Ficoll 70
but no BSA; the third perfusate contained Ficoll 70 plus a
known concentration of a test substance but no BSA. Lp and
An were determined between 5 and 10 min after the start of
the first and third perfusions but it was found necessary to
perfuse for 20 min with the second solution (protein-free) in
order to obtain a reproducible increase in Lp over its control
value.

Statistics

Lp was estimated from the slope of the regression line
relating Jv/A to capillary pressure during perfusion with
either control or test solution. The intercept of this relation
with the pressure axis was taken as Ar,&n.

Paired t tests were used to assess the significance of
differences between Lp and crAi in the absence and presence
of test substances.

Results

(1) Reproducibility of estimates of L, and aA'n in the
same vessel

At the outset of the investigation, the reproducibility of the
technique was assessed by determining the values for Lp and
aAic in a capillary or venule perfused with a control solution
and then removing the micropipette, recannulating the vessel

with a second micropipette filled with the same control per-
fusate and remeasuring Lp and cAIc. Seventeen experiments
of this kind were carried out. The mean value ( ± s.e.mean)
of Lp during the first perfusion was 3.97 ( ± 0.45) X 10-7 cm
s-I cmH20-' and during the second perfusion was 3.71
(± 0.44) x 10-' cm s'I cmH20O. A paired t test revealed no
significant difference between the first and second estimates
of Lp.
The mean value (±s.e.mean) of cAic was 12.85 (+0.47)

cmH20 during the first perfusion and 11.35 ( ± 0.43) cmH20
during the second perfusion. The difference was not
significant.

(2) Reduction ofpermeability by varying
concentrations of mixtures offlavonoids

Figure la-d show the effects of various concentrations of
Venoruton (HR) upon the relation between Jh/A and P, in
four single perfused capillaries. Each part of Figure 1
represents the results of a single experiment at one concentra-
tion of HR. It is seen that as the test perfusate contained
increasing concentrations of HR, the slope of the relation
between Jv/A and capillary pressure was reduced to a greater
extent relative to its control value. There was, however, no
change in the intercept of the relation, cr,Ai. These four
experiments were representative of the general response of
microvessels to perfusion with HR. A clear concentration-
dependent lowering of Lp could be observed as the HR
concentration in the perfusate was raised from lOILg ml1' to
1 mg ml i. Perfusion with a test solution containing
10 mg HR ml-', however, reduced Lp to a smaller extent
than perfusion at 1.0 mg ml-'. In Figure 2a, each closed
circle is the mean value of 12 determinations of Lp in vessels
perfused with solutions containing a given concentration of
HR. The open circles represent mean control values of Lp for
the same microvessels later investigated at that concentration
of HR. Thus the effect of a particular concentration of HR
can be assessed from the difference in Lp between the open
and closed-circles at that concentration. A paired t test
revealed that the differences were significant (P<0.001) at all
perfusate concentrations of HR equal to or greater than
O ig ml-'. Figure 2b is a similar representation of the data
obtained from experiments where the second perfusate con-
tained M, the reconstituted mixture of five components of
HR. Here each point in based on 24 determinations of Lp as
M was investigated on two separate occasions under two
different code numbers.
The general pattern is very similar to that seen for HR

namely that increasing concentrations of the mixture reduce
Lp to an increasing extent up to a concentration of 1 mg ml-'
when Lp is lowered to less than half its control value. At a
concentration of 1Omg ml-', both HR and the reconstituted
mixture reduce Lp to smaller extent than at 1 mg ml-'.
Nevertheless a paired t test revealed the reduction in Lp was
highly significant (P<0.001) at this concentration as it was
at all perfusate concentrations of M equal to or greater than
1O jig ml-'. Like HR, the reconstituted mixture did not effect
the value of aAin.

(3) Reduction ofpermeability by varying
concentrations offive purified components ofHR
When each of the five purified components was tested on
their own, they were all found to reduce Lp (P<0.02, paired
t test) once their concentration in the perfusate had exceeded
100 ,tg ml-'. None of the components significantly affected
the values of aAin. There were, however, marked quantitative
differences in their effectiveness. Thus at concentrations of
1 mg ml-, 7-mono-HR, 7,3',4'-tri-HR, and 5,7,3',4'-tetra-
HR reduced Lp by only 10%-13% (P<0.001) and at con-
centrations to 10 mg ml' lowered Lp further to 14-20%
below its control value (P<0.001). Thus they were con-
siderably less effective than either HR or the reconstituted
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Figure 1 (a-d) The relation between fluid filtration per unit area of
capillary wall (J,/A) and capillary pressure in four experiments on
single mesenteric capillaries of frog. Each diagram shows the results
from a vessel which was perfused first with the control perfusate (0)
and then with a perfusate containing HR (0). The concentrations of
HR in the second perfusate were (a) 0; (b) 10lg ml-'; (c)
100 gml-'; (d) l.Omgml-'.

Figure 2 The effects of varying concentrations of HR and the
reconstituted mixture of five of its components upon the Lp of single
microvessels of frog. (a) Mean values ± s.e.mean of Lp in the absence
(0) and presence (@) of HR (n = 12). (b) Mean values ± s.e.mean
of Lp in the absence (0) and presence (@) of M, the reconstituted
mixture of five components of HR (n = 24).

mixture. 7,4'-di-HR, however, reduced Lp when it was pres-
ent at all concentrations greater than 1O jig ml-' (P<0.001).
When its perfusate concentration was 1.Omgml-1, Lp was

reduced to 40% of its control value (a reduction of 60%) and
as with HR itself, raising the perfusate concentration of
7,4'-di-HR to 10 mg ml-' reduced the magnitude by which it
lowered Lp. 7,3',4'-tri-HQ was less effective than 7,4'-di-HR
but more effective than the other three P-hydroxyethyl
rutosides significantly reducing Lp (P<0.001) when present
in the perfusate at concentrations greater than 10 Ag ml-'. At
a concentration of mg ml', 7,3',4'-tri-HQ lowered Lp to
74% of its control value (i.e. a 26% reduction).
The dose-response curves for the five components are

shown in Figure 3. Here the effect on Lp is shown as the
mean value of Lp in the presence of a given concentration of
the test substance divided by the mean control value of Lp
for the same microvessels. Each point is based on paired test
and control measurements on 12 microvessels.

(4) Reversibility of effects of reconstituted mixture on

Lp
To investigate the reversibility of the effects of the recons-
tituted mixture upon permeability, 12 experiments were car-
ried out in which a microvessel was perfused with (i) control
perfusate, (ii) perfusate containing the mixture at a concent-
ration of 1.0 mg ml', (iii) control perfusate. Estimates of Lp
and aAi were made during each perfusion and continued for
at least 20 min (and usually 30-40 min) during the final
control perfusion. It was found that Lp which was reduced
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from an initial value ( ± s.e.mean) of 4.56 ( ± 0.47) x l(
s'I cmH20O' to one of 0.94 ( ± 0.1 1) x I0 cm s'l cm]
during perfusion with the mixture, was increased only s]
after 20 min-40 min of the third perfusion when it
mean value of 1.11 (±0.14)x 10 7cms'-cmH2O '

small rise in Lp during the final perfusion was reprod
and a paired t test revealed it was significant (P<0

1.0r
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-J

-j

0.5 F

10-5 10-3 101-
loa [Concl(ma ml -1)

Figure 3 The effects of varying concentrations of five purifie
ponents of HR upon the Lp of frog single microvessels: (-) 7
HR; (a) 7,4'-di-HR; (A) 7,3',4'-tri-HR; (A) 7,3',4'-triH(
5,7,3',4'-tetra-HR. Each point represents the mean ( ± s.e
value of Lp in the presence of a given concentration of t
substance divided by the mean value of Lp for the paired c

(n= 12).

D-7cm
H20-1
lightly
had a

(5) Effects ofHR and its principal components on Lp
of vessels in which permeability has been increased by
protein-free perfusions

* The Perfusion with albumin-free solutions consistently increased
lucible Lp to approximately twice its value in the presence of 1%
.01). BSA and reduced the effective osmotic pressure exerted by

Ficoll 70 in the perfusate. HR reversed the increase in Lp
when added to the perfusate at concentrations equal to or
greater than 6#Agml-'. Figure 4a-d shows the changes in
fluid filtration rate per unit area of microvascular wall (J,/A)
with changes in microvascular pressure in four experiments
each with a different concentration of HR in the third per-
fusate. Each part of Figure 4 relates JV/A to microvascular

A pressure during the three perfusions of a single experiment.
The slope of each line yields the value for Lp during that
perfusion while the intercept with the pressure axis gives the
value for sAin. It is seen that removal of BSA from the
perfusate (solution b) increases the slope of the relation (Lp)
and reduces the value of cAn in all experiments. Whereas
HR has no effect when present at a concentration of
1 #g ml-', it restores Lp to its control value at 0.006 mg ml-'
and takes it below control when its concentration is
0.1 mg ml'. HR, however, does not appear to restore aAic

10 to its initial value.
Between 8 and 10 experiments were carried out for each

concentration of HR in the third perfusate and the results are
d com- summarized in Table 2. It is seen that removal of BSA from
mo(n0) the perfusate consistently increased Lp and the increase was

.mean) reversed by HR in a dose-dependent fashion. The changes in
-he test UAi, however, are less clear. While perfusion with albumin-
ontrols
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Figure 4 (a-d) The relations between fluid filtration (J,/A) and capillary pressure in four experiments on single mesenteric
capillaries of frog. Each diagram shows the results of a single experiment when the vessel was perfused first with a control perfusate
containing Ficoll 70 and serum albumin (@), then with a similar solution containing Ficoll 70 but no albumin (A) and finally with
a solution containing Ficoll 70 and HR (0). The concentrations of HR in the third perfusate were as follows: (a) I sg ml-'; (b)
6 tLg ml~ -; (c) I10 1lg ml~ -; (d) I100 iLg ml~ -.
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Table 2 Reversal of the effects of removal of serum albumin by hydroxethyl-rutosides (HR)

Ringer perfusate solutions
Concentrations of
HR in solution
(iii) (mgml-')

n

(i) Perfusate with 4%
Ficoll 70 + 1% BSA
LPI an

(ii) Perfusate with
4% Ficoll 70

Lp2 (arA702

(iii) Perfusate with
4% Ficoll 70+ HR
Lp3 (aAn)3 L,p/Lp2 Lp3/Lp2

0.1
0.01
0.006
0.003
0.001

10
10
8
10
10

3.36
3.81
3.27
4.5
4.33

(± 0.31)
(± 0.51)
(± 0.34)
(± 0.77)
(± 0.31)

11.11 (±0.38)
10.9 (± 0.43)
10.71 (±0.81)
10.34 (± 0.76)
11.53 (±0.36)

7.0 (± 0.88)
7.57 (±0.79)
8.69 (±0.45)
8.48 (±0.51)
8.72 (± 0.51)

9.10 (±0.73)
6.35 (± 0.70)
5.78 (±0.70)
6.43 (± 0.46)
6.51 (±0.87)

1.65 (± 0.73)
3.06 (± 0.49)
2.64 (± 0.29)
7.91 (± 0.54)
8.75 (±0.38)

10.18 (±0.48)
9.37 (± 0.64)
7.15 (±0.52)
6.08 (± 0.53)
7.10 (±0.62)

0.48
0.50
0.38
0.53
0.5

0.24
0.40
0.3
0.93
1.00

All figures for Lp and aAn are mean values ± s.e.mean. Values for Lp are expressed as 10-7 x cm s-'H20-1; values for aAi are in
cmH20

Table 3 Reversal of permeability increase (induced by removal of serum albumin) by 7,4'-di-HR

(i) Perfusate with 4%
Ficoll 70 +1% BSA
LPI (aA7t)2

4.58 (±0.51)
4.58 (±0.65)
4.05 (± 0.83)

(ii) Perfusate with 4%
Ficoll 70

(protein-free)
Lp2 (6a(Ax)2

11.33 (± 0.27) 9.44 (± 0.42)
11.30 (± 0.19) 9.13 (± 0.84)
11.00 (±0.38) 8.04 (±0.65)

5.86 (± 0.83)
7.61 (±0.87)
5.70 (± 0.72)

(iii) Perfusate with
4% Ficoll 70 + di-HR
L1p3 ('U'&I)3

3.15 (±0.43)
4.4 (± 1.00)
7.86 (± 0.85)

6.94 (± 1.07)
7.91 (±0.64)
6.03 (± 0.63)

Lpl/Lp2 Lp3/Lp2

0.49 0.33
0.50 0.48
0.50 0.98

All figures are mean values of experiments ± s.e.mean. Values for Lp are expressed as 10' x cm s-'cmH2O-'; values for cA&n are in
cmH20.
For abbreviations, see text.

Table 4 Effects of 7-mono-HR, 7,3',4'-tri-HR and 5,7,3',4'-tetra-HR in single vessels where permeability has been increased by
perfusion with protein-free solutions

Test substance
in perfusate (iii)

n

(i) Perfusate with 4%
Ficoll 70 + 1% BSA
LpI (OaR)l

(ii) Perfusate with
4% Ficoll 70 alone
Lp2 (OI(An)2

(iii) Perfusate with 4%
Ficoll + test substance
Lp3 (UA7)3 Lp,/Lp2 Lp3/Lp2

6 3.53 (± 0.50) 10.23 (± 0.17) 8.21 (± 0.80) 5.95 (± 0.70) 8.33 (± 0.69) 6.17 (± 0.86) 0.43

6 4.22 (±0.62) 11.48 (±0.60) 8.28 (±0.63) 5.07 (± 1.29) 8.50 (±0.66) 5.20 (± 1.21) 0.51

6 3.00 (± 0.25) 10.25 (± 0.60) 8.03 (± 0.56) 4.40 (± 0.27) 7.95 (± 0.67) 4.47 (± 0.713) 0.37

1.01

1.03

0.99

All values of Lp and (aAit) represent means of 6 experiments ± s.e.mean. Values of Lp are expressed as I0-7 x cm s-I cmH2O' and
aAi in cmH2O.
For abbreviations, see text.

free solutions reduced aA7E, perfusion with HR at concentra-
tions > 661g ml-' raised aAx from a mean ( ± s.e.mean) of
5.78 ( ± 0.70) cmH2O to one of 7.15 ( ± 0.52) cmH2O but did
not restore it to its control value (10.71 cmH2O).
When varying concentrations of 7,4'-di-HR were present in

the third perfusate, the effects on Lp were similar to those
found with HR. The data are summarised in Table 3 which
also shows that 7,4'-di-HR had no significant effect upon
cAi.

The effects of the other three principal constituents of HR
were investigated at the single concentration of 10gmlm1'.
Six experiments were carried out with each of these com-

pounds as the test substance and the results are summarized
in Table 4.
Although near maximal effects of HR and 7,4'-di-HR were

seen when they were present at a concentration of
10pgmlm', none of the other rutosides were found to affect
permeability at this concentration.

Discussion

Effects ofHR and its constituents on vessels of normal
permeability

Our findings, which confirm many of the observations of
Blumberg et al. (1989), show that HR reduces the Lp of frog

mesenteric microvessels in a concentration-dependent man-
ner. Maximum effects of HR are seen in the range of 0.1 mg
ml-' to 1.0mg ml1. We have also shown that a mixture of
five components of HR reproduces the permeability lowering
properties of HR in frog mesenteric capillaries. This sug-
gested that at least one of the constituents of the mixture was
responsible for the effects of HR on permeability. An
examination of the effects of the individual components
revealed that 7,4'-di-HR was largely responsible for the
reduction of Lp by HR. The other four components had
smaller but significant effects in reducing Lp. It is, of course,
quite possible that in the mixture and in HR itself, they have
a synergistic influence on the actions of 7,4'-di-HR. Such
synergism would account for the slightly greater potency of
the mixtures than 7,4'-di-HR in reducing Lp.
The effects of a wide range of concentrations of HR and

7,4'-di-HR upon Lp are described by bell-shaped dose-
response curves. It is of particular interest that the purified
single compound, 7,4'-di-HR, is less effective in reducing Lp
when its perfusate concentration rises above 1 mg ml-'. One
possible explanation would be that 7,4-di-HR binds to two
different receptors which initiate opposite effects on perme-
ability. Providing the interaction of these effects is non-

competitive and the affinity for the receptor that promotes a
reduction of Lp is greater than that which leads to a perme-
ability increase, the overall dose-response curve would be bell
shaped (e.g. Young et al., 1992).

Concentration
of di-HR in
solution (iii)
(mg ml1')

0.1
0.01
0.001

mono-HR
10 iLg ml-'
tri-HR
10 jig ml- '
tetra-HR
lOsg ml-'
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We did not observe any effects of HR (or its constituents)
on aAi in vessels of normal permeability. This is consisent
with the observations of Blumberg et al. (1989). While they
reported that HR raised aA7r, the effects were restricted to
inflamed vessels where aAir was initially low and a&n was
raised to values in the normal range but not above it.
We have also confirmed that the effects of HR on Lp

reversed very slowly. This characteristic effect of HR has
restricted our experimental protocols in that the effects of test
substances on permeability had to be assessed by comparing
the value of Lp (and aAn) for a given vessel in the presence
of the test substance with its value for the same vessel during
the preceding control perfusion only. Justification for this
general protocol is derived from observations that there were
no significant changes in Lp when the second perfusate was
identical in composition to the first.
The slow reversibility of the effects of HR on permeability

may be of considerable significance in maintaining thera-
peutic levels of these substances in the tissues during their
long term administration. In this context it is worth noting
that the concentrations of HR and 7, 4'-di-HR which clearly
reduced permeability, are comparable with levels which might
be achieved if the recommended oral dose of HR were
diluted in a volume equivalent to that of the plasma or blood
(500 mg in 3 litres or 5 litres). While the incomplete absorp-
tion of HR from the gastrointestinal tract and its hep-
atobiliary clearance from portal venous blood might seriously
reduce the levels of HR in the systemic arterial blood, the
slow reversibility of the effects of HR raise the possibility
that repeated oral doses may allow potent levels of HR to
accumulate in the target areas (Neumann et al., 1992).

Effects ofHR and its components on vessels perfused
with protein-free solutions

In this study we have shown that both HR and 7,4'-di-HR
reverse the increase in Lp which is induced by perfusion with
protein free solutions. The fall in aAn to Ficoll 70, which
accompanied the increase in Lp, was incompletely reversed by
HR and little affected by 7,4'-di-HR.
Our preliminary investigation of the effects of HR on

vessels in which permeability had been increased by protein-
free perfusion (Michel et al., 1990), arose from the observa-
tion that HR reduced the permeability of inflamed frog
microvessels in spite of the persistance of gaps in the
endothelium (Blumberg et al., 1989).
The increase in permeability which occurs in inflammation

or that resulting from mediators such as histamine, is
associated with the development of gaps in the endothelium.
By contrast, perfusion with protein-free solutions raises
permeability without the development of gaps (Mason et al.,
1979). The raised permeability associated with removal of

protein can be readily and completely reversed by perfusion
with albumin containing solutions (Mason et al., 1979;
Michel & Phillips, 1985). Furthermore, there is strong
evidence that serum albumin binds reversibly to the luminal
surface of the endothelium (Schneeberger & Hamelin, 1984;
Schnitzer et al., 1988), and since its removal from this site is
associated with the permeability increase, it has been pro-
posed that the ultrafilter of capillary walls and a major
component of the hydraulic resistance of the pathways
through them, reside in a lattice-like structure formed by the
interaction of plasma proteins with the luminal endothelial
glycocalyx (Curry & Michel, 1980; see Michel, 1988, for
review). Thus when Blumberg et al. (1989) observed a reduc-
tion of permeability without the disappearance of the
endothelial gaps, they suggested that HR might reduce the
permeability of an extracellular barrier such as the glyco-
calyx. Our observation that HR can reverse the rise in Lp
associated with removal of albumin is consistent with this
hypothesis. It seem unlikely, however, that the flavonoids act
in the same way as albumin itself. The action of albumin is
dependent upon its positively charged arginine residues
(Michel et al., 1985) and it is believed to reduce Lp by
occupying space within the surface coat and by ordering the
fibrous molecules of glycocalyx into an evenly spaced lattice
(Michel, 1988). It is unlikely that HR and 7,4'-di-HR, which
are small molecules, can have a direct action of this kind.
Furthermore, we should note that HR and 7,4'-di-HR failed
to reverse the fall in uAir.
An alternative mechanism would be for 7,4'-di-HR (and

possibly other as yet unidentified components of HR) to act
on the endothelial cell and for intracellular mechanisms to
order the molecules of the glycocalyx or promote its secre-
tion. It is of considerable interest that Curry & Lenz (1987)
reported that noradrenaline reduced the Lp of frog mesenteric
capillaries in the absence of BSA but not in its presence.
Recent work by He & Curry (1991) has shown that
depolarizing the endothelium with high extracellular K+ con-
centrations reduces Lp. The depolarization reduces Ca2"
influx into the endothelial cells (He & Curry, 1991) and
preliminary reports suggest that the raised Lp following
protein-free perfusion may be reduced by high concentrations
of extracellular K+ (He et al., 1991). At present it is unclear
how changes within the endothelial cell can modify perme-
ability except where this is associated with the development
of gaps between adjacent endothelial cells. Against this back-
ground the possible mechanism of actions of HR and other
flavonoids on vascular permeability remains highly speculative.

We thank Dr H. Keberle for helpful suggestions and discussions, and
Dr A. Albert and Dr E. Moret for synthesizing and purifying the
pure compounds and Mrs R. Haddleton for typing the manuscript.
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Relation between a1-adrenoceptor subtypes and
noradrenaline-induced contraction in rat portal vein smooth
muscle
Irene Sayet, Ghislaine Neuilly, Lala Rakotoarisoa, 'Chantal Mironneau & Jean Mironneau

Laboratoire de Physiologie Cellulaire et Pharmacologie Moleculaire, URA CNRS 1489, Universite de Bordeaux II, 3 place de
la Victoire, 33076 Bordeaux, France

1 In vascular smooth muscle, a,-adrenoceptors have been classified recently into two or three subtypes.
We examined which xl-adrenoceptor subtypes are involved in the noradrenaline-induced contraction of
rat portal vein smooth muscle.
2 Binding studies with [3H]-prazosin in membranes from equine portal vein smooth muscle revealed the
presence of two distinct affinity binding sites. The high-affinity site for [3H]-prazosin was also identified
in intact strips of rat portal vein. Prazosin, HV723 (o-ethyl-3,4,5-trimethoxy-a-(3-((2-(2-
methoxyphenoxy)ethyl)-amino)-propyl) benzene-acetonitrile fumarate), WB4101 (2-(2,6-dimethoxyphen-
oxyethyl)aminomethyl-1,4-benzodioxane), 5-methylurapidil, phentolamine and yohimbine antagonized
[3H]-prazosin binding at both types of sites. Pretreatment with 50 jAM chloroethylclonidine (CEC)
eliminated the high-affinity sites for prazosin but had no effect on the low-affinity sites.
3 Noradrenaline produced a concentration-dependent contraction in the rat portal vein. Pretreatment
with 50 JAM CEC induced a slight rightward displacement of the concentration-response curve but the
maximal contraction was not significantly affected suggesting that the CEC-sensitive xl-adrenoceptors
played a minor role in the noradrenaline-induced contraction. Prazosin, WB4101 and HV723 produced
a concentration-dependent inhibition of noradrenaline-induced contractions. The inhibition curves were
little affected by CEC-pretreatment and yielded a relative order of potency of WB4101 >
prazosin> HV723.
4 In the presence of 0.1 jAM isradipine to block voltage-dependent Ca2+ channels, the noradrenaline-
induced contraction is due to release of Ca2+ ions from agonist-sensitive intracellular Ca2+ stores. Under
these conditions, the noradrenaline-induced contraction was not significantly affected by pretreatment
with 50 JAM CEC but was inhibited by the antagonists mentioned above with affinities different from
those in the absence of isradipine. The rank order of potency became HV723 > WB4101 > prazosin.
5 The present results indicate the existence of two distinct o1-adrenoceptor subtypes in rat portal vein
smooth muscle, which show high- and low-affinities respectively for each of prazosin, WB4101 and
HV723 and correspond to alH- and 'XlL-adrenoceptor subtypes. According to recent a,-adrenoceptor
subclassifications, the alH-adrenoceptor subtype which is sensitive to inactivation by CEC may corres-
pond to the MtB-adrenoceptor subtype. The contraction induced by noradrenaline seems to be
predominantly mediated through the alL-adrenoceptor subtypes which may include the MIN-adrenoceptor
subtype, as recently proposed.

Keywords: a,-Adrenoceptor subtypes; noradrenaline-induced contraction; [3H]-prazosin binding; rat portal vein

Introduction

Two subtypes of xl-adrenoceptors have been defined on the
basis of both binding and functional experiments (Morrow &
Creese, 1986; Minneman, 1988; Hanft & Gross, 1989; Oshita
et al., 1991). The alA-adrenoceptor subtype shows high
affinity for 2-(2,6-dimethoxyphenoxyethyl)aminomethyl- 1,4-
benzodioxane (WB4101), 5-methylurapidil and phentolamine
and is relatively insensitive to an alkylating agent, chloro-
ethylclonidine (CEC), while the CXB-adrenoceptor subtype has
low affinity for the antagonists mentioned above and is
potently inactivated by chloroethylclonidine. Both MIA- and
aIB-adrenoceptor subtypes have a high affinity for prazosin.
On the other hand, another subclassification has been pro-
posed, where the a,-adrenoceptors can be separated into
three subtypes (OIH, MIL and CXN) (Flavahan & Vanhoutte,
1986; Muramatsu et al., 1990a,b; Oshita et al., 1991).
Prazosin has a higher affinity for the (,H-adrenoceptor sub-
type than for the CIL- and aXN-adrenoceptor subtypes. The
CXN-adrenoceptor, the third subtype, is distinguished by its
higher affinity for a-ethyl-3,4,5-trimethoxy-a-(3-((2-(2-meth-
oxyphenoxy)ethyl)-amino)-propyl) benzeneacetonitrile fum-
arate (HV723) compared with the other a,-adrenoceptor

I Author for correspondence.

subtypes. In addition, the alH and MIN-adrenoceptor subtypes
show a higher affinity for yohimbine than the aIL-
adrenoceptor subtype (Muramatsu et al., 1990b).

Molecular cloning studies have confirmed the existence of
three or four a,-adrenoceptor subtypes. The x,B-adrenoceptor
subtype isolated from DDT1 MF-2 cells is predominantly
expressed in rat liver, heart and cerebral cortex (Cotecchia et
al., 1988; Lomasney et al., 1991). As recently proposed by
Schwinn & Lomasney (1992) the M,A-adrenoceptor subtype
family would be composed of at least three members: the
cloned rat MIA-adrenoceptor or a,D-adrenoceptor (Perez et al.,
1991), the cloned bovine alc-adrenoceptor (Schwinn et al.,
1990), and the classical OEA-adrenoceptor, as defined by phar-
macological studies, which has not yet been identified by
molecular cloning techniques. However, the relationship
between these cloned receptors and those identified by phar-
macological means has not been clarified in all tissues.

In the present study, we examined which xl-adrenoceptor
subtypes contribute to the noradrenaline-induced contraction
of rat portal vein by using both contraction and binding
studies. The results obtained show that noradrenaline-
induced contraction of the rat portal vein is, at least,
mediated through two distinct a,-adrenoceptor subtypes (O1L

Br. J. Pharmacol. (I 993), 110, 207 212 (D Macmillan Press Ltd, 1993
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and GIN) and that the other a,-adrenoceptor subtype (alH or
a1B) has a restricted role in mediating contraction.

Methods

[3H]-prazosin binding study

Microsomes from fresh equine portal vein were prepared as
previously described (Dacquet et al., 1988) and protein con-
centration was determined according to Bradford (1976).
Membrane proteins (0.1-0.2 mg ml-') in duplicate were
incubated for 45 min at 25°C with various concentrations of
[3H]-prazosin in 2 ml of 20 mM HEPES buffer (pH 7.4) con-
taining 0.1% bovine serum albumin. Non-specific binding
was defined as the amount of radioligand bound in the
presence of 2 laM unlabelled prazosin and accounted for
25-30% of the total binding with 2 nM [3H]-prazosin.

Binding to longitudinal strips of rat portal vein (0.5-
1.5 mg wet weight) was measured by incubating the strips for
60 min at 37°C in a physiological solution (composition,
mM): NaCl 130, KCI 5.6, CaC12 2, MgCl2 0.24, HEPES 8.3,
glucose 11, pH 7.4, with various concentrations of the
radioligand (Rakotoarisoa et al., 1990). At the end of the
incubation period each strip was dried on filter paper, and
then weighed. Radioactivity was measured by dissolving the
vein strips in 100 pi of NaOH (0.1 M). Non-specific binding
was defined as indicated above and accounted for 45-50%
of the total binding at a concentration of 0.5 nM [3H]-
prazosin.

Contraction experiments

Isometric contractions of longitudinal strips from rat portal
vein were recorded in an experimental chamber described
previously (Mironneau et al., 1980) by means of a highly
sensitive isometric force transducer (Akers 801 AME,
Norten, Norway). The physiological solution was similar to
that used for binding of intact strips but contained yohim-
bine (10 nM) and propranolol (0.1 AM) in order to inhibit M2-
and P-adrenoceptors. The circulating solution was maintained
at 37 ± l'C. Vein strips were first contracted with nor-
adrenaline (30 tM; maximal response) followed by a washing
period of 30 min. Subsequent contractions to noradrenaline
in the presence of various antagonists were expressed as a
percentage of this maximal contraction to noradrenaline.

Chloroethylclonidine treatment

In order to inactivate the a,lB-adrenoceptor subtype, the mem-
brane protein preparation (usually 5 -7 mg ml-') was in-
cubated for 15 min at 37°C with or without 50 JAM CEC. The
reaction was stopped by dilution with 200 ml cold HEPES
buffer and centrifuging at 100,000 g for 20 min. Each final
pellet was resuspended in 7.5 ml HEPES buffer.

Strips of rat portal vein were incubated for 30 min at 37°C
with 50 JAM CEC and then washed for 30 min in physiological
solution before contraction or binding assays.

Chemicals

[3H]-prazosin (specific activity 80-85 Ci mmol-') was ob-
tained from Amersham (Les Ulis, France). Noradrenaline,
phentolamine, yohimbine, prazosin were from Sigma (St
Louis, MO, U.S.A.). WB4101 (2-(2,6-dimethoxyphenoxyeth-
yl)aminomethyl-1,4-benzodioxane), 5-methylurapidil, chloro-
ethylclonidine dihydrochloride were from RBI (Natick, MA,
U.S.A.). HV723 (cx-ethyl-3,4,5-trimethoxy-a-(3-((2-(2-meth-
oxyphenoxy)ethyl)-amino)-propyl) benzene-acetonitrile fum-
arate) from Hokuriku Seiyaku (Katsuyama, Fukui, Japan)
was a gift from Dr Muramatsu.

Analysis of data

The apparent dissociation constant (KD) and maximal
number of binding sites (Bm.,,) for [3H]-prazosin were
estimated by Scatchard analysis of the saturation data. The
ability of antagonists to inhibit specific [3H]-prazosin binding
or contraction induced by 3 JLM noradrenaline was estimated
from the IC50 value which was the concentration which
inhibited 50% of the maximal response. A value for the
inhibition constant Ki was calculated from the equation,
Ki = IC_o/(l + L/KD), where L equals the concentration of
[3H]-prazosin and KD is the apparent dissociation constant
(Cheng & Prusoff, 1973). The Hill coefficient for inhibition
by a drug was obtained by Hill plot analysis. The data
obtained from saturation, kinetic and competition studies
were analysed by a programme derived from nonlinear least-
squares curve fitting programme LIGAND (Munson & Rod-
bard, 1980). The data were first fitted to a one- then a
two-site model and if the residual sums of squares were
statistically less for a two-site fit of the data than for a
one-site, as determined by an F-test comparison, the two-site
model was accepted. The experimental results were expressed
as mean ± s.e.mean and significance was tested by Student's t
test. P values less than 0.05 were considered as significant.

Results

Equilibrium binding of [3H]-prazosin to portal vein
membranes

[3H]-prazosin, at concentrations ranging from 0.01 to 4 nM,
was used to label a,-adrenoceptors on vascular membranes
(Figure 1). The specific binding was approximately 80% of
the total binding at 0.1 nM [3H]-prazosin. A Scatchard plot of
the specific binding component indicates the existence of both
high and low affinity binding sites. The dissociation constants
(KD) and maximal binding capacities (Bm,,,) were: KD =
0.018 ± 0.002 nM and Bm,,, = 73 ± 9 fmol mg-' of protein for
the high-affinity site and KD = 2.42 ± 0.27 nM and Bm,,,=
295 ± 37 fmol mg-' of protein for the low-affinity site
(n = 9). Heat treatment (65'C, 20 min) or trypsin treatment
(0.1 mg ml-') of vascular membranes resulted in a large
reduction (85-95%) in the population of the two families of
sites.

High- and low-affinity binding sites for [3H]-prazosin in
vascular membranes

The properties of the high-affinity binding site were examined
by use of 0.1 nM [3H]-prazosin. Under these conditions,
about 85% of the signal originated from binding to the
high-affinity binding site and 15% from binding to the low-
affinity binding site. Typical kinetics of association of [3H]-
prazosin are presented in Figure 2a. Figure 2b shows that the
semilogarithmic representation of the data is linear, as
expected for a pseudo-first-order reaction (Weiland &
Molinoff, 1981). The experimental association rate constant
measured was Kob, = 0.147 ± 0.015 min-' (n = 6). Further-
more, K0b.=kl ([3H]-prazosin)+k_,, in which k, and k-,
represent, respectively, the rate constants of association and
dissociation of the [3H]-prazosin-receptor complex. Figure 3a
shows that [3H]-prazosin bound to vascular membranes can
be displaced by unlabelled prazosin. Because of the large
excess of unlabelled prazosin (1OpJM), the reassociation of
[3H]-prazosin with the receptor was prevented, and then the
dissociation was a first-order reaction. As expected, the
semilogarithmic representation of the dissociation data was
linear, as shown in Figure 3b, and gave a constant for
dissociation (k_ ) of 0.041 ± 0.003 min-' (n = 6). The cal-
culated value of k_, was 1.18 ± 0.07 nM-'min-' (n = 6) and
the dissociation constant from kinetic data (KD = k ,/k,) was
estimated to be 0.034 ± 0.002 nM (n = 6). This value is in
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Figure 1 Scatchard plot (a) and saturation binding (b) of [3H]-
prazosin to portal vein membranes. Portal vein smooth muscle
membranes (0.1 mg ml' protein) were incubated with increasing
concentrations of [3H]-prazosin (25 Ci mmol-') for 45 min at 25C.
Non specific binding was defined as that which was not displaceable
by 2 gM unlabelled prazosin. Scatchard analysis of specific binding
was done with the nonlinear least-square programme LIGAND
(Munson & Rodbard, 1980). The best fit was determined with a

two-site model. The data shown are means of duplicate determina-
tions in a representative experiment. Similar estimations were

obtained from 9 separate experiments. (A) Total binding; (A) non-

specific binding; (0) specific binding. B/F, bound/free.

good agreement with the value of KD obtained from equili-
brium binding measurements (Figure 1).
The properties of the low-affinity prazosin site were

examined with 5 nM [3H]-prazosin. Under these conditions
about 75% of the total bound ligand was associated with
the low-affinity binding site. The rate constants for associa-
tion and dissociation were 0.011 0.004 nM-'min-' and
0.061 ± 0.012 min 1, respectively (n = 4). The calculated dis-
sociation constant from kinetic data was estimated to be
4.97 ± 0.86 nM (n = 4), a value similar to that obtained from
equilibrium binding experiments (Figure 1).
The pharmacological profile of high- and low-affinity sites

for prazosin was examined in displacement experiments. [3H]-
prazosin, 0.1 nM, was used to label the high-affinity site.
Unlabelled prazosin, HV723, WB4101, 5-methylurapidil,
phentolamine and yohimbine displaced the binding in a

monophasic manner with increasing inhibition constant
values (Table 1). The rank order of potency was, there-
fore, prazosin>HV723, WB4101>5-methylurapidil, phen-
tolamine>yohimbine. To elucidate the mode of binding of
the a-adrenoceptor antagonists, Scatchard plots of the [3H]-
prazosin binding were carried out in the presence of two
concentrations of a-adrenoceptor antagonists. These data
which show an increase of the apparent KD value without

Figure 2 Association kinetics for the specific high-affinity binding of
[3H]-prazosin to portal vein membranes. (a) Association was initiated
by addition of 0.1 nM [3H]-prazosin (85 Ci mmol-') to an assay
mixture containing 0.1 mg ml-' protein. At the indicated times an
aliquot of the mixture was withdrawn, and the association was
terminated by rapid filtration. Non-specific binding, determined with
2 jaM unlabelled prazosin, was constant. (b) Pseudo-first-order
representation of the data. LRE, concentration of [3H]-prazosin-
receptor complex at equilibrium; LR, concentration of the complex
at time t. Each point represent the mean of 6 experiments±
s.e.mean.
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Figure 3 Dissociation kinetics for the specific high-affinity binding
of [3H]-prazosin to portal vein membranes. (a) After equilibrium had
been reached, dissociation was monitored after addition of 10 YM
unlabelled prazosin. (b) First-order representation of binding. LRE,
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experiments ± s.e.mean.
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Table 1 Inhibition of [3H]-prazosin binding to membranes and intact strips of portal vein by a-adrenoceptor antagonists: high-affinity
sites and low-affinity sites are labelled with 0.10-0.15 nm and 5 nM [3H]-prazosin, respectively

Antagonist

Prazosin
HV723
WB4101
5-Methylurapidil
Phentolamine
Yohimbine

High-affinity
Membranes

Ki
(nM)

0.04 ± 0.01
0.32 ± 0.07
0.68 ± 0.09
12.00 ± 4.00
7.50 ± 0.90
82 ± 6

sites
Intact strips

Ki
(nM)

0.08 ± 0.01
1.61 ± 0.29
0.53 ± 0.09
3.66 ± 0.87
8.20 ± 2.10
290 ± 68

Low-affinity sites
Membranes

IC50
(nM) nH

30±7 0.60±0.03*
348 ± 125 0.60 ± 0.06*
223±55 0.60±0.10*
354 ± 144 0.95 ± 0.05

15560 ± 3100 0.50 ± 0.01*
13280 ± 3350 0.96 ± 0.04

Each value is mean ± s.e.mean of 3-7 experiments, each done in duplicate. K, values were calculated from inhibition curves according
to the equation of Cheng & Prusoff (1973). nH = pseudo-Hill coefficient.
*Significant change (P<0.001).

Table 2 Parameters of [3H]-prazosin (0.01-0.4 nM) binding
to portal vein membranes in the presence of a-adrenoceptor
antagonists

Ligand

Prazosin
0 nM

0.03 nM
0.10 nM

HV723
0 nM

0.2 nM
1.0 nM

WB4101
0 nM

0.5 nM
2.0nM

5-Methylurapidil
0 nM
lOnM

30 nM

KD app

(nM)

0.026 ± 0.002
0.065 ± 0.002*
0.125 ± 0.023*

0.018 ± 0.001
0.037 ± 0.008*
0.064 ± 0.002*

0.021 ± 0.002
0.044 ± 0.007*
0.092 ± 0.011*

0.019 ± 0.001
0.033 ± 0.002*
0.078 ± 0.004*

Bmax
(fmol mg-)

63.6 ± 2.0
63.2 ± 1.9
63.0 ± 0.1

64.4 ± 2.3
67.3 ± 3.8
62.2 ± 0.2

63.8 ± 1.8
63.7 ± 4.0
63.2 ± 1.8

63.3 ± 1.9
58.0 ± 1.6
61.4 ± 4.0

Each value is mean ± s.e.mean of 3-4 experiments, each
done in duplicate.
*Significant change (P< 0.05).

any significant variation of the Bmax value are compatible
with competition (Table 2).

[3H]-prazosin binding, at 5 nM, was used to label the low-
affinity site. Displacement curves for prazosin, HV723,
WB4101 and phentolamine had pseudo-Hill coefficients that
deviated significantly from unity (Table 1). Thus, these agents
appear to have interacted with more than two sites for
[3H]-prazosin. Only yohimbine and 5-methylurapidil anta-
gonized [3H]-prazosin binding with a Hill coefficient close to
unity. The rank order of potency was prazosin>WB4101,
HV723, 5-methylurapidil> yohimbine, phentolamine. For
example, Scatchard plots of the binding data in the presence
of 5-methylurapidil (200 nM) resulted in a significant increase
of the apparent KD value (control: 0.70 ± 0.01 nM; 5-
methylurapidil: 1.65 ± 0.01 nM, n = 3, P<0.05) without any
effects on the Bmax value (control: 226 ± 10 fmol mg-' of
protein; 5-methylurapidil: 207 ± 13 fmol mg-' of protein,
n = 3) suggesting a competitive behaviour.

Effects of CEC treatment on [3H]-prazosin binding to
vascular membranes

Pretreatment of membrane preparations from a variety of
tissues with chloroethylclonidine (CEC) has previously been
reported to inactivate selectively the a1B-subtype (Minneman,
1988; Mante & Minneman, 1991). Pretreatment with increas-
ing doses of CEC (10 to 5011M) caused a concentration-

dependent loss of high-affinity binding sites without any
significant effect on apparent prazosin affinity. After pretreat-
ment with 50 iM CEC, the Bm. value of the high-affinity
sites was decreased from 84.2 ± 4.1 fmol mg-' of protein in
control to 1 1.3 ± 0.9 fmol mg ' of protein (n = 5, P< 0.001)
while the B.. value of the low-affinity sites was unchanged
(control: 320 ± 14 fmol mg-' of protein, CEC-pretreated:
309 ± 11 fmol mg-' of protein, n = 3).

[3H]-prazosin binding to intact strips of rat portal vein

The specific binding of [3H]-prazosin (0.03 -1.0 nM) was
concentration-dependent and saturated at 0.5 nM. At this
concentration, the specific binding accounted for 50-55% of
the total binding. Scatchard plots of the binding data
resulted in a straight line, suggesting a single class of binding
sites (KD= 0.13 ± 0.01 nM, BmaX = 15.1 ± 1.0 fmol mgI wet
wt, n = 4). The KD value obtained from kinetic experiments
(0.230 ± 0.045 nM, n = 5) is similar to that obtained from
equilibrium binding experiments. In the strips pretreated with
50 tLM CEC, [3H]-prazosin bound to a single site with an
affinity (KD = 0.14 ± 0.01 nM, n = 4) similar to that of CEC-
untreated strips, but the number of binding sites was reduced
by about 70% (4.6 ± 0.4 fmol mg-' wet wt, n = 4).

Unlabelled prazosin, WB4101, HV723, 5-methylurapidil,
phentolamine and yohimbine displaced the specific binding of
0.15 nM [3H]-prazosin in a monophasic manner (Table 1).
The rank order of potency: prazosin> WB41O1, HV723> 5-
methylurapidil, phentolamine> yohimbine was similar to
that obtained with portal vein microsomes for the high-
affinity binding sites.

Effects ofprazosin, WB4101, HV723, and chloroethyl-
clonidine on noradrenaline-induced contractions

Noradrenaline produced concentration-dependent contrac-
tions in isolated strips from rat portal vein, the maximal
effect being obtained at 30 ,AM (Figure 4a). CEC (50 gLM)
increased the spontaneous myogenic activity in rat portal
vein (Schwietert et al., 1991). In the preparations pretreated
with 50 gM CEC, noradrenaline produced a concentration-
response curve with a concentration producing half-maximal
contraction (EC;0) of 0.78 ± 0.14 gM (n= 5) similar to that
obtained in control (0.62 ± 0.04 gM, n = 5, Figure 4a). The
contraction obtained at 3 ylM noradrenaline was not sig-
nificantly modified after CEC treatment (control: 97 ± 1.5%
of maximal contraction; CEC-pretreated: 89 ± 3%). Praz-
osin, WB4101 and HV723 inhibited the noradrenaline-
induced contraction in a concentration-dependent manner.
The concentrations required to produce 50% of inhibition
(IC50) of the maximal contraction were: WB4101, 1.97 +
0.51 nM; prazosin, 3.90 ± 0.35 nM; HV723, 9.96 ± 0.50 nM
(n = 3-4). The rank order of potency was, therefore,
WB4101 > prazosin> HV723. After pretreatment with 50 JAM
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Figure 4 Effect of chioroethyiclonidine (CEC) on the response to

noradrenaline in intact strips from rat portal vein. (a) Concentration-
response curves to noradrenaline in control conditions(c), and after
a pretreatment with 50 1M CEC (0). (b) Concentration-response
curves to noradrenaline in the presence of 0.1 gm isradipine (control,

*) and after pretreatment with5011M CEC (0). Each value is the
mean of 3 to 5 experiments ± s.e.mean. Values are referred to the
maximal contraction induced by 30 tm noradrenaline in the control
curve.

CEC, thelCCs for each a-antagonist were approximately
doubled. For example, theIC50 for HV723 was 16.7 ± 0.5 nm
(n = 3).

In the presence of 0.1ILm isradipine to block voltage-

dependent calcium channels, the noradrenaline-induced con-

traction is due to release ofCa"+ ions from agonist-sensitive
intracellular Ca2 stores. After pretreatment with 50 IM

CEC, the concentration-response curve for noradrenaline
(Figure 4b) had an ECm (3.90 ± 0.10 ntm, n = 3) similar to

that obtained in control (2.60 ± 0.08 1Am, n = 3). The max-

imal response obtained at 30 l4m noradrenaline was not

significantly reduced (81 ± 9%, n = 3) compared to the
maximal contraction in control conditions (Figure 4b). The
noradrenaline-induced contraction obtained after pretreat-
ment with 50 Am CEC and in the presence of 0.1 1Am is-

radipine was concentration-dependently inhibited by WB4111,
prazosin and HV723. The most important point was that
HV723 inhibited the contraction dependent on Ca2+ release

from intracellular stores with a higher affinity (ICs =

2.21 ± 0.17 nm, n = 4), so that the rank order of potency

became HV723> WB4101 > prazosin. Finally, when MIH- and

(XIN-adrenoceptor subtypes were inhibited by pretreatment

with 50ILM CEC and addition of 0.I iM HV723, nor-

adrenaline was unable to produce a contractile response

(n = 5).

Discussion

al-Adrenoceptor sites in membranes prepared from equine

portal vein smooth muscle have been identified and charac-
terized by a radioligand assay using [3H]-prazosin. [3H]-

prazosin has been demonstrated to bind to portal vein

smooth muscle in a rapid, specific, reversible and saturable
manner with both high- and low-affinity. The high-affinity
site for [3H]-prazosin is also present in intact strips of rat
portal vein. The fact that the high-affinity binding sites for
prazosin are inactivated in a concentration-dependent man-
ner by pretreatment with CEC in membrane preparations as
well as in intact strips of rat portal vein clearly suggests that
the XIH-adrenoceptor subtype may correspond to the MIB-
adrenoceptor subtype. In the displacement curves, the high-
affinity and low-affinity sites for prazosin are inhibited by the
six a-adrenoceptor antagonists used. The rank order of
potency for the most effective antagonists is prazosin>
HV723, WB4101. The most intriguing aspect of their com-
petition with [3H]-prazosin was the ability of these agents to
distinguish between two different [3H]-prazosin low-affinity
binding sites. This is evident from the pseudo-Hill coefficients
of displacement curves which are smaller than unity (Table
1), confirming the reports of several investigators that these
agents have different affinities for a,-adrenoceptor subtypes
(Piascik et at., 1991; Ohmura et at., 1992; Satoh et al., 1992).
The contraction study reveals that selective inhibition of

the xlH-adrenoceptor subtype by pretreatment with low con-
centrations of prazosin or 50 1AM CEC does not modify
significantly the maximal contraction to noradrenaline as well
as the noradrenaline concentration producing half-maximal
response. These results indicate that the noradrenaline-
induced contraction in rat portal vein is mediated through
activation OfaIL-adrenoceptors. In CEC-pretreated strips,
prazosin, HV723 and WB4101 antagonize the contractile
response to noradrenaline with low affinities. Although a
contribution of thealA-adrenoceptor cannot be ruled out
completely, the low-affinity of prazosin for inhibition of the
noradrenaline response supports the idea that the response to
noradrenaline is predominantly mediated through the MIL- or
OlN-adrenoceptor subtypes. In the presence of 0.1 gm
isradipine to block voltage-dependent calcium channels, the
noradrenaline-induced contraction is mainly due to release of
Ca2 ions from the intracellular stores (Dacquet et at., 1987).
Under these conditions, theIC50 for HV723 is decreased from
16.7 nm in the absence of isradipine to 2.2 nm in the presence
of isradipine. As the inhibitory characteristics of prazosin
and WB4101 remain unchanged, these results suggest that in
isradipine-containing solution, the MIN-adrenoceptor subtype
would be predominantly involved in the noradrenaline-
induced contraction.

It has been previously proposed that the diversity ofa,-
adrenoceptor-induced responses may be, in part, related to
the distinct subtypes of receptors which may activate
different mechanisms of signal transduction (Minneman,
1988). Thea1B-adrenoceptor subtype has been associated with
formation of inositol 1,4,5-trisphosphate (InsP3) and mob-
ilization of intracellular calcium (Han etal., 1987) but, recent
publications indicate that this subtype can also activate Ca2+
influx (Han et al., 1992). The MIA-adrenoceptor subtype has
been shown to gate Ca2" influx, sometimes through L-type
Ca2+ channels but it has also been reported that thea 1A-
adrenoceptor subtype could stimulate the formation of
inositol phosphates (Han et al., 1990). In portal vein smooth
muscle, the sequence of events induced by noradrenaline can
be summarized as follows: (i) noradrenaline releases intracel-
lular Ca2+ stores through InsP3 production; (ii) the calcium
released opens chloride channels producing outward chloride
current and membrane depolarization (Byrne & Large, 1988);
(iii) this depolarization produces Ca2+ entry through voltage-
dependent Ca2+ channels; (iv) the open probability of Ca2+
channels is enhanced by noradrenaline (Pacaud et al., 1991).
As activation of thealL-adrenoceptor subtype alone is unable
to elicit contraction, these results suggest that both (XIL- and
OClN-adrenoceptors mediate the noradrenaline-induced con-
traction in physiological conditions. Furthermore, the
isradipine-resistant contraction induced by noradrenaline is
more sensitive to HV723 than that obtained in the absence of
isradipine, suggesting that the OIN-adrenoceptor subtype may

IIr
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be involved in the mobilization of intracellular Ca2" stores
and further activation of chloride channels.

In conclusion, the present study indicates that three dis-
tinct subtypes of a,-adrenoceptors can be identified in portal
vein smooth muscle by combining binding and functional
experiments. These subtypes fit with the subclassification pro-
posed by Muramatsu et al. (1990a,b). Therefore, it is pro-
posed that in rat portal vein, the contractile response to

noradrenaline is predominantly caused through activation of
both a,L- and CXN-adrenoceptor subtypes.
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National des Etudes Spatiales, and Institut National de la Sante et
de la Recherche Medicale, France. We thank Ms N. Biendon for
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Effects of L- and D-arginine and some related esters on the
cytosolic mechanisms of a-thrombin-induced human platelet
activation
'Paola Failli, Enrica Cecchi, C. Ruocco, A. Fazzini & A. Giotti

Dipartimento di Farmacologia Preclinica e Clinica 'M. Aiazzi Mancini' and Centro Interuniversitario 'Ipossie', V. le G.B.
Morgagni, 65, University of Florence, 50134 Florence, Italy

1 In Fura-2 preloaded human platelets, the increase in cytosolic calcium induced by a-thrombin was
reduced by some L- and D-arginine ester compounds the IC50 (#uM) values of which were 7.4 for TAEE,
56.9 for BAEE, 77.6 for TAME, 560 for T(d)AME, 656.3 for L-ArgOMe and 2206.7 for D-ArgOMe.
x-tosyl-L-Arginine, L- and D-arginine were inactive.
2 The inhibitory activity of the L-arginine esters was not modified when platelets were pretreated with
100 LM Nw-monomethyl-L-arginine.
3 The L-arginine esters did not increase cyclic GMP content in platelets either in the presence or
absence of indomethacin and apyrase at rest and after a-thrombin stimulation.
4 The kinetic parameters of platelet Na+/H+ antiporter (amiloride-inhibitable, evaluated after cytosolic
nigericin-induced acidification) were modified by L- and D-arginine esters, while the native amino acids
were ineffective.
5 The inhibitory effects of the L- and D-arginine esters on platelet activation appear to be mainly due
to their inhibitory effect on Na+/H+ antiporter.

Keywords: Human platelets; a-thrombin activation; cytosolic calcium concentration; Na+/H+ antiporter activity; L-arginine;
D-arginine; L-arginine esters; D-arginine esters; N0-monomethyl-L-arginine

Introduction

Recent data from many laboratories point to the role of
L-arginine in a wide range of physiological functions (Mon-
cada et al., 1991), including platelet aggregation (Radomski
et al., 1987; 1990a,b). L-Arginine has been found to be
directly linked to the production of endothelial-derived
relaxing factor (EDRF), which has been identified as nitric
oxide (Palmer et al., 1987; Ignarro et al., 1987), one of the
two nitrogen atoms of the guanidine group of the amino acid
being oxidized to produce nitric oxide. The biochemical
pathway for synthesizing nitric oxide from L-arginine is com-
petitively inhibited by guanidine-substituted L-arginine deriv-
atives such as Nw-monomethyl-L-arginine (L-NMMA) (Hibbs
et al., 1987; Moncada et al., 1991). Nitric oxide appears to
exert its action through activation of a soluble guanylate
cyclase and hence an increase in guanosine 3': 5'-cyclic
monophosphate (cyclic GMP) formation.

It has been proposed not only that L-arginine might be the
substrate for the production of nitric oxide, but also that
some L-arginine derivatives may induce endothelium-depen-
dent relaxation in different vascular beds by increasing nitric
oxide synthesis (Thomas & Ramwell, 1988; Al-Swayeh &
Moore, 1989; Thomas et al., 1990; Busija et al., 1990; Farhat
et al., 1990a,b). More recently it has been reported that the
vasorelaxation induced by N-a-benzoyl-L-arginine ethyl ester
(BAEE) is either not nitric oxide-dependent (Al-Swayeh &
Moore, 1989; Fasehun et al., 1990; Schmidt et al., 1990) or is
only partially so (Farhat et al., 1990b), while N-a-tosyl-L-
arginine methyl ester (TAME) has been described as a nitric-
oxide-independent vasorelaxant (Schmidt et al., 1990) or an
endothelium-independent inhibitor of contraction induced by
several agents in human umbilical arteries (White, 1988).
Some of the L-arginine esters also inhibit platelet aggrega-

tion (Salzman & Chambers, 1964; Aoki et al., 1978; Failli et
al., 1990; Spurej et al., 1990). Preliminary data obtained in
our laboratory show that L- and D-arginine esters inhibit
aggregation induced by a-thrombin, while concentrations up

' Author for correspondence.

to 500 t4M are ineffective against collagen-induced aggrega-
tion. In order to investigate the antiaggregatory mechanism
of arginine esters in human platelets stimulated by a-
thrombin, we have studied their effects against the increases
in cytosolic free calcium induced by a-thrombin: the experi-
mental conditions were chosen to rule out the amplification
mechanisms due to either arachidonic acid metabolites (in
particular thromboxane A2), or ADP by inhibiting arach-
idonic acid cyclo-oxygenase with indomethacin and by hyd-
rolyzing extraplatelet ADP with apyrase. The possible role of
L-arginine esters as nitric oxide precursors has also been
investigated, by measuring cyclic GMP platelet content. This
set of experiments was performed either in the presence of
indomethacin and apyrase or in their absence. Finally, we
have monitored Na+/H+ antiporter activity and its mod-
ification by the L- and D-arginine esters.
Some of these results were presented at the XIth Interna-

tional Congress of Pharmacology (Failli et al., 1990).

Methods

Platelet preparation

Blood was collected by venipuncture from healthy human
volunteers and immediately diluted 1/5 with citric acid:
trisodium citrate:glucose (1.5%:2.5%:2% w/v). Platelet-rich
plasma (PRP) was prepared by centrifugation at 500 g at
25°C for 15 min and incubated with 3 tLM Fura-2-AM or
2 tAM BCECF-AM at 37°C for 45 min.

Platelets were then washed twice by centrifugation and
resuspended in HEPES buffer of the following composition
(mM): NaCl 140, HEPES 10, NaHCO3 12, KCI 2.9, MgCl2
0.9, NaH2PO4 0.5 and glucose 10. Apyrase (100 u 1') was
added to hydrolyze ATP to ADP and ADP to AMP (Molnar
& Lorand, 1961) and indomethacin (10 LM) was added to
inhibit arachidonic acid cyclo-oxygenase. In experiments to
explore the effect of the D- and L-arginine esters on Na+/H+
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antiporter activity, BCECF-loaded platelets were washed
twice and suspended in a modified (nominally Na+ and
K+-free) N-methylglucamine buffer of the following composi-
tion (mM): N-methylglucamine 138, HEPES 10, glucose 10,
MgCl2 0.1, HCI 140 (adjusted to pH 7.4 with choline car-
bonate) (HEPES-N-methyl-glucamine buffer). D- and L-
Arginine esters were dissolved in either HEPES-NaHCO3 or
HEPES-N-methylglucamine buffer; the pH of the solutions
was measured and, if necessary, carefully adjusted.

Internal cytosolic free calcium concentrations ([Ca2+],)
were estimated in HEPES buffer 1 mM CaC12 according to
the method of Pollock & Rink (1986), using a Shimadzu
RF-5000 spectrofluorimeter (equipped with a thermostated
cuvette holder and magnetic stirrer), wavelength settings
being 345 nm for excitation and 500 nm for emission.
a-Thrombin was added directly to the cuvette in the presence
or absence of the test compound.
The Na+/H+ antiporter activity was determined by the

spectrofluorimetric technique described by Grinstein et al.
(1989). Briefly, BCECF-loaded platelets suspended in nom-
inally Na+- and K+-free N-methylglucamine buffer were
acidified by addition of nigericin. A typical acid-loading
experiment is shown in Figure 1. The decrease in fluorescence
(ordinate scale, arbitrary units) indicates the decrease in
intracytosolic pH (pHi). When the fluorescence value had
stabilized, the administration of 30 mM NaCl brought about
a rapid cytosolic alkalinization, indicating restored Na+/H+
antiporter activity. At the end of each experiment, the pH of
the buffer was measured in order to verify that the pH of the
medium had remained constant. Intracytosolic pH was then
calculated after platelet lysis, and the kinetic parameters of
the first phase of alkalinization were calculated after measur-
ing specific fluorescence of the BCECF at various pH values
and expressed as ApHi x min '.

v v
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Test molecules were preincubated with platelet suspensions
for 2 min prior to adding a-thrombin.

Cyclic GMP measurement

Measurements of cyclic GMP were performed by radioim-
munoassay, using kits supplied by Amersham International.
In brief, twice-washed platelets were suspended at a density
of 108I- I0 platelets per 100 ,ul in indomethacin/apyrase
HEPES/NaHCO3 buffer, 1 mM CaC12, containing isobutyl-
methylxanthine (30 liM). In some experiments, indomethacin
and apyrase were not added. Test molecules were prein-
cubated with platelets at 37°C for 20 min and then
0.03 u ml1 ' a-thrombin (final concentration) or the same
volume of buffer was added. Incubation was continued for
an additional 5 min and then the reaction stopped by addi-
tion of 50 iLl cold 20% HC104 and transfer of the samples
onto ice for 5 min. The reaction mixture was neutralized with
110JLl 1.08 M K3P04, tubes were centrifuged and 3 aliquots
of supernatant (100 jil) were used for cyclic GMP determina-
tion.

Reagents

Amiloride HCI, N-methyl-D-glucamine, digitonin, D-arginine
(D-Arg), N-a-p-tosyl-L-arginine (a-tosyl-L-arginine), N-a-p-
tosyl-L-arginine methyl ester HCI (TAME), isobutylmethyl-
xanthine (IBMX), N-c-benzoyl-L-arginine ethyl ester HCI
(BAEE) and N-monomethyl-L-arginine acetate salt (L-
NMMA) were obtained from Sigma; L-arginine (L-Arg) and
sodium nitroprusside (NP) from Merck; L-arginine methyl
ester.2HCI (L-ArgOMe) from Fluka; nigericine (sodium
salt), Fura-2 and BCECF were from Calbiochem; Fura-2-
AM, BCECF-AM from Molecular Probes; a-thrombin from
Boehringer-Mannheim. All other reagents were of analytical
grade. D-Arginine methyl ester 2HCI (D-ArgOMe), N-a-p-
tosyl-D-arginine methyl ester HCI (T(d)AME), N-c-benzoyl-
D-arginine methyl ester HCI (B(d)AME) and N-ca-p-tosyl-L-
arginine ethyl ester HCI (TAEE) were the kind gift of Drs
Buzzetti and Sala of Italfarmaco (Milano, Italy).

Statistical analysis

All values are expressed as mean ± s.e.mean of the number
of experiments indicated and were compared by Student's t
test for paired data, with P<0.05 considered as statistically
significant. IC% values were estimated from at least 4
separate dose-effect curves by computerized linear regression
analysis.

Results
c

Internal calcium

Time

180 s

Figure 1 Acid-loading and activation of Na+/H+ antiporter of
BCECF-loaded platelets suspended in nominally Na+ and K+-free
N-methylglucamine buffer. Nigericin, 2 tM, was added to begin acid
loading in the absence of Na+ (first arrow). Na+/H+ antiporter was
then activated by addition of 30 mm NaCl (second arrow) in the
absence (a) or in the presence (b) of 1 mm amiloride. The bottom
trace (c) was obtained when, instead of NaCl, 30 mm choline
chloride was added at the second arrow (osmotic control). Abscissa
scale: time. Ordinate scale: fluorescence (arbitrary units), excitation
505 nm, emission 530 nm.

The average value for basal [Ca2J]i, measured within the 5 h
duration of experiments, was 145 ± 4 nM (n = 33). Addition
of a-thrombin induced a rapid, sustained and dose-dependent
increase in [Ca2+]i (Figure 2). A concentration-response curve
for a-thrombin was performed for each separate sample of
platelets in order to choose a suitable agonist concentration
for studying potential antagonists at equivalent activation
levels, i.e. around the half-maximal response. The concentra-
tion selected was between 0.03 u ml-' and 0.01 u ml-I (final).

L- or D-Arginine esters, added 2 min before stimulation,
did not influence basal [Ca2+]i values, but reduced the [Ca2]i
response induced by a-thrombin in a concentration-depen-
dent way; IC50 values are shown in Table 1. Esterification of
the parent amino acids engendered an antithrombin activity
in the compounds, with L-arginine esters being more active
than D-arginine esters. Sodium nitroprusside also con-
centration-dependently inhibits the [Ca2+]i response induced
by ca-thrombin, dose-dependently (ICo= 497.4 tM - Table

N
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Figure 2 Increases in internal free calcium ([Ca2+]i) induced by
a-thrombin on Fura-2 loaded platelets. a-Thrombin (0.05 uml--
0.001 u ml-') was added at the arrow. Abscissa scale: time. Left
ordinate scale: fluorescence (arbitrary units), excitation 345 nm, emis-
sion 500 nm; right ordinate scale: [Ca2+]i calibration scale.

80

10

TAEE [>LM]

Figure 3 Effect of N-a-p-tosyl-L-arginine ethyl ester (TAEE) in the
presence (*) or absence (0) of 10I0M N4-monomethyl-L-arginine
(L-NMMA). Each point is the mean (± s.e.mean) of at least 3
experiments.

Table 1 ICn values CuM) of L- and D-argnine compounds
and sodium nitroprusside (NP) on the a-thrombin-induced
increase of [Ca2+]i in human platelets

Compounds

L-Arg
D-Arg
L-ArgOMe
D-ArgOMe
TAME
T(d)AME
TAEE
BAEE
B(d)AME
a-tosyl-L-arginine
NP

IC50 (AM)

No effect
No effect

656.3 (608-712)
2206.7 (1834-2769)

77.6 (50-138)
560.0 (430-810)

7.4 (5-12)
56.9 (47-71)

No effect
No effect

497.4 (339-932)

Confidence limits in parentheses.
For abbreviations, see text.

1). Unesterified L-arginine was ineffective, even when prein-
cubated at a high concentration (10mM) with platelets for
30 min at 37°C. The increase in [Ca2"Ji induced by a-
thrombin was not modified by preincubating platelets
(30min at 37°C) with 100 M L-NMMA, the increase being
701 ± 51 nM and 692 ± 51 nM with and without L-NMMA
respectively (mean of at least 17 different detenninations).
Nw-monomethyl-L-arginine (100 pM) did not diminish the
inhibitory effect of L-arginine esters TAEE, BAEE, TAME
tested in the ratios 1: 1, 1: 10, 1:100. Figure 3 shows results
for the most effective compound, TAEE. Inhibition by one of
the least active esters, L-ArgOMe (1 mM) was also not
modified by L-NMMA (36.3 ± 12% inhibition in the absence
and 45.3 ± 10% inhibition in the presence of 100 tiM L-
NMMA; mean of 4 experiments).

Cyclic GMP content

Experiments in the presence of indomethacin and apyrase
Cyclic GMP content of human platelets was 0.67 +
0.14 pmol per 108 platelets in basal conditions and 0.73 +
0.1 pmol per 108 platelets after x-thrombin stimulation in
indomethacin/apyrase HEPES/NaHCO3 buffer, I mM CaCl2.
These values were increased in a dose-dependent manner by
1, 10 and 100gM sodium nitroprusside. At the maximal
concentration tested (100 gLM), sodium nitroprusside increased
the basal content of cyclic GMP to 1.5 ± 0.25 pmol per 108
platelets (P <0.05 vs no drugs at rest) and 1.9 ± 0.45 pmol
per 108 platelets (P<0.05 vs no drugs after a-thrombin

administration), respectively, at rest and after a-thrombin
stimulation (Figure 4a). Neither L-arginine esters (at concen-
trations near to their IC50 values for inhibition of a-
thrombin-induced [Ca2+]i increase) nor 100 LM L-arginine
increased platelet cyclic GMP content (Figure 4a).

Experiments in the absence of indomethacin and apyrase In
these experimental conditions, cyclic GMP content of human
platelets was 0.5 ± 0.13 pmol per 108 platelets in basal condi-
tions and 0.97 ± 0.18 pmol per 108 platelets after a-thrombin
stimulation. Sodium nitroprusside (100 ,sM) increased cyclic
GMP content in unstimulated platelets by about 18 fold
(P<0.001 vs no drugs at rest) and by about 9 fold after
a-thrombin stimulation (P <0.0001 vs no drugs after a-
thrombin stimulation, Figure 4b). However, L-arginine esters
did not increase this content either at rest or after a-thrombin
stimulation (Figure 4b). Preincubation with L-arginine
(100 j4M) did not increase cyclic GMP content in unstim-
ulated platelets (0.63 ± 0.13 and 0.5 ± 0.13 pmol per 108
platelets L-arginine and no drugs at rest respectively, P<0.5,
not significant), while a-thrombin (administered after 20 min
preincubation with 100 JM L-arginine) increased it (0.63 +
0.13 pmol per 108 platelets to 1.25 ± 0.14 pmol per 108
platelets, P<0.05 vs L-arginine at rest, Figure 4b). However,
platelet cyclic GMP content after L-arginine (100 fiM) and
a-thrombin did not differ from that in a-thrombin-treated
platelets, being 1.25 ± 0.14 pmol per 108 platelets and
0.97 ± 0.18 pmol per 108 platelets, respectively (P<0.295,
not significant).

Na+/H+ antiporter activity

After the administration of 30mM Na+ ions in acid-loaded
platelets, the pHi began to increase rapidly (1.20 ± 0.12 pH
units min ', Figure 1 and Table 2, control). Amiloride
(1 mM) strongly modified this response (Figure 1 and Table
2), while choline chloride did not induce any changes in pH,
(Figure 1 and Table 2). The effects of L- and D-arginine esters
on Na+/H+ antiporter activity are summarized in Table 2.
The most active compound was TAEE, its effect being
concentration-dependent in the range 0.5-0.01 mM. L-
Arginine and D-arginine, although tested at 20 mM, were
inactive (Table 2).

Discussion

Our data show that some methyl- and ethyl esters of both D-
and L-arginine inhibit the [Ca2+]J increase induced in Fura-2
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Table 2 Effects of amiloride, L- and D-arginine and L- and D-
arginine esters on Na+/H+ antiporter activity in human platelets
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Figure 4 (a) Effect of L-arginine esters (tested at concentrations near

their ICn values for inhibition of a-thrombin-induced [Ca2+]i in-
crease) in comparison with 100 jAM sodium nitroprusside (NP) and
100 f&M L-arginine on cyclic GMP concentration measured in human
platelets suspended in HEPES/NaHCO3 buffer containing 1 mM

CaCl2, 1O JM indomethacin, 100 u ml- apyrase and 30 jAM isobutyl
methyl xanthine (IBMX), estimated either at rest (solid columns) or
after stimulation by a-thrombin (0.03 u ml- ') (hatched columns).
Values are the mean ( ± s.e.mean) of at least 3 experiments.
*P< 0.05 vs no drugs. (b) Effect of L-arginine esters (tested at
concentrations near their IC50 values for inhibition of a-thrombin-
induced [Ca2+], increase) in comparison with 1OOJM sodium nitro-
prusside (NP) and 100 AM L-arginine on cyclic GMP concentration
measured in human platelets suspended in HEPES/NaHCO3 buffer
containing 1 mM CaCl2 and 30 JAM isobutyl methyl xanthine (IBMX),
estimated either at rest (solid columns) or after stimulation by a-

thrombin (0.03 u m1') (hatched columns). Values are the mean

(±s.e.mean) of at least 3 experiments. **P<O.OO1 vs no drugs;
***P<O.OOO1 vs no drugs.

loaded human platelets by a-thrombin. The inhibitory
activities of these esters are increased by substitutions on the
primary a-amino group, tosyl substitution being more
effective than benzoyl. It is also interesting to note that ethyl
esters are more effective than methyl esters (TAME <
TAEE).

In the same experimental conditions, sodium nitroprusside,
which increases cyclic GMP content through a direct act-
ivation of soluble NO-sensitive guanylate cyclase, reduced

No drugs

Control (30mM NaCI)
Choline chloride (30 mM)
Compounds
Amiloride (1 mM)
Amiloride (0.1 mM)

TAEE (0.5 mM)
TAEE (0.1 mM)
TAEE (0.01 mM)

BAEE (0.5 mM)
BAEE (0.1 mM)

TAME (1 mM)
TAME (0.1 mM)

L-ArgOMe (10 mM)

D-ArgOMe (10 mM)

iL-Arg (20 mM)

D-Arg (20 mM)

For abbreviations, see text.
Values are mean ± s.e.mean of at
experiments.
*P<0.05; **P<0.01; ***P<0.001.

ApHmin-'

1.20 ± 0.12
0.00

0.37 ± 0.08*
0.64 0.25

0.29 0.10**
0.41 ± 0.13**
0.51 + 0.08*

0.67 0.13*
0.71 ± 0.14

0.29± 0.10***
0.33 0.12*

0.29 0.06**

0.34 ± 0.15*

1.04 0.31

0.66 0.26

least 3 different

a-thrombin-induced [Ca2+]i increase in platelets in a dose-
dependent way, suggesting that an increase in platelet cyclic
GMP content (Figure 4a) reduces [Ca2+]i increase induced by
a-thrombin stimulation.
The suggestion that some L-arginine esters might influence

cellular function by increasing nitric oxide synthesis (see
Introduction) seems an unsatisfactory explanation of the
inhibitory effects observed in our experimental conditions. In
fact, a high concentration (100 JM) of the NO-synthase
inhibitor L-NMMA did not modify the inhibition induced by
the compounds. Moreover, L-arginine esters did not increase
platelet cyclic GMP content either in the presence of
indomethacin and apyrase or in their absence (Figure 4a and
b).
On the other hand, in the experimental conditions in which

we measured [Ca2J]i (i.e. in the presence of indomethacin and
apyrase), the NO-synthase pathway from L-arginine seems
not to be activated. L-Arginine did not in fact inhibit the
[Ca2+]i increase induced by a-thrombin, either with or with-
out a 30min preincubation time at 37°C. Moreover, 100 iM
L-NMMA did not modify a-thrombin-induced [Ca2+]i in-
crease. Furthermore, although 100 JAM L-arginine (prein-
cubated 20 min) and a-thrombin induced an increase in
platelet cyclic GMP content in the absence of indomethacin
and apyrase (Figure 4b), this increase seems to be too small
to reduce a-thrombin-induced [Ca2+], increase. In fact, a
small dose of sodium nitroprusside (1 pM), which induced a
similar increase in platelet cyclic GMP content (52%,
measured in the same experimental conditions as [Ca2]i
determination) hardly affected a-thrombin-induced [Ca2+]i
increase (< 10% inhibition). This result is compatible with
the weak inhibition by L-arginine of thrombin-induced agg-
regation of human platelets (Radomski et al., 1990a,b).
We have shown that some of the L- and D-arginine esters

inhibit Na+/H+ antiporter activity, as demonstrated by
analysing the early phase of Na+/H+ activation. Further-
more, the potencies for the inhibition of the Na+/H+
antiporter were correlated with potencies for inhibiting the
[Ca2+]i increase induced by a-thrombin, the most effective of
the esters being TAEE. More intriguing is the inhibitory
effect of T(d)AME on the [Ca2+], increase induced by
a-thrombin, as the Na+/H+ antiporter activity was not
affected by 1 mM or 0.1 mM T(d)AME (94% and 92% of the
control, respectively). Further research will be necessary in
order to clarify the effect of this compound.
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Although the role of Na+/H+ antiporter activation in the
induction of aggregation and [Ca2+]i increase in platelets is a
matter of debate (Siffert & Akkermann, 1987; Simpson &
Rink, 1987; Hunyady et al., 1987; Zavoico & Cragoe, 1988;
Ghigo et al., 1988; Sanchez et al., 1988; Siffert et al., 1989),
we suggest that the effect of L-arginine esters on the Na+/H+
antiporter activity may be the basis of their inhibitory action
on a-thrombin-induced [Ca2+]J increase and aggregation;
indeed the prototype inhibitor of the Na+/H+ antiporter,
amiloride, also inhibits platelet aggregation (Siffert et al.,
1986).
The L-arginine esters were also inhibitors of a-thrombin-

induced aggregation, IC50 values being 15.2 iLM, 18.0 tLM and
26.3 tLM for TAEE, TAME and BAEE, respectively (results
not shown). In contrast, concentrations up to 500 yiM of
TAEE, TAME and BAEE were completely ineffective as
inhibitors of collagen-induced aggregation, a mechanism of
platelet activation which is independent of the activation of the
Na+/H+ antiporter (Joseph et al., 1990). All these data sup-
port the hypothesis that the mechanism of action of L-arginine
esters is the inhibition of Na+/H+ antiporter activity.

Recently, the thrombin human platelet receptor has been
cloned and functionally characterized (Vu et al., 1991). It
seems that thrombin binding with its receptor sites is charac-
terized by a partial proteolytic digestion of an extraplatelet

domain. Although we cannot rule out the possibility that the
antithrombin effect of L-arginine esters is an antiproteolytic
process, preliminary results indicate that L-arginine esters
inhibit the proteolytic effect of a-thrombin only at concentra-
tions which are 10 times greater than those required to
inhibit the [Ca2+]i increase after a-thrombin (unpublished
observations). Therefore, this property is unlikely to explain
the inhibitory effect of the compounds. In fact, subthreshold
antiproteolytic concentrations are fully active in inhibiting
the [Ca2J]i increase induced by o-thrombin. Moreover, in
PRP, BAEE inhibits thrombin-induced platelet aggregation
without inhibiting fibrin clot formation (Spurej et al., 1990).

In conclusion, our observations are consistent with the
interpretation that pharmacological actions of some arginine
esters may be linked to their inhibitory effect on platelet
Na+/H+ antiporter activity. For instance, this property
might also explain some of the endothelium-independent (or
only partially endothelium-dependent) effects of L-arginine
esters described by other authors (White, 1988; Schmidt et
al., 1990; Farhat et al., 1990; Fasehun et al., 1990).

We would like to thank Sir John Vane and Prof. Giuseppe Nistic6
for reading the manuscript and for their useful suggestions and Ms
Susan Charlton for her editing of the English.

This work was supported by a MURST 60% grant.

References

AL-SWAYEH, O.A. & MOORE, P.K. (1989). Amino acids dilate resis-
tance blood vessels of the perfused rat mesentery. J. Pharm.
Pharmacol., 41, 723-726.

AOKI, N.A., NAITA, K. & YOSHDA, N. (1978). Inhibition of platelet
aggregation by protease inhibitors. Possible involvement of pro-
teases in platelet aggregation. Blood, 52, 1-12.

BUSIJA, D.W., LEFFLER, C.W. & WAGERLE, L.C. (1990). Mono-L-
arginine-containing compounds dilate piglet pial arterioles via an
endothelium-derived relaxing factor-like substance. Circ. Res., 67,
1374-1380.

FAILLI, P., FRANCONI, F., GIOTTI, A., MICELI, M., POLENZANI, L.
& STENDARDI, I. (1990). Effects of arginine and arginine
derivatives on human platelets. Eur. J. Pharmacol., 183, 639.

FARHAT, M.Y., RAMWELL, P.W. & THOMAS, G. (1990a). Endo-
thelium-mediated effects of N-substituted arginine on the isolated
perfused rat kidney. J. Pharmacol. Exp. Ther., 255, 473-477.

FARHAT, M.Y., THOMAS, G., CUNARD, C.M., COLE, E., MYERS,
A.M. & RAMWELL, P.W. (1990b). Vasodilatory property of N-
alpha benzoyl-L-arginine ethyl ester in rat isolated pulmonary
artery and perfused lung. J. Pharmacol. Exp. Ther., 254,
289-293.

FASEHUN, O.A., GROSS, S.S., RUBIN, L.E., JAFFE, E.A., GRIFFITH,
O.W. & LEVI, R. (1990). L-Arginine, but not N alpha-benzoyl-L-
arginine ethyl ester, is a precursor of endothelium-derived relax-
ing factor. J. Pharmacol. Exp. Ther., 255, 1348-1353.

GHIGO, D., TREVES, S., TURRINI, F., PANNOCCHIA, A., PESCAR-
MONA, G. & BOSIA, A. (1988). Role of Na+/H+ exchange in
thrombin- and arachidonic acid-induced Ca2+ influx in platelets.
Biochim. Biophys. Acta, 940, 141-148.

GRINSTEIN, S., COHEN, S., GOETZ-SMITH, J.D. & DIXON, S.J. (1989).
Measurements of cytoplasmic pH and cellular volume for detec-
tion of Na+/H+ exchange in lymphocytes. In Methods in
Enzymology, ed. Fleischer, S. & Fleischer, B. Vol. 173,
pp. 777-790. S. Diego, CA: Academic Press Inc.

HIBBS, J.B.Jr., TAINTOR, R.R. & VAVRIN, Z. (1987). Macrophage
cytotoxicity: role for L-arginine deiminase and imino nitrogen
oxidation to nitrite. Science, 235, 473-476.

HUNYADY, L., SARKADI, B., CRAGOE, E.J. Jr., SPAT, A. & GARDOS,
G. (1987). Activation of sodium-proton exchange is not a prere-
quisite for Ca2+ mobilization and aggregation in human platelets.
FEBS Lett., 225, 72-76.

IGNARRO, L.J., BUGA, G.M., WOOD, K.S., BYRNS, R.E. & CHAUD-
HIRI, G. (1987). Endothelium-derived relaxing factor produced
and released from artery and vein is nitric oxide. Proc. Nall.
Acad. Sci. U.S.A., 84, 9265-9269.

JOSEPH, S., SIFFERT, W., GORTER, G. & AKKERMAN, J.W.N. (1990).
Stimulation of human platelets by collagen occurs by a Na+/H+
exchanger independent mechanisms. Biochim. Biophys. Acta,
1054, 26-32.

MOLNAR, J. & LORAND, L. (1961). Studies on apyrases. Arch.
Biochem. Biophys., 93, 353-363.

MONCADA, S., PALMER, R.M.J. & HIGGS, E.A. (1991). Nitric oxide:
physiology, pathophysiology and pharmacology. Pharmacol.
Rev., 43, 109-141.

PALMER, R.M.J., FERRIGE, A.G. & MONCADA, S. (1987). Nitric
oxide release accounts for the biological activity of endothelium-
derived relaxing factor. Nature, 327, 524-526.

POLLOCK, W.K. & RINK, T.J. (1986). Thrombin and ionomycin can
raise platelet cytosolic Ca2l to micromolar levels by discharge of
internal Ca2l stores: studies using fura-2. Biochem. Biophys. Res.
Commun., 139, 308-314.

RADOMSKI, M.W., PALMER, R.M.J. & MONCADA, S. (1987). Com-
parative pharmacology of endothelium-derived relaxing factor,
nitric oxide and prostacyclin in platelets. Br. J. Pharmacol., 92,
181- 187.

RADOMSKI, M.W., PALMER, R.M.J. & MONCADA, S. (1990a). An
L-arginine to nitric oxide pathway in human platelets regulates
aggregation. Proc. Natl. Acad. Sci. U.S.A., 87, 5193-5197.

RADOMSKI, M.W., PALMER, R.M.J. & MONCADA, S. (1990b). Char-
acterization of the L-arginine: nitric oxide pathway in human
platelets. Br. J. Pharmacol., 101, 325-328.

SALZMAN, E.W. & CHAMBERS, D.A. (1964). Inhibition of ADP-
induced platelet aggregation by substituted amino-acids. Nature,
204, 698-700.

SANCHEZ, A., ALONSO, M.T. & COLLAZOS, J.M. (1988). Thrombin-
induced changes of intracellular [Ca2"] and pH in human
platelets. Cytoplasmic alkalinization is not a prerequisite for cal-
cium mobilization. Biochim. Biophys. Acta, 938, 497-500.

SCHMIDT, H.H.H.W., BAEBLICH, S.E., ZERNIKOW, B.C., KLEIN,
M.M. & BOHME, E. (1990). L-Arginine and arginine analogues:
effects on isolated blood vessels and cultured endothelial cells. Br.
J. Pharmacol., 101, 145-151.

SIFFERT, W. & AKKERMAN, J.N.W. (1987). Activation of sodium-
proton exchange is a prerequisite for Ca2l mobilization in human
platelets. Nature, 325, 456-458.

SIFFERT, W., GENGENBACH, S. & SHEID, P. (1986). Inhibition of
platelet aggregation by amiloride. Thromb. Res., 44, 235-240.



218 P. FAILLI et al.

SIFFERT, W., SIFFERT, G., SCHIED, P. & AKKERMAN, J.N.W. (1989).
Activation of Na+/H+ exchange and Ca2+ mobilization start
simultaneously in thrombin-stimulated platelets. Evidence that
platelet shape change disturbs early rises of BCECF fluorescence
which causes an underestimation of actual cytosolic alkaliniza-
tion. Biochem. J., 258, 521-527.

SIMPSON, A.W.M. & RINK, T.J. (1987). Elevation of pHi is not an
essential step in calcium mobilization in fura-2-loaded human
platelets. FEBS Lett., 222, 144-148.

SPUREJ, E., SNEDDON, J.M. & VANE, R.J. (1990). The influence of
pH on aggregation of human washed platelets induced by throm-
bin or collagen. Blood Coagul. Fibrinolysis, 1, 47-53.

THOMAS, G., FARHAT, M., MYERS, A.M. & RAMWELL, P.W. (1990).
Effect of Na-benzoyl-L-arginine ethyl ester on coronary perfusion
pressure in isolated guinea-pig heart. Eur. J. Pharmacol., 178,
251-254.

THOMAS, G. & RAMWELL, P.W. (1988). Vasodilatory properties of
mono L-arginine containing compounds. Biochem. Biophys. Res.
Commun., 154, 332-338.

VU, T.K.H., HUNG, D.T., WHEATON, V.I. & COUGHLIN, S.R. (1991).
Molecular cloning of a functional thrombin receptor reveals a
novel proteolytic mechanism of receptor activation. Cell, 64,
1057-1068.

WHITE, R.P. (1988). Pharmacodynamic effects of tosyl-arginine
methyl ester (TAME) on isolated human arteries. Gen. Phar-
macol., 19, 387-392.

ZAVOICO, G.B. & CRAGOE, E.J. (1988). Ca2l mobilization can occur
independent of acceleration of Na+/H+ exchange in thrombin-
stimulated human platelets. J. Biol. Chem., 263, 9635-9639.

(Received November 26, 1992
Revised May 5, 1993

Accepted May 6, 1993)



© Macmillan Press Ltd, 1993

Characterization of the novel nitric oxide synthase inhibitor
7-nitro indazole and related indazoles: antinociceptive and
cardiovascular effects
'P.K. Moore, P. Wallace, Z. Gaffen, S.L. Hart & R.C. Babbedge

Pharmacology Group, Biomedical Sciences Division, King's College, University of London, Manresa Road, London SW3 6LX

1 7-Nitro indazole (7-NI, 10-50mgkg-'), 6-nitro indazole and indazole (25-100mgkg-') admin-
istered i.p. in the mouse produce dose-related antinociception in the late phase of the formalin-induced
hindpaw licking and acetic acid-induced abdominal constriction assays. The EDm values (mg kg-') were
as follows: 7-NI (27.5 and 22.5), 6-nitro indazole (62.5 and 44.0) and indazole (41.0 and 48.5) in the two
assays respectively. 3-Indazolinone, 6 amino indazole and 6-sulphanilimido indazole (all 50 mg kg-')
were without effect. With the exception of 5-nitro indazole (50 mg kg-') which produced sedation, none
of the other indazole derivates examined caused overt behavioural changes.
2 The antinociceptive effect of 7-NI (25 mg kg-', i.p.) in the late phase of the formalin-induced
hindpaw licking assay was partially (46.7 ± 16.2%, n = 18) reversed by pretreatment with L- but not
D-arginine (both 50 mg kg', i.p.).
3 The time course of 7-NI induced antinociception in the mouse was correlated with inhibition of brain
(cerebellum) nitric oxide synthase (NOS) activity. Maximum antinociceptive activity and NOS inhibition
were detected 18-30 min following i.p. administration. In contrast, no antinociceptive effect or inhibi-
tion of cerebellar NOS was detected 75 min post-injection.
4 7-NI, 6-nitro indazole, indazole, 3-indazolinone and 6-amino indazole (all 50 mg kg-') failed to
influence mean arterial pressure (MAP) over the 45 min after i.p. administration in the anaesthetized
mouse. Similarly, 7-NI (25 mg kg-') administered i.v. in the anaesthetized rat did not increase MAP or
influence the vasodepressor effect of i.v. injected acetylcholine (ACh) over the same period.
5 7-NI (100ZtM) did not influence the vasorelaxant effect of ACh (IC50, 0.2 ± 0.04 tLM, cf. 0.16+
0.06 fLM, n = 6) in phenylephrine-precontracted rabbit aortic rings.
6 These data provide further evidence that antinociception following administration of 7-NI in the
mouse results from inhibition of central NOS activity and is not associated with inhibition of in vivo
vascular endothelial cells NOS. Accordingly, 7-NI (or a derivative thereof) may provide an alternative
approach to the development of novel antinociceptive drugs.

Keywords: 7-Nitro indazole; substituted indazole derivatives; antinociception; anaesthetized mouse; anaesthetized rat; rabbit
aorta; nitric oxide; nitric oxide synthase

Introduction
The selective inhibitor of nitric oxide synthase (NOS), L-NG-
nitro arginine methyl ester (L-NAME), exhibits potent anti-
nociceptive activity in the mouse (Moore et al., 1991).
Antinociception is both naloxone-insensitive and partially
reversed by L- (but not D-) arginine implying a role for nitric
oxide (NO) in central nociceptive pathways which is un-
related to the release of endogenous opioids. Essentially
similar results have been obtained in the mouse following i.p.
administration of L-NAME (Mustafa, 1992).
The precise site of action of the antinociceptive effect of

L-NAME within the central nervous system is not clear.
However, several experimental observations suggest a spinal
mechanism of action (Meller & Gebhart, 1993). Thus: (i)
immunochemical staining using an antibody raised against
brain NOS reveals large amounts of this enzyme in the
intermediolateral cell column and superficial and deeper
laminae of the rat dorsal spinal cord with no activity detected
in the ventral spinal cord (Dun et al., 1992; Valtschanoff et
al., 1992). (ii) Inflammation of the rat hindpaw is associated
with an increase in NADPH diaphorase (reportedly identical
with NOS; Hope et al., 1991) in the rat dorsal spinal cord
(Solodkin et al., 1992). (iii) Intrathecal administration of
L-NAME prevents the dorsal horn expression of Fos protein
(a marker for nociceptive pathways in the central nervous
system; Bullitt, 1990), following mechanical (pinch) stimula-
tion of the rat hindpaw (Lee et al., 1992). (iv) Intrathecal
administration of L-NAME reduces N-methyl-D-aspartate
(NMDA)-induced hyperalgesia in the rat (Meller et al., 1992)

' Author for correspondence.

and mouse (Kitto et al., 1992). (v) Electrophysiological res-
ponses of dorsal horn neurones following activation of sen-
sory C-fibres by formalin injection in the rat hindpaw are
inhibited by spinal application of L-NAME (Haley et al.,
1992). Cumulatively these data strongly indicate that NO
plays a part in nociceptive events occurring in the spinal cord
in response to peripheral noxious stimuli and, furthermore,
suggest a rational basis for the antinociceptive effect of drugs
which inhibit NOS.

Unfortunately, the sustained vasopressor effect of L-
NAME (for review see Moncada et al., 1991) effectively
precludes its use as an analgesic in man. We have recently
reported that 7-nitro indazole (7-NI) inhibits both rat and
mouse brain NOS and exhibits potent antinociceptive activity
in the mouse without significantly increasing blood pressure
in this species (Moore et al., 1993). Accordingly, we have
proposed that 7-NI, or a chemically related compound, may
provide a good starting point for the development of novel,
clinically useful analgesics.
We have now studied further the antinociceptive and car-

diovascular activity of 7-NI and a range of chemically related
mono- and di-substituted indazole derivatives.

Methods

Assessment of antinociceptive effect

Male mice (LACA, 28-35 g) were allowed food and water ad
libitum and transported to the laboratory at least 2 h prior to

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 219 224
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the study. Experiments were carried out in the period be-
tween 13 h 00 min and 17 h 00 min in normal room light and
temperature (22 ± 2C). All experiments were performed with
appropriate Home Office approval.
The antinociceptive effect of indazole derivatives was as-

sessed by the formalin-induced hindpaw licking procedure of
Hunskaar & Hole (1987). Animals were injected sub-plantar
in one hindpaw with formalin (5% v/v, 10 l) and the dura-
tion of paw licking monitored in the periods 0-5 min (early
phase) and 15-30 min (late phase) thereafter. Drugs or an
appropriate volume of vehicle (arachis oil, 0.1 ml 10 g-')
were administered i.p. 15 min prior to formalin administra-
tion. In experiments to determine the ability of L-arginine to
reverse the antinociceptive effects of 7-NI, either L- or D-
arginine (both 50 mg kg-') or an appropriate volume of vehi-
cle (0.9% w/v NaCI) were administered i.p. to mice 20 min
prior to subplantar formalin injection. These animals subse-
quently received a second i.p. injection of 7-NI or vehicle
(arachis oil) 15 min prior to formalin injection. Results are
expressed as % inhibition of hindpaw licking time compared
with licking time in the appropriate control group of animals.

In separate experiments, indazole derivatives or vehicle
were administered i.p. 15 min prior to i.p. administration of
acetic acid (0.6% v/v, 10 ml kg-'). The resulting abdominal
constrictions were counted for 30 min thereafter. Results are
expressed as % inhibition of acetic acid-induced abdominal
constrictions over this period compared with control, vehicle-
pretreated, animals.

Effect of 7-NI on mouse cerebellar NOS: correlation
with antinociceptive effect
Mice (LACA, 28-35 g) were pretreated with 7-NI (25 mg
kg-', i.p.) or an appropriate volume of vehicle either 3, 15,
60 or 120 min prior to subplantar formalin (5% v/v, 10 L1)
injection as described above; 15 min later (i.e. at the start of
the late phase of the paw licking response) animals were
killed by cervical dislocation. Cerebella were removed and
weighed and either rapidly frozen and stored at - 70°C until
required or immediately homogenized in an Ultra-Turrax
(type 18/2N) homogenizer in 10 volumes of 20 mM Tris HC1
buffer (pH 7.4) containing 2 mM EDTA. Homogenates were
centrifuged (10,000 g, 15 min, 4°C) and the crude supernatant
used for assay of NOS as below.

Conversion of [3H]-arginine to [3H]-citrulline was deter-
mined as described by Dwyer et al. (1991). Incubations
(15min at 0°C followed by 15min at 37C) contained 25 i1
cerebellar (1:10 w/v) supernatant, 0.5 ACi [3H]-L-arginine
(concentration = 120 nM), 0.75 mM CaC12, 0.5 mM NADPH
and S yI water or drug solution in a total volume of 105 gAl.
Assays were terminated by addition of 3 ml HEPES buffer
(pH 5.5) containing 2 mM EDTA and were applied to 0.5 ml
columns of Dowex AG50WX-8 (Na+ form) followed by
0.5 ml distilled water. [3H]-citrulline was quantified by liquid
scintillation spectroscopy of a 1 ml aliquot of the flow-
through. In control experiments cerebellar supernatant was
added to the incubation after stopping the reaction with
HEPES buffer. Protein concentration was measured accord-
ing to the procedure of Lowry et al. (1951) and NOS activity
calculated in terms of pmol mg' protein 15 min-'. Results
are shown as % inhibition of cerebellar NOS in 7-NI-treated
compared with control vehicle-injected animals.

Effect of indazole derivatives on rat and mouse blood
pressure

Mice were anaesthetized with urethane (10 g kg-', i.p.) and a
cannula inserted into the carotid artery. Blood pressure was
monitored via a Bell & Howell pressure transducer connected
to a Devices 2-channel pen recorder. 7-NI, 6-nitro indazole,
indazole, 6-amino indazole or 3-indazolinone were admin-
istered i.p. and MAP monitored for up to 45 min thereafter.
Control animals received an appropriate volume of arachis

oil. In separate experiments, rats were anaesthetized with
urethane (10 g kg-', i.p.) and cannulae inserted both into the
carotid artery for blood pressure recording as described
above and into the jugular vein for drug injection. Dose-
response curves to the vasodepressor effect of acetylcholine
(0.05-3.0yg i.v.) were constructed and a single dose (1 jig)
representing approximately 70% of the maximum effect
chosen and repeated 4 times at 5 min intervals. Thereafter,
7-NI (25 mg kg-') was administered i.v. and the response to
the standard dose of ACh determined at timed intervals over
the following 45 min.

Effect of 7-NI on rabbit aorta

Male New Zealand White rabbits (2.5-3.5 kg) were killed by
an overdose of pentobarbitone (60 mg kg-') administered
into a marginal ear vein. Aortae were removed, cleared of
connective tissue, cut into rings (approx. 2-3 mm diameter)
and mounted in 20 ml organ baths containing warmed
(37°C), oxygenated (95% 02: 5% C02) Krebs solution (com-
position, mM: NaCl 121, KCI 4.7, CaCl2 2.7, NaHCO3 25,
KH2PO4 1.18, MgSO4 0.7, glucose 1 1. 1, pH 7.4) under an
initial resting tension of 2 g. Changes in tension were moni-
tored by means of Grass FT-03 force transducers connected
to a Devices pen recorder. Preparations were pre-equilibrated
in the organ bath for 1 h and thereafter contracted with an
EC70 concentration of phenylephrine (PE, 0.75 gM). Endothe-
lium-dependent relaxation in response to acetylcholine (ACh
0.01-1.0 gAM) was determined before and 12 min after addi-
tion of 7-NI (100 JAM).

Drugs and chemicals

Indazole, 5-nitro indazole, 6-nitro indazole, 6-amino inda-
zole, 3-indazolinone and 6-sulphanilimido indazole were pur-
chased from Aldrich Ltd. 7-Nitro indazole was obtained
from MTM Lancaster Ltd. Radiolabelled [3H]-arginine (sp.
act. 62 Ci mmol-') was obtained from Amersham, U.K. All
other drugs and chemicals were purchased from Sigma Ltd.
Dowex AG50WX-8 H+ form (Sigma Ltd.) was converted
into the Na+ form by soaking for 2 h in 2 M NaOH. For in
vivo experiments indazole and its derivatives were dissolved
in arachis oil with the exception of i.v. administered 7-NI in
rats in which Na2CO3 (0.5%, w/v) was the vehicle. For in
vitro experiments 7-NI was dissolved in Na2CO3 (0.5%, w/v).
Drugs stocks were prepared fresh on the morning of each
experiment.

Statistical analysis

Results indicate mean ± s.e.mean. Statistical significance of
differences between groups was determined by unpaired
Student's t test. A probability (P) value of 0.05 or less was
taken to indicate statistical significance.

Results

Antinociceptive effect of indazole derivatives

Pretreatment of mice with 7-NI (10-50 mg kg-'), 6-nitro
indazole (25-100mg kg-') or indazole (25-100mg kg-') re-
sulted in a dose-related inhibition of late phase formalin-
induced hindpaw licking behaviour (Figure 1) and acetic
acid-induced abdominal constrictions (Figure 2). None of the
drugs tested significantly influenced first phase formalin-
induced hindpaw licking time. Calculated EDso values for the
three indazole derivatives were 27.5 mg kg-', 62.5 mg kg-'
and 41.0mgkg-' in the formalin assay and 22.5mgkg-',
44.0 mg kg-' and 48.5 mg kg-' in the acetic acid assay
respectively. In contrast, 3-indazolinone, 6 amino indazole
and 6-sulphanilimido indazole (all 50 mg kg-') were without
antinociceptive activity in either assay (data not shown).



PHARMACOLOGY OF 7-NI 221

100-

50-

O-

*

lo 25
7-N I

**

50

T

25 50
6-NI

100 25

L

50 100

Figure 1 Antinociceptive effect of i.p. administered 7-nitro indazole
(7-NI), 6-nitro indazole (6-NI) and indazole (I) assessed by the
formalin-induced hindpaw licking assay in the mouse. Figures be-
neath each column represent dose administered (mg kg-'). Results
indicate % inhibition of late phase (15-30 min following subplantar
formalin injection) hindpaw licking time compared with licking time
in control, vehicle-injected animals and are mean ± s.e.mean, n =
6-14. *P<0.05; **P<0.01.
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Figure 2 Antinociceptive effect of i.p. administered 7-nitro indazole
(7-NI), 6-nitro indazole (6-NI) and indazole (I) assessed by the acetic
acid-induced abdominal constriction assay in the mouse. Figures
beneath each column represent dose administered (mg kg-'). Results
indicate % inhibition of abdominal constrictions observed over a

30 min period following i.p. injection of acetic acid compared with
results obtained in control (vehicle-injected) animals and are mean
+ s.e.mean, n = 6-8. *P<0.05; **P<0.01.

i.p. administered 7-NI (25 mg kg-') by 46.7 ± 16.2% (n =
18). In contrast, D-arginine (50mg kg-') administration re-
sulted in a non-significant (P> 0.05) reversal of 7-NI induced
late phase antinociception of 13.6 ± 11.1% (n = 12) (Figure
3).

Correlation between antinociceptive effect of 7-NI and
its effect on mouse brain NOS activity

Preliminary analysis of the time course of effect of i.p.
administered 7-NI revealed significant antinociceptive activity
when injected 3 min prior to formalin (Table 1). Similar
antinociceptive activity was still apparent when the pretreat-
ment time was extended to 15 min whilst no antinociception
could be detected in mice injected with 7-NI either 60 or
120 min before formalin injection. In separate experiments,
i.p. administration of 7-NI resulted in a broadly similar
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Figure 3 Effect of L- and D-arginine (50 mg kg-') pretreatment on

antinociceptive effect of i.p. administered 7-nitro indazole (7-NI,
25 mg kg- '). Open columns represent early phase (0- 5 min following
subplantar formalin injection) hindpaw licking time (s) while stippled
columns indicate late phase (15-30min following subplantar for-
malin injection) hindpaw licking time (s). Results indicate mean +

s.e.mean, n = 10-18. L-Arginine pretreatment significantly (*P<
0.05) reverses the late phase antinociceptive effect of 7-NI.

5-Nitro indazole (50 mg kg-') produced sedation in all mice
and was subsequently excluded from further study. With the
exception of 5-nitro indazole none of the other derivatives
tested produced sedation or other overt behavioural changes.

Reversal of 7-NI induced antinociception by L-arginine

Control animals receiving saline (20 min) plus arachis oil
(5 min) prior to subplantar administration of formalin ex-
hibited early phase (late phase in parenthesis) paw licking
times of 99.2 ± 15.7 s (156.3 ± 19.2 s, n = 7). Neither L-ar-
ginine (50 mg kg-', early phase: 76.3 ± 9.6 s, late phase:
132.8 + 9.9 s, n = 7) nor D-arginine (50 mg kg-', early phase:
86.1 + 6.9 s, late phase: 170.3 ± 18.6 s, n = 10) significantly
(P> 0.05) influenced hindpaw licking time in either phase of
the response when administered on their own. However,
prior administration of L-arginine (50 mg kg-') significantly
(P <0.05) reversed the late phase anti-nociceptive effect of

Table 1 Antinociception and inhibition of cerebellar nitric
oxide synthase (NOS) following 7-nitro indazole (7-NI)
administration in the mouse

Time (min) Antinocicepton (% inhibition) % inhibition of NOS

3

15
60
120

53.8 ± 1 1.1*
44.6 ± 14.6*

0

5.7 ± 6.2

40.5 ± 1.2*
57.2 ± 0.7*
29.7 ± 1.9*
0.7 ± 0.7

7-NI was administered i.p. at timed intervals (3-120 min)
prior to subplantar formalin injection. Antinociceptive
activity is expressed as % inhibition of hindpaw licking time
in the late phase (15-30min) compared with control
animals receiving an appropriate volume of arachis oil.
Results show mean ± s.e.mean, n = 6-10, *P<0.05. In
separate experiments mice pretreated with 7-NI at timed
intervals as above, were injected subplantar with formalin
and killed 15min thereafter. Results show % inhibition of
cerebellar NOS compared with activity in control,
vehicle-injected animals and are mean ± s.e.mean, n = 6,
*P<0.05.
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time-related inhibition of mouse cerebellar NOS. Again,
significant inhibition of cerebellar NOS was evident at both 3
and 15min prior to formalin administration which declined
by approximately 50% at 60 min and was not apparent at
120 min (Table 1).

Effect of indazole derivatives on mouse and rat blood
pressure

Administration of 7-NI, 6-nitro indazole, indazole, 6-amino
indazole or 3-indazoline (all 50 mg kg-', i.p.) failed to influ-
ence MAP in the anaesthetized mouse at timed intervals up
to 45 min (Table 2). A time-related increase in heart rate was
observed both in vehicle-injected and in non-injected animals
(data not shown) and is consequently most likely a response
to the anaesthetic. No additional effect was seen in response
to indazole derivatives. 7-NI dissolved in 0.5% Na2CO3 and
administered i.v. to rats at a dose (25 mg kg-') which rep-
resents the limit of solubiltiy of this compound under these
conditions, did not increase MAP (e.g. 149.9 ± 6.5 mmHg
45 min after 7-NI injection cf. 154.9 ± 7.0 mmHg before 7-NI
injection, n = 6, P> 0.05). Additionally, 7-NI (25 mg kg-')
failed to influence the vasodepressor effect of i.v. injected
acetylcholine (e.g. 1 fig; 54.4 ± 8.2 mmHg fall in MAP before
and 52.0 ± 6.6 mmHg 45 min after i.v. injection of 25 mg
kg-' 7-NI, n = 6, P>0.05).

Effect of 7-NI on the rabbit aorta

Rabbit aortic rings precontracted with phenylephrine (0.7
tLM) responded to ACh with endothelium-dependent relaxa-
tion (threshold, 0.01 gM; IC50, 0.18 ± 0.051AM, n = 8). 7-NI
(100 1AM) produced a small additional contraction of the PE-
pretreated rabbit aortic ring (0.4 ± 0.2 g, n = 6) which was
also observed in 'low tone' preparations not exposed to
phenylephrine (0.75 ± 0.25 g, n = 4) and in 'high tone' prep-
arations treated with an appropriate volume of 0.5% Na2CO3
vehicle (0.3 ± 0.2 g, n = 4). Exposure (12 min) of rabbit aor-

tic rings to 7-NI did not influence the vasorelaxant effect of
acetylcholine (IC50, 0.20 ± 0.04 g1M, cf. IC50, 0.16 ± 0.06 1LM in
the presence of 0.5% Na2CO3 vehicle, n = 6, P>0.05). Hi-
gher doses of 7-NI (300 ;LM) produced relaxation of the
phenylephrine-pretreated rabbit aortic ring. However, this is
again unlikely to represent a pharmacological effect of 7-NI
since control aortic rings exposed to an equivalent volume of
0.5% Na2CO3 vehicle were similarly relaxed. For this reason
the effect of higher concentrations of 7-NI were not eval-
uated.

Discussion

To date the indazole nucleus (see Figure 4) has not featured
prominently in medicinal chemistry. Of the simpler indazole
compounds to appear in the literature, micromolar concen-
trations of 6-amino indazole have been shown to inhibit both

-NO2 POSITION 5, 6, 7

-NH2 POSITION 6

= 0 POSITION 3

-NH -S- -N H2

0

POSITION 6

Figure 4 Structure of indazole showing points of substitution of
derivatives used in this study.

the effect of pilocarpine on the guinea-pig isolated trachea
and the effect of histamine on the guinea-pig isolated ileum
whilst 5-amino indazole is a relatively potent inhibitor of
carbachol-induced gastric acid secretion in the rat (Pinelli et
al., 1989). More chemically complex indazole derivatives
which inhibit lipoxygenase enzyme activity (Foster et al.,
1989) or antagonize either leukotriene (Yee et al., 1990) or

5-HT3 (Robertson et al., 1990) receptors have also been
synthesized. Perhaps of greater relevance to the present study
is benzydamine, an indazole derivative, with pronounced
antinociceptive activity which has been recognised for over
two decades (Silvestrini et al., 1966; Lisciani et al., 1968).
The present study illustrates the antinociceptive effect in

the mouse of a series of mono-substituted indazoles. Of the
various structures examined, 7-NI exhibited greatest activity
in both the formalin-induced hindpaw licking and acetic
acid-induced abdominal constriction assays. In the former
assay 7-NI inhibited the late phase but not the early phase
hindpaw licking response which is consistent with reports of
the involvement of NO in the phenomenon of 'wind-up' in
dorsal horn neurones following activation of sensory C fibres
(Meller & Gebhart, 1993). It is clear that antinociceptive
activity within the indazole series is not confined to 7-NI but
is also apparent following administration of both indazole
and 6-nitro indazole. It should be made clear that observa-
tion of mice treated with indazole, 6-nitro indazole or 7-NI
did not reveal any overt changes in locomotor activity or
sedative effect which might have interfered with the inter-
pretation of these data. In contrast, 5-nitro indazole proved
to be a powerful sedative and was thus not studied further.

Evidence presented in this paper indicates that 7-NI, like
L-NAME (Moore et al., 1991), is antinociceptive by virtue of
inhibiting central NOS. Thus, 7-NI induced antinociception
is partially reversed by L- but not D-arginine. Furthermore,
the time course of 7-NI-induced antinociception is correlated
with inhibition of brain (cerebellar) NOS. Interestingly, and
unlike L-NAME, which produces a long-lasting (>24 h)

Table 2 Effect of indazole derivatives on mouse mean arterial pressure (MAP)

MAP (mmHg)

Vehicle
7-NI, 25 mg kg-'
7-NI, 80 mg kg-'
6-NI, 50 mg kg- '
3-I, 50 mg kg- I

6-Al, 50mg kg'
I, 50 mg kg-'

0 min

52.1 ± 4.9
51.6 ± 4.4
49.5 ± 2.9
54.3 ± 3.4
43.2 ± 5.4
49.0 ± 4.7
46.7 ± 5.4

15 min

54.3 ± 3.9
54.5 ± 4.2
48.1 ± 3.3
54.9 ± 3.3
43.7 ± 5.0
49.5 ± 5.8
51.2 ± 4.4

30 min

47.9 ± 5.5
50.5 ± 4.2
44.9 ± 4.4
43.5 ± 3.3
47.8 ± 5.2
44.7 ± 5.6
46.7 ± 4.0

45 min

49.8 ± 6.1
47.4 ± 5.1
43.9 ± 5.3
43.0 ± 4.5
44.5 ± 3.2
41.5 ± 3.4
49.8 ± 3.2

Indazole derivatives (7-NI, 7-nitro indazole; 6-NI, 6-nitro indazole; 3-I, 3-indazolinone; 6-Al, 6-amino indazole; I, indazole) were

suspended in arachis oil and administered i.p. MAP (mmHg) was determined for up to 45 min thereafter. Control animals received
0.1 ml kg-' arachis oil vehicle. Results show mean ± s.e.mean, n = 6.
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antinociception in the mouse (Moore et al., 1991), the effect
of 7-NI is more short-lived with all activity dissipated within
60min. One explanation for this difference in time course
may be the nature of the NOS inhibitory activity of the two
drugs. Thus, L-NAME is reportedly an irreversible inhibitor
of brain NOS (Dwyer et al., 1991) whilst 7-NI appears to
compete with L-arginine for the substrate site of the rat
cerebellar NOS (Babbedge et al., 1993). In light of these
results it is not surprising that of all the indazoles tested for
antinociceptive activity 7-NI is the most potent NOS inhi-
bitor (Babbedge et al., 1993). Furthermore, 3-indazolinone, 6
amino indazole and 6-sulphanilimido indazole are devoid of
antinociceptive activity in the present study and exhibited no
or only negligible NOS inhibitory activity (Babbedge et al.,
1993).
An equally intriguing aspect of the present study is the

lack of biological activity of 7-NI within the cardiovascular
system. Thus, 7-NI (100 I1M) failed to inhibit endothelium-
dependent relaxation of the rabbit isolated aorta in response
to acetylcholine. In contrast, we have previously reported
that L-NAME (1.5 and 15 JAM) produces approximately 20%
and 70% inhibition of the response of the rabbit aorta to
acetylcholine (Moore et al., 1990). An accurate determination
of relative potency is not possible since at doses in excess of
100 JAM, 7-NI causes blood vessel relaxation via a vehicle
effect. In addition, 7-NI (plus related antinociceptive indazole
derivatives) do not increase MAP in the anaesthetized mouse
following i.p. administration thus confirming the results of a
previous study (Moore et al., 1993). In the anaesthetized rat
i.v. administered 7-NI neither increases MAP nor reduces the
vasodepressor effect of acetylcholine. Again these results are
in contrast to a number of published studies in which estab-
lished NOS inhibitors such as L-NAME and L-NMMA have
been shown to elicit a powerful and sustained vasopressor
effect in both experimental animals and man (e.g. Aisaka et
al., 1989; Rees et al., 1989; Petros et al., 1991).
The lack of vasopressor effect of 7-NI and other indazoles

presumably reflects an inability to inhibit endothelial NOS in
these circumstances. In the accompanying paper (Babbedge et
al., 1993) we provide evidence that 7-NI potently inhibits
bovine endothelial NOS in vitro. Although we cannot rule out
the possibility of species differences in the effect of 7-NI on
endothelial NOS the most likely explanation for the lack of
vasopressor effect of 7-NI in the rat and mouse in vivo and in
the rabbit aorta in vitro is an inability to access the cytosolic
NOS across endothelial membranes. It might be argued that
the lack of effect of 7-NI on MAP reflects inadequate absorp-
tion. However, this is clearly not the case since i.p. administ-
ration in mice (this study) and rats (Babbedge et al., 1993)

effectively inhibits cerebellar NOS activity. It is perhaps sur-
prising that 7-NI, while clearly capable of crossing the blood
brain barrier to access neuronal NOS, does not pass across
endothelial membranes. It is tempting to speculate that 7-NI
is taken up into the central nervous system by a carrier
mechanism perhaps similar to that for L-tryptophan which
has a chemically similar indole ring structure. Clearly, more
information about the absorption and tissue distribution of
7-NI and related indazoles following parenteral administra-
tion is required.
The present data highlight the potential importance of

7-NI and perhaps other indazole derivatives as selective
inhibitors of NOS in the central nervous system. In this
context, 7-NI (or a derivative thereof) may provide an alter-
native approach to clinical analgesia. Furthermore, 7-NI may
prove to be a useful tool with which to probe the functions
of NO in the brain and or spinal cord. For example, one
potential application of 7-NI is in the study of the role of
NO in the phenomenon of neurodegeneration which, in
recent years, has proved controversial. Thus, L-NAME has
been reported to reduce infarct size in models of focal cere-
bral ischaemia in the rat (Buisson et al., 1992; Trifiletti, 1992)
and mouse (Nowicki et al., 1991) and to attenuate NMDA-
induced damage to hippocampal neurones in cell culture
(Dawson et al., 1991). In contrast, several researchers have
either failed to identify a neuroprotective effect of L-NAME
or have reported enhanced neuronal damage following ad-
ministration of this inhibitor (Dawson et al., 1992; Haberny
et al., 1992; Weissman et al., 1992). As a further complica-
tion, Morikawa and colleagues (1992) have reported that
L-arginine pretreatment also decreases infarct size following
cerebral ischaemia in the rat. The precise reason for this
divergence of data is not clear. However, locally produced
NO is believed to play an important part in the control of
cerebrovascular blood flow (Faraci, 1990). Furthermore,
vasoconstriction induced by L-NAME in this vascular bed is
reported to result in the uncoupling of cerebral blood flow
and metabolism (Goadsby et al., 1992; Dirnagl et al., 1993)
thereby exacerbating neuronal damage and masking any
beneficial effect which may result from inhibition of neuronal
NOS. Clearly, the lack of vasoconstrictor activity coupled
with potent brain NOS inhibitory activity makes 7-NI the
NOS inhibitor of choice when studying the role of NO in
neurodegeneration and most probably in other central func-
tions in which NO may play a part.

We would like to thank the MRC for financial support. R.C.B. is an
SERC-CASE scholar with Wellcome Research Laboratories.
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Inhibition of rat cerebellar nitric oxide synthase by 7-nitro
indazole and related substituted indazoles
R.C. Babbedge, P.A. Bland-Ward, S.L. Hart & 'P.K. Moore

Pharmacology Group, Biomedical Sciences Division, King's College, University of London, Manresa Road, London SW3 6LX

1 7-Nitro indazole (7-NI) produces potent inhibition of rat cerebellar nitric oxide synthase (NOS) with
an ICE, of 0.9 ± 0.1 t4M (n = 6). NOS activity is dependent on the presence of both exogenous CaC12 and
NADPH. The inhibitory potency of 7-NI remained unaltered in the presence of different concentrations
of either CaC12 (0.75-7.5 mM) or NADPH (0.05-5.0 mM).
2 Kinetic (Lineweaver-Burke) analysis of the effect of 7-NI on rat cerebellar NOS revealed that
inhibition was of a competitive nature with a Ki value of 5.6 tLM. The Km of cerebellar NOS with respect
to L-arginine was 2.5 tLM.
3 The following indazole derivatives (ICs values shown in parentheses, all n = 6) caused concentration-
related inhibition of rat cerebellar NOS in vitro: 6-nitro indazole (31.6 ± 3.4IM), 5-nitro indazole
(47.3 ± 2.3 AM), 3-chloro indazole (100.0 ± 5.5 ,iM), 3-chloro 5-nitro indazole (158.4 ± 2.1 AM) and
indazole (177.8 ± 2.1 riM). The ICm values for 5-amino indazole, 6-amino indazole and 6-sulphanilimido
indazole were in excess of 1 mM; 3-indazolinone was inactive.
4 7-NI (10 mg kg-') administered i.p. to rats produced 60 min thereafter a significant inhibition of
NOS activity in cerebellum (31.1 ± 3.2%, n = 6), cerebral cortex (38.2 ± 5.6%, n = 6), hippocampus
(37.0 ± 2.8%, n = 6) and adrenal gland (23.7 ± 3.0%, n = 6). NOS activity in olfactory bulb and
stomach fundus were unchanged.
5 These results indicate that 7-NI is a potent and competitive inhibitor of rat brain NOS in vitro and
also inhibits NOS in different brain regions and in the adrenal gland in vivo. Inhibition of NOS is a
characteristic property of the indazole nucleus. Nitration of the indazole ring at positions 5, 6 and 7
results in a graded increase in inhibitory potency. Indazole-based inhibitors of NOS may prove useful
tools with which to evaluate the biological roles of nitric oxide in the central nervous system.

Keywords: 7-Nitro indazole; substituted indazole derivatives; cerebellar nitric oxide synthase; nitric oxide; rat cerebellum; rat
spleen; bovine endothelial cells

Introduction

We have recently shown that 7-nitro indazole (7-NI) inhibits
rat and mouse cerebellar nitric oxide synthase (NOS) with
equivalent potency to established inhibitors of this enzyme
such as L-N0-nitro arginine methyl ester (L-NAME) and
L-N0-monomethyl arginine (L-NMMA) (Moore et al., 1993a).
In the accompanying paper (Moore et al., 1993b) we provide
evidence that 7-NI, 6-nitro indazole and indazole elicit anti-
nociception in the mouse utilising the formalin-induced hind-
paw licking and acetic acid induced-abdominal constriction
assays. None of the indazole derivatives investigated
influenced mouse blood pressure. In this paper we have
compared the ability of indazole plus nine mono- or di-
substituted derivatives of indazole to inhibit rat brain
cerebellar NOS in vitro and have further characterized the
mechanism of action and isoform selectivity of 7-NI both in
vitro and following i.p. administration in the rat.

Methods

Preparation and assay of rat cerebellar NOS

Male rats (Sprague-Dawley, 200- 300 g) were killed by a
blow to the head and exsanguination. Cerebella were
removed, weighed and homogenized in an Ultra-Turrax (type
18/2N) homogenizer in 10 volumes of 20 mM Tris HCI buffer
(pH 7.4) containing 2 mM EDTA. In some experiments,
cerebella were stored at - 70°C until required. Homogenates
were centrifuged (10,000 g) for 15 min at 4°C. NOS was
assayed by monitoring the conversion of [3H]-arginine to
[3HJ-citrulline as described by Dwyer et al. (1991). Incuba-

'Author for correspondence.

tions (15 min at 0°C followed by 15 min at 37'C) routinely
contained 25 Al cerebellar supernatant, 0.5 tLCi [3H]-L-
arginine (concentration = 120 nM), 0.75 mM CaCI2, 0.5 mM
NADPH and 5 ILI water or drug solution in a total volume of
105 pA. In some experiments the concentrations of NADPH
and CaCl2 were varied from 0.5-5.0 mM and 0.37-7.5 mM
respectively. In order to determine the Km of rat cerebellar
NOS for L-arginine and the Ki for 7-NI against this enzyme
the concentration of L-arginine in the incubation medium
was also varied in some experiments from 0.1-1I0 lM.
Preliminary investigation of the time course of NOS activity
under these conditions revealed that [3H]-citrulline formation
was linear up to 5 min.

Accordingly, for these experiments incubations were car-
ried out at 37°C for 3 min. All assays were terminated by
addition of 3 ml HEPES buffer (pH 5.5) containing 2 mM
EDTA and incubates applied to 0.5 ml columns of Dowex
AGSOWX-8 (Na+ form) followed by 0.5 ml distilled water to
remove unchanged [3H]-arginine. [3HI]-citrulline was
quantified by liquid scintillation spectroscopy of a 1 ml ali-
quot of the combined flow-through. Protein concentration
was measured by the method of Lowry et al. (1951).

Preparation of rat spleen and bovine endothelial cell
NOS

Male rats (Sprague-Dawley, 220-250 g) were anaesthetized
by i.p. administration of urethane (10 g kg-'). Spleen NOS
enzyme was induced by i.p. administration of 5.0 mg kg- I E.
coli lipopolysaccharide (serotype 0127:B8) and animals killed
by cervical dislocation 6 h later. The spleen was removed,
weighed, homogenized in 20 mM Tris-HCI buffer (pH 7.4)
and assayed for NOS as described above with the exception
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that CaCl2 was omitted from the incubation medium. Bovine
aortae were obtained from a local slaughterhouse. Vascular
endothelial cells were removed by careful rubbing of the
intimal surface with a scalpel blade. The crude cell suspen-
sion was washed twice with phosphate buffered saline, cen-
trifuged (1000 g, 5 min, 4°C) and endothelial cells subse-
quently homogenized in 50 mM Tris-HCI buffer (pH 7.4)
containing 0.1 mM EDTA, 0.1 mM EGTA and 0.1% 2-mer-
captoethanol with 25 passes of a glass teflon Dounce homo-
genizer. Crude homogenate was subsequently assayed for
NOS as described above.

Pretreatment of rats with 7-NI

Male rats (Sprague-Dawley, 200-220 g) were injected i.p.
with 7-NI (10 mg kg-') or an appropriate volume of vehicle
(arachis oil, 0.1 ml 100 g'-) and killed 60 min later by a blow
to the head and exsanguination. Brains were removed and
the cerebellum, hippocampus, cerebral cortex and olfactory
bulb dissected. Stomach fundus and adrenal medulla were
also removed. All brain regions/organs were weighed and
homogenized in 20 mM Tris-HCl buffer (pH 7.4). In
preliminary experiments low levels of NOS were detected in
cerebral cortex, stomach fundus and adrenal gland. In order
to optimize [3H]-citrulline production all brain regions/organs
used in this part of the study were applied to 0.3 ml columns
of Dowex AG5OWX-8 to remove endogenous L-arginine
prior to assay for NOS as described above.

Drugs and chemicals

Indazole, 5-nitro indazole, 6-nitro indazole, 5-amino
indazole, 6-amino indazole, 3-chloro indazole, 3-chloro 5-
nitro indazole, 3-indazolinone and 6-sulphanilimido indazole
were purchased from Aldrich Ltd. 7-Nitro indazole was
obtained from MTM Lancaster Ltd. Radiolabelled [3H]-
arginine (sp. act. 62 Ci mmol-') was obtained from Amer-
sham. L-NG-nitro arginine methyl ester hydrochloride (L-
NAME), L-arginine hydrochloride and NADPH were pur-
chased from Sigma Ltd. Dowex AG50WX-8 H+ form (Sigma
Ltd.) was converted into the Na+ form by soaking for 2 h in
2 M NaOH. For in vivo experiments 7-NI was dissolved in
arachis oil. For in vitro experiments 7-NI and all other
indazole derivatives were dissolved in Na2CO3 (0.5%, w/v).
Drug stocks were prepared fresh on the morning of each
experiment.

Statistical analysis

Results indicate mean ± s.e.mean. Statistical significance of
differences between groups was determined by unpaired
Student's t test. A probability (P) value of 0.05 or less was
taken to indicate statistical significance.

Results

Effect of indazole derivatives on rat cerebellar NOS

Three of the ten indazole derivatives examined in this study
(5-amino indazole, 6-amino indazole and 6-sulphanalimido
indazole) failed to achieve > 50% inhibition of NOS activity
at the highest concentration employed (1 mM). Calculated
IC15s for these derivatives were 237.1 ± 20.9 JiM, 501.2 +
25.4 ILM and 133.3 ± 9.9 JiM (all n = 6) respectively. A fourth
compound, 3-indazolinone, failed to inhibit rat cerebellar
NOS at a concentration of 1 mM. Concentration-inhibition
curves for the remaining indazole derivatives examined are
shown in Figure la, b. The rank order of potency with IC50
concentrations shown in parentheses (all n = 6) were as fol-
lows: 7-nitro indazole (0.9 ± 0.1 gIM) > 6-nitro indazole
(31.6 ± 3.4 JM) > 5-nitro indazole (47.3 ± 2.3 JIM) > 3-
chloro indazole (100.0 ± 5.5 mM) > 3-chloro 5-nitro indazole
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Figure 1 Concentration-response curves for inhibition of rat
cerebellar nitric oxide synthase (NOS) activity by (a), 7-nitro
indazole 7-NI (U); 6-nitro indazole (0); 5-nitro indazole (0) and
(b), 3-chloro indazole (A); 3-chloro 5-nitro indazole (A) and
indazole (0). Results show % inhibition of NOS and are
mean ± s.e.mean, n = 6.

(158.4 ± 2.1 JM) >indazole (177.8 ± 2.1 jaM). For com-
parison, the IC50s for other inhibitors of NOS under identical
experimental conditions were L-NAME, 0.9 ± 0.08,IM and
L-NMMA, 3.4±0.4IM (n= 6).

Effect of substrate and cofactor concentration on
inhibition of rat cerebellar NOS by 7-NI

In an attempt to obtain further information about the
mechanism of action of 7-NI, additional experiments were
undertaken to examine the NOS inhibitory effect of this
derivative in the presence of varying concentrations of
NADPH, CaCl2 and L-arginine.

In the absence of added NADPH, rat cerebellar NOS
activity was reduced by >99% (0.04 ± 0.02 pmol citrulline
mg-' 15 min-', cf. 17.3 ± 0.4 pmol citrulline mg-' 15 min-'
in the presence of 0.5mM NADPH, n=6, P<0.005). A
lower concentration of NADPH (0.05 mM) did not
significantly alter NOS activity (17.9 ± 0.6 pmol citrulline
mg-' 15 min-', n = 6, P>0.05) whilst at higher concentra-
tion (5 mM) NOS activity was reduced (9.5 ± 0.5 pmol mg-'
15 min-, n = 6, P<0.01). An approximate IC50 concentra-
tion of 7-NI (1 JIM) produced similar % inhibition of NOS
regardless of the concentration of NADPH in the incubation
(e.g. 0.05 mM, 51.6 ± 0.5%; 0.5 mM, 53.9 ± 2.7%; 5.0 mM,
50.3 ± 2.3%, all n = 6). Reducing the concentration of added
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CaCI2 in the incubation to 0.37 mM or 0.17 mM completely
abolished rat cerebellar NOS activity (data not shown). It
should be emphasised that these values do not reflect free
calcium concentration in the incubation which were not
measured in the present study but would be expected to be
considerably lower. At higher CaCl2 concentrations, 7-NI
(10tM) produced similar inhibition of rat cerebellar NOS
regardless of the concentration of CaCl2 in the incubation
(e.g. 0.75 mM, 76.4 ± 0.7%; 1.8 mM, 74.6 ± 0.7%; 3.7 mM,
87.2 ± 2.0%; 7.5 mM, 82.8 ± 0.6%, all n = 6). Clearly, it was
not possible to assess the effect of 7-NI in the presence of
CaCl2 concentrations lower than 0.75 mM.

In order to investigate the possible interaction of 7-NI with
a substrate binding site on rat cerebellar NOS, experiments
were conducted in the presence of 0.1-10.0yM L-arginine. A
double reciprocal (Lineweaver-Burke) plot of cerebellar NOS
in the presence and absence of 7-NI (10 IM) is shown in
Figure 2. The calculated Km for L-arginine was 2.5 tLM whilst
the K, for 7-NI was 5.6 lsM.

Table 1 Effect of 7-nitro indazole (7-NI) administered i.p.
in rats on nitric oxide synthase (NOS) activity in different
brain regions/organs

Citruiline biosynthesis
Control

Cerebellum
Cerebral cortex
Hippocampus
Olfactory bulb
Adrenal gland
Stomach fundus

40.5 ± 1.8
8.9 ± 0.3

10.8 ± 0.5
16.4 ± 0.8
13.5 ± 0.4
7.1 ± 0.4

7-NI

27.9 ± 1.3*
5.5 ± 0.5*
6.8 ± 0.3*

17.7 ± 0.8
10.3 ± 0.4*
7.6 ± 0.5

NOS activity is expressed as citrulline formation (pmol mg-'
protein 15 min-') in organs removed from rats 60 min
following i.p. injection of 7-NI (1Omg kg-') or arachis oil
(0.1 ml kg-', control). Results show mean ± s.e.mean of 6
observations.
*P<0.05.

Effect of 7-NI on NOSfrom other tissue sources

Both spleen removed from endotoxin pretreated (induced)
rats and bovine endothelial cells exhibited significant NOS
activity (0.98 ± 0.14 pmol citrulline mg-' 15 min' and
3.7 ± 0.14 pmol citrulline mg-' 15 min-', respectively, n = 6).
7-NI inhibited rat spleen (IC5o, 57.0 ± 5.5 LAM, n = 6) and
bovine endothelial cell (IC50, 0.7 ± 0.2 1AM, n = 6) NOS. 7-NI
was more potent than L-NAME as an inhibitor of the
endothelial cell (cf. ICs for L-NAME, 6.5 ± 1.1 JLM, n = 6)
but less potent as an inhibitor of the induced spleen enzyme
(cf. IC50 for L-NAME, 9.0 ± 0.7 Mm, n = 6).

Inhibition ofNOSfollowing administration of 7-NI in
the intact rat

NOS activity in cerebellum, cerebral cortex and hippocampus
was reduced by approximately 30-38% 60 min after i.p.
administration of 7-NI (10 mg kg-'). In contrast, adrenal
NOS activity was reduced by only 23.9 ± 2.8% (n = 6).
Olfactory bulb and stomach fundus NOS activity were
unchanged (Table 1).
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Figure 2 Double reciprocal analysis of the inhibitory effect of 7-NI
(10 jAM) against rat cerebellar NOS using increasing concentrations of
L-arginine (O.1-1OI1M) as substrate: (0) experiments carried out in
the absence and (0) in the presence of 7-NI. Results show the
reciprocal of the initial rate of [3H]-citrulline formation monitored
over the first 3 min incubation plotted against the reciprocal of
L-arginine concentration in jAM. Data indicate the mean results from
3 separate experiments in which NOS activity was monitored in
triplicate. Standard errors fall within the dimensions of the symbols.

Discussion

The present data indicate that 7-NI inhibits rat cerebellar
NOS with a potency similar to that of L-NAME and L-
NMMA (Moore et al., 1993a). The principal aim of the
present investigation has been to provide a more detailed
characterization of the NOS inhibitory effect of 7-NI and
related indazole compounds and to investigate the effect of
7-NI on NOS activity in a range of organs in vivo.

Preliminary experiments demonstrated that the crude
(10,000g) rat cerebellar NOS used in this study required
exogenous NADPH and Ca2l for activity. Optimum enzyme
activity occurred at a concentration of 0.05-0.5 mM
NADPH and 0.75 mM CaCl2. The absolute dependence of
brain NOS on exogenous calcium has been noted previously
(Knowles et al., 1989; Mayer et al., 1990) although the
finding that high concentrations of NADPH inhibit cerebel-
lar NOS does not appear to have been reported. The exp-
lanation of this phenomenon is not clear although it is
conceivable that crude rat cerebellar supernatant may contain
additional enzymes capable of oxidising NADPH into
NADP which, in turn, may inhibit NOS. Kinetic analysis of
cerebellar NOS revealed a Km for L-arginine of 2.5 tLM which
is similar to previously published data for this enzyme -from
rat cerebellum (Schmidt et al., 1991), rat cerebral cortex
(Knowles et al., 1989), bovine endothelial cells (Pollock et al.,
1991) and mouse macrophages (Stuehr et al., 1991).
Reported inhibitors of NOS generally fall into one of three

main classes, (a) guanidino-monosubstituted substrate
analogues such as L-NAME and L-NMMA, (b) calmodulin
antagonists (Bredt & Snyder, 1990) and (c) agents which
interfere with the binding of cofactor, NADPH, such as
diphenylene iodonium and its derivatives (Stuehr et al.,
1991). To this list may be added agents which sequester free
Ca2" since, as indicated in these experiments, rat cerebellar
NOS has an absolute requirement for this cation. Of these
possible mechanisms of action of 7-NI, an interaction with
the NADPH binding site can be excluded since varying the
concentration of NADPH in the incubation medium did not
influence the inhibitory potency of 7-NI. Furthermore,
inhibition of NOS by 7-NI was unaltered in the presence of a
range of CaCl2 concentrations implying that sequestration of
Ca2+ ions (i.e. an EDTA-like effect) is not involved.
Although not investigated in the present study we also
believe it unlikely that calmodulin antagonist activity con-
tributes to the mechanism of action of 7-NI since the concen-
tration of calmodulin antagonists required to inhibit NOS
are considerably greater than the equi-effective concentration
of 7-NI (Bredt & Synder, 1990). Furthermore, chlorpro-
mazine, a known calmodulin antagonist, exhibits only very
weak inhibition of rat cerebellar NOS (e.g. 100 pM,
22.6 ± 0.8% inhibition of [3H]-citrulline formation, Babbedge
& Moore, unpublished).
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In contrast, we present here direct evidence from double
reciprocal analysis of the inhibitory effect of 7-NI in the
presence of varying concentrations of L-arginine that inhibi-
tion results from a competitive interaction of 7-NI with the
L-arginine binding site on cerebellar NOS. The calculated Ki
for 7-NI is in the low micromolar range. It could also be
argued that the relatively short-lived inhibition of cerebellar
NOS following i.p. administration of 7-NI in the mouse
(Moore et al., 1993b) provides further evidence for a com-
petitive (reversible) mechanism of action although, of course,
we cannot exclude the possibility that this apparently tran-
sient effect of 7-NI relates not to its interaction with NOS
but to rapid metabolic breakdown.
The effect of 7-NI on NOS in supernatants prepared from

a variety of tissue sources has also been investigated. Com-
pared with L-NAME, 7-NI has equivalent or greater potency
as an inhibitor of the constitutive isoform of this enzyme
found in rat cerebellum and bovine endothelial cells. In
contrast, 7-NI is some 6 times less potent than L-NAME
against the inducible isoform of the enzyme located in the
spleen from endotoxin-pretreated rats. Clearly, further
experiments are required to determine the ability of 7-NI to
inhibit the inducible isoform of NOS in, for example,
leucocytes or vascular smooth muscle cells.

Administration of 7-NI to intact rats has provided further
information about the tissue-specific effect of this inhibitor
on a number of different NOS enzymes within the body.
Thus, 60min after i.p. administration of 7-NI (10mgkg-'),
NOS activity was reduced to an almost equal extent in rat
cerebral cortex, cerebellum and hippocampus and to a lesser
extent in adrenal gland. In contrast, NOS activity in olfac-
tory bulb and stomach fundus were not significantly reduced.
At first sight these data appear to provide further evidence
for a differential inhibitory effect of 7-NI on NOS in different
target organs. However, we cannot rule out the possibility
that inhibition of NOS following 7-NI administration reflects
the relative blood flow and/or uptake (and hence exposure to
7-NI) or individual brain regions as well as stomach fundus
and adrenal gland. Clearly, a better understanding of the
uptake and distribution of 7-NI following parenteral admini-
stration in different species is necessary. Such experiments in
the mouse and rat are currently in progress in this labora-
tory. Whatever the precise mechanism it is clear from this
study that 7-NI administration in vivo preferentially inhibits
NOS in selected brain regions.

Preliminary evaluation of the structure-activity relationship
for inhibition of rat cerebellar NOS using a series of
chemically related indazole derivatives has been undertaken.
Examination of the ability of ten indazole derivatives to
inhibit NOS reveals that nitration of the benzene ring at the
5, 6 or 7 positions results in the production of potent
inhibitors of this enzyme. Ring substitution with an - NO2
group has an electron withdrawing effect from the benzene
ring and may therefore lead to the formation of a more
polarised molecule. The precise position of the - NO2 within
the ring is also clearly of importance with 7-NI some 35
times and 55 times more potent than the corresponding
6-nitro and 5-nitro derivatives respectively. Interestingly,
amination of the benzene ring at position 5 or 6 effectively
removes the residual NOS inhibitory effect of the parent
molecule, indazole, whilst chlorination at position 3 of the
pyrazole ring significantly reduces the inhibitory effect of
5-nitro indazole. Since ring substitution with either - NO2 or
- Cl groups has the opposite effect to nitration viz. an
electron donating function, it is tempting to suggest that
indazole derivatives substituted with alternative electron
withdrawing groups such as a tertiary amine or perhaps
cyanoindazole derivatives may also exhibit potent NOS
inhibitory activity.
The present study provides evidence that 7-NI is a com-

petitive inhibitor of rat cerebellar NOS with potency similar
to or greater than that of L-NAME and L-NMMA. Of the
indazole compounds tested, 7-NI is the most potent NOS
inhibitor. This observation, coupled with potent antinocicep-
tive activity and lack of cardiovascular and other side effects
in vivo within this group provides additional impetus for the
development of novel indazole-based NOS inhibitors with
which to study the central pharmacology of the NO system.
Moreover, the possibility that 7-NI, or a chemically related
compound, may also prove of clinical benefit in analgesia has
been discussed in the accompanying paper (Moore et al.,
1993b). Information provided here concerning the structure-
activity relationship for indazole based NOS inhibitors may
prove useful in the search for such novel therapeutic agents.
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Interaction of nitric oxide and salivary gland epidermal growth
factor in the modulation of rat gastric mucosal integrity
IB.L. Tepperman & B.D. Soper

Department of Physiology, Faculty of Medicine, University of Western Ontario, London, Ontario, Canada N6A 5CI

1 The interaction between endogenous nitric oxide (NO) and factors from the rat submandibular
salivary gland such as epidermal growth factor (EGF) on gastric mucosal integrity in the rat has been
investigated.
2 Bolus administration of the NO synthase inhibitor, N0 nitro-L-arginine methyl ester (L-NAME;
6.25-50 mg kg-', i.v.) to animals treated intraluminally with 0.15 N HCI resulted in a significant increase
in the area of mucosal haemorrhagic damage at doses 12.5 and 50 mg kg-'. Concurrent administration
of indomethacin (5 mg kg-', i.v.) resulted in a significant haemorrhagic mucosal damage in response to
L-NAME (12.5-50 mg kg-'). Administration of the highest dose of L-NAME resulted in an increase in
histological damage to the rat gastric mucosa.
3 When compared to control animals, the extent of damage produced by L-NAME or L-NAME in
combination with indomethacin was significantly exacerbated in rats which had been sialoadenectomized
(SALX) by removal of the submandibular salivary glands. The mucosal damage in SALX rats was
ameliorated by treatment with EGF (5 and 10 g kg-', i.v.).
4 L-NAME administration resulted in a small reduction of gastric mucosal blood flow as assessed by
laser Doppler flowmetry (LDF). The reduction in LDF by 25 and 50 mg kg- ' L-NAME was
significantly greater in SALX rats than in rats with intact salivary glands. Pretreatment of SALX rats
with indomethacin did not augment this large decrease in LDF suggesting that endogenous prostanoids
do not interact with NO and salivary factors in regulating mucosal microcirculation.
5 Mucosal NO biosynthesis as assessed by ['4C]-citrulline formation was reduced in SALX rats when
compared to control animals. Pretreatment of SALX animals with parenterally-administered EGF
(10 fg kg-1) was associated with an increase in ['4C]-citrulline formation in the gastric mucosa to levels
observed in control SALX rats.
6 These data suggest that factors which originate from the salivary gland such as EGF interact with
NO in the maintenance of mucosal integrity. The effects may be mediated at least in part by changes in
gastric mucosal blood flow. Salivary glands and EGF may mediate these effects to some extent via
changes in mucosal NO biosynthesis.

Keywords: Nitric oxide; salivary gland; epidermal growth factor; gastric mucosal integrity; gastric mucosal blood flow;
NQ-nitro-L-arginine methyl ester; prostanoids

Introduction

The endothelium-derived vasodilator, nitric oxide, NO
(Palmer et al., 1987; Khan & Furchgott, 1987) plays a role in
the regulation of the gastric microcirculation (Pique et al.,
1989; Whittle & Tepperman, 1991; Tepperman & Whittle,
1992). Furthermore, NO has been shown to interact with
prostanoids and with sensory neuropeptides in the modula-
tion of mucosal integrity (Whittle et al., 1990; Tepperman &
Whittle, 1991) and this may involve effects on both mucosal
blood flow and the continuity of the microvasculature.
Epidermal growth factor (EGF) is a polypeptide originally
isolated from the rodent submandibular salivary gland
(Cohen, 1962). EGF administration has been shown to pro-
mote healing of duodenal ulcers and attenuate gastric
mucosal damage in response to ethanol (Pilot et al., 1979;
Olsen et al., 1984). Removal of the salivary glands in rats has
been shown to increase the susceptibility of the gastric
mucosa to ulcerogens and this damage could be reduced by
EGF treatment (Skinner et al., 1981; Olsen et al., 1984). EGF
has also been shown to contract isolated strips of vascular
smooth muscle (Berk et al., 1985; Muramatsu et al., 1985)
and to exert vasodilator actions on the splanchnic circulation
(Gan et al., 1987a,b). Therefore EGF may influence mucosal
integrity via an action on the gastric microcirculation. Fur-
thermore EGF has been shown to interact with sensory
neuropeptides in the maintenance of gastric mucosal integrity

'Author for correspondence.

(Evangelista et al., 1991a,b). Since it is known that NO,
prostanoids and neuropeptides from capsaicin-sensitive
afferent fibres interact to influence gastric microcirculation
and integrity, it is possible that similar interactions between
NO and factors of salivary gland origin may also occur.

In the present study we have examined the possible inter-
action between endogenous NO, and EGF from the salivary
gland. In order to examine these interactions we have inves-
tigated the pro-ulcerogenic actions of an inhibitor of NO
formation, N0-nitro-L-arginine methyl ester (L-NAME) in
animals in which the submandibular salivary glands have
been surgically extirpated.

Methods

Animal preparation

Male Sprague Dawley rats (200-250 g) were used in these
studies. Sialoadenectomy (SALX) was performed under pen-
tobarbitone anaesthesia (60 mg kg-', i.p.) by removal of the
submandibular-sublingual salivary gland complexes after
ligation of the ducts as previously described (Skinner &
Tepperman, 1981; Skinner et al., 1984). Sham-operated rats
served as controls. Animals were used 2-3 weeks after
surgery. Effective sialoadenectomy was confirmed by the
observation of an increase in prandial drinking by approx-
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imately 200% compared to control animals (Epstein et al.,
1964). All experimental procedures were subsequently done
on rats which were deprived of food but not water for
18-20h before the experiments. For each experiment, rats
were anaesthetized with sodium pentobarbitone (60 mg kg-',
i.p.). All agents were administered intravenously via a
catheter inserted into the tail vein.

Measurement of gastric mucosal damage

In anaesthetized rats, the stomach was exposed by a mid-line
incision. After ligating the oesophagus and pylorus, 2 ml of
acid saline (150 mN HCI in 150 mM NaCI) was instilled into
the gastric lumen through the forestomach, followed by bolus
intravenous administration of the agents under investigation.
L-NAME was administered in a dose of 6.25-50 mg kg-' via
the tail vein. In some experiments indomethacin (5mgkg-',
i.v.) was given and 5 min later L-NAME was injected. Finally
in some experiments epidermal growth factor (EGF) was
injected intravenously (5 or 10 gg kg-') 15 min before ad-
ministration of indomethacin and L-NAME. All injections
were made in volumes of 0.5 ml or less. Thirty min after the
last injection the animals were killed by cervical dislocation,
the stomachs were excised and opened along the greater
curvature, pinned to a wax block with the mucosal side up,
immersed in neutral buffered formalin and then photo-
graphed on colour transparency film. The extent of
macroscopically-visible damage was determined from these
projected transparencies via computerized planimetry by the
Sigma Scan programme (Mandel Scientific, Corte Madera,
Calif., U.S.A.). The area of haemorrhagic mucosal damage
was calculated as the % of the total gastric mucosal area.
A sample of gastric corpus (0.5 x 1.5 cm) was excised from

either the dorsal or ventral aspect of the corpus mucosa,
0.5 cm below the limiting ridge, and was processed by routine
techniques before being embedded in paraffin. Sections
(4 gim) were stained with haematoxylin and eosin and
examined under a light microscope. A 1 cm length of each
histological section was assessed for epithelial cell damage (a
score of 1 being assigned); glandular disruption, vasoconges-
tion or oedema in the upper mucosa (a score of 2 being
assigned); haemorrhagic damage in the mid to lower mucosa
(a score of 3) and deep necrosis and ulceration (a score of 4).
Each section was evaluated on a cumulative basis to give the
histological damage index, the maximum score thus being 10.
All determinations were performed in a randomized manner
with both transparencies and histological sections coded to
eliminate observer bias.

Assessment of gastric mucosal bloodflow

In a separate group of experiments, the effects of L-NAME
(6.25-50mg kg-', i.v.) gastric mucosal blood flow in the
presence or absence of indomethacin was assessed by laser
Doppler flowmetry. Experiments were done on pentobarbi-
tone-anaesthetized rats. The stomach was exposed by a mid-
line incision. A small bore (8.5 mm o.d.) plastic cannula was
then inserted via a small incision in the forestomach and tied
in place, to allow free access to the gastric lumen. Gastric
blood flow was recorded continuously with a laser Doppler
blood flow monitor (Periflux 3; Perimed, Piscataway New
Jersey, U.S.A.). A stainless steel laser optic probe (1.9 mm
o.d.; Perimed) was inserted into the gastric lumen via the
plastic cannula and was allowed to rest gently on the gastric
corpus mucosa. Changes in laser Doppler flow (LDF) were
assessed in response to intravenous bolus injection (0.5 ml
kg-') of isotonic saline or the compound under investigation.
Average LDF values in sham-operated and SALX rats were
determined for a 3 min period prior to administration of
L-NAME, indomethacin and/or EGF. Similarly the average
LDF was calculated for a 3 min period, 15 min after injection
of the agents where values of LDF had stabilized. Changes in
LDF from pretreatment values were estimated with a soft-

ware programme designed for use with the PeriFlux laser
Doppler flowmeter (Perisoft; Perimed). The mean systemic
arterial blood pressure (BP) was also measured from a can-
nula inserted into a carotid artery connected to a pressure
transducer (Cobe CDX3, Lakewood, Colo., U.S.A.) and a
chart researcher (Grass, model 79C).

Estimation ofNO synthase activity

Experiments were done in vitro using segments of excised
gastric mucosa. Gastric tissue was taken from pentobar-
bitone-anaesthetized sham-operated or SALX rats treated
with saline or EGF (10 lg kg-', i.v.) as previously described.
After treatment, rats were killed by cervial dislocation. The
excised stomach was opened along the greater curvature. The
mucosa was rinsed in ice-cold saline, scraped free of the
underlying muscle with a blunt scalpel, weighed and placed
in a preparative buffer consisting of 10 mM HEPES, 0.32 M
sucrose, 0.1 mM EDTA, 1 mM dithiothreitol, 10lgml-'
soybean trypsin inhibitor, 10pgml-' leupeptin, and
2 ,ug ml-' aprotinin (pH 7.4). Samples were homogenized for
15 s in a Tekmar Ultra-Turrax homogenizer (Model SDT;
Cincinnati, Ohio, U.S.A.) and then centrifuged at 10,000 g
for 20 min at 4°C. NO synthase activity was estimated from
the conversion of ['4C]-arginine to the NO co-product citrul-
line as described by Knowles et al. (1990). Briefly, the assay
system (50 gl total volume, pH 7.2) contained 20 gil of broken
cell supernatant and the following components (final concent-
rations): 30 mM potassium phosphate, 150 gM CaCl2, 15 gM
['4C]-L-arginine (700,000 d.p.m. ml-'), 0.7 mM NADPH, as
well as 7mM L-valine to inhibit any arginase. Incubations
proceeded for 10 min at 37°C, after which time 1 ml of a 1:1
suspension of Dowex 5OW in water was added to bind
arginine. The resin was allowed to settle, and the supernatant
was removed for estimation of the radiolabelled products by
liquid scintillation counting. Product formation that was
inhibited by removal of Ca2l (1 mM EGTA in the assay
system) or by 100 gM NG monomethyl-L-arginine (L-NMMA)
determined constitutive NO synthase activity (Knowles et al.,
1990).

Materials

L-NAME (Sigma Chemical, St. Louis, U.S.A.) was dissolved
in isotonic saline immediately before use. Indomethacin
(Sigma) was dissolved in 5% w/v Na2CO3 solution and
diluted to 1.25% with distilled water. EGF (Receptor grade;
Biomedical Technologies, Stoughton, Mass, U.S.A.) was dis-
solved in isotonic saline immediately before use. [14C]-L-
arginine monohydrochloride (319 mCi mmol-') was pur-
chased from Amersham Canada, Oakville, Ontario. L-
NMMA was purchased from Calbiochem (LaJolla, Calif.,
U.S.A.). All other components of the NO synthase assay
were purchased from Sigma.

Statistical analysis

All data are expressed as the mean ± s.e.mean. Comparisons
between SALX and sham-operated rats were made by
Student's t test for unpaired data while comparisons within
groups and between vehicle and indomethacin-treatment were
made by analysis of variance (ANOVA) and Duncan's Multi-
ple Range Test. P values of less than 0.05 were taken as
significant.

Results

Gastric mucosal damage
In response to intraluminal instillation of 150 mM HCI there
was no significant difference in the extent of haemorrhagic
damage between SALX and sham-operated rats treated
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parenterally with saline (Figure 1). L-NAME administration
(12.5 and 50 mg kg-') resulted in a small but significant
increase in the extent of haemorrhagic damage in sham-
operated rats when compared to saline-treatment (Figure 1).
In sialoadenectomized (SALX) rats the area of haemorrhagic
damage in response to some doses of L-NAME (12.5-50 mg
kg-') was significantly greater than that observed in the
corresponding group of sham-operated control rats. By itself,
indomethacin did not result in a significant increase in the
area of mucosal damage in control or SALX rats when
compared to similar groups of rats treated with vehicle.
Indomethacin pretreatment was associated with a significant
exacerbation of haemorrhagic damage in sham-operated rats
given 12.5-25 mg kg-' L-NAME. The area of haemorrhagic
damage in SALX rats treated with indomethacin was
signficantly greater than similarly treated sham-operated rats
in response to all doses of L-NAME except 12.5 mg kg-'. In
indomethacin-treated SALX rats, only damage in response to
50 mg kg-' L-NAME was greater than was observed in
SALX control animals.

Pretreatment of SALX rats receiving the combination of
indomethacin and L-NAME (50 mg kg-') with EGF (5 fig
kg-l or 10 .tg kg-', i.v.) resulted in a significant dose-
dependent decrease in mucosal haemorrhage damage from
12.7 ± 0.8% to 8.1 ± 0.7% and 6.5 ± 1.6% respectively (n =
5-7 for each group). In sham-operated rats treated with
indomethacin and L-NAME (50 mg kg-'), EGF (10 ig kg-')
did not significantly reduce the extent of haemorrhagic
damage (9.9 ± 0.5% vs 8.3 ± 1.4%; n = 5-7 each group).

Similarly the histological damage index, in response to
individual administration of these agents, was greater in
SALX rats than in control animals (Figure 2). In control rats
the combination of indomethacin and L-NAME (50 mg kg-')
resulted in a significant increase in the histological damage
index compared to that observed when this dose of L-NAME
was administered alone (Figure 2). There was a further and
significant increase in both types of microscopic damage in
SALX rats treated with the combination of L-NAME and
indomethacin.

Indomethaci n
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Figure 1 Percentage of the gastric mucosal area displaying haemor-
rhagic damage in response to intravenous injection of NG-nitro-L-
arginine methyl ester (L-NAME) alone or in combination with
indomethacin (5 mg kg- ', i.v.). Experiments were done using
sialoadenectomized (SALX, solid columns) or sham-
sialoadenectomized (open columns) rats. Results shown as
mean ± s.e.mean. Asterisks (*) indicate significant differences
between SALX and sham-operated animals receiving similar doses of
L-NAME as determined by Student's t test for unpaired data within
groups. L-NAME produced significant damage in sham-operated
control animals (50 mg kg-') and sham-operated, indomethacin-
treated animals (12.5-50mgkg-') as determined by ANOVA and
Duncan's multiple range test (n = 6-9 per group).

Gastric mucosal bloodflow

In response to saline, LDF was not significantly changed in
either SALX or sham-control rats (Figure 3). In sham-
operated rats, L-NAME administration resulted in a small
decrease in LDF. In SALX rats the decrease in LDF in
response to L-NAME was significantly greater in response to
25 and 50 mg kg-' L-NAME (Figure 3). There was no
significant effect of indomethacin alone on LDF in sham-
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Figure 2 Histological damage index of the gastric mucosa of
sialoadenectomized (SALX, solid columns) or sham sialoadenec-
tomized (open columns) rats treated intravenously with saline, NG-
nitro-L-arginine methyl ester (L-NAME; 50 mg kg-') alone or
indomethacin (5 mg kg-') in combination with L-NAME. Histo-
logical index was assessed as described in Methods. Results shown as
mean ± s.e.mean. Asterisks (*) indicate significant increases over
saline-treated sham-operated rats. Crosses (t) indicate significant
differences between similarly treated sham-operated and SALX rates.
Statistical significance was determined by ANOVA and Duncan's
Multiple Range Test. (n = 5-7 per group).
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Figure 3 Laser Doppler flow (LDF) in sialoadenectomized (SALX,
solid columns) or sham-operated (open columns) rats treated with
N0-nitro-L-arginine methyl ester (L-NAME, i.v.). LDF was cal-
culated as a % change from basal LDF values. Results shown as
mean ± s.e.mean. Asterisks (*) indicate significant differences
between correspondingly treated sham-operated and SALX animals
within groups as determined by Student's t test for unpaired data.
(n = 5 -7 per group).
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operated or SALX rats. While indomethacin-treatment
resulted in a further reduction in LDF in sham-operated rats
in response to 25 and 50mgkg-' L-NAME, the decline in
LDF was not greater in SALX rats when compared to SALX
rats receiving vehicle in place of indomethacin.
EGF administration (10lig kg-', i.v.) resulted in a small

but significant (P< 0.05) increase in LDF above basal values
in sham-operated (4.2 ± 0.3%, n = 6) and SALX (3.1 +
0.1%, n = 6) rats. When EGF was administered to sham-
operated or SALX rats treated concurrently with indo-
methacin and L-NAME (50 mg kg-'), LDF values were not
significantly different from zero (- 8.9 ± 7.6%, n = 4 and
3.3 ± 11.5%, n = 4 respectively).

Effects on systemic arterial blood pressure

Intravenous administration of L-NAME (6.25-50 mg kg-')
induced a dose-dependent rise in systemic arterial blood pres-
sure (Figure 4) above resting values (89 ± 6 mmHg; n = 25).
The hypertensive response was significantly augmented in
SALX rats over the entire dose range of L-NAME examined.
Indomethacin-treatment of sham-operated rats further in-
creased the hypertensive response to L-NAME. In indo-
methacin-treated SALX rats, arterial pressure was elevated to
the same degree regardless of the dose of L-NAME
examined.

Mucosal NO synthase activity

NO synthase activity as estimated by ['4C]-citrulline forma-
tion was detected in the mucosa of sham-operated and SALX
rats (Figure 5). The activity was significantly (P< 0.05)
in both groups by in vitro addition of 1 mM EGTA
(-92 + 4%, sham-operated; - 87 ± 6%, SALX) or 100 jiM
L-NMMA (- 81 + 8%, sham operated; - 83 ± 6%, SALX).
Total NO formation was significantly less in SALX rats than
in sham-operated animals (Figure 5). In rats pretreated with
EGF (10jlg kg-', i.v.), NO synthase activity was not signifi-
cantly affected in sham-operated rats (Figure 5). Further-
more, in SALX rats the amount of ['4C]-citrulline formed in
response to EGF administration was not significantly
different from that observed in sham-operated rats treated
with saline.
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Figure 4 Effects of NG-nitro-L-arginine methyl ester (L-NAME,
6.25-50mg kg-', i.v) on changes (A) in systemic arterial blood
pressure (BP) in sham-operated (0) and sialoadenectomized (0)
control rats or after treatment with indomethacin (5mgkg-', i.v.;
0, *). *Results shown as mean ± s.e.mean. n = 4-5 experiments
for each group.
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Figure 5 Nitric oxide synthase activity of rat gastric mucosa as
assessed by ['4C]-citrulline formation. Experiments were done in
sialoadenectomized (SALX, solid columns) or sham-operated (open
columns) rats treated parenterally with saline (control) or epidermal
growth factor, (EGF, 10 jig kg-'). Results shown as mean ± s.e.
mean. Asterisks (*) indicate significant differences between sham-
operated and SALX control animals as determined by Student's t
test for unpaired data. ['4C]-citrulline formation in EGF-treated
SALX rats was significantly (P< 0.05) greater than the levels deter-
mined in SALX control animals as determined by Student's t test for
unpaired data. (n = 6-7 per group).

Discussion

The present study demonstrates that in control rats, the
inhibitor of NO synthase activity N0 nitro-L-arginine methyl
ester, L-NAME, by itself resulted in a small degree of macro-
scopically or histologically detectable gastric mucosal damage.
This finding is similar to what has been previously reported
by Whittle et al. (1990) and Whittle & Tepperman (1991)
using the NO synthase inhibitor N0 monomethyl-L-arginine
(L-NMMA). However a key finding in the present study was
that under conditions of sialoadenectomy (SALX) both
macroscopic and microscopic damage induced by administra-
tion of L-NAME were significantly enhanced. Furthermore
the present data also demonstrated that this augmentation in
damage could be reversed by pretreatment with EGF. These
data suggest that some factors from the salivary gland, pos-
sibly EGF, interacts with NO to influence gastric mucosal
integrity.
The role of the salivary glands in gastric mucosal integrity

has been examined previously. Removal of the salivary
glands in rats has been shown to increase the susceptibility of
the gastric mucosa to a number of ulcerogens including
cysteamine, bile salts and ethanol (Skinner & Tepperman,
1981; Olsen et al., 1984). This increased susceptibility to
damage could be reversed by administration of exogenous
EGF. In animals with intact salivary glands, EGF has been
shown to exert a protective influence on the gastric mucosa
(Pilot et al., 1979; Konturek et al., 1981) and levels of EGF
in saliva have been shown to increase if the mucosa is
damaged (Gysin et al., 1988). The results of these studies
suggest that endogenous EGF, released from the salivary
gland, plays a role in maintaining mucosal integrity.
The mechanism by which salivary factors such as EGF

affect mucosal integrity is uncertain. Konturek and col-
leagues (1981; 1988) have speculated that the protective
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action of EGF may be due to a mitogenic effect while
Sarosiek et al. (1988) have demonstrated that salivary EGF
maintains the gastric mucus coat. In addition, a role for
salivary EGF in the gastric microvasculature has been sug-
gested. EGF can influence splanchnic blood flow (Gan et al.,
1987a,b) and recently in a preliminary study EGF has been
shown to increase gastric mucosal blood flow (Hui et al.,
1991). In addition Namiki & Akatsuka (1990) have demon-
strated that the vasoactive effect of EGF on rat aorta
depends on intact endothelial layer. In the present study, the
reduction in LDF to high doses of L-NAME (>12.5 mg
kg-') was augmented in SALX rats. Furthermore, paren-
terally administered EGF resulted in an increase in mucosal
blood flow as assessed by LDF and EGF treatment reversed
the LDF fall in response to L-NAME in SALX rats. These
data suggest that a factor from the salivary glands, possibly
EGF, interacts with NO to modulate mucosal blood flow
and hence tissue integrity.
The maintenance of mucosal integrity depends critically on

the status of the microcirculation. Reduction in microvas-
cular perfusion can lead to development of mucosal damage
(Whittle, 1977). Removal of an endogenous vasodilator such
as NO can lead to reductions in blood flow. Whittle and
colleagues (Whittle et al., 1990; Whittle & Tepperman 1991)
have demonstrated that an inhibitor of NO biosynthesis such
as L-NMMA reduced gastric mucosal blood flow. In the
present study we have observed that by itself L-NAME at
doses of 12.5-50 mg kg-' did not consistently reduce
mucosal blood flow. In a previous study Tepperman & Whit-
tle (1992) have demonstrated that doses of 6.25 and
12.5 mg kg-' L-NAME significantly reduced blood flow. The
reasons for these differences are uncertain although we have
used a different laser Doppler flowmeter and flow probe to
estimate blood flow than was used in the study cited above.
However Lippe & Holzer (1992) have demonstrated that the
effect of NO synthesis inhibition on mucosal blood flow
depends critically on the level of systemic arterial blood
pressure. Blockade of NO formation lowered blood flow only
if blood pressure was above a critical value. Thus the
differences between studies may be due to the resting mean
arterial pressures in the anaesthetized rats used in these
studies.
The present study also confirms that L-NAME induced a

dose-dependent increase in systemic blood pressure. The
hypertensive action of all doses of L-NAME examined here
were augmented in SALX rats. Since gastric microvascular
changes in SALX rats were only seen at the higher doses of
L-NAME, this suggests the interactions between endogenous
NO and salivary gland factors on the gastric mucosa are not
exclusively the result of changes in systemic arterial blood
pressure.

Indomethacin pretreatment significantly augmented macro-
scopic mucosal damage in sham-operated rats in response to
12.5 and 25 mg kg-' doses of L-NAME. These responses are
similar to those observed by Whittle et al. (1990), Tepperman
& Whittle (1992) and Whittle & Tepperman (1991) in which
indomethacin enhanced mucosal injury in rats treated with
L-NMMA. Furthermore in these animals, mucosal blood was
further reduced in response to the highest dose of L-NAME.
These present findings suggest that under the present condi-
tions, endogenous prostanoids interact to some extent with
NO to influence mucosal integrity by a modulation of
mucosal blood flow, although direct effects on the microvas-
cular endothelium cannot be excluded. In contrast, in
indomethacin-treated SALX rats, neither damage nor LDF
values were significantly different from control SALX
animals suggesting that endogenous prostanoids do not
interact with salivary gland factors and NO on the
maintenance of mucosal integrity and vascular perfusion.

In the present study, using radiolabelled citrulline forma-
tion as an index of enzyme activity, NO synthase was found
to be present in homogenates of rat gastric mucosa. This
confirms findings by Whittle et al. (1991) using spectrophoto-
metric determinations of NO synthase activity. In the present
study, we have observed that SALX was associated with a
reduction in NO synthesis. Furthermore, EGF pretreatment
resulted in a restoration of mucosal NO biosynthesis to levels
observed in sham sialoadenectomized rats. These data could
suggest that SALX exacerbates mucosal damage in part by a
further reduction in endogenous NO production and thereby
influences mucosal blood flow. The mechanism(s) whereby
SALX and salivary gland factors such as EGF affect mucosal
NO synthase activity is currently under investigation in this
laboratory.
Our data are comparable to results produced by Evan-

gelista et al. (1991a,b). In those studies, sialoadenectomy was
shown to interact with capsaicin-sensitive afferent fibres to
augment water immersion stress-induced ulcers in rats.
Previous studies have shown that sensory afferent nerves
interact with NO in the maintenance of mucosal blood flow
and integrity. Thus the present investigation confirms and
extends these previous studies by the demonstration that
factors from the salivary gland such as EGF may also
interact with NO in the maintenance of gastric mucosal
integrity. The interaction appears to be mediated, at least in
part, by an action on the gastric microvasculature.

This work was supported by a grant from the Medical Research
Council of Canada, No. MT6426.
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Eicosanoid-dependence of responses of pre- but not
postglomerular vessels to noradrenaline in rat isolated kidneys
Bei-Li Zhang & 'Jean Sassard

Department of Physiology and Clinical Pharmacology, URA CNRS 1483, Faculty of Pharmacy, 8 avenue Rockefeller, 69373
Lyon Cedex 08, France

1 We investigated the role of nitric oxide (NO) and of vasoactive eicosanoids in the control of renal
vascular resistance (RVR) and glomerular filtration rate (GFR) and of their responses to noradrenaline
(NA). This study was conducted in single-pass perfused, isolated kidney preparations of the rat.
2 NA (63, 110 and 160 nM) dose-dependently increased RVR and to a lesser degree GFR.
3 In baseline conditions, Nw-nitro-L-arginine methylester (L-NAME, 100 AM) increased GFR more
than RVR, thus demonstrating a basal release of NO which predominates in postglomerular vessels.
4 In kidneys stimulated with NA, L-NAME potentiated the increases in RVR but not in GFR.
Indomethacin (1.5, 150 nM and 15 gM) did not alter GFR but markedly and dose-dependently reduced
the NA-induced increase in RVR. Similar results were obtained with GR 32191B (10 and 100I M), a
prostaglandin H2/thromboxane A2 (PGH2/TxA2) receptor antagonist.
5 Indomethacin (15IM) suppressed the enhancing effects of L-NAME on RVR responses to NA but
did not affect those on GFR.
6 It is concluded that the mechanisms of the response to NA differ among pre- and postglomerular
vessels. In preglomerular vessels the vasoconstrictor action and the NO release depend upon the
activation of PGH2/TxA2 receptors, while both are eicosanoid-independent in the postglomerular vessels.

Keywords: Rat isolated kidney; nitric oxide; cyclo-oxygenase; prostaglandin H2; thromboxane A2

Introduction

It is well known that kidneys markedly influence the long-
term blood pressure level through the pressure-natriuresis
mechanism (Cowley, 1992). This mechanism which allows
urinary sodium excretion to equilibrate sodium intake is
partly dependent upon the preglomerular vascular resistance
which limits the amount of filtered sodium. In that respect,
recent experiments highlighted the possible role of nitric
oxide (NO) and of prostanoids. NO decreases renal vascular
resistance and enhances glomerular filtration rate and nat-
riuresis both in vitro (Mattson et al., 1992; Johnson &
Freeman, 1992; Salazar et al., 1992; Majid & Gabriel Navar,
1992) and in isolated kidney preparations (Radermacher et
al., 1990; Welch et al., 1991; Gardes et al., 1992). Concerning
prostanoids, the vasoconstrictor effects of prostaglandin
(PG)H2 and of thromboxane (Tx)A2 are well known and
have been shown to participate in the control of renal vas-
cular resistance in genetically hypertensive rats of the
Japanese (Dai et al., 1992) and of the Lyon strains (Liu et
al., 1991).
The present work aimed to assess the role of NO in the

control of renal functions. In order to avoid the interference
of circulating vasoactive substances, the study was conducted
in the single-pass perfused isolated kidney preparation. In
addition, to eliminate the possible influence of co-released
eicosanoids by endothelial cells (Fulton et al., 1992) the
experiments were repeated in the presence of indomethacin
which blocks cyclo-oxygenase.

Methods

Animals

Eight-week old male Sprague-Dawley rats (Iffa-Credo, Les
Oncins, France) were used. Animals were housed under con-

' Author for correspondence at: URA CNRS 1483, Faculty of Phar-
macy, 8 avenue Rockefeller, 69373 Lyon Cedex 08, France.

stant conditions of temperature (21 ± 1°C), lighting (08 h
00 min to 20 h 00 min) and humidity (60 ± 10%). They were
fed a standard diet (Elevage UAR, A03 Villemoisson s/Orge,
France) and had free access to tap water.

Isolated kidney preparations

After rats were anaesthetized with sodium pentobarbitone
(45 mg kg-', i.p.), the right kidney was isolated according to
Schmidt & Imbs (1980). Briefly, after a midline abdominal
incision, the right adrenal artery and small lumbar arteries
were tied off. The right kidney was removed from peripheral
fat pads and transferred without interruption of the renal
blood flow to a small metallic double-walled cup maintained
at 37°C. After an injection of heparin (1,000 iu, i.v.),
polyethylene catheters were inserted into (1) the superior
mesenteric artery, facing the origin of the right renal artery,
to ensure perfusion of the kidney; (2) the infrarenal aorta to
allow the measurement of the renal perfusion pressure (RPP,
mmHg); (3) the suprarenal vena cava to collect the renal
venous effluent and (4) the ureter for collecting urine sam-
ples. The left renal artery was then ligated and immediately
after the beginning of the perfusion the suprarenal aorta and
the infrarenal vena cava were tied off. The whole right kidney
was then excised, trimmed of adhering tissue and completely
isolated. The left kidney was removed and weighed.

Perfusion medium

The perfusate was a blood-free modified Krebs-Henseleit
solution containing 35 g 1'- of a gelatin derivative (Haemac-
cel, Behring, Marburg, Germany) as a colloid osmotic agent.
The final electrolyte composition of the perfusate was as
follows (mM): NaCl 100, KCl 3.8, CaCl2 1.1, MgCl2 0.6,
KH2PO4 1.2 and NaHCO3 25.0. In addition, the medium
contained (mM) D-glucose 10.0, sodium pyruvate 2.0,
oxaloacetic acid 1.0, sodium DL-lactate 5.0, L-glutamic acid
5.0 and urea 6.0. Just before use, the perfusate was filtered
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through a millipore filter (0.8 Am) and polyfructosan (Inutest,
Laevosan, Linz, Austria) (0.5 g 1') added for determination
of the glomerular filtration rate (GFR). The solution was
continuously bubbled with 95% 02 and 5% CO2 mixture and
single-pass perfused in an open thermostatically controlled
circuit with a peristaltic pump (Minipuls 2, Gilson, Paris,
France) at a constant flow rate.

Renalfunction parameters
The RPP was continuously recorded (Model BS 273,
Statham Instrument Division, Gould Inc. Cleveland, Ohio,
U.S.A.) at the aorto-renal artery junction through a pressure
transducer (model P23 1D, Statham Instrument Division,
Gould Inc., Oxnard, Calif., U.S.A.). Renal perfusion flow
rate (RPF, ml min' g- ) was measured by weighing the
venous effluent. Renal vascular resistance (RVR,
mmHg ml-' minl g-') was calculated as the ratio RPP/
RPF. GFR (ml min-' g ') was determined by polyfructosan
clearance (Technicon autoanalyzer). All these parameters
were corrected for the weight of the unperfused left kidney,
since the weight of the right kidney increased after the per-
fusion. The venous release of PGE2 and TxB2, the stable
derivative of TxA2 was measured by specific immunoassays
after high performance liquid chromatography separation
(Benzoni et al., 1981).

Protocols
Experiment I Seven kidneys were perfused at a RPP of
88 ± 1 mmHg. After a 30 min stabilization period, urines
were collected during a baseline period of 10 min and venous
effluent during the last min of this baseline period. Then
three concentrations (63, 1 10, and 160 nM) of noradrenaline
(NA) were infused for 3 min each, separated by a 17 min
interval. These NA infusions were repeated 20 min after the
beginning of an infusion of Nw-nitro-L-arginine methyl ester
(L-NAME), a specific inhibitor of nitric oxide synthesis, at a
concentration of 100 tLM (Radermacher et al., 1990). As
previously described (Liu et al., 1991), urines were collected
for 7 min before (control) and 6 min after the start of each
NA infusion. The venous effluent was collected for I min
before (control) and during the last min of each NA infusion.
Experiment 2 In 7 kidneys, indomethacin, a cyclo-oxy-
genase inhibitor, was added to the perfusate at a final con-
centration of 15 AM, and the preparations were studied ac-
cording to the above protocol.

Experiment 3 In 9 kidneys, after a 30 min stabilization
period, NA (160 nM) was infused for 3 min before (control)
and 30 min after the beginning of an infusion of
indomethacin (1.5 nM, 150 nM and 15 AM). Each kidney
received randomly in a cumulative way 2 of these 3 concent-
rations. Therefore each of them was studied in 6 kidneys.
Urine and venous effluent were obtained according to experi-
ment 1.

Experiment 4 In 6 kidneys, after a 30 min stabilization
period, NA (160 nM) was administered for 3 min before (con-
trol) and 30 min after the infusion of two cumulative concen-
trations (10 and 100 JAM) of GR32191B, a prostaglandin H2/
thromboxane A2 (PGH2/TxA2) receptor antagonist. These
two concentrations were chosen after pilot experiments which
showed that they efficiently inhibited the contractile effects of
U46619 (270 nM), a PGH2/TxA2 receptor agonist (ARPP of
controls: + 14 ± 1.1 mmHg; GR32191B 10 JM: + 2 ± 0.3
mmHg and GR32191B l00yLM: 0±OmmHg). Urine and
venous effluents were collected according to Experiment 1.

Statistics
Data are mean ± s.e.mean. The nonparametric Wilcoxon test
was used to assess the effects of NA. One way analysis of
variance was used to determine the differences among
groups.
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Drugs

NA, L-NAME, indomethacin and U46619 (9,1 1-dideoxy-I Ix,
9a-epoxymethano-prostaglandin F2.) were from Sigma
chemical Co., St. Louis, MO, U.S.A. GR32191B ([iR-
[lx(Z),2P,3P,5aJ]-(+)-7-[5 -1 (1,1'-biphenyl)-4-yl] methoxy]-3-
hydroxy-2-(1-piperidinyl) cyclopentyl]-4-heptenoic acid, hydro-
chloride) was a generous gift from Glaxo Group Research
Limited, Ware, Hertfordshire, UK.

Results

As shown by Figure 1, L-NAME significantly (P< 0.05)
increased baseline RVR from 7.3 ± 0.3 to 8.8 ± 0.4 mmHg
ml-' min ' g ' and more markedly GFR. NA dose-
dependently elevated both parameters. L-NAME enhanced
only the NA-induced increase in RVR. Indomethacin did not
change baseline RVR and GFR. It did not significantly alter
the NA effects on GFR but blunted those on RVR. When
given together with L-NAME, indomethacin almost com-

pletely suppressed the potentiation by L-NAME of NA-
induced vasoconstrictor effects, leaving GFR values
unchanged.

Figure 2 indicates that in kidneys infused with NA,
indomethacin did not alter GFR but dose-dependently
reduced RVR. This reduction was marked with indomethacin
at a concentration of 15 gtM which profoundly inhibited
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Figure 3 Effects of a prostaglandin H2/thromboxane A2 (PGH2/
TxA2) receptor antagonist (GR32191B; E3, 10 jM; , 100 IM)
on renal vascular resistance (RVR a,b), glomerular filtration rate
(GFR c,d) in 6 isolated rat kidneys before (baseline) and after the
infusion of noradrenaline (160 nM). **P< 0.01 vs controls ( = ).

the venous release of PGE2 (- 92 ± 2%) and TxB2
(-62±15%).

Figure 3 shows that a PGH2/TxA2 receptor antagonist
exerted similar effects to those of indomethacin as it did not
change the baseline RVR and GFR, but markedly opposed
the effects of NA on RVR leaving GFR unchanged.

Discussion

The present work aimed to assess the role of NO in the
control of renal vascular resistance and glomerular filtration
rate. In order to eliminate the influence of uncontrolled
circulating vasoactive substances, it was carried out in single-
pass perfused isolated kidneys. This preparation was shown
to be valuable for the study of renal vessels responses. In that
respect, comparison of the simultaneous changes in RVR and
in GFR made it possible to differentiate between the effects
which predominate on the pre- or on the postglomerular
vasculature. Despite its numerous advantages, single-pass
perfused isolated kidneys are not fully satisfactory for the
study of tubular functions since the sodium reabsorption
never exceeded 90%. In addition, since in baseline conditions
the vessels of such a preparation are almost maximally
vasodilated it is interesting to challenge them with known
concentrations of a vasoconstrictor agent. In the present
work, we used low concentrations of NA, infused for short
period of times and separated by long intervals to avoid the
development of desensitization (Liu et al., 1991). As usual,
NA dose-dependently enhanced RVR and to a lower degree
GFR.
The functional role of NO release was assessed by use of

L-NAME at a concentration (100 gtM) which fully blocks NO
synthesis (Radermacher et al., 1990). In baseline conditions,
L-NAME increased RVR and to a greater extent GFR, thus
demonstrating that a basal NO release exists which
predominates in postglomerular vessels. Such a basal NO
release is likely to be due to shear stress activation of
endothelial cells in the kidney as already demonstrated in
other vascular beds (Koller & Kaley, 1991; Lamontagne et
al., 1992). A more important release by post- than by preg-
lomerular vessels is in accordance with the data of Tolins &
Raij (1991) and of Majid & Gabriel Navar (1992) who
reported that NO synthase blockade decreases renal blood
flow more than GFR. After stimulation with NA, L-NAME
produced dramatic increases in RVR leaving the response of
GFR unchanged. This indicates that, unlike shear stress, NA
induces a more important NO release in pre- than in post-
glomerular vessels.
To avoid the possible interferences of the vasoactive

eicosanoids which are released by NA in the kidneys (Liu et
al., 1991) the experiments were repeated in the presence of
indomethacin at a concentration (1I5 gM) that we found to
decrease the overall renal release of the vasoconstrictor PGE2
and TxA2 by more than 60%. It was observed that
indomethacin did not affect the NA effects on GFR, but
dose-dependently and markedly inhibited those on RVR.
Therefore it appears that in pre- but not in postglomerular
vessels, NA may provoke the release of vasoconstrictor
eicosanoids which play an important part in the contractile
response. There are few reports of the inhibitory effects of
cyclo-oxygenase inhibitors on vasoconstriction. However,
similar findings were made in isolated lung (Shaw et al.,
1992) in coronary vascular beds (Lee et al., 1991) stimulated
with 5-hydroxytryptamine, vasopressin or phenylephrine, as
well as in rat isolated aortae constricted with endothelin
(Taddei & Vanhoutte, 1993). Taken as whole, these data
suggest that our observation is not specific for NA. In order
to approach the nature of the eicosanoids which are impor-
tant in the contractile response to NA, we used a specific
PGH2/TxA2 receptor antagonist GR32191B, at two concent-
rations (10 and 100ILM) that were chosen after the demons-
tration that they blocked the vasoconstrictor effect of
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U46619, an agonist at these PGH2/TxA2 receptors. Interest-
ingly, as well as indomethacin, GR32191 B dose-dependently
reduced the response on RVR to NA, leaving GFR values
unchanged. Therefore it is possible to conclude that the
eicosanoids released by NA acting on preglomerular vessels
are PGH2 and/or TxA2. When considering preparations sub-
mitted to L-NAME, it was observed that indomethacin did
not consistently affect GFR but blunted the potentiating
action of L-NAME on the RVR responses to NA. These data
suggest that the NA-induced release of PGH2 and/or TxA2 is
an important intermediate step which leads to the release of
NO. This indicates an interaction within the preglomerular
vessels between eicosanoids and NO as has been described in
macrophages (Marotta et al., 1992).

In conclusion, the present work shows that, in rat isolated
kidney preparations the mechanisms involved in the contrac-
tile effects of NA differ between the pre- and the post-
glomerular vascular beds. In preglomerular vessels both
vasoconstriction and the release of NO which partly opposes
it, depend upon the release of PGH2 and/or TxA2. In post-
glomerular vessels both are eicosanoid-independent.
Although difficult to extrapolate to in vivo conditions, these
data may be of interest for in vitro investigations.

We are grateful to J. Sacquet for prostanoid measurements, Profes-
sor D. Benzoni for stimulating comments, and Glaxo Research
laboratories for their generous gift of the compound GR32191B.
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Estimation of partial agonist affinity by interaction with a full
agonist: a direct operational model-fitting approach
P. Leff, 'I.G. Dougall & D. Harper

Department of Pharmacology, Fisons plc, Bakewell Road, Loughborough, Leicestershire, LE 1I ORH

1 The operational model of agonism (Black & Leff, 1983) has been extended to describe the interaction
between a partial agonist and a full agonist at the same receptor. The derived equation explicitly
describes the interaction and allows the affinity (and efficacy) of the partial agonist to be estimated by
direct fitting of raw experimental agonist concentration-effect (E/[A]) curve data.
2 The model was used to analyse experimental E/[A] curve data generated for the interaction between
pilocarpine (partial agonist) and carbachol (full agonist) at the M3-muscarinic receptor mediating
contraction of the guinea-pig isolated trachea. Pilocarpine affinity estimates obtained by operational
model-fitting were compared with those obtained by use of the null method (Stephenson, 1956). These
analyses demonstrated that the two methods gave comparable results (mean pKB estimates were 5.79 and
5.86 for the operational model and null method respectively).
3 When multiple concentrations of partial agonist are used, simultaneous operational model-fitting of
all the E/[A] curve data allows the competitive nature of the interaction to be studied.
4 We conclude that operational model-fitting is a valid and analytically simple alternative to the
conventional null method of analysing full/partial agonist interactions.

Keywords: Guinea-pig trachea; muscarinic receptor; partial agonist; affinity; efficacy; operational model; null method

Introduction

The commonly used pharmacological approaches to
estimating agonist affinities and efficacies are the receptor
inactivation method (Furchgott, 1966) which allows quanti-
fication of either full or partial agonists and the comparative
method (Barlow et al., 1967) which allows quantification of
partial agonists. A less frequently used means of estimating
these drug-receptor parameters for a partial agonist is to
study its interaction with a full agonist (Stephenson, 1956).
This method has the advantage of allowing confirmation, in
a single tissue, that the effects of the full and partial agonist
are mediated by the same receptor. The comparative method
makes this assumption but does not test it. Conventionally,
estimation of affinity and efficacy by the interaction method
(as well as by the other methods) utilises the null equation
approach, as originally described by Stephenson (1956) and
later advanced by Marano & Kaumann (1976). An alterna-
tive approach which has been successfully applied to the
receptor inactivation and comparative methods, is to analyse
data directly by operational model-fitting (Black et al., 1985;
Leff et al., 1990). In this paper we show how this approach
can be extended to the interaction method. Initially, we
advance the operational model to describe interactions
between a partial agonist and a full agonist at the same
receptor. Then, we explain how the derived equation is
applied in practice to estimate affinity and efficacy of the
partial agonist. This analysis is illustrated with experimental
E/[A] curve data generated for the interaction between
pilocarpine (partial agonist) and carbachol (full agonist) at
the M3-muscarinic receptor mediating contraction of the
guinea-pig isolated trachea. Finally, the results of operational
model-fitting analysis are compared with those using the null
method. A preliminary account of this work was presented to
the British Pharmacological Society (Dougall et al., 1993).

Methods

Guinea-pig isolated trachea

Male albino Dunkin-Hartley guinea-pigs (400-550 g) were
killed by cervical dislocation and the whole trachea removed.

'Author for correspondence.

After removing the adherent connective tissue, the trachea
was cut into five segments, each three cartilage bands wide
and then suspended in 10ml organ baths containing Krebs
solution of the following composition (mM): NaCl 117.56,
KCl 5.36, NaH2PO4 1.15, MgSO4 1.18, glucose 11.10,
NaHCO3 25.00 and CaC12 2.55. This was maintained at 37°C
and continually gassed with 5% CO2 in oxygen. Indo-
methacin (2.8 fLM), hexamethonium (300 ;M) and propranolol
(1 jaM) were added to the Krebs solution: indomethacin to
prevent development of smooth muscle tone due to the syn-
thesis of cyclo-oxygenase products, hexamethonium to block
any nicotinic actions of the muscarinic agonists used and
propranolol to prevent any possible interference of catechol-
amines released by stimulation of ganglionic M,-muscarinic
receptors. The tracheal rings were suspended between two
tungsten wire hooks, one attached to an Ormed Beam
isometric force transducer and the other to a stationary
support in the organ bath. Changes in isometric force were
recorded on 3-channel Advance Bryans flat bed recorders.

Experimental protocols

General At the beginning of each experiment a force of
1.0 g was applied to the tissues. Subsequently each tissue was
exposed to the irreversible antagonist phenoxybenzamine
(Pbz) (I M) for a period of O min. This procedure was
employed because preliminary experiments indicated that in
untreated tissues pilocarpine produced a maximum response
that was on average approximately 70% of that achieved
with carbachol (data not shown); that is, the intrinsic activity
of pilocarpine was 0.7. The decrease in functional muscarinic
receptor reserve that resulted from Pbz treatment allowed
well-defined carbachol E/[A] curves in the presence of
pilocarpine to be constructed. At the end of the incubation
period the tissues were washed four times at 5 min intervals
to remove the Pbz. The force of 1.0 g was reinstated at this
time point and 30 min later tissues were exposed to 10 jAM
carbachol, to assess tissue viability. All subsequent contrac-
tile agonist concentration-effect, E/[A], curves were con-
structed by cumulative additions of carbachol at 0.5 log10
unit increments. In all experiments a paired curve design was
used with a period of 60 min elapsing between the first and
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second curves. Responses were recorded as percentage max-
imum of the first curve.

Analysis of carbachol by the receptor inactivation method In
each tissue a carbachol E/[A] curve was constructed. After
washing, tissues were incubated with Pbz (10 JM) or vehicle
(ethanol) for 10min. Following removal of the irreversible
antagonist by four changes of the organ bath Krebs solution
at 5 min intervals, a second carbachol E/[A] curve was
obtained.

Pilocarpine affinity estimation by the interaction method In
each tissue a carbachol E/[A] curve was constructed. Tissues
were subsequently exposed to pilocarpine (10JM, 30 JM or
100 JM). When the responses had stabilized a second car-
bachol E/[A] curve was constructed on top of the response to
pilocarpine.

Drugs

The following drugs were used: carbachol chloride (Sigma
Chemical Company), pilocarpine hydrochloride (Sigma Chem-
ical Company), phenoxybenzamine hydrochloride (Research
Biochemicals Inc.), indomethacin (Sigma Chemical Com-
pany), hexamethonium bromide (Sigma Chemical Company)
and (±)-propranolol hydrochloride (Sigma Chemical Com-
pany).

Indomethacin was dissolved in 10% w/v Na2CO3 and Pbz
was dissolved in ethanol. Pbz solutions were made up just
prior to use. All other drugs were dissolved in distilled water.

Data analysis

Logistic curve fitting In control experiments designed to
determine any time-dependent changes in tissue sensitivity,
and in the null analysis (see below), individual E/[A] curves
were fitted to a logistic of the form:

E +
ota[A]P )

[A50]P + [A]P (1)
where P is the basal effect level and a, [A50] and p are the
asymptote, location and slope parameters respectively. In the
present study, A refers to the full agonist carbachol and P is
the effect level produced by the partial agonist pilocarpine.

Analyses offull/partial agonist interactions

Operational model-fitting By extending the operational
model of agonism (Black & Leff, 1983; see equation (3)
below) to describe the interaction between a partial agonist
and a full agonist it can be shown (see Appendix) that the
mathematical relationship between pharmacological effect (E)
and the concentrations of a full agonist ([A]) and a partial
agonist ([B]) is described by the following equation:

E = Em([A]KB + TB[B][A5I])n (2)[A50]n (KB + [B])n + ([A]KB + TB[B][AMO])n
in which Em, is the maximum possible effect; n determines the
steepness of the occupancy-effect relation; KB is the dissocia-
tion constant of the partial agonist; TB is the efficacy of the
partial agonist: [A50] is the midpoint location of the control
full agonist E/[A] curve.
The analysis involves simultaneously fitting the E/[A] curve

data for the full agonist obtained in the absence ([B] = 0) and
presence of the partial agonist to equation 2. This allows the
parameters of interest, namely KB and TB to be estimated and
also provides estimates of, Em, n and [A50]. In practice, KB, tB
and [A50] are estimated as logarithms. Figure I illustrates the
fitting procedure for typical experimental E/[A] curve data
obtained in a single tissue employing one concentration of
partial agonist.
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Figure 1 Operational model-fitting of full/partial agonist interaction
data. Carbachol E/[A] curves were obtained in the absence (0) and
presence of 30 gM pilocarpine (@). The symbols represent the data
from a single tissue. The lines drawn through the data are the results
of operational model-fitting. For this particular tissue the estimated
model parameters were as follows: Em = 101.84; n = 0.90; TB = 1.17
(log tB = 0.07); pKB = 5.49; p[A50] (control) = 6.47.

Null method analyses The null method was carried out by
fitting logistics to each pair of curves (control and in the
presence of 10 JAM, 30 JAM or 100 gM pilocarpine) using
equation (1). Equi-effective carbachol concentrations were
then interpolated at the 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7
fractional levels of the second curve asymptote. Linear
regressions of these interpolated values, [A] and [A] (the
equi-effective concentrations of carbachol in the absence and
presence of pilocarpine) were performed and KB was
estimated as [pilocarpine] x slope/(1-slope).

Testing for simple competition The operational model-fitting
procedure also allows data from tissues in which different
concentrations of partial agonist are used to be fitted simul-
taneously, thus providing an estimate of a model parameter,
m, which is analogous to the slope parameter of a Schild
plot. That is, the model tests if the interaction between the
full and partial agonist is consistent with simple competition.
This fitting procedure involves raising the concentration of
partial agonist to the power m, each time it appears in
equation 2 (i.e. [B]m replaces [B]) and then simultaneously
fitting the control curves and the curves in the presence of
the different concentrations of partial agonist to this modified
equation. This analysis was carried out for each of the six
experiments.

Estimation of the efficacy of the reference full agonist In
order to apply the above methods to the analysis of partial
agonists it was necessary to ensure that the reference agonist
was truly full under the experimental conditions employed.
To estimate the efficacy (and affinity) of the full agonist
carbachol, experimental E/[A] curve data were fitted using
the operational model of agonism (Black & Leff, 1983; Black
et al., 1985):

EmTn[AjnE =
(KA + [A])n + Tn[A]n (3)

in which E. and n are as defined above and T and KA are the
efficacy and dissociation constant respectively of the full
agonist, A. This analysis allows T values before and after Pbz
treatment to be estimated as well as KA, E, and n.

Experimental design

A single experiment consisted of a carbachol control pair, a
carbachol analysis by the inactivation method and three
pilocarpine analyses by the interaction method. This pro-
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cedure was repeated with tissues from six different animals.
All the data obtained in these experiments were analysed as
paired curves.

All data fitting procedures were carried out using the
statistical package BMDP and a Vax 11/780 mainframe com-
puter. Differences were assessed by Student's t test and con-
sidered significant at the level of P<0.05.
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Results

Carbachol efficacy estimation by the receptor
inactivation method

E/[A] curves for carbachol were obtained before and after
Pbz-treatment (10 jAM for 10 min). Control experiments
showed that paired carbachol E/[A] curves were not
significantly different in terms of slope (p). In contrast, small
but significant differences in asymptote (a) and location
(p[A50]) occurred between first and second curves, the second
curves being depressed and right-shifted (see Figure 3a).
These time-dependent changes were not corrected for (see
Discussion). The mean logistic parameters ( s.e.; n = 6) of
curves were as follows: 1st curve: a = 99.40 (± 0.35); p = 1.15
(± 0.12; p[Aso] = 6.63 (± 0.09). 2nd curve: a = 93.25 (± 0.82);
p = 1.21 (± 0.11); p[A_%] = 6.40 (± 0.10).

Figure 2 illustrates typical results obtained in a single
Pbz-treated tissue. The lines drawn through the data are the
results of operational model-fitting. The substantial right-
ward shift and depression of the carbachol E/[A] curve pro-
duced by Pbz treatment indicated that the agonist has a high
efficacy in this tissue. Analysis of 6 experiments gave an
average estimate of efficacy (T) of 64.6 (log T = 1.81 (± 0.05))
and an estimate of affinity (pKA) of 4.78 (± 0.09). The high
efficacy confirmed that carbachol was indeed a full agonist in
this system.

Analysis offull/partial agonist interactions

Operational model-fitting Figure 3 illustrates the results of a
typical interaction experiment. The control data in panel (a)
illustrates the small changes in location and asymptote of the
second carbachol E/[A] curve. The lines drawn through the
data in panels (b), (c) and (d) are the results of fitting the
paired E/[A] curve data from each individual tissue to equa-
tion (2) and illustrate the goodness-of-fit of the data to the
model. The affinity (pKB) estimates obtained in all six
experiments are given in Table 1. The average pKB value was
5.79±0.05 (mean+ s.e.; n= 18).
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Figure 2 Effect of phenoxybenzamine (Pbz) treatment on carbachol
E/[AJ curves. Carbachol E/[A] curves were obtained before (0) and
following 10 min exposure to 10 gM (@) Pbz. The symbols represent
the data from a single tissue. The lines drawn through the data are
the results of operational model-fitting. For this particular tissue the
estimated model parameters were as follows: EmX = 100.72; n = 1.07;
t, (control) = 72.4 (log t, = 1.86); t2 (10 JLM Pbz) = 0.76 (log t2 =
-0.12); pKA=4.73.
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Figure 3 Operational-model fitting analyses of pilocarpine by the
interaction method. The data shown are from a single experiment
(experiment 5). In all panels (0) represents the carbachol E/[A]
curve data in the absence of pilocarpine. In (a) (@) represents the
2nd control carbachol curve. In (b), (c) and (d) (A), (U), and (V)
illustrate the carbachol E/[A] curve data in the presence of 10gM,
30pM and 1OO1M pilocarpine respectively. The lines drawn through
the data are the results of logistic fitting (a) and operational model-
fitting (b, c and d). The model parameter estimates were as follows:
panel (b) Em = 96.72; n = 1.30; tB = 1.26 (log TB = 0.10); pKB = 5.66;
p[Am] (control) = 6.51: panel (c) E., = 99.59; n = 1.14; TB = 1.26 (log
tB = 0.10); pKB = 5.69; p[Am] (control) = 6.51: panel (d) E,, = 95.82;
n = 1.47; TB = 1.34 (log TB = 0.13; pKB = 5.79; p[A5o] (control) =
6.50).
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Table 1 Comparison of pilocarpine affinity (pKB) estimates obtained by operational model-fitting and the null method

Pilocarpine
concentration

10 JiM

30 JAM

100 jAM

Method

Operational
Null
Difference

Operational
Null
Difference

Operational
Null
Difference

pK, Estimate Mean (± s.e.)

5.55 5.70 5.96 5.75 5.66 5.55 5.70 ± 0.06
5.63 5.79 6.03 5.79 5.72 5.63 5.77 ± 0.06
0.08 0.09 0.07 0.04 0.06 0.08 0.07 ± 0.01

5.48 5.91 5.79 5.92 5.69 5.49 5.71 ± 0.08
5.52 5.97 5.91 6.00 5.79 5.55 5.79 ± 0.09
0.04 0.06 0.12 0.08 0.10 0.06 0.08 ± 0.01

5.91 6.06 5.99 6.17 5.79 5.86 5.96 ± 0.06
5.96 6.11 6.06 6.21 5.89 5.93 6.03 ± 0.05
0.05 0.05 0.07 0.04 0.10 0.07 0.06 ± 0.01

All figures in a given column are from the same experiment; the first column refers to experiment 1, the last to experiment 6.

Table 2 Testing for competitive behaviour: results of
simultaneously fitting experimental carbachol E/[A] curve
data obtained in the presence of different concentrations of
pilocarpine to the operational model

Slope = 1.60 x 10-1
v ~~~~PKB= 5.72

I 1 2 3
[A' ]X 1-6 M

Experiment No.

2
3
4
S
6

Mean(± s.e.)4 5

pKB

8.19
8.22
5.85
9.11
6.05
6.77

7.37 ± 0.54

Slope (m)

1.58
1.52
0.99
1.70
1.07
1.25

1.35 ± 0.12
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Figure 4 Plots of equi-effective concentrations of carbachol in the
absence ([A]) and presence ([A']) of pilocarpine. The regression
analyses were performed on the same data set as shown in Figure 3.
Panels (a), (b) and (c) show plots for 10IM, 3011M and 100 1M
pilocarpine respectively. KB was estimated as [pilocarpine] x slope/
(1-slope).
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Null method analyses The E/[A] curve data shown in Figure
3 were used to produce the plots of [A] against [A'] that are
shown in Figure 4. The complete set of pKB estimates
obtained from such analyses are shown in Table 1 with the
corresponding estimates obtained by operational model-
fitting. The average pKB value was 5.86 ± 0.05 (mean ± s.e.;
n = 18). The affinities obtained by the two methods were
significantly different, the null method giving a small but
consistently higher estimate (mean difference = 0.07 log units;
n= 18).

Testing for simple competition

The results of simultaneously fitting all the interaction E/[A]
curve data from each experiment to the modified version of
equation 2 are shown in Table 2. The mean slope parameter
(m) estimate was 1.35 ± 0.12 (± s.e.; n = 6). This value was
significantly greater than unity indicating that the interaction
was not consistent with simple competitive behaviour. This
lack of adherence to simple competition is also evident when
the individual pKB estimates (Table 1) obtained by both the
operational model and null method are plotted as a function
of the pilocarpine concentration (Figures 5a and b respec-
tively). There is a significant correlation in both plots; for
simple competitive behaviour the estimated pKB values
should be independent of the pilocarpine concentration.
These plots also show that it is the data obtained with the
highest concentration of pilocarpine (100 iM) that are res-
ponsible for the observed deviation from competitive
behaviour; the pKB estimates obtained using 10lM and
30 LM are not significantly different (see Table 1).

Discussion

Previous publications (Black et al., 1985; Leff et al., 1990)
have shown how the operational model of agonism is used to
estimate agonist affinities and efficacies when the receptor
inactivation method (Furchgott, 1966) and the comparative
method (Barlow et al., 1967) are employed.
The aim of this study was to extend the operational model

to describe the interaction between a partial agonist and a
full agonist. This method is important in pharmacology as
the displacement of the control full agonist E/[A] curve by
the partial agonist confirms that the two agonists interact
with the same receptor type. The interaction method thus
confirms mechanism and establishes that the partial agonist
has genuine low efficacy. In contrast, the comparative
method, which is also used to analyse partial agonists makes
the assumption that the full and partial agonist interact with
the same receptor type but does not test it.
The derived equation (equation 2) was used to analyse

experimental E/[A] curve data generated for the interaction
between pilocarpine (partial agonist) and carbachol (full
agonist) at the M3-receptor mediating contraction of the
guinea-pig isolated trachea. The goodness-of-fit of the model-
fitted curves to the experimental data (see Figures 1 and 3)
suggest that the operational model accounts quantitatively
and qualitatively for the data presented here. The other
criterion by which the model can be judged quantitatively is
in its ability to determine accurately the partial agonist dis-
sociation constant, KB. To this end the data were analysed by
the method of Stephenson (1956). This null approach, in
principle should provide the most assumption-free pragmatic
estimate of KB. Comparison of the estimates obtained by the
two methods showed small but significant differences, the
null method producing a higher affinity estimate than the
operational model (mean difference = 0.07 log units; see
Table 1). It is likely that part of this difference can be
explained by the different fitting procedures employed by the
two methods since analysis of simulated data resulted in a
higher affinity estimate by the null method (mean differ-
ence = 0.03 log units; n = 6, data not shown) than by the

operational model. Whatever the reason for the small
differences observed, the similarity of the results obtained by
the two methods leads us to conclude that the model can be
used to provide reliable estimates of the dissociation constant
of a partial agonist.

For the purposes of data analysis such a model-fitting
approach has several advantages. In the null method a
number of choices have to be made regarding data to be
analysed and the means by which to analyse them. Equi-
effective concentrations of full agonist in the absence and
presence of the partial agonist are interpolated between
curves, either drawn by eye or produced by logistic fitting. In
neither case do the interpolated concentrations necessarily
correspond to 'real' data points and differences in the choice
of interpolations introduces differences in precision of KB
estimation. Having calculated equi-effective agonist concent-
rations by whatever means they are typically analysed by
linear regression, which may be inappropriate as both sets of
concentration data are estimated with error. The direct-fitting
approach using the operational model not only eliminates the
need for all these considerations but also uses the raw E/[A]
curve data without transformation. Furthermore, this direct
treatment of the data means they can be displayed along with
the model-fitted lines on the scale on which the responses are
recorded (in contrast to a plot of equieffective concentrations
for the null method). This facilitates assessment of goodness-
of-fit.
We analysed the experimental data by both a single curve

(using the second curve obtained in each tissue) analysis
(results not shown) and a paired curve (using both curves
from each tissue) analysis. The paired curve analyses were
preferred despite the small right shift and depression
observed in the second carbachol control curves (see Results
and Figure 3a). The reasons for this preference were as
follows. Firstly, this is analytically the simplest way to treat
the data since it allows a single estimate of KB (and tB) to be
made in each tissue. Individual estimates obtained in different
tissues can then be averaged. Such analysis also encompasses
the effect of ?B on KB estimation in different tissues.
Secondly, in the null method a single curve design would
necessitate using the same control E/[A] curve to analyse the
effects of different concentrations of partial agonist. This
would have the effect of overweighting the control data; in
the case of the operational model simultaneous fitting of the
data allows each curve to be given similar weight in the
analysis.
When multiple concentrations of partial agonist are used,

as in this study, the fitting procedure can be extended to
allow the competitive nature of the interaction to be studied.
An equivalent test of competition for the null method has
been described (Kaumann & Marano, 1982) but involves
plotting the slope of the regression analyses of individual null
plots as a function of partial agonist concentration; that is
log(l/slope-l) is plotted against log [B]. Use of the opera-
tional model simply involves fitting all the data simul-
taneously to a modified version of equation (2) in which the
term [B] is raised to the power m, the order of the reaction of
the partial agonist with its receptors. The model parameter m
is thus analogous to the slope parameter of a Schild plot.
When the data were analysed in this way the estimated

slope parameter (m) was found to be significantly greater
than unity (1.35) (see Table 2) indicating that the interaction
was not consistent with simple competition. This deviation
from competitive behaviour was also evident when the
individual pKB estimates were plotted as a function of
pilocarpine concentration (see Figure 5). Furthermore, it was
evident from these plots that it was the data obtained with
the highest concentration of pilocarpine (100 gM) that caused
the deviation from competitive behaviour. The reason for
this is unclear at present but will be the subject of future
investigations. In conclusion, the results of this study suggest
that the operational model may be fitted directly to E/[A]
curve data to estimate partial agonist dissociation constants
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and that this model-fitting approach is a valid and
analytically simple alternative to the conventional null
method.

Appendix: Derivation of equation (2)

A two-agonist-one receptor model
Following the nomenclature of Furchgott (1966) the system under
consideration may be represented by the scheme:

KA EA

A+ R -R SA

KB EB E

B+R -E-BRR *0SB
The full agonist, A and the partial agonist, B occupy receptors R to
form agonist-receptor complexes AR and BR respectively. The
affinities of the agonists for the receptors are defined by KA and KB,
the agonist dissociation constants. The agonist-receptor complexes
impart stimuli, SA and SB to the system that are proportional to the
agonists respective intrinsic efficacies (8A and sB). The measured
pharmacological effect (E) is some function of the total stimulus
(Slo, = SA + SB). The derivation of equation (2) therefore necessitates
finding E as a function of S,O,.
From the above:

Stot = SA + SB
= 8A[AR] + 8B[BR] (i)

The equilibrium concentrations or receptors occupied by A and B in
the presence of each other are given by the following equations:

[AR] = [R][] (ii) [BR] = [R(][B]
[A] + KA(l + [B]/KB) [B] + KB(I + [A]IKA)

where [RO] represents the total functional receptor concentration in
the tissue.

Substituting (ii) and (iii) into (i) gives:

t
8A[A][RO]KB + eB[B][Ro]KA (iv)

[A]KB + KAKB + KA[B]

Let

E Em(Stot)n (v)I + (Stt)v
thus E is a logistic function of (Stot), n accounts for non-hyperbolic
agonist concentration-effect curves and when S,Ot = 1, E = 0.5 Em.

Inserting equation (iv) into equation (v) gives:

E = Em(gA[A][RO]KB + 8B[B][Ro]KA)n (vi)

([A]KB + KAKB + KA[B])n + (aA[A][RO]KB + 8B[B][Ro]KA)n

The terms SA[RO] and 8B[RO] are equivalent to the operational
model parameters TA and Tm therefore equation (vi) can be rewritten
as:

E Em(TA[AIKB + tB[B]KA)n
([A]KB + KAKB + KA[B])n + (TA[A]KB + TB[B]KA (i

For a full agonist KA>> [A] therefore equation (vii) reduces to:

E = Em(TA[AJKB + TB[B]KA)
KAn(KB + [B])n + (TA[A]KB + TB[B]KA)n (viii)

Dividing throughout by TAn and defining KA/TA as [A50] gives:

E = Em([A]KB + TB[B][Aso])n (ix)

[A50]n(KB + [B])n + ([A]KB + TB[B][A5O])n

This model describes the interaction of a partial agonist and a full
agonist in terms of 5 parameters, Em the maximum possible effect; n
the slope index of the common transducer function linking agonist
occupancy to effect; KB the dissociation constant of the partial
agonist; TB the efficacy of the partial agonist and [A50] the midpoint
location of the control full agonist E/[A] curve.
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Pharmacological characterization of the novel nonpeptide
angiotensin II receptor antagonist, BIBR 277
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1 The pharmacological profile of BIBR 277, 4'-[(1,4'-dimethyl-2'-propyl[2,6'-bi-lH-benzimidazol]-l'-
yl)methyl]-[l,1'-biphenyl]-2-carboxylic acid, a novel, nonpeptide angiotensin II receptor antagonist has
been investigated by use of receptor binding studies, enzymatic assays, functional in vitro assays in
rabbit aorta as well as in vivo experiments in pithed, anaesthetized and conscious rats.
2 BIBR 277 potently interacted with rat AT, receptors (Ki 3.7 nM). Competitive receptor interaction
was shown by radioligand saturation experiments performed in the presence of BIBR 277. The failure to
inhibit radioligand binding to AT2 sites demonstrates the selectivity of BIBR 277 for AT, receptors. This
is further substantiated by the findings that BIBR 277 neither interacted with other receptor systems
investigated nor affected the activity of components of the human renin-angiotensin system, such as
plasma renin or serum converting enzyme.
3 In rabbit aorta, BIBR 277 had no agonistic properties and was shown to be an insurmountable
antagonist of angiotensin II-induced contractions (KB 0.33 nM). The antagonistic effect persisted even
after several wash-out procedures. However, this interaction was not irreversible since the insurmoun-
table antagonism was concentration-dependently reversed when BIBR 277 (0.1 p.M) and the surmoun-
table antagonist, losartan (0.1 and 1.01aM) were incubated simultaneously. The specificity of BIBR 277
for the AT, receptor was further substantiated in this preparation since micromolar concentrations of
BIBR 277 neither affected potassium chloride and noradrenaline-induced contractions nor acetylcholine-
mediated tissue relaxation.
4 In pithed rats, i.v. administration of BIBR 277 (0.1, 0.3 and 1.0 mg kg-') shifted the dose-pressor
response curve to angiotensin II dose-dependently to the right with ED_o values of 0.23 fig kg-' (control)
and 1.4 fig kg-1, 4.7 gLg kg-I and 20 jg kg-', respectively. As observed in the in vitro experiments no
agonistic effect was detected and the maximum of the blood pressure response to angiotensin II at the
highest dose of BIBR 277 was decreased by 29%.
5 In anaesthetized rats, bolus i.v. administration of 0.1, 0.3 and 1.0 mg kg-' BIBR 277 attenuated the
blood pressure response to bolus i.v. injections of angiotensin 11 (0.1 ytg kg-'). At the highest dose an
almost complete blockade was observed even after 2 h.
6 Single oral administration of BIBR 277 (0.3 and 1.0 mg kg-') to conscious, chronically instrumented
renovascular hypertensive rats dose-dependently decreased the mean arterial blood pressure by 15 and
30 mmHg, respectively. At the higher dose a significant antihypertensive effect was maintained for more
than 24 h. Moreover, consecutive daily dosing of 1 mg kg-' orally resulted in a sustained reduction in
blood pressure over the 4 day observation period.
7 It is concluded that BIBR 277 is an effective and selective angiotensin II antagonist with
antihypertensive activity after oral administration.

Keywords: Angiotensin II receptor; BIBR 277; losartan

Introduction

The renin-angiotensin system (RAS) is of principal impor-
tance for the regulation of cardiovascular function and body
fluid composition (Peach, 1977; Valloton, 1987). Angiotensin
II (All), the primary biologically active peptide hormone of
the RAS, elicits multiple pharmacological effects such as, for
example, an increase in blood pressure and vascular contrac-
tion (Catt et al., 1984; Fujii et al., 1985), release of
aldosterone from the adrenals (Mendelson & Kachel, 1980)
and modulation of central effects such as drinking behaviour
(Phillips, 1987). The hormone exerts these effects through
interaction with specific All membrane receptors (Bumpus et
al., 1991) of which two subtypes, namely AT, and AT2, have
thus far been identified clearly.
The potential pathophysiological involvement of the RAS

in hypertension and congestive heart failure in animals and
man has been shown by the introduction of inhibitors of
angiotensin I converting enzyme (ACE) (Antonaccio &
Wright, 1987; Packer, 1987; Robertson & Tillman, 1987).
However, there is evidence to suggest that unwanted side
effects of ACE inhibitors such as cough or angioedema

I Author for correspondence.

(Wood et al., 1987; Gavras & Gavras, 1988) result from the
lack of specificity of ACE for angiotensin I. In addition, the
metabolism of other peptides such as bradykinin is affected.
More recently, it has been shown (Okunishi et al., 1987;
Kinoshita et al., 1991) that AII can also be formed by a
chymotrypsin like proteinase in man which is not affected by
ACE inhibitors. A logical approach to overcome those
unwanted side effects is the specific blockade of AII recep-
tors. Early attempts with peptide analogues of All were
unsuccessful due to their partial agonistic activity and their
poor oral availability (Pals et al., 1971). The recent discovery
of the nonpeptide, imidazole-like All antagonists, the pro-
totype of which is losartan (DuP 753, MK954) (for review
see Wong et al., 1991), provided new tools to explore the
physiological and pathophysiological role of All and its
receptors and also to generate new therapeutic agents for the
treatment of cardiovascular diseases.

In the present study, we report on the in vitro and in vivo
pharmacology of a novel, highly potent and selective AT,
receptor antagonist, BIBR 277, 4'-[(l,4'-dimethyl-2'-propyl-
[2,6'-bi- 1 H-benzimidazol]-1'-yl)methyl]-[l ,1 '-biphenyl]-2-carb-
oxylic acid (Figure 1). Preliminary accounts of this work

Br. J. Pharmacol. (I 993), 110, 245 252 '." Macmillan Press Ltd, 1993
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Figure 1 Chemical structure of BIBR 277.

have been presented to the British Pharmacological Society
(Entzeroth et al., 1993; Van Meel et al., 1993).

Methods

Binding studies

Membrane preparations from rat lung and adrenal med-
ulla were obtained as follows: male Wistar rats (strain
Chbb:THOM, 200-220 g) were killed by a blow to the neck.
The tissues were dissected out, cleaned and homogenized in
Tris-buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA,
pH 7.20) by use of an Ultra Turrax at maximal setting for
30 s. The homogenate was centrifuged for 10 min at 1 000 g
and the resulting supernatant was recentrifuged twice for
20 min at 48 000 g. The final pellet was resuspended in
incubation buffer (50 mM Tris, 5 mM MgCl2, 0.2% bovine
serum albumin, pH 7.20) before performing binding experi-
ments in triplicate. For competition experiments protein
(lung: 40-100 fig, adrenal medulla: 1-10IAg) was incubated
with 50pM ['25I]-AII and increasing concentrations of the
competitor at 37°C for 60 min in a total volume of 0.2 ml.
For saturation experiments 40-100 fig lung protein was
incubated under identical conditions with vehicle or BIBR
277 (3 nM or 10 nM) and increasing concentrations of [125I]
All (10-10 000 pM). The incubations were terminated by
rapid filtration through glass fibre filters using a Scatron cell
harvester. The filters were washed twice in ice-cold buffer and
particle-bound radioligand was assayed in a j-counter. Non-
specific binding was defined as radioactivity bound in the

presence of 1 liM AII in the incubation medium. Protein was
determined according to the method of Lowry et al. (1951)
with bovine serum albumin used as standard. In addition, the
affinity of BIBR 277 for other receptors was investigated
according to standard procedures. The radioligands, tissue
preparations and incubation conditions used are summarized
in Table 1.

Plasma renin activity

The interaction of BIBR 277 with plasma renin was deter-
mined with a commercial test kit (Isotopen Diagnostik,
Dreieich, Germany): 500 l human EDTA plasma samples,
obtained from healthy volunteers, were incubated for
150 min at 37°C with the test compounds (H142 (H-Pro-His-
Pro-Phe-His-Leu(CH2NH)Val-Ile-His-Lys-OH) 0.1 tM, BIBR
277 10 0tM) according to the instructions of the manufacturer.
Angiotensin I generated was determined by a radioim-
munoassay which shows a high selectivity for Al, i.e. cross-
reactions with AII and AII fragments of <0.1%, and a
detection limit of 0.13 ng AI ml'.

Angiotensin converting enzyme activity

Angiotensin converting enzyme activity was determined fol-
lowing the procedure of Neels et al. (1983). In brief, 10,tl
human serum was incubated with 100 AI substrate solution
(50 mM HEPES, 300 mM NaCl, 400 mM Na2SO4, 30 mM
hippuryl-glycyl-glycine, pH 8.15) and the test compounds
(captopril: 0.1 LM, BIBR 277, 10 AM) for 30 min at 37°C. The
reaction was terminated by the addition of 100 tlI 10%
sodium tungstate solution and 100 jl 0.33M H2SO4. After
centrifugation and addition of 2,4,6-trinitrobenzene sulphonic
acid, the amount of substrate hydrolyzed was determined
photometrically (420 nm) in a Shimadzu UV-120-02 spectro-
photometer.

In vitro experiments in rabbit aortic rings

Female New Zealand white rabbits (strain Chbb/NZW;
1.5 kg) were killed by cervical dislocation and exsanguinated.
The descending thoracic aorta was dissected free, transferred
to prewarmed (37C) and oxygenated Krebs bicarbonate
buffer solution, and cleaned of adherent fat and connective
tissue. The aorta was cut into 5 mm rings, and the rings were
mounted in 30 ml organ baths, containing Krebs bicarbonate
solution of the following composition (in mM): NaCl 118,
KCI 4.7, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, glucose 10

Table 1 Affinity profile of BIBR 277 SE in different receptor assays for peptide and nonpeptide ligands

Binding site

Adenosine A,
Adenosine A2
a,
a2

P2
Dopamine D,
Dopamine D2
Endothelin ETA
Histamine H,
Imipramine
Muscarinic M,
Muscarinic M2
Muscarinic M3
Neurokinin NK,
Neurokinin NK2
Neuropeptide Y
5-HT2

Radioligand, tissue, incubation conditions

[3H]-DPCPX (0.1 nM), rat brain, 1 h/room temperature
[3H]-NECA (0.5 nM)/50 nm cyclopentyl-adenosine, calf striatum, 1 h/room temperature
[3H]-prazosin (0.5 nM), rat heart, 1 h/ room temperature
[3H]-clonidine (0.5 nM), rat cerebral cortex, I h/room temperature
[3H]-(-)-CGP 12177 (0.2 nM), rat heart, 3 h/room temperature
[3H]-(-)-CGP 12177 (0.2 nM), rat lung, 3 h/room temperature
[3H]-SCH 23390 (250 pM), rat striatum, I h/room temperature
[3H]-spiperone (250 pM), rat striatum, 1 h/room temperature
['251]-endothelin-I (10 pM), bovine heart, 24 h/0°C
[3H]-pyrilamine (1 nM), rat brain, 1 h/room temperature
[3H]-imipramine (2 nM), rat cerebral cortex, 1 h/O0C
[3H]-pirenzepine (1 nM), rat cerebral cortex, 90 min/room temperature
[3H]-NMS (300 pM), rat heart, 45 min/room temperature
[3H]-NMS (300 pM), rat submandibular gland, 45 min/room temperature
['l25]-substance P (10 pM), rat submandibular gland, 45 min/room temperature
[1251]-neurokinin A (50 pM), rat bladder, 90 min/room temperature
['2511-neuropeptide Y (10 pM), rabbit kidney cortex, 2 h/room temperature
[3H]-ketanserin (2 nM), rat cerebral cortex, 1 h/room temperature

KI values were obtained according to Cheng & Prusoff (1972) from the respective IC50 values determined in radioligand displacement
experiments.

Ki (nM)

15 000
> 100 000
> 100 000
> 100 000
> 30 000
> 30000

15 000
> 100 000
> 100 000
> 70 000
> 100 000

78 000
> 50 000
> 50 000

20 000
20 000

> 10000
> 50 000
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and CaCl2 2.5. The Krebs solution was kept at 37'C and
pH 7.4 while being bubbled continuously with 5% CO2 in 02-
Isometric contraction was recorded with Statham UC-2 force
transducers. Initial resting tension was set to 2.0 g, and the
rings were allowed to equilibrate for approximately 90 min.
During this period, the rings were stimulated twice by the
addition of AII to the bath, in a final concentration of
30 nM. An interval of 30 min was left between each stimula-
tion. After the maximum contractile response was reached,
the rings were rinsed three times and were allowed to return
to baseline tension. A control cumulative concentration-
contractile response curve for All (0.3 nM to 100 nM) was
first determined. The tissue was washed three times until base
line was reached. Fifteen min later, BIBR 277 at 10 to
1000nM was added and the tissue was incubated with the
drug for 90 min. The concentration-contractile response
curve was then repeated in the presence of BIBR 277. To
exclude any influence of multiple dosing with BIBR 277 on
the concentration-contractile response curve, each tissue was
incubated with only one concentration of the antagonist.
Responses were expressed as a percentage of the maximal
All response obtained from the first cumulative con-
centration-response curve. As BIBR 277 was found to exert
non-competitive AII antagonism, the dissociation constant
KB ( = [B]/(slope-1); [B] is the concentration of the antagonist)
was derived from the double-reciprocal regression as des-
cribed by Kenakin (1987). For receptor protection studies
rabbit aortic rings were incubated for 90 min with BIBR 277
(0.1 M) either in the absence or presence of two different
concentrations (0.1 and 1 tiM) of losartan. The concentration-
response curve to AII was then repeated in the presence of
the test compounds.

In additional experiments we studied the washout kinetics
of BIBR 277 in this preparation. After the equilibration
period, the tissues were again challenged with a single AII
dose, in a final concentration of 30 nM. The maximum con-
tractile force from this challenge was taken as the control
response to AII. Tissues were then incubated for 90 min
with either the solvent or BIBR 277 (10 nM) and were again
challenged with AII (30 nM). Thereafter, BIBR 277 (or
vehicle) was removed from the tissues by thorough washing.
The tissues were again equilibrated for an additional 40 min,
during which the medium was exchanged five times with
fresh buffer. Additional challenges with All (30 nM) were
performed 40, 80, and 120 min after removal of the
antagonist (or vehicle).
The concentration-contractile response for noradrenaline

and KCI was also examined in the presence or absence of
BIBR 277 at 10 ILM to test the specificity of this antagonist.
Furthermore, the effect of BIBR 277 (1 tM) on acetylcholine-
induced, endothelium-dependent relaxation was investigated
in rabbit aortic rings with intact endothelium, precontracted
with noradrenaline (0.3ytM).

Pithed rats

Male rats (strain Chbb: THOM, 220-250 g) were anaes-
thetized with hexobarbitone-sodium (150mg kg-', i.p.) and
the trachea was cannulated for artificial respiration by a
positive pressure pump. Subsequently, the animals were
pithed and the jugular vein and a carotid artery were can-
nulated for intravenous administration and registration of
arterial blood pressure, respectively. Body temperature was
kept constant by a heating pad. BIBR 277 was dissolved in
1 M NaOH and the solution was stabilized with 1.8 (w/v)%
hydroxypropyl-p-cyclodextrin. The pH of the solution was
adjusted to pH 10-11 with 1 M HCI. BIBR 277 was
administered in a dose of 0.1, 0.3 and 1 mg kg-'. Two min
after injection of BIBR 277 All was cumulatively injected
(0.03-300 Agkg-1) to construct dose-response curves. These
curves were compared with a control curve which was
obtained after administration of the vehicle. The volume
administered per dose AII was 0.05 ml 100 g' body weight.

All pressor response in anaesthetized rats

Male rats (strain Chbb: THOM, 230-260 g) were anaes-
thetized with pentobarbitone-sodium (60 mg kg-', i.p.) and
placed on a heating pad to keep body temperature constant.
The trachea was exposed and cannulated with a polyethylene
tube and both the left carotid artery and the contralateral
jugular vein were catheterized for measurement of arterial
blood pressure and administration of All or BIBR 277,
respectively. The arterial catheter was connected to a pres-
sure transducer (Braun Melsungen/Germany) coupled to a
polygraph (IFD, Miihlheim/Germany) for monitoring ar-
terial blood pressure. Anaesthesia was kept at a constant level
during the experiment by an intraperitoneal infusion of
pentobarbitone-sodium at a rate of 0.27 mg kg-' mini'.
After a 30 min stabilization period, AII at 0.1 g kg-I was
given i.v. twice prior to administration of BIBR 277 or
vehicle. The All challenge was then repeated after 2, 5, 10,
20, 40, 60, 90, and 120 min in the presence of BIBR 277 or
vehicle, respectively. BIBR 277 was dissolved in 1 M HCI.
This solution was further stabilized wth 1.8% (w/v)
hydroxypropyl-p-cyclodextrin and adjusted to physiological
pH. BIBR 277 was administered at doses of 0.1, 0.3 and
1 mg kg-'.

Renovascular hypertensive rats

Male rats (Chbb: THOM; 140-150 g) were anaesthetized
with pentobarbitone-sodium (50 mg kg', i.p.). The abdom-
inal cavity was opened by a midline incision. A solid silver
clip with an internal diameter of 0.20 mm was applied to the
left renal artery as close as possible to the aorta. Care was
taken that the artery rested at the base of the slit and that a
visible blood flow remained in the artery behind the clip. The
contralateral kidney was not disturbed. The catheter of a
pressure transmitter (TAl 1PA-C40, Data Sciences Inc., St.
Paul, MN, U.S.A.) was inserted in the abdominal aorta and
the transmitter was fixed to abdominal musculature. The
abdomen was closed with Mersilene (Avalon, Norderstedt,
Germany) sutures. The animals were allowed to recover for 2
weeks and housed in individual cages with free access to
standard rat chow and tap water ad libitum, with 12-h light/
dark cycles. After the implantation of the device blood pres-
sure and heart rate were transmitted by telemetry and the
signals received by a RA 1010 General Purpose Receiver
(Data Sciences Inc., St. Paul, MN, U.S.A.). Data were
acquired with the Dataquest IV 1.11 System on a Hewlett
Packard Vectra ES/12 386 computer. BIBR 277 was dis-
solved in 1 M NaOH. The pH was adjusted to 10 with 1 M
HC1 and the solution was further diluted with saline. For
single administration 0.3 and 1.0 mg kg' BIBR 277 were
given orally in a total volume of 2.0 mg kg-'. For repeated
dosing the animals were treated with 1 mg kg-' day-' BIBR
277 over a period of 4 days.

Data analysis

Results are given as mean ± s.e.mean. Binding data were
analysed by a computer-assisted non-linear least-square curve
fitting method using the RS/1 software package (BBN
Research Systems, Cambridge, MA, U.S.A.). IC50 values
were corrected for the radioligand occupancy shift to obtain
the inhibition constant (Ki) according to Cheng & Prusoff
(1973). Saturation experiments were analysed according to
Scatchard (1949). In vitro and in vivo data were fitted by
non-linear regression using GraphPad Inplot software
(GraphPad Software Inc., SanDiego, CA, U.S.A.). Com-
petitive antagonist-receptor interaction was analysed accord-
ing to Arunlakshana & Schild (1959). Statistical analysis were
performed by two-tailed analysis of variance, Student's t test.
Differences were considered statistically significant at P< 0.05.
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Materials

Radioligands were obtained from Amersham (Braunschweig,
Germany), New England Nuclear (Dreieich, Germany), and
Biotrend (Cologne, Germany). Angiotensin II was purchased
from Bachem Biochemica (Heidelberg, Germany), H142 from
Novabiochem (Bad Soden, Germany). Hydroxypropyl-fi-
cyclodextrin was obtained from Sigma (Steinheim, Germany).
Pentobarbitone-sodium and hexobarbitone-sodium were ob-
tained from Sanofi (Hannover, Germany) and Serva
(Heidelberg, Germany). Captopril, losartan and PD 123.177
(1 -(4-amino-3-methyl-benzyl)- 5-diphenylacetyl-4,5,6,7-tetra-
hydro-imidazole[4,5]pyridine-6-carboxylic acid) were syn-
thesized in the chemistry department of Dr Karl Thomae
GmbH. All other chemicals were the best grade commercially
available.

Results

Receptor binding studies

The inhibition of specific ['251]-AII binding to rat lung mem-
branes by unlabelled AII was concentration-dependent with
an inhibition constant (Ki) of 1.2 ± 0.4 nM (n = 3) (Figure
2a). The Hill coefficient of 1.09 ± 0.04 was not significantly
different from unity indicating the interaction with a single
class of binding sites. Inhibition of radioligand binding by
BIBR 277 revealed a high affinity of this compound to AII
receptors in rat lung tissue preparations with a Ki value of
3.7 ± 0.7 nM. Analysis of the competition curve indicated
binding to a single class of binding sites with a Hill
coefficient of 0.87 ± 0.07, which was not significantly
different from unity. The AT, selective antagonist losartan
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Figure 2 Inhibition of ['251]-angiotensin II binding to (a) rat lung
and (b) rat adrenal medulla membrane preparations by angiotensin
11 (A), BIBR 277 (0), losartan (*) and PD 123.177 (-). Data
represent the mean of three experiments run in triplicate.

inhibited radioligand binding with a Ki value of 23.7 ±
2.5 nM. The Hill coefficient was 0.99 ± 0.01. In contrast, the
AT2 selective antagonist PD 123.177 did not affect ['25I]-AII
binding in nanomolar concentrations and had a Ki value of
> 10 000 nM.

Interaction of the compounds with AT2 receptors was
investigated in [125I]-AII competition experiments in rat
adrenal medulla tissue preparations (Figure 2b). AII inhibited
specific radioligand binding with a Ki value of 0.31 +
0.01 nM. The Hill coefficient was 1.01 ± 0.02. PD 123 177
completely inhibited [1251I]-AII binding with a Ki value of
76.0 ± 16.6 nm and a Hill coefficient 0.86 ± 0.06. BIBR 277
and losartan were ineffective in nanomolar concentrations
and had K, values of >IO 000 nM.
The effect of BIBR 277 on the binding of ['251I]-AII to AT,

receptors was further investigated in saturation experiments
in rat lung preparation. As shown by Scatchard analysis of
the binding data (Figure 3), 3 nM and 10 nM BIBR 277
increased the Kd of the radioligand from 0.51 ± 0.03 nM
(n = 4) to 0.82 ± 0.12 nM and 1.9 ± 0.98 nM, respectively,
whereas the corresponding BmE, remained unchanged.

In additional binding experiments we investigated the
interaction of BIBR 277 with other receptor systems. As
shown in Table 1, in sub-micromolar concentrations BIBR
277 neither interacted with other receptors for non-peptide
ligands (acetylcholine, adenosine, catecholamines, histamine,
imipramine or 5-hydroxytryptamine) nor with other receptors
for peptide ligands such as endothelin, neurokinins or
neuropeptide Y.

Effect on ACE and plasma renin activity

The possible interference of BIBR 277 with components of
the human RAS was determined in enzymatic assays. The
renin activity in human plasma was not affected by 10 AM
BIBR 277 (106 ± 8.5% of control) whereas it was potently
attenuated by the renin inhibitor H142 (0.1 gM) to 2.4 +
0.03% of control values (3.4 ± 0.1 ng Al ml -' h-', n = 3).
Furthermore, BIBR 277 (10 JAM) did not affect the activity of
human serum ACE (280 ± 3.5 u 1' vs. control, 287 ±
6.9 u 1-, n = 3) whereas it was decreased to 16.4 ± 0.3%
(n = 3) of control values in the presence of 0.1IlM captopril.

Rabbit aortic rings

In rabbit aorta, BIBR 277 (10, 100, and 1000 nM) produced
rightward shifts in the concentration-contractile response
curve for AII (Figure 4). However, a significant decrease of
the Hill-slope from control (2.12 ± 0.08; n = 18) to 1.76 +
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Figure 3 Scatchard transformations of saturation binding data for
['251]-angiotensin II binding to membrane preparations from rat lung
in the absence (0) or presence of 3 nM (A) and 10 nM BIBR 277
(*). The values are taken from a typical experiment (n = 4) done in
triplicate.
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Figure 4 Effect of IO nm (C), 100 nm (A) and 1000 nm BIBR 277
(O) on the log concentration-contractile response curve for angioten-
sin II (M) in rabbit isolated aortic rings (control: n = 18; BIBR 277:
n = 6 each). All values are given as the mean ± s.e. of the maximum
contractile force obtained under control conditions before addition
of the antagonist.

0.22, 1.37 ± 0.08 and 1.66 ± 0.09 (each n = 6) in the presence
of 10, 100, and 1000 nM BIBR 277, respectively, was seen
together with a decrease in the maximum response of
40-50%. The calculated KB was 0.33 ± 0.09 nM. No agonis-
tic activity was observed at any concentration.
The washout kinetics of the inhibitory effect of BIBR 277

on AII-mediated contraction after several washout cycles is
shown in Table 2. In solvent-treated tissues the response to
All, at a concentration of 30 nM that produces maximum
contraction, remained stable during the entire experimental
period and no tachyphylaxis was observed. The response to
AII was significantly depressed to 35 ± 5% (n = 6) of the
control response in the presence of BIBR 277 (10 nM).
Moreover, this inhibitory effect remained unchanged during
several subsequent wash-out procedures.
To investigate further the nature of the insurmountable

antagonism of BIBR 277, we performed receptor protection
experiments by incubating BIBR 277 simultaneously with the
surmountable antagonist, losartan. In the presence of 100 nM
BIBR 277 the maximum contractile force to angiotensin II
was restored to 74% and 85% of the control by 0.1 and 1 gM
losartan, respectively (Figure 5).
At higher concentrations of 1 and 10 tLM BIBR 277 did not

change the concentration-response curve for noradrenaline
and KCI in rabbit aortic rings, nor did it interfere with
endothelium-dependent relaxation induced by acetylcholine
in noradrenaline-precontracted (0.3 fsM) rings (Figure 6a,b,c).
Furthermore, in guinea-pig ileum, unlike ACE inhibitors,
BIBR 277 (10 pM) did not potentiate the contractile response
to bradykinin (0.1 tLM) (data not shown).

Pithed rats

The angiotensin II antagonism of BIBR 277 was further
investigated in vivo in pithed rats. Vehicle-treated pithed rats
(control) had a mean diastolic blood pressure value of
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Figure 5 Effect of BIBR 277 (0.1 ltM) alone (0) and in the presence
of 0.1 itM (O) or 1 gM (0) losartan on the log concentration-
contractile response curve for angiotensin II (U) in rabbit aortic
rings. Values are mean ± s.e.

37 ± 4 mmHg (n = 6). Cumulative administration of angio-
tensin II induced a maximal increase in diastolic blood pres-
sure by 100 ± 3 mmHg (n = 6) (Figure 7) with an ED50 of
0.23 jig kg-'. Diastolic blood pressure after i.v. administra-
tion of 0.1, 0.3 and 1.0 mg kg-' BIBR 277 was 34 ± 1 mmHg
(n= 5), 30±l mmHg (n= 6) and 33 ± 3mmHg (n= 7),
respectively. The compound not only caused a dose-
dependent rightward shift of the dose-response curve to AII
with ED50 values of 1.4 fg kg-', 4.7 lig kg-' and 20 Ag kg-',
respectively, but also significantly decreased the maximum
blood pressure response to AII. The maximal increases in
diastolic blood pressure were 92 ± 2 mmHg, 78 ± 5 mmHg
and 71 ± 4 mmHg, respectively. BIBR 277 did not show an
agonistic effect in this model.

Inhibition of the AII pressor response in anaesthetized
rats

The duration of action of BIBR 277 after i.v. administration
to anaesthetized rats as well as its potency in inhibiting the
AII pressor response is shown in Figure 8. Compared to the
vehicle-treated group (n = 7), bolus i.v. injection of BIBR 277
at 0.1, 0.3 and 1 mg kg- inhibited the pressor response to
AII (0.1 sg kg-', i.v.) dose-dependently. Maximal inhibitory
effects were observed at 5, 5, and 2 min post injection,
respectively, and at all doses this inhibitory effect was still
significant at 2 h post drug administration.

Renovascular hypertensive rats

In the first series BIBR 277 (0.3 mg kg-' (n = 4) and vehicle
(n = 3); 1.0 mg kg-' (n = 6)) and vehicle (n = 6) was given as
a single oral administration to renal hypertensive rats.
Pretreatment values of mean arterial blood pressure and
heart rate were 197 ± 15 mmHg and 429 ± 30 beats min-' for
the 0.3 mg kg-'-treated group (n = 4) and 195 ± 11 mmHg
and 382 ± 15 beats min-' for the vehicle-treated group
(n = 3); pretreatment values of mean arterial blood pressure

Table 2 Effect of wash-out of BIBR 277 on angiotensin 11 (30 nM)-induced contractile response in rabbit aortic rings

Ist challenge 2nd challenge 3rd challenge 4th challenge 5th challenge
(control) + drug 40' wash-out 80' wash-out 120' wash-out

Solvent (n = 8)
BIBR 277 (IO nM, n = 6)

100
100

97 ± 2
35 ± 5*

99 ± 3
30±7*

103 ± 3
29 ± 6*

103 ± 3
33 ± 8*

Values were calculated as a percentage of the maximum contractile force obtained during the first (control) challenge and are given as
mean ± s.e. The maximum control forces in both the solvent and the BIBR 277-treated groups was 46 ± 4 mN.
*P<0.05 vs control response.
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Figure 8 Blood pressure response to angiotensin II (0. jig kg-',
i.v.) after i.v. administration of vehicle (-, n = 7) or BIBR 277
(0. mg kg'- (0, n = 3), 0.3 mg kg-' (A, n = 6) and l mg kg-' (0,
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Figure 6 Effect of BIBR 277 (10 jiM) on the log concentration-
contractile response curve to noradrenaline (a), potassium chloride
(b) and on endothelium-dependent relaxation by acetylcholine in
rabbit aortic rings (c). Data represent the mean ± s.e. of 4-9
experiments; (0): control curve; (A): in the presence of 1O iM BIBR
277.

and heart rate were 188 ± 12 mmHg and 386 ± 14 beats
min-' for the 1 mg kg-'-treated group (n = 6) and 187 +
1OmmHg and 393 ± 19 beats min-' for the vehicle-treated
group (n = 6). BIBR 277 reduced the mean arterial blood
pressure in these animals in a dose-dependent manner by
maximally 14 ± 3 (data not shown) and 30 ± 6 mmHg
(Figure 9a), respectively, without having any significant effect
on heart rate. After single administration the mean blood
pressure remained significantly decreased for approximately
22 h, after which it returned to control values within the
following 9 h. Repeated administration of 1 mg kg-' day-'
over a period of 4 days (Figure 9b) resulted in a significant
and sustained reduction in mean blood pressure by 35 to
60 mmHg. The pretreatment values of mean arterial blood

pressure and heart rate were 212 ± 6 mmHg and 402 +
15 beats min-' for the BIBR 277-treated animals (n = 6) and
202 ± 6 mmHg and 407 ± 14 beats min-' for the vehicle-
treated animals (n = 6), respectively.

Discussion

Specific inhibitors of the RAS are useful tools for the deter-
mination of the physiological role of this system and for
diagnosis and/or treatment of related diseases such as

hypertension and congestive heart failure. Blockade of
angiotensin AT, receptors has recently been demonstrated for
losartan, a nonpeptide AII receptor antagonist (Chiu et al.,
1990) and in clinical trials this drug was shown to inhibit the
AII-induced increase in blood pressure in man (Munafo et
al., 1992). In the present study we describe the pharmacology
of BIBR 277, a novel, highly selective AII receptor
antagonist with oral activity.
The affinity of BIBR 277 for AII receptors was assessed in

radioligand binding studies. The compound totally displaced
specifically bound ['251]-AII from binding sites in rat lung,
previously shown to be solely of the AT, subtype (Entzeroth
& Hadamovsky, 1991), with low-nanomolar affinity in-
dicating that BIBR 277 is six times more potent than losar-
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Figure 9 Blood pressure in conscious, chronically instrumented
renovascular hypertensive rats after single oral administration (a) of
vehicle (0, n = 6) or 1.0 mg kg- ' BIBR 277 (, n = 6) and (b) after
repeated oral administration of vehicle (0, n = 6) or 1.0 mg
kg-' day-' BIBR 277 (0, n = 6). Data represent the mean ± s.e. The
arrows indicate compound or vehicle administration.

tan. In contrast, up to 10 iM BIBR 277 had no interaction
with AII receptors in adrenal medulla which are of the AT2
subtype (Whitebread et al., 1989; Chiu et al., 1989), could be
demonstrated while the AT2-selective antagonist, PD 123177,
inhibited [251I]-AII binding to these sites with nanomolar
affinity. Thus, BIBR 277 is selective for AT, receptor sites.

Several functional in vitro studies were performed to char-
acterize the mode of interaction of BIBR 277 with AT,
receptors. In rabbit aorta, BIBR 277 was shown to be an
insurmountable antagonist of All-induced contraction. This
unusual pharmacological behaviour has also been reported
previously for other nonpeptide AT, antagonists such as
EXP3174 or GR 117289 (Wienen et al., 1992; Robertson et
al., 1992). However, in contrast to results obtained with
those compounds we did not detect a reduction in All bind-
ing sites in radioligand saturation experiments performed in
the presence of BIBR 277. These data provide strong
evidence that BIBR 277 competitively interacts with AT,
receptors. A further support for a competitive and reversible
antagonism was provided by our findings in rabbit aorta that
the insurmountable antagonism of BIBR 277 was reversed
when the tissue was incubated simultaneously in the presence
of the surmountable antagonist, losartan. Similar results have
been reported previously for other insurmountable All

antagonists (Wong & Timmermans, 1991; Liu et al., 1992;
Robertson et al., 1992; Wienen et al., 1992).
The specificity of BIBR 277 was further confirmed in a

number of other binding assays. In concentrations lower than
1 tLM BIBR 277 lacked any affinity for other receptors for
peptide and nonpeptide ligands relevant for cardiovascular
regulation. The selective and specific interaction of BIBR 277
with AII receptors was further substantiated by the results
from the functional experiments demonstrating no
interference of the compound with other contractile (nor-
adrenaline, KCI) or relaxant (ACh) tissue stimuli. Further-
more, BIBR 277 did not interfere with either human renin or
human angiotensin I converting enzyme. Thus, it may be that
BIBR 277 is unlikely to exhibit side-effects associated with
renin inhibitors (Schaffer et al., 1990) or converting enzyme
inhibitors (Wood et al., 1987; Gavras & Gavras, 1988).
The AII antagonistic properties of BIBR 277 described for

the in vitro experiments were also observed in vivo. In the
pithed rat increasing doses of antagonists resulted in non-
parallel shifts in the dose-pressor response curve to AII. In
these experiments, as in the in vitro assays, BIBR 277 was
shown to be significantly more potent than losartan (Wong et
al., 1990a).
The duration of action of BIBR 277 was investigated in

several in vivo models. In the anaesthetized rats BIBR 277
dose-dependently antagonized the blood pressure response to
AII with a long duration of action (>2 h) for all doses.
Furthermore, in contrast to losartan, which is known to be
converted in vivo to the active metabolite EXP3174 (Wong et
al., 1990a,b), we observed a rapid and sustained inhibition of
the AII response with no evidence for a biphasic mode of
activity. So far our data do not provide evidence that the
pharmacological effects of BIBR 277 are to be assigned to
the presence of an active metabolite.
To study the duration of action and the antihypertensive

potential of BIBR 277 in a renin-dependent model of
hypertension we investigated its effect in renal-artery ligated
rats (Cangiano et al., 1979). BIBR 277 given orally caused a
potent, dose-dependent antihypertensive effect, which at the
highest dose persisted for more than 24 h. Despite the
decrease in blood pressure, no reflex tachycardia was
observed in these animals. Thus the haemodynamic responses
to BIBR 277 reported here, as well as those for other AII
antagonists described earlier (Wong et al., 1990b; Siegl et al.,
1992), clearly differ from those observed with vasodilator
drugs such as hydralazine (Zacest et al., 1972). A long dura-
tion of action of BIBR 277 was further demonstrated after
repeated oral administration of the drug which produced a
pronounced and sustained reduction in blood pressure.

In summary, the data presented here demonstrate that
BIBR 277 is a highly selective and potent nonpeptide
angiotensin II receptor antagonist with preference for the
AT, receptor subtype. In contrast to peptide antagonists and
as shown for other nonpeptide inhibitors (Wong et al.,
1990c), BIBR 277 lacks any agonistic activity. Given orally,
BIBR 277 was shown to be an effective antihypertensive
agent. A slow off-rate from the receptors may account for its
long duration of action demonstrated in vivo. Therefore,
BIBR 277 might be a new tool for the investigation of the
physiology and pathophysiology of the renin-angiotensin
system in the regulation of arterial pressure. The therapeutic
potential of the drug will be evaluated in clinical studies.

The authors wish to thank J. Haller, C. Karg, D. Lefevre, I. Moll,
D. Rihl, H. Seidel and U. Schmid for their excellent technical
assistance.
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Centrally administered ouabain aggravates
rapid-eye-movement-sleep-related bradyarrhythmias in freely
moving rats
'Takayuki Sato & Katsuo Seto

Department of Physiology, Kochi Medical School, Nankoku, Kochi 783, Japan

1 The effects of continuous infusions of ouabain on bradyarrhythmias (cardiac pauses for 0.5 s or
longer) during sleep were examined in freely moving Wistar-Kyoto rats.
2 In a control group (n = 7), saline was infused into both the lateral ventricle and the femoral vein. In
an intracerebroventricular (i.c.v.) ouabain group (n = 7), ouabain was infused centrally, such that each
rat received three stepped doses of 1, 10, and 100 ng kg-' h-' for 3 days at each dose, while saline was
infused systemically. In an intravenous (i.v.) ouabain group (n = 7), ouabain was infused systemically at
the same doses as the i.c.v. ouabain received, while the simultaneous i.c.v. infusion of saline was carried
out.
3 Three-day i.c.v. infusions of the three stepped doses of ouabain caused a dose-dependent increase in
the frequency of bradyarrhythmias during rapid-eye movement (REM) sleep without affecting the time
spent in REM sleep, arterial pressure, average heart rate, or the frequency of bradyarrhythmias during
non-REM sleep. Intravenous ouabain or i.c.v. saline had no effects on the frequency of bradyarrhyth-
mias.
4 Intrinsic CNS activity during REM sleep may be involved in the centrally mediated arrhythmogenic
properties of ouabain during sleep.

Keywords: Ouabain-induced arrhythmia; rapid-eye-movement sleep; central nervous system; limbic system; freely moving rat

Introduction

Digitalis-induced arrhythmias occur more often during sleep
than during daytime (Otsuka, 1980). Their diurnal distribu-
tion does not correspond to the diurnal change in the serum
concentrations of digitalis agents (Otsuka, 1980). The central
nervous system (CNS) activity during sleep may be of
significance in the arrhythmogenic properties of digitalis. The
CNS-mediated effects of digitalis on cardiac rhythm have
been examined extensively (Somberg & Smith, 1979; Gillis &
Quest, 1980) but the high incidence of digitalis-induced ar-
rhythmias during sleep cannot be explained by the findings
obtained from earlier experimental studies in which anaes-
thetized animals or large doses of digitalis enough to induce
seizures in conscious animals were used.
The objectives of this study were to examine the CNS-

mediated effects of the digitalis agent, ouabain, on the car-
diac rhythm during sleep in freely moving rats. In a
preliminary study (Tadokoro et al., 1991), we have confirmed
that the chronic intracerebroventricular (i.c.v.) infusion of
ouabain at a dose of 1 lAg kg- ' h- ' induces epileptic dis-
charges on the electroencephalogram (EEG) only during
rapid-eye-movement (REM) sleep without arousing rats. We
therefore selected smaller doses that do not result in any
EEG abnormalities for the present study.

Methods

Surgical preparation

Twenty-one male Wistar-Kyoto rats from Charles River
Japan, 12-14 weeks of age, weighing 280-290 g, were used.
The care of the animals was in strict accordance with the
guiding principles of the Physiological Society of Japan. The
following electrodes and tubes were implanted under pen-
tobarbitone anaesthesia (40 mg kg-', i.p.): for the monitoring

' Author for correspondence.

of the EEG, two stainless-steel screws into the bilateral
frontal bones; for recording the electrooculogram (EOG), two
small loops of stainless-steel wire beneath the skin at the
inner and outer canthi of one eye; for recording the electro-
cardiogram (ECG), two vinyl tubes containing saturated salt
solution and 0.5% agar, plugged bipolarly with Ag-AgCl
electrodes, under the skin at the right foreleg and the left
hindleg; for measurement of arterial pressure, a Teflon tube
into the abdominal aorta through the femoral artery; for the
i.c.v. infusion of drugs, a 24-gauge, 20-mm-long stainless-
steel tube into the lateral ventricle; for the intravenous (i.v.)
infusion of drugs, a Teflon tube into the femoral vein. The
leads and tubes from peripheral sites were tunnelled sub-
cutaneously into an opening on the head. All the leads were
soldered to the pins of a miniature male socket cemented on
the skull. A female socket and miniature electrical swivel
with three fluid channels was connected to the male socket
and the three tubes. After surgery, the rat was transferred to
a plastic box in an electrically shielded and soundproof room
where fluorescent lights provided 100-lux illumination under
a 14 h/10 h light-dark schedule. The temperature in the room
was kept at 24 ± 1'C. The animals were allowed free access
to normal rat chow (CRF-1, Charles River Japan) and dis-
tilled water, and were allowed to recover for 10 days before
polygraphic recordings.

Infusion protocols

Twenty-one rats were divided into control (n = 7), i.c.v.
ouabain (n = 7), and i.v. ouabain (n = 7) groups. The
infusion study was started after the recovery period.

In the control group, saline was infused both intracere-
broventricularly and intravenously for 15 days.

In the i.c.v. ouabain group, for the first 3 days saline was
infused intracerebroventricularly; for the next 9 days ouabain
dissolved in saline was infused intracerebroventricularly, such
that each rat received three stepped doses of 1, 10, and
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Figure 1 Typical polygraph recordings during non-rapid-eye-movement (NREM) sleep and REM sleep. Shown are the electro-
encephalogram (EEG), electrooculogram (EOG), mean arterial pressure (MAP), and electrocardiogram (ECG). An arrow indicates
a bradyarrhythmia episode.

100 ng kg-' h-' for 3 days at each dose; for the next 3 days
saline was infused intracerebroventricularly. For these 15
days, a simultaneous i.v. infusion of saline was carried out.

In the i.v. ouabain group, for the first 3 days saline was
infused intravenously; for the next 9 days ouabain dissolved
in saline was infused intravenously at the same doses as the
i.c.v ouabain group received; for the next 3 days saline was
infused intravenously. For these 15 days, a simultaneous
i.c.v. infusion of saline was carried out.

All the infusions were at a flow rate of 1.6 Il h-', which is
1/75 of the rate of cerebrospinal fluid production in rats
(Mann et al., 1978). The positions of all the i.c.v. tubes were
confirmed at post-mortem examination.

Polygraphic recordings

The EEG, EOG, mean arterial pressure (MAP), and ECG
were recorded on polygraph paper and FM magnetic tape.
The electrical signals of the arterial pressure were digitized
through an analog-to-digital converter mounted in a personal
computer, which automatically calculated and stored the 3-
day averages of the MAP and heart rate (HR) every 3 days.

Sleep staging

According to our previous criteria (Saito et al., 1983), sleep
states were identified in 10 s epochs and were divided into the
following three states from the EEG and EOG: wakefulness,
non-REM (NREM) sleep, and REM sleep.

Definition of cardiac arrhythmias

The definition of tachyarrhythmias was the same as the
criteria for man. Bradyarrhythmias were defined as cardiac
pauses for 0.5 s or longer; as the normal HR of rats is
300-350 beats min' (Otsuka et al., 1986), they are equiva-
lent to cardiac arrests lasting 3 s or longer in man.

Statistical analysis

The physiological parameters and the frequency of cardiac
arrhythmias were tested by a mixed model analysis of
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variance. A 95% simultaneous confidence interval for the
mean (overall ax<0.05) was estimated from 5% point of the
studentized form of the largest variance. A post-hoc analysis
for multiple comparisons was performed by a Tukey studen-
tized range method for a least significant difference test.
Durations of cardiac pauses in bradyarrhythmia episodes
were examined by a Kruskal-Wallis test, because a normal
distribution of them could not be assumed. Differences were
considered significant at P<0.05.

Drugs

Ouabain was purchased from Sigma Chemical, St Louis,
MO, U.S.A., and pentobarbitone sodium from Abbott
Laboratories, IL, U.S.A.

Results

Examples of polygraph recordings are presented in Figure 1.
No cardiac tachyarrhythmias were observed. In every rat,
bradyarrhythmias such as sinus arrest, sinoatrial block, and
type I (Wenckebach) second-degree atrioventricular block
were found only during REM sleep.

In the control group, no time-dependent changes in the
physiological parameters or the frequency of bradyarrhyth-
mias were found during saline infusion into both the lateral
ventricle and the femoral vein (data not shown). The effects
of i.c.v. or i.v. ouabain infusion are summarized in Figure 2.
Three-day i.c.v. infusions of the three stepped doses of
ouabain caused a dose-dependent increase in the frequency of
bradyarrhythmias during REM sleep without affecting the
time spent in NREM or REM sleep, MAP, or HR. In the
i.v. ouabain group, no effects of ouabain were found on the
physiological parameters or the frequency of bradyarrhyth-

Baseline

Ouabain 1 ng kg-' h z

Ouabain 10 ng kg-1 h- Z

Ouabain 100 ng kg-1 h-1
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Figure 3 (a) Effects of intracerebroventricular ouabain infusion on
the types of bradyarrhythmias. Open bars, sinus arrest and sinoatrial
block; solid bars, type I (Wenckebach) atrioventricular block. (b)
Effects of intracerebroventricular ouabain infusion on the frequency
distribution of durations of cardiac pauses in bradyarrhythmia
episodes. Open columns, baseline; solid columns, 1 ng kg-' h-'
ouabain; cross-hatched columns, 10ngkg-'h-' ouabain; stippled
columns, 100ngkg-'h-' ouabain; hatched columns, withdrawal.

mias. The frequency of bradyarrhythmias in the control
group did not differ from baseline conditions in the two
ouabain groups.

Types of bradyarrhythmias and durations of cardiac
pauses in bradyarrhythmia episodes were analysed in the i.c.v
ouabain group. Ouabain infusion had no effects on these
characteristics of bradyarrhythmias (Figure 3).

Discussion

The actions of 'cardiac' glycosides, digitalis agents, on CNS
functions have been studied for many years; they are also
recognized as 'neural' glycosides (Gillis & Quest, 1980).
Digitalis agents affect the release, uptake, synthesis, degrada-
tion, and storage of neurotransmitters such as noradrenaline,
dopamine, 5-hydroxytryptamine, acetylcholine and '-amino-
butyric acid (Gillis & Quest, 1980). Digitalis-induced arrhyth-
mias have been examined extensively; centrally administered
digitalis induces tachyarrhythmias through sympathetic act-
ivation. However, the high incidence of digitalis-induced arr-
hythmias during sleep cannot be explained by the findings
obtained from the earlier experimental studies in which
anaesthetized animals or doses of digitalis large enough to
induce seizures in conscious animals were used. Much atten-
tion must be given to whether the chronic i.c.v. infusion of a
small dose that does not induce convulsions or EEG abnor-
malities produces arrhythmias. The present study shows that
centrally administered ouabain induces bradyarrhythmias
during REM sleep without increasing the time spent in REM
sleep or changing arterial pressure.
The distribution of Na+, K+-adenosinetriphosphatase in

the rat brain is not uniform; relatively high activity of this
enzyme is found in the limbic system (Donaldson et al.,
1971). An autoradiographic study has revealed that [3H]-
ouabain administered intraventricularly is accumulated pre-
ferentially in this region; the inhibitory effect of ouabain
injected into the lateral cerebral ventricle on the enzyme
activity is also observed most significantly in this region.
These findings indicate that this region may be a major site
for both binding and action of i.c.v. ouabain.
The sensitivity of the limbic system to ouabain is different

among sleep states. Baldy-Moulinier et al. (1973) have shown
that the limbic system of cats becomes most sensitive to
ouabain during REM sleep. A low dose of ouabain induces
epileptic discharges on the EEG only during REM sleep
without arousing the animal; the high dose causes epileptic
phenomena during any sleep state and lethal convulsive
seizures. In a preliminary study (Tadokoro et al., 1991), we
also have confirmed that the chronic i.c.v. infusion of
ouabain at a dose of 1 tg kg-' h-' induces epileptic dis-
charges on the EEG only during REM sleep without arous-
ing rats. We therefore selected the smaller doses of
1-100ngkg-'h-' that do not result in any EEG abnor-
malities for the present study.
Our previous studies have shown that REM-sleep-related

bradyarrhythmias such as sinus arrest, sinoatrial block, and
type I (Wenckebach) second-degree atrioventricular block are
observed in normal rats (Saito et al., 1983; Otsuka et al.,
1986; 1987), and that the frequency of bradyarrhythmias is
decreased by vagotomy (Otsuka et al., 1986). Many earlier
electrophysiological studies have suggested the importance of
the neural activity generated phasically during REM sleep in
REM-sleep-related changes in the activity of the autonomic
nervous system (Calvo & Fernandez-Guardiola, 1984; Kline
et al., 1986; Otsuka et al., 1987); the phasic neural activity
spreads from the brain stem to the visual cortex and the
limbic system. It may be speculated that the phasic neural
activity stimulates limbic structures and results in bradyarr-
hythmias occasionally through drastic vagal activation.
Ouabain may prime the genesis of bradyarrhythmias during
REM sleep through a permissive action. We therefore
speculate that centrally infused ouabain can make limbic
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structures prone to be more activated by the phasic neural
activity. This proposed mechanism may also explain why
'continuously' infused ouabain increases 'sudden' cardiac
pauses only during REM sleep and does not affect average
HR. The present study may provide a new view of
mechanisms for digitalis-induced arrhythmias during sleep.

In conclusion, centrally administered ouabain aggravated

arrhythmias during REM sleep in freely moving rats. We
suggest that the CNS activity during REM sleep may be
involved in the centrally mediated arrhythmogenic properties
of ouabain.

We are grateful to Hiroyoshi Takatsuji of the Medical Research
Laboratory for excellent technical assistance.
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Effects of morphine metabolites on micturition in normal,
unanaesthetized rats
l*Yasuhiko Igawa, **Dagmar Westerling, *Anders Mattiasson & tKarl-Erik Andersson

Departments of *Urology, **Anaesthesiology, and tClinical Pharmacology, Lund University Hospital, Lund, Sweden, and
'Department of Urology, Shinshu University School of Medicine, Matsumoto, Japan

1 By means of continuous cystometry in normal, unanaesthetized rats, the effects on micturition of
intrathecally (i.t.) administered morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G), the
two main metabolites of morphine, were studied and compared with those of i.t. morphine.
2 Both M6G (0.01, 0.1, and 0.5 lg) and M3G (5 pg) were found to have significant effects on
micturition. Like morphine (0.1, 0.5, and 10pg), M6G was able to inhibit the micturition reflex, and
produce urinary retention and dribbling incontinence in a dose-dependent manner. The potency of M6G
for inhibiting micturition was approximately 10 times higher than that of morphine, and the duration of
its effect was longer. All effects of M6G could be reversed by naloxone.
3 M3G (5 jig) facilitated the micturition reflex, resulting in decreases in bladder capacity and micturi-
tion volume, and an increase in spontaneous contractile activity. Pretreatment with naloxone (10 fig),
which by itself had no effect on micturition, enhanced the facilitatory effects of M3G. In addition, M3G
tended to counteract the inhibitory effects of both morphine and M6G on micturition. M3G (5 jg) also
produced an excitatory behavioural syndrome.
4 It is concluded that in rats, i.t. M3G has excitatory effects on micturition and behaviour, probably
not mediated via opioid receptors. I.t M6G has a potent inhibitory effect on micturition mediated by
stimulation of opioid receptors. It may have effects on somatosensory afferent input in lower doses than
those required for effects on micturition.

Keywords: Morphine; morphine-3-glucuronide; morphine-6-glucuronide; naloxone; intrathecal administration; micturition;
cystometry; unanaesthetized rat

Introduction

It is well known that urinary retention may occur following
epidural administration of morphine and other opiates
(Bromage et al., 1982; Rawal et al., 1983; Stenseth et al.,
1985). This is due to complex effects on central and may be
also peripheral neurogenic mechanisms controlling the mic-
turition reflex (Dray & Metsch, 1984a,b,c,d; Hisamitsu & de
Groat, 1984; Dray et al., 1985; Dray & Nunan, 1987; Shel-
don et al., 1987; 1988; Berggren et al., 1992).

Morphine is metabolized predominantly to morphine-3-
glucuronide (M3G) and to a minor extent to morphine-6-
glucuronide (M6G; Boerner et al., 1975). These metabolites
are active and believed to contribute to the pharmacological
effects of morphine. Higher concentrations of M6G than of
morphine itself were found in plasma (Sawe et al., 1983;
Poulain et al., 1990) and cerebro-spinal fluid (Poulain et al.,
1990) after oral administration of morphine in man. M6G
was shown to have analgesic effects in mice (Shimomura et
al., 1971), and clinically, it produced long-lasting analgesia
when given to cancer patients (Osborne et al., 1992). M6G
binds to y and 6 receptors with apparent affinities similar to
those of morphine (Christensen & Jorgensen, 1987; Pasternak
et al., 1987; Frances et al., 1990). After administration of
M6G into the central nervous system, it has been reported to
have a 9 to 650 fold greater analgesic effect than morphine
administered via the same route (Pasternak et al., 1987;
Abbott & Palmour, 1988; Sullivan et al., 1989; Paul et al.,
1989; Gong et al., 1991; Frances et al., 1990; 1992). In
contrast, M3G does not bind to any opioid receptor subtype
(Pasternak et al., 1987), and is devoid of analgesic activity
(Shimomura et al., 1971; Yoshimura et al., 1973; Pasternak
et al., 1987). However, the metabolite has been shown to
produce hyperaesthesia/hyperalgesia via non-opioid related

'Author for correspondence at: Department of Urology, Lund
University Hospital, S-221 85 Lund, Sweden.

mechanisms in rats when administered intrathecally (i.t.;
Woolf, 1981; Yaksh et al., 1986; Yaksh & Harty, 1988) and
intracerebroventricularly (i.c.v.; Labella et al., 1979). It may
antagonize some pharmacological effects of morphine (Smith
et al., 1990) and M6G (Gong et al., 1991; 1992).
The effects of morphine on micturition in unanaesthetized

rats have been reported previously (Durant & Yaksh, 1988;
Igawa et al., 1992; Soulard et al., 1992). However, the effects
of M3G and M6G on micturition do not seem to have been
established. Particularly, if there is a separation between its
analgesic potency (high) and its potency for inhibiting the
micturition reflex (low), M6G, which has a longer duration
of analgesic action than morphine, would be an interesting
alternative for i.t. opioid treatment of pain.

In the present study, we have by means of continuous
cystometries in normal unanaesthetized rats, attempted to
define the potency of i.t. M6G for inhibiting the micturition
reflex, and compared it to that of i.t. morphine. We have also
investigated how i.t. M3G by itself influences micturition,
and whether the effects of i.t. morphine and M6G are
antagonized by i.t. M3G.

Methods

Animals

Female Sprague-Dawley rats, weighing 200-240 g, were used
in this study. The experimental protocol was approved by the
Animals Ethics Committee, University of Lund.

Surgical procedures

The rats were anaesthetized with ketamine (75 mg kg-', i.m.)
and xylazine (15 mg kg-, i.m.). A polyethylene catheter

0 Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 257-262
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(Clay-Adams PE-10, NJ, U.S.A.) was implanted into the
subarachnoid space at the level of L6-S1 spinal cord
segments for i.t. administration of drugs as described in
detail previously (Igawa et al., 1993b). Thereafter, the
abdomen was opened through a midline incision, and a
polyethylene catheter (Clay-Adams PE-50, NJ, U.S.A.) was
implanted into the bladder through the dome as described
previously (Malmgren et al., 1987). The catheters were tun-
nelled subcutaneously and orifices were made on the back of
the animal. After implantation of the catheters, rats were
housed individually in cages on a 12 h/12 h, light/dark photo
cycle. The injection sites in the spinal cord and the extent of
dye distribution were confirmed by injection of dye
(methylene blue) in every animal at the end of the experi-
ment.

Cystometric investigations

Cystometric investigations were performed without any
anaesthesia three days after the surgical preparation. The
bladder catheter was connected via a T-tube to a pressure
transducer (P23 DC, Statham Instrument Inc., CA, U.S.A.)
and a microinjection pump (CMA 100, Carnegie Medicine
AB, Sweden). The conscious rat was placed, without any
restraint, in a metabolic cage which also enabled
measurements of micturition volumes by means of a fluid
collector connected to a Grass force displacement transducer
(FT 03 C, Grass Instrument Co., Quincy, Mass, U.S.A.).
Room-temperature saline was infused into the bladder at a
rate of 10 ml h-'. Intravesical pressure and micturition
volumes were recorded continuously on a Grass polygraph
(Model 7E, Grass Instrument Co., Quincy, Mass, U.S.A.;
recording speed: 1Omm min-'). Three reproducible micturi-
tion cycles, corresponding to a 20 min period, were recorded
before drug administration. After each drug administration,
recording was continued for at least another 120 min. The
following cystometric parameters were investigated (Malm-
gren et al., 1987): basal pressure (the lowest bladder pressure
during filling), threshold pressure (bladder pressure
immediately prior to micturition), micturition pressure (the
maximum bladder pressure during micturition), bladder
capacity (residual volume at the latest previous micturition
plus volume of infused saline at the micturition), micturition
volume (volume of expelled urine), residual volume (bladder
capacity minus micturition volume), and spontaneous con-
tractile activity (mean amplitude and frequency of bladder
pressure fluctuations during 2 min prior to micturition).
Analysis was performed for a 20 min period before drug
administration. Drug effects on cystometric parameters were
assessed for 120 min, and the two most effective micturition
cycles were subjected to analysis.

Administration of drugs

The following drugs were used for i.t. administration:
morphine-3p-glucuronide (M3G), morphine-6,-glucuronide

80 BP Morph
40
0
4 MV
2

* . * . *. ..I

-10 0 10 20

(M6G), naloxone hydrochloride (Sigma Chemical Co., St.
Louis, Mo, U.S.A.), and morphine sulphate (Gacell
Laboratories, Malm6, Sweden). Drugs were dissolved in
redistilled water, and then stored at - 70°C. Subsequent
dilutions of the drugs were made on the day of experiments
with saline. Drugs were administered i.t. in 10ItI of saline
followed by a flush of 15 iLl of saline for 10 s; 10 iLl of saline
was injected i.t. as control, prior to drug administration.
Neither the placement of the i.t. catheter itself, nor i.t. injec-
tion of saline, affects the cystometric pattern (Igawa et al.,
1992; 1993b).

Statistical analysis
The results are given as mean values ± s.e.mean. Statistical
comparisons for experiments were based on doses expressed
as micrograms per rat. Student's paired two-tail t test was
used for comparison between before and after treatments.
Comparison between drugs was performed by using factorial
analysis of variance, and followed by Scheffe's F test. To
evaluate the antagonistic effects of M3G on the effects of
morphine or M6G, the incidence of urinary retention pro-
duced by these drugs were compared in the presence and
absence of M3G by using the Chi-square test. A probability
level <0.05 was accepted as significant.

Results

Effects ofmorphine

Morphine, administered i.t. in doses of 0.1 (n = 7), 0.5
(n = 9), 10 pg (n = 8), dose-dependently inhibited micturition,
eventually ending with urinary retention and dribbling incon-
tinence (Figure 1). After 0.1 tLg, threshold pressure, bladder
capacity and micturition volume increased (P<0.05; Table
1), but dribbling incontinence did not occur. The onset time
of the effects of morphine (0.1 g) was approximately 20 min.
The maximum effect was seen 30 to 40 min after the injec-
tion. Dribbling incontinence was observed after 0.5 (6 out of
9 animals) and 10 fg (8 out of 8; Figure 2). The onset times
of dribbling incontinence after 0.5 (n = 6) and 10 ,Lg (n = 8)
were 43 ± 7 and 19 ± 2 min, respectively. The duration of
dribbling incontinence after 0.5 fig was 51 ± 8 min (n = 5).

Effects of morphine-6-glucuronide

M6G, administered i.t. in doses of 0.01 (n = 7), 0.05 (n = 10),
and 0.5 fig (n = 7), inhibited micturition in a dose-dependent
manner (Figure 3). Dribbling incontinence was observed after
0.01 (1 out of 7 animals), 0.05 (7 out 10), and 0.5 tLg (7 out
of 7; Figure 2). After 0.01 tLg, threshold pressure, bladder
capacity, and micturition volume increased (P<0.01; Table
1). The onset time of the effects of M6G (0.01 sg) was
approximately 15 min. The maximum effect was seen within
30 min after the injection. The onset time of dribbling incon-

140 15030 40
Time (min)

Figure I Effects of morphine administered intrathecally (i.t.) on bladder pressure (BP cmH20) and micturition volume (MV ml)
during cystometry in a normal rat. Morphine (Morph 0.5 jig) inhibited micturition, and produced dribbling incontinence. The
cystometric pattern was restored to the pre-administration state about 140 min after the administration. *and 4t indicate adjustment
to baseline position and initiation of dribbling incontinence, respectively.
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tinence after M6G (0.05 fg; n = 7) was 20 ± 2 min, which
was significantly (P<0.01) shorter than the corresponding
value (43 ± 7 min) after morphine (0.5 fig; n = 6). The dura-
tion of dribbling incontinence after M6G (0.05 Ag; n = 5) was
165±29 min. This was significantly (P<0.01) longer than
that (51 ± 8 min) after morphine (0.5 pg; n = 5).

Table 1 Effects of intrathecal administration of morphine
(0.1I jg; n = 7) and morphine-6-glucuronide (M6G 0.01 g;
n = 6) on cystometric parameters in normal, unanaesthetized
rats

before

Th P
M P
B C
MV
R V

Morphine

10.7 ± 2.1
66.7 ± 15.9
1.15 ± 0.09
1.11 ± 0.06
0.03 ± 0.03

after

19.2 ± 3.6*
40.5 ± 5.4
1.51 ± 0.13*
1.48 ± 0.13*
0.03 ± 0.02

before

15.0 ± 2.5
63.8 ± 15.7
0.81 ± 0.09
0.75 ± 0.10
0.06 ± 0.02

M6G

100 r

C

0
._

C
.,
a0

0)
C-
a,

C)

after

39.0 ± 5.4**
61.5 ± 16.7
1.49 ± 0.16**
1.29 ± 0.15**
0.20 ± 0.08

Th P: threshold pressure (cmH20); M P: micturition
pressure (cmH2O); BC: bladder capacity (ml); MV:
micturition volume (ml); R V: residual volume (ml). Results
are expressed as mean ± s.e.mean. Before vs after:
*P<0.05; **P<0.01.

0

80 I
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401-

201-

5 10
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Figure 2 Dose-response relations for the inhibition of micturition
produced by morphine (0; n = 7-10) and morphine-6-glucuronide
(M6G, *, n = 7-10) administered intrathecally (i.t.). The effects of
morphine-3-glucuronide (M3G, 0.5 tsg administered i.t. 30 min before
morphine or M6G) on the effects of morphine (A; n = 6) and M6G
(A; n = 6) are included.

BP M6G
80
40
0
4 MV
2
0 * + * I
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Nalox
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Figure 3 Effects of morphine-6-glucuronide administered intrathecally (i.t.) on bladder pressure (BP cmH20) and micturition
volume (MV ml) during cystometry in a normal rat. Morphine-6-glucuronide (M6G 0.05 ug) inhibited micturition, and produced
dribbling incontinence. Naloxone (Nalox 10 pg, i.t.) reversed the effects of M6G. *and 4, indicate adjustment to baseline position
and initiation of dribbling incontinence, respectively.

a
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100L
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Figure 4 Effects of intrathecal (i.t.) administration of morphine-3-glucuronide (M3G 5 1tg) on bladder pressure (BP cmH20) and
micturition volume (MV ml) during cystometry in a normal rat in the absence (a) and presence (b) of naloxone (Nalox; 10 jig, i.t.).
(a) In the absence of naloxone, M3G decreased bladder capacity and micturition volume, and facilitated the spontaneous bladder
activity. (b) In the presence of naloxone (administered 10 min before M3G), the facilitatory effects of M3G were enhanced and
dribbling incontinence was induced. *indicates adjustment to baseline position.
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Table 2 Effects of intrathecal administration of
morphine-3-glucuronide (5 jug) in the absence (n = 7) and
presence (n = 4) of naloxone (10 sg i.t.) on cystometric
parameters in normal, unanaesthetized rats

Absence of naloxone
before after

ThP
MP
BC
MV

RV
ASA
FSA

16.3 ± 3.2
65.0 ± 2.0
0.94± 0.11
0.87 ± 0.08
0.07 ± 0.04
1.7 ± 1.1
0.4 ± 0.3

13.0 ± 2.0
91.6 ± 20.6
0.41 ± 0.04**
0.39 ± 0.04***
0.01 ± 0.01
8.0 ± 1.4***
2.1 ± 0.2***

Presence of naloxone
before after

13.8 ± 3.1
61.8 ± 12.8
0.68 ± 0.09
0.61 ± 0.10
0.06 ± 0.03
4.8 ± 2.1
0.6 ± 0.3

17.8 ± 2.7*

82.2 ± 12.5*

0.16 ± 0.04*

0.15 ± 0.04*

0.01 ± 0.01

13.2 + 2.7*
3.6 ± 0.4*t

ThP: threshold pressure (cmH20); MP: micturition pressure

(cmH20); BC: bladder capacity (ml); MV: micturition
volume (ml); RV: residual volume (ml); ASA: amplitude of
spontaneous activity (cmH20); FSA frequency of
spontaneous activity (min '). Results are expressed as

mean ± s.e.mean. Before vs after *P<0.05; **P<0.01
***P<0.001. Absence of naloxone vs presence of naloxone

Effects of morphine-3-glucuronide

M3G, administered i.t. in doses of 0.1 (n = 5) and 0.5 tg

(n = 5), by itself had no consistent effects on the cystometric
pattern (data not shown). After 5 itg, i.t. (n = 7), on the other
hand, bladder capacity and micturition volume decreased.
M3G also increased both the amplitude and frequency of the
spontaneous contractile activity (Figure 4a; Table 2). The
onset time of the effects of M3G was within S min. The
maximum effect was seen approximately 5 to 10 min after the
injection. The cystometric pattern was restored to the pre-

administration state within 60 min after injection. After S tLg,
i.t. a behavioural syndrome, characterized by agitation,
biting, vocalization and jumping, was also observed in all
animals. In the presence of M3G (0.5 fig, i.t., 30 min before
morphine or M6G), morphine (0.5 jig, i.t.) and M6G
(0.05 rig, i.t.) produced dribbling incontinence in 1 out of 6
animals and 3 out of 6, respectively (Figure 2). The changes
were not statistically significant. In these animals, the onset
time of dribbling incontinence was 75 min (morphine) and
14 ± 3 min (M6G), and the duration 24 min (morphine) and
136 ± 28 min (M6G).

Effects of naloxone

Naloxone, administered i.t. in doses of 10 (n = 7) and 100 yg
(n = 6), by itself had no effects on the cystometric pattern
(Figure 4b). However, naloxone (10 tg, i.t.) immediately
reversed the inhibitory effects of morphine (0.5 and 10 ig;
n = 12) and M6G (0.05 and 0.5 jig; n = 5; Figure 3) on each
occasion tested. In the presence of naloxone (10 jig, i.t.,
10 min before M3G), the frequency of the spontaneous con-
tractile activity induced by M3G (5 ,Lg, i.t.; n = 4) was
enhanced (Table 2). In three out of seven animals, M3G in
the presence of naloxone, caused a pronounced bladder
hyperactivity leading to dribbling incontinence (Figure 4b).

Discussion

The present study shows that M6G, and M3G, the two main
metabolites of morphine, when given i.t., have significant
effects on micturition in normal, unanaesthetized rats. Like
morphine, M6G was able to inhibit the micturition reflex,
and produce urinary retention and dribbling incontinence in
a dose-dependent manner, whereas M3G facilitated the mic-
turition reflex, resulting in decreases in bladder capacity and
micturition volume. M3G also induced an increase in spon-
taneous contractile activity and counteracted the inhibitory

effects of both morphine and M6G on micturition. An
inhibitory effect of i.t. morphine on micturition in unanaes-
thetized rats has been reported previously (Durant & Yaksh
1988; Igawa et al., 1992; Soulard et al., 1992), but to the best
of our knowledge the micturition effects of M6G have not
been described. The effects of M6G on micturition, like those
of morphine, may be mediated via opioid receptors, since the
opioid antagonist naloxone reversed its effects. Supporting
this view, M6G has been found to bind to 1t- and 6-sites with
apparent affinities similar to those of morphine (Christensen
& J0rgensen, 1987; Pasternak et al., 1987; Frances et al.,
1990).

In the present study, the potency of i.t. M6G for inhibition
of micturition was approximately 10 times higher than that
of i.t. morphine (see Figure 2). With regard to antinocicep-
tion, a higher potency of M6G than of morphine has been
established in different tests including tail-ffick, hot-plate, and
writhing tests performed in rats and mice (Pasternak et al.,
1987; Abbott & Palmour, 1988; Paul et al., 1989; Gong et al.,
1991; Frances et al., 1990; 1992). However, the degree of
relative antinociceptive potency of M6G is dependent on the
pharmacological test chosen and the method of administra-
tion. The writhing test is thought to represent the response to
noxious visceral stimulation (Schmauss & Yaksh; 1984; Por-
reca et al., 1987), while both tail-flick and hot-plate tests may
reflect the responses to somatosensory cutaneous pain
(Groossman et al., 1973; Holmgren et al., 1986). Interest-
ingly, the relative potency of i.t. M6G for inhibition of
micturition observed in the present study, is almost the same
as that of i.c.v. M6G for visceral antinociception, as judged
by writhing test (9 times; Gong et al., 1991) and for depres-
sion of ventilation (10 times; Gong et al., 1991). This value is
considerably lower than that for somatosensory antinocicep-
tion as judged by tail-flick and/or hot-plate tests via the i.c.v.
route (20-360 times; Pastemak et al., 1987; Paul et al., 1989;
Gong et al., 1991; Frances et al., 1992) and via the i.t. route
(650 times; Paul et al., 1989). Thus, i.t. M6G may have a
more selective effect on somatosensory antinociception than
on micturition and ventilation. If this is the case also in man,
it may be of clinical interest, since M6G would then be an
interesting alternative for i.t. opioid treatment of certain
types of pain.

In the rat, distinct it and 6, but not K, receptors are known
to be involved in central opioid modulation of bladder
motility, both at supraspinal (Dray & Metsch, 1984a,b; Dray
et al., 1985; Dray & Nunan, 1987; Sheldon et al., 1987) and
spinal (Dray & Metsch, 1984c,d; Dray et al., 1985; Dray &
Nunan, 1987; Sheldon et al., 1988) sites. However, Sheldon et
al. (1987; 1988) demonstrated in the rat that the identical
inhibitory effects of several ni-receptor agonists on bladder
motility could be antagonized differently. This suggested the
presence of .t receptor subtypes (p-isoreceptors) in the rat
spinal cord and brain. Such receptors may be involved in the
regulation of bladder function, and it may be speculated that
the subtype of it receptor involved in spinal and/or supras-
pinal modulation of bladder motility is different from that
involved in somatosensory antinociception. Supporting such
a view, Hucks et al. (1992) found that M6G had a 4 to 5 fold
lower binding affinity for the t2 receptor subtype than mor-
phine. The ,.2 receptor is believed to mediate, e.g., respiratory
depression (Ling et al., 1985). In line with this, spinal and/or
supraspinal t2 receptors may be involved also in the
inhibitory action of M6G on micturition.
The present study demonstrated that M3G by itself

facilitated the micturition reflex, and functionally tended to
antagonize the effects of both morphine and M6G on mic-
turition. After a high dose of i.t. M3G, an excitatory
behavioural syndrome was observed. The excitatory effects of
M3G, and its antagonistic effect on the opioid-induced
inhibition of micturition may not be related to an opioid-
mediated mechanism, since M3G has been found not to bind
to any type of opioid receptor (Pasternak et al., 1987). This is
in line with the view that M3G may induce hyperalgesia,
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respiratory stimulation and behavioural excitation by non-
opioid mechanisms (Yaksh et al., 1986; Yaksh & Harty,
1988; Pelligrino et al., 1989; Gong et al., 1991). The finding
that M3G-induced contractile activity in the bladder was
enhanced by naloxone does not contradict this view. Even if
naloxone by itself had no stimulatory effects on bladder
activity, the drug can be expected to counteract any existing
endogenous opioid inhibitory tone, and thus enhance the
stimulatory actions of M3G. The excitatory actions of M3G
have been postulated to be due to a block of y-aminobutyric
acid (GABA)-mediated inhibition (Robinson & Deadwyler,
1980), or to interference with glycine (Woolf, 1981). We have

found that bicuculline, a GABAA antagonist given i.t. to
normal, unanaesthetized rats, produced an excitatory effect
on micturition (Igawa et al., 1993a), which resembled the
effect of M3G found in the present study. It may therefore be
speculated that M3G facilitates the micturition reflex due to
inhibition of central GABA-ergic transmission. Whether or
not this is the case is currently under investigation.

This project was supported by the Swedish Medical Research Coun-
cil (no 6837 & 10399), and by the Medical Faculty of Lund, Sweden.
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The effects of ATP and o4,-methylene-ATP on cytosolic Ca2+
level and force in rat isolated aorta

'Satoshi Kitajima, Hiroshi Ozaki & Hideaki Karaki

Department of Veterinary Pharmacology, Faculty of Agriculture, The University of Tokyo, Bunkyo-ku, Yayoi 1-1-1, Tokyo
1 3, Japan

1 The effects of a non-selective P2-receptor agonist ATP and a selective P2x-receptor agonist a,p-
methylene-ATP on intracellular free Ca2+ level ([Ca2+]j) and force were examined in rat isolated aorta
without endothelium.
2 Both ATP (1-10001M) and a,-methylene-ATP (O.1-100iM) induced transient increase followed by
small sustained increase in [Ca2+], in a concentration-dependent manner. Compared with the force
induced by a high concentration of KCI, the force induced by a,-methylene-ATP was smaller and that
induced by ATP was much smaller at a given [Ca2+],.
3 An L-type Ca2` channel blocker, verapamil (10I1M), completely inhibited the high K+-stimulated
[Ca2+]i and force. Verapamil partially inhibited the transient and sustained increases in [Ca2+], induced
by 10 pLM a,-methylene-ATP and the sustained increase but not the transient increase induced by 1 mM
ATP.
4 In the absence of extracellular Ca2+ (with 0.5 mM EGTA) 1 mM ATP caused transient increase in
[Ca2+], while 10IJM a,P-methylene-ATP was ineffective
5 ATP, but not a,3-methylene-ATP, increased the tissue adenosine 3':5'-cyclic monophosphate (cyclic
AMP) level.
6 These data suggest that ATP and x,P-methylene-ATP increase [Ca2+]i by an activation of both L-type
and non-L-type Ca2+ channels. In addition, ATP, but not a,-methylene-ATP, increases [Ca2+]i by a
release of Ca2+ from an intracellular Ca2+ store. Possible reasons are discussed as to why the increase in
[Ca2+]i due to ATP and a,j-methylene-ATP resulted in only a small contraction.

Keywords: ATP; a,-methylene-ATP; vascular smooth muscle; cytosolic Ca2+ level; contraction; Ca2+ sensitivity

Introduction

In smooth muscles, ATP is released from purinergic nerve
endings as a transmitter or from cholinergic and adrenergic
nerve endings as a cotransmitter and is involved in the
physiological regulation of smooth muscles (for review, see
Burnstock, 1990; Olsson & Pearson, 1990; El-Moatassim et
al., 1992). Although the responses mediated by ATP are
usually inhibitory in oesophagus, stomach, small and large
intestines, they are excitatory in vas deferens and urinary
bladder (see, Gordon, 1986). In blood vessels, ATP induces
either contraction or relaxation (Kennedy et al., 1985; Ken-
nedy & Burnstock, 1985; Ralevic et al., 1991). The diversity
of the effects of ATP on smooth muscle contractility may be
due to the multiple receptor subtypes coupled to different
signal transduction pathways.

Purinoceptors are classified into PI and P2 subtypes. P2
receptors are further classified into P2X and P2Y subtypes
(Burnstock & Kennedy, 1985). P2x receptors are linked to
non-selective cation channels whereas P2Y receptors are
linked to phospholipase C (Kennedy, 1990). ATP also
activates a 'nucleotide' receptor in vascular smooth muscle
(Chinellato et al., 1992) which is also coupled to phos-
pholipase C (O'Connor, 1992). In the phaeochromocytoma-
derived PC12 cell line, ATP has been shown to elicit an
inward current (Nakazawa et al., 1990), Ca2+ influx and
inositol 1,4,5-trisphosphate (IP3) accumulation (Fasolato et
al., 1990). The existence of an ATP-activated Ca2+-permeable
cation channel has recently been reported in smooth muscles
(Benham & Tsien, 1987; Honore et al., 1989). Rembold et al.
(1991) have demonstrated that ATP transiently increases
[Ca2+]i as measured by aequorin-luminescence, myosin light
chain phosphorylation and force in swine carotid artery and
suggested that ATP induces contraction by an increase in
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transmembrane Ca2" influx through activation of the P2X
receptor. On the other hand, in rat cultured aortic smooth
muscle cells, ATP has been shown to mobilize intracellular
Ca2+ by an increase in IP3 (Tawada et al., 1988). In canine
gastric smooth muscle, ATP increases both Ca2+ release and
protein kinase C activity (Ozaki et al., 1992). In this muscle,
products of phosphatidylinositol turnover inhibit spon-
taneous rhythmic contractions by reducing Ca2+ channel
activity, possibly through the activation of Ca2"-dependent
K+ channels (IP3-induced Ca2+ release from sarcoplasmic
reticulum) and/or the direct inhibition of Ca2+ channels
(phosphorylation by protein kinase C). These results suggest
that different subtypes of purinoceptors in smooth muscle are
coupled to different signal transduction pathways.

In order to examine further the role of purinoceptors in
vascular smooth muscle, we observed the effects of ATP on
[Ca2+],, force, and Ca2; sensitivity of contractile elements.
For these purposes, we compared the effects of ATP with
a,x-methylene-ATP, a poorly hydrolyzable and P2X-specific
analogue of ATP.

Methods

Male Wistar rats (250-300 g) were stunned and bled and the
thoracic aorta was dissected. After removal of fat and con-
nective tissues, the aorta was cut into helical strips approx-
imately 2 mm in width and 8 mm in length. The endothelium
was removed by gently rubbing the intimal surface with a
finger moistened with physiological salt solution (PSS). This
procedure changed neither the magnitude of high K+-
induced contraction nor the threshold concentration of KCl
required to induce contraction, suggesting that the smooth
muscle layer was not damaged. In such tissue, 1 piM car-
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bachol, a releaser of endothelium-derived relaxing factor, did
not change the contraction induced by 0.1 ILM noradrenaline,
suggesting that the endothelium had been removed. Normal
PSS contained (mM): NaCl 136.9, KCI 5.4, CaC12 1.5, MgCl2
1.0, NaHCO3 20.0, glucose 5.5 and EDTA 0.01. A solution
with elevated K+ was made by replacing NaCl with
equimolar KCI. A Ca2"-free solution was made by removing
CaC12 and adding 0.5 mM EGTA. These solutions were
maintained at 37°C and aerated with 95% 02 and 5% CO2.
Muscle force was recorded isometrically with a force dis-
placement transducer.

[Ca2+], was measured according to the method described
by Ozaki et al. (1987) and Sato et al. (1988) using fura-2
(Grynkiewicz et al., 1985). Muscle strips were exposed to the
acetoxymethyl ester of fura-2 (5 ELM) in the presence of 0.02%
cremophor EL for 3 to 4 h at room temperature. The muscle
strip was then transferred to the muscle bath integrated in
the fluorimeter (CAF-100) and illuminated alternately
(48 Hz) with two excitation wave lengths (340 nm and
380 mm). Fluorescence at 500 nm was measured, and the
ratio of the fluorescence induced by these two wavelengths
was calculated and used as a indicator of [Ca2']i. Absolute
[Ca2+], was not calculated because the dissociation constant
of fura-2 for Ca2+ may change in smooth muscle cells

5 min
a I |m

[Calil

(Konishi et al., 1988; Karaki, 1989). Ratios of fluorescence in
the resting muscle and that in the depolarized muscle with
elevated external K+ (72.4 mM) were considered as 0 and
100%, respectively.
Tissue adenosine 3': 5'-cyclic monophosphate (cyclic AMP)

content was measured with a competitive radioimmunoassay
(Abe & Karaki, 1988). Subsequent to an incubation, muscle
strips were frozen in liquid nitrogen and homogenized in 6%
trichloroacetic acid solution. After centrifugation twice at
3,000 r.p.m., trichloroacetic acid in the supernatant was
removed by washing with water-saturated ether, and the
succinylated cyclic AMP was assayed by a competitive
radioimmunoassay (Yamasa Shoyu, Tokyo, Japan). Tissue
guanosine 3',5'-cyclic monophosphate (cyclic GMP) content
was measured by competitive radioimmunoassay.

Chemicals used were verapamil hydrochloride, a,p-
methylene-adenosine 5'-triphosphate (a,-methylene-ATP)
(Sigma Chemicals, St. Louis, U.S.A.), adenosine 5'-
triphosphate (ATP) (Yamasa Shoyu, Tokyo, Japan), fors-
kolin (Nihon Kayaku, Tokyo, Japan), acetoxymethyl esters
of fura-2 (Dojindo Laboratories, Kumamoto, Japan) and
cremophor EL (Nacarai Chemicals, Tokyo, Japan). The pH
of ATP and a,p-methylene-ATP stock solutions was adjusted
to 7.4 by addition of NaOH.
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Figure 1 Typical recordings of the effects of ATP (a) and a,p-methylene-ATP (b) on [Ca2J]i (upper trace) and contraction (lower
trace) in rat isolated aorta loaded with a Ca2" indicator, fura-2. ATP (1 mM) and x,4-methylene-ATP (1O pM) induced transient
increase in [Ca2]i followed by sustained increase. As compared with the effects of high K+, ATP and x,j-methylene-ATP induced
sustained increases in [Ca2+]i with smaller contractions. Lower panels show concentration-dependent effects of ATP (c) and
m,p-methylene-ATP (d) on [Ca2"]i and force. The peak [Ca2+]i (0) and force (0) and the values of [Ca2]i (0) and force (0) at
Omin are plotted against the concentrations. Each point represents mean ± s.e.mean of 4 experiments.
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The numerical data are expressed as mean ± s.e.mean.
Differences were evaluated by Student's t test, and a P value
less than 0.05 was considered to be statistically significant.

Results

Effects ofATP and a,4-methylene-ATP on [Ca2-]i and
force
Figure 1 shows the typical changes in [Ca2+]i and force in
response to 1 mM ATP and 10 JAM a,4-methylene-ATP in rat
isolated aorta. ATP (1 mM) induced a rapid increase in
[Ca2+], (162.8 + 7.0%, n = 4) followed by a small sustained
increase which reached a plateau after about 10 min
(37.7 ± 2.0%, n = 4). Although 1 mM ATP increased [Ca2+],
to a level higher than that induced by high K+ solution, it
induced only a small transient force (15.2 ± 2.5%, n = 4).
a$,,-Methylene-ATP (10 JM) also induced a rapid increase in
[Ca2+], (138.4 + 4.2%, n = 4) followed by a small sustained
increase which reached a plateau after about 10 min
(11.5 ± 1.7%, n = 4). As with ATP, a,4-methylene-ATP
induced a smaller force (32.1 ± 5.5%, n = 4) than high K+.

Figure Ic and d shows the effects of various concentrations
of ATP (0.1-1000JIM) and at,p-methylene-ATP (0.01-100
JAM) on [Ca2+]i and force. Peak Ca2+ transient and force
increased with the increase in the concentrations of ATP and
a,-methylene-ATP.

Effects of verapamil on [Ca2+]i andforce induced by
ATP or x,P-methylene-A TP
The mechanism of the increases in [Ca2+], due to ATP and
x,P-methylene-ATP was examined by use of the L-type Ca2+
channel blocker, verapamil (Figure 2a,b). Verapamil (10JM)
completely inhibited the high K+ (72.4 mM)-induced increase
in [Ca2+]i and force (n = 4, data not shown). In the presence
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of 10 JAM verapamil, 1 mM ATP-induced peak [Ca2+]J and
force were not affected. Verapamil, on the other hand,
inhibited the 10 JAM a,-methylene-ATP-induced peak [Ca2+]i
from 138.4 ± 4.2 to 79.3 ± 4.1% (n = 4, P< 0.01) and force
from 32.1±5.5 to 7.4±1.6% (n=4, P<0.01). Verapamil
also inhibited the sustained component of [Ca2+]J in the
presence of a,p-methylene-ATP more strongly (from
11.5 ± 1.7 to 3.8 ± 0.3%, n = 4, at 10 min) than those in the
presence of ATP (from 37.7 ± 2.0 to 31.3 ± 1.4%, n = 4, at
10 min), although the sustained component of force was not
affected by verapamil.

Effects ofATP and o,-methylene-ATP on [Cal'j and
force in Ca2--free solution
Muscle strips were first treated with high K+ (72.4 mM) for
5 min to load Ca2+ in storage sites (Karaki et al., 1979).
After the Ca2+ loading, external Ca2+ was removed which
decreased [Ca2+]i below the resting level. As shown in Figure
3, ATP (1 mM) induced a transient increase in [Ca2+],
(116.2 ± 22.1%, n = 4) and force (7.0 ± 1.8%, n = 4) in the
absence of external Ca2 . Sequential addition of a,-
methylene-ATP (10 JiM) did not change [Ca2+], or force.

In the absence of external Ca2 , 10 JM a,-methylene-ATP
induced only a small increase in [Ca2+], (6.7 + 3.5%, n = 4)
with no detectable force. Sequential addition of ATP (1 mM)
induced a transient increase in [Ca2+],_ (122.1 + 14.2%, n = 4)
with a small increase in force (9.8 ± 3.1%, n = 4).

Effects ofATP after the desensitization of the P2X
receptor

It has been shown that x,4-methylene-ATP has the ability to
desensitize P2X purinoceptors (Burnstock & Kennedy, 1985).
As demonstrated in Figure 4, the increase in [Ca2+], and
force induced by a,-methylene-ATP (10 JAM) became smaller
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Figure 2 Effects of verapamil (i) on the increases in [Ca2+]i and force induced by ATP (0) (a) and ax,J-methylene-ATP (0) (b).
After treatment of the muscle with verapamil (10 1AM) for 7 min, ATP (1 mM) or aJ,-methylene-ATP (10AM) was added. Each point
represents mean ± s.e.mean of 4 experiments. Significantly different from respective control with *P<0.05 and **P<0.01.
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Figure 3 Effects of ATP (a) and a,-methylene-ATP (b) on [Ca2+]i (upper trace) and contraction (lower trace) in the absence of
external Ca2l. After treatment of tissue with high K+ (72.4 mM) for 5 min, external Ca2+ was removed (with 0.5 mM EGTA) for
2 min. ATP (I mM) and m,p-methylene-ATP (10 jAM) were then added. ATP transiently increased [Ca2+]i although a,P-methylene-
ATP showed little effect. In the presence of ATP or a,p-methylene-ATP, a,-methylene-ATP or ATP, respectively, was added
sequentially. ATP transiently increased [Ca24]i even after treatment of the tissue with a,p-methylene-ATP.
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Figure 4 Effects of ATP on [Ca24]i and contraction after repeated
application of a,$-methylene-ATP (1O gM) for 5 min at 5 min inter-
vals. During the third application of z,p-methylene-ATP, ATP
(1 mM) was added which produced an additional increase in [Ca2]i
and contraction.

during repeated applications. The peak [Ca24]i and the peak
force due to the third application of ,p-methylene-ATP were
only 51.9 ± 4.9% (n = 4) and 57.4 ± 14.8% (n = 4), respec-
tively, of those due to the first applications of a,-methylene-
ATP. Addition of 1 mM ATP during the third application of
OE,P-methylene-ATP induced additional increase in [Ca24]i to
78.4 ± 6.4% and force to 177.6 ± 50.0% (n =4) of those
obtained without a,,-methylene-ATP pretreatment.

Effects ofATP and cc,j-methylene-ATP on cyclic AMP
and cyclic GMP levels

Figure 5 summarizes the effects of ATP (1 mM) and a,-
methylene-ATP (10jIM) on cyclic AMP content. ATP (1 mM)
increased cyclic AMP content (to 183.4% in 1 min and
145.3% in 5 min). In contrast, a,-methylene-ATP (1OgM)
did not increase cyclic AMP content. Treatment of the mus-
cle for 5 min with an activator of adenylate cyclase, forskolin
(1 ;AM), increased cyclic AMP content to 352.8%.

Figure 5 Effects of ATP and a,,-methylene-ATP on cyclic AMP
contents. Muscle strips were treated with ATP (1 mM), a,A-
methylene-ATP (10 p4M) or forskolin (FK, 1 pM) for I or 5 min.
Significantly different from the control with *P< 0.05 and
*P < 0.01, respectively.

Cyclic GMP content of resting tissue was 139.2 ± 0.7
pmol g-' tissue (n = 5). ATP (1 mM) did not change the
cyclic GMP content (131.1 ± 13.1 pmol g-' tissue 1 min-',
n = 5 and 161.4 ± 6.4 pmol g-' tissue Smin' , n =5). a,p-
methylene-ATP also did not change the cyclic GMP content
(139.2 ± 12.6 pmol g-I tissue 1 min', n = 5 and 127.8 ± 8.1
pmol g' tissue 5 min-', n = 5).

Discussion

The results of the present study demonstrated that ATP
elicited a large and transient increase followed by a small and
sustained increase in [Ca24]j. Verapamil did not inhibit the
ATP-induced initial transient increase in [Ca24]i but it par-
tially (by approximately 15%) inhibited the sustained inc-
rease. It has been demonstrated that, in rat aorta,
noradrenatine, prostaglandin F2e and endothelin-I induced
sustained increases in [Ca2+]i and verapamil almost complete-

a b

[Cali

Force

Ca-free

I 100%

] 1 mN



ATP ON CYTOSOLIC Ca2+ AND FORCE IN SMOOTH MUSCLE 267

ly inhibited these increases (>80%; Hori et al., 1992). These
results suggest that the mechanism by which ATP increases
[Ca2+], is different from that activated by other receptor
agonists. It has been shown that ATP opens non-selective
cation channels which are permeable to Ca2+ and not sen-
sitive to Ca2" channel blockers (Benham & Tsien, 1987;
Honore et al., 1989). Thus, it is possible that the ATP-
induced increase in [Ca2+], may be partly mediated by the
opening of this type of channel. In the absence of external
Ca2+, ATP induced a rapid and transient increase in [Ca2+]i.
These results suggest that ATP releases Ca2+ from intracel-
lular storage sites and this may partly be responsible for the
initial phase of the ATP-induced response. This ATP-induced
Ca2+ release might be induced by the increase in IP3, as has
been reported in cultured vascular smooth muscle cells
(Tawada et al., 1988). Although we did not identify the type
of non-P2x receptor in the present experiments, either the P2Y
purinoceptor or nucleotide receptor may be mediating the
Ca2+ release due to ATP (see Introduction). However, the
P2Y purinoceptors seem to be less likely because this type of
receptor is generally found on the vascular endothelium
(Burnstock & Kennedy, 1985) which was removed in the
present study.

a,,P-Methylene-ATP also induced an initial transient inc-
rease in [Ca2+], followed by a sustained increase. In contrast
to the effects of ATP, verapamil partially inhibited [Ca2+]i at
the initial phase. Another difference was that a,-methylene-
ATP did not induce a transient increase in [Ca2J]i in Ca2+-
free solution. These results suggest that a,,-methylene-ATP
does not release Ca2+ from storage sites and that it activates
a non-selective cation channel. It was also found that
repeated application of oa,j-methylene-ATP induced partial
desensitization which is one of the characteristics of P2X
purinoceptors (Burnstock & Kennedy, 1985). These results
suggest that ax,P-methylene-ATP activates mainly P2X recep-
tors, opens non-selective cation channels, and increases influx
of Ca2+ (and possibly other cations) through this type of
channel that in turn depolarizes membrane to activate
voltage-dependent Ca2" channels. The transient increase in
[Ca2+]i may partly be due to the rapid desensitization of P2X
receptors. In the muscle strips pretreated with a,P-methylene-

ATP, [Ca2+]i and force stimulated by x,j-methylene-ATP
decreased to 51.9% and 57.4%, respectively. In these desen-
sitized muscle strips, ATP induced an additional increase in
[Ca2+]i and force even in the presence of ax,-methylene-ATP.
The increase in [Ca2J+] was 78.4% of that in the absence of
pretreatment with a,j-methylene-ATP. These results support
the suggestion that ATP activates not only P2X purinoceptors
but also other type of receptors.

Although, ATP and a,3-methylene-ATP induced large inc-
reases in [Ca2+],, these stimulants induced only small contrac-
tions. Since it has been shown that ATP is metabolized to
adenosine possibly by smooth muscle ecto-nucleotidase
(Rembold et al., 1991); that adenosine activates PI receptors
to increase cyclic AMP (Burnstock & Kennedy, 1985), and
that cyclic AMP decreases Ca2+ sensitivity of smooth muscle
contractile elements (Karaki, 1989), we measured cyclic
nucleotide contents. Results indicated that ATP but not a,-
methylene-ATP increased cyclic AMP content without chang-
ing cyclic GMP content. These results suggest that the dis-
sociation between [Ca2+]i and force stimulated by ATP may
be partly explained by the cyclic AMP-induced Ca2+ desen-
sitization of contractile elements. However, this is unlikely to
be an important mechanism in dissociation since o,-
methylene-ATP also caused similar dissociation without in-
creasing cyclic AMP content. An alternative possibility has
been suggested by Himpens et al. (1992) in cultured smooth
muscle cells; ATP may increase Ca2" in the nucleus. Further
studies are necessary to determine whether fura-2 detects not
only the cytosolic free Ca2+ level but also the Ca2+ level in
the nucleus.

In conclusion, ATP and a,-methylene-ATP increase
[Ca2+]i by an activation of L-type (verapamil-sensitive) and
non-L-type (verapamil-insensitive) Ca2+ channels possibly
through activation of P2X purinoceptors whereas ATP, but
not a,,B-methylene-ATP, has an additional effect, releasing
Ca2+ from storage sites.

This work was supported by Grant-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture, Japan and a
research grant from Ciba-Geigy Foundation (Japan).
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Desensitization of histamine H1 receptor-mediated inositol
phosphate accumulation in guinea pig cerebral cortex slices
'D.R. Bristow, P.C. Banford, I. Bajusz, *A. Vedat & *J.M. Young

Department of Physiological Sciences, University of Manchester, Stopford Building, Oxford Road, Manchester Ml 3 9PT and
*Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge, CB2 1QJ

1 Histamine stimulated the production of [3H]-inositol phosphates in untreated (control) guinea-pig
cerebral cortex slices with a best-fit ECM of 17 ± 4 jLM, and a best-fit maximum response of 385 ± 23%
over basal accumulation.
2 Histamine pretreatment desensitized guinea-pig cortex slices to a subsequent challenge with his-
tamine, which was observed as a reduction in the best-fit maximum response to 182 ± 32% over basal
accumulation.
3 The time-course for the histamine-induced production of [3H]-inositol phosphates was approximately
linear over 90 min of stimulation in both control and histamine pretreated slices. The rate of production
in pretreated slices was significantly slowed compared to control, such that by 90 min of histamine
stimulation the desensitized slices produced 2.8 times the basal [3H]-inositol phosphate accumulation
compared to 5.3 fold the basal [3H]-inositol phosphate accumulation in the control slices.
4 Displacement of [3H]-mepyramine binding to homogenates of guinea-pig cerebral cortex by mepy-
ramine and histamine revealed that histamine pretreatment did not alter the apparent affinity of the H1
receptor for histamine (control Kd = 6.3 ± 0.7 iLM, desensitized K = 7.9 ± 1.6 tiM) or mepyramine (con-
trol Kd = 3.4 ± 0.8 nM, desensitized Kd = 3.4 ± 1.3 nM), nor was there any reduction in the calculated
maximum number of [3H]-mepyramine binding sites (control B__ = 192 + 31 fmol mg-' protein, desen-
sitized Bm,= 220 ± 50 fmol mg-' protein).
5 The histamine-mediated desensitization of response in guinea-pig slices was mediated by the HI
receptor subtype, since the attentuated maximum histamine-stimulated [3H]-inositol phosphate accum-
ulation could not be prevented by inclusion of an H2- (ranitidine) and an H3- (thioperamide) receptor
antagonist during the pretreatment period.
6 The desensitized histamine-stimulated [3H]-inositol phosphate accumulation recovered to 90% of
control levels over a period of 150 min after the removal of the conditioning dose of histamine, with a
half-time of recovery of about 95 min.

Keywords: Histamine HI receptors; desensitization; [3H]-inositol phosphates; guinea-pig cerebral cortex

Introduction

It is well known that many hormone- and neurotransmitter-
induced signalling pathways are desensitized after persistent
agonist stimulation. This ubiquitous regulatory mechanism is
manifest as an attenuation of cellular responsiveness to con-
tinued or subsequent receptor activation and plays a pivotal
role in regulating cellular homeostasis. In addition, in vivo
receptor desensitization has clinical implications, being pur-
ported to have a role in the aetiology of several diseases
(Brodde & Michel, 1989) and suggested to be responsible for
the tolerance to certain drugs after long-term treatment
(Brodde & Michel, 1989; Rickels et al., 1983).
The molecular mechanisms underlying receptor desensitiza-

tion appear multifaceted and can be divided into two phases:
homologous desensitization (receptor-specific) which involves
the selective loss of response to the stimulated receptor only,
and heterologous desensitization (receptor non-specific) which
in addition to a reduced responsiveness of the stimulated
receptor, also involves an attenuation of responses induced
by other receptor systems. The molecular basis for agonist-
induced desensitization has been characterized in detail for
the catecholamine-induced desensitization of the ,-adreno-
ceptor system. Here, both phases of desensitization can be
observed that appear to be mediated, at least in part, by
protein phosphorylation (Huganir & Greengard, 1990). In
contrast to the P-adrenoceptor-adenylate cyclase pathway,
much less information is available on the mechanisms of
agonist-induced desensitization of receptors coupled to phos-
pholipase C (PLC). There is evidence that receptors coupled

I Author for correspondence.

to PLC, such as muscarinic acetylcholine receptors, al-
adrenoceptors, angiotensin II and histamine HI receptors,
desensitize by both homologous and heterologous mechan-
isms and that modulation of the activity of protein kinase C
can affect the development of desensitization (Hepler et al.,
1988; Mitsuhashi & Payan, 1988; Cowlen et al., 1990), impli-
cating a role for phosphorylation in this process (Huganir &
Greengard, 1990).

Histamine is an established neurotransmitter in the mam-
malian CNS, where it is found in discrete pathways (Pollard &
Schwartz, 1987). It interacts with three pharmacologically
distinct receptors subtypes in the CNS, HI, H2 and H3, to
regulate a plethora of physiological actions, such as arousal
state, locomotor activity, brain energy metabolism, neuroendo-
crine, autonomic and vestibular functions, feeding, drinking,
sexual behaviour and analgesia (Wada et al., 1991). Much
work in the brain has focused on the histamine HI receptor
which is coupled to inositol phospholipid hydrolysis, and thus
to the mobilization of intracellular calcium (Hill, 1990). The
responses induced by HI receptors can be desensitized after
prolonged agonist stimulation in both a homologous (Naka-
hata & Harden, 1987; Dillon-Carter & Chuang, 1989; Cowlen
et al., 1990) and heterologous (Brown et al., 1986;
McDonough et al., 1988) manner. Previous studies have
shown that the histamine-induced hydrolysis of membrane
inositol phospholipids (Nakahata & Harden, 1987; Cowlen et
al., 1990) is desensitized by agonist pretreatment, as well as the
intracellular pathways distal to calcium mobilization, such as
histamine-stimulated guanosine 3': 5'-cyclic monophosphate
(cyclic GMP) formation (Taylor & Richelson, 1979), -glycogen
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hydrolysis (Quach et al., 1981) and -calcium fluxes (Brown et
al., 1986). However, the HI agonist-induced desensitization of
histamine-stimulated inositol 1,4,5-trisphosphate (1P3) produc-
tion has only been characterized in cultured cells and not in
more complex CNS tissue preparations, such as brain slices,
which contain a heterogeneous populations of communicating
cells. In this paper we describe the desensitization of HI
receptor-mediated inositol phosphate production in guinea-pig
cerebral cortex slices.

Methods

Accumulation and extraction of [3H]-inositol phosphates

Guinea-pig cerebral cortices (male, Dunkin Hartley strain,
350-500g) were cross-chopped into 350 x 350gim slices
(McIlwain tissue chopper), dispersed and washed 3 times in
Krebs-Henseleit medium (composition in mM: NaCl 116,
KCI 4.7, MgSO4 1.1, KH2PO4 1.2, NaHCO3 25, CaCI2 2.5, D-
glucose 11). The slices were then incubated at 37°C in con-

tinuously gassed (95% 02:5% C02) Krebs-Henseleit medium
for 60 min with 4 changes of medium. A proportion of the
slices were preincubated in histamine (100 JAM) containing
Krebs-Henseleit medium and the remainder preincubated in
Krebs-Henseleit medium alone for 30 min at 37C with con-

tinuous gassing (95% 02:5% C02). In experiments to deter-
mine the receptor subtype mediating the desensitization
effect, ranitidine (100 JAM, H2 antagonist) and thioperamide
(1 AM, H3 antagonist) were included in both the control and
histamine pretreatment mediums. The slices were washed
thoroughly (4 x 50 ml Krebs-Henseleit medium) and transfer-
red to an Eppendorf Multipipette tip and allowed to settle
under gravity. Aliquots of the slices (50 Al, approx 1.5 mg
protein) were added to 190JAl of Krebs-Henseleit medium
containing 0.33 JAM myo-[2-3H]-inositol (1 JCi per incubation)
and 10mM LiCl, in insert vials. The vials were gassed (95%
02:5% C02), capped and incubated for 30 min in a shaking
water bath (37°C) before the addition of 10 JAl solution of
Krebs-Henseleit medium or histamine (106-1 10-3 M). After
incubation for a further 45 min, the reaction was terminated
by addition of 250JLI of an ice-cold solution of 10% per-
chloric acid containing EDTA (1 mM) and phytic acid
(1 mg ml-'). Tubes were then allowed to stand on ice for
20 min before addition of 400JL of freshly prepared
trioctylamine/1,1,2 trichlorotrifluoroethane mixture (1:1 v:v)
to extract the inositol phosphates (Sharpes & McCarl, 1982).
The samples were then vortex mixed for 15 s and centrifuged
at 1500 g for 3 min. The upper aqueous phase (350 Al) was
transferred to new insert vials and neutralized with 3 ml of
HEPES (100 mM, pH 7.5), and each sample was then applied
to an AG1-X8 (formate form, 100-200 mesh, Biorad) anion-
exchange column. [3H]-inositol and [3H]-glycerophospho-
inositol were eluted with 10 ml water and 10 ml 60 mM
ammonium formate/5 mM sodium tetraborate, respectively,
and [3H]-inositol mono-, bis- and tris-phosphates ([3H]-IPn)
were collectively eluted with 10 ml 800 mM ammonium
formate/100 mM formic acid. Quicksafe scintillation fluid
(10 ml, Zinsser Analytic) was added to each fraction and
tritium determined by scintillation counting.

Inhibition of [3H]-mepyramine binding

Guinea-pig cerebral cortex slices were prepared and
pretreated as described above. The histamine preincubated
and control slices were then washed thorougly with ice-cold
Krebs-Henseleit medium (2 x 50 ml) followed by ice-cold N-
Tris-(hydroxymethyl)-methyl-2-amino-ethanesulphonic acid
(TES-KOH) buffer (10 mM, pH 7.5, 2 x 50 ml), prior to
homogenization (Teflon-glass homogenizer, 3 passes).
Measurement of the binding of [3H]-mepyramine to the
cerebral cortex homogenates (385 ± 39 lAg protein, n = 8) was

performed immediately. [3H]-mepyramine (1 nM) binding and

inhibition by various concentrations of competing ligand
(mepyramine: 1 X 10-12_1 X 1O- M and histamine
1 X 10-8_ 1 X 10-2 M) was allowed to come to equilibrium at
30°C for 60 min before the reaction was terminated by rapid
filtration (Brandel 24-place cell harvester) through GF/B
filters (presoaked in 0.3% polyethylenimine), essentially as
described by Treherne & Young (1988). The buffer used was
10 mM TES-KOH (pH 7.5) and the non-specific binding com-
ponent was defined by use of 1 jAM temelastine in each experi-
ment. For each experiment the concentration of [3H]-
mepyramine was determined by scintillation spectrometry
and the protein concentration determined according to
Lowry et al. (1951).

Analysis of data

The histamine-induced concentration-response curves for
[3H]-inositol phosphate accumulation in cerebral cortex slices
were expressed as a percentage increase above basal values
(unstimulated) in each experiment and fitted to a Hill equa-
tion (logistic equation) according to Crawford et al. (1990).
Each point was weighted according to the reciprocal of the
variance associated with it. The errors associated with the
best-fit parameters are appreciable with this approach, since
the number of points on each curve is limited by the need to
obtain curves for both histamine-pretreated and control slices
within the same experiment. However, fitting the curves in
this way does have the advantage of giving unbiased
estimates of EC50 and maximum response.
To obtain a best-fit value of the IC5o ± estimated s.e.mean

for curves of mepyramine and histamine inhibition of
[3H]-mepyramine binding to cerebral cortex homogenates, the
curves were fitted as above to the equation:
% of the uninhibited binding of [3H]-mepyramine=

100-NSB
+ NSB

((A/IC50)' + 1)
with IC5o, n and NSB as variables. A is the concentration of
inhibitor, ICm the inhibitor concentration giving 50% inhibi-
tion of specific binding, n the Hill coefficient and NSB non-
specific binding. Analysis of statistical significance of
differences between observations was performed by the
Student's t test (unpaired data) using MultiStat statistics
package implemented on a Macintosh LCII computer.

Chemicals

[3H]-myo-inositol (specific activity 15-18 Ci mmol ') was
obtained from New England Nuclear and histamine dihyd-
rochloride and mepyramine maleate were purchased from
Sigma. Ranitidine was a gift from Glaxo and Thioperamide
was purchased from Cookson Chemicals. All other com-
pounds were analytical grade and purchased mainly from
BDH and Sigma

Results

Effect of histamine pretreatment on histamine-stimulated
[3H]-inositol phosphate accumulation in guinea-pig
cerebral cortex slices
The concentration-response curve for histamine-stimulated
[3H]-inositol phosphate ([3H]IPn) accumulation in guinea pig
cerebral cortex slices in the presence of 10 mM Li+ is shown
in Figure 1. Histamine stimulated the production of
[3H]-inositol phosphates in untreated (control) guinea-pig
cerebral cortex slices with a best-fit EC0 of 17 ± 4 AIM
(mean ± s.e.mean, 6 experiments), with a 1 mM histamine
response of 385 ± 24% over basal accumulation. The his-
tamine response is mediated by the HI receptor subtype,
since mepyramine (1 glM), a selective HI antagonist, complete-
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ly abolished (99.6% inhibition, mean of 2 experiments) the
response to 100 I4M histamine, whereas the H2 receptor
antagonist, ranitidine (100I1M, 6% inhibition, mean of 2
experiments), and a selective H3 receptor antagonist,
thioperamide (1 JAM, 7% inhibition, mean of 2 experiments),
were ineffective. The antagonist results and the EC50 value
for the histamine-stimulated [3H]-IPn accummulation in un-
treated slices of 17 JAM are in accordance with previous
reports (Daum et al., 1983; 1984).

Preincubation of the cerebral cortex slices for 30 min with
100 JAM histamine resulted in a subsequent concentration-
response curve for histamine with an EC50 of 23 ± 19 JAM (4
experiments); this value is not significantly different from the
EC50 value from control slices. The best-fit maximum
histamine-stimulated [3H]-IPn production in histamine-
pretreated slices was 182 ± 32% (4 experiments) over basal
accumulation (Figure 1). Significant differences were obtained
at the two highest histamine concentrations tested, 10-4M
(P< 0.002, Student's t test) and 10-3 M (P< 0.009), between
the response induced in control compared to pretreated brain
slices. In several experiments we observed in both control
and desensitized slices that histamine concentrations of above
10-3 M induce an [3H]-IPD accumulation less than that
obtained with 10-3 M histamine.

Time-course of histamine-stimulated [3HJ-inositol
phosphate accumulation in guinea-pig cerebral cortex
slices

The rate of histamine-stimulated (100I1M) and basal (uns-
timulated) accumulation of [3H]-IP. in untreated and
histamine-pretreated guinea-pig cerebral cortex slices is
shown in Figure 2. The accumulation of [3H]-IP.
([3H]-inositol mono-, bis- and trisphosphates) in non-
pretreated slices of guinea-pig cerebral cortex rises at a near
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Figure 2 Time course of histamine-induced (100 IM) and basal
accumulation of [3H]-inositol mono-, bis- and tris phosphates ([3H]-
IP.) in guinea-pig cerebral cortex slices. Cerebral cortex slices were
prepared, preincubated, prelabelled with [3H]-myo-inositol, and
stimulated with histamine (10-4M) or Krebs-Henseleit medium
(basal) in the presence of LiCI (10 mM), and the [3H]-IP. extracted
and measured as described under Methods. The graph is expressed as
mean d.p.m. values ± s.e.mean of triplicate determinations from a
representative experiment. Very similar results were obtained on a
further two occasions. At all time points the histamine-treated slices
were significantly lower (to at least P<0.03) than the corresponding
control slices. At 90 min incubation the basal [3H]-IPn accumulation
was not significantly different under the two conditions. The lines
represent histamine-induced response in control (@) and histamine-
pretreated (0) slices and basal (Krebs-Henseleit medium) response
in control (A) and histamine-pretreated (A) slices.

linear rate, reaching 5.3 fold over basal by 90 min of his-
tamine stimulation. In histamine-pretreated slices the time
course of accumulation of [3H]-IP. also rises at a near linear
rate, but the rate of accumulation of [3H]-IP. is significantly
reduced (P< 0.03, Student's t test) and by 90 min of stimula-
tion the response is only 2.8 times basal levels. The basal
levels for both untreated and pretreated slices steadily in-

/ *** crease at approximately the same rate over the 90 min
stimulation period (Figure 2). Note that there is a slight
increase in the basal accumulation of [3H]-IP. in pretreated

Lr / 1 compared to control slices, but this difference is insignificant
relative to the attenuation of histamine-stimulated response
in treated compared to control tissue.

Inhibition of[3H]-mepyramine binding to untreated
10-6 O1-5 10-4 10-3 (control) and desensitized guinea-pig cortex

[Hirtamin.1 M homogenates by mepyramine and histamineLr11*LO1a 1W J nn

Figure 1 Concentration-response curve for histamine-induced [3H]-
inositol mono-, bis- and tris-phosphates ([3H]-IP.) formation in con-
trol (@) and desensitized (0) guinea-pig cerebral cortex slices.
Cerebral cortex slices were prepared, preincubated, prelabelled with
[3H]-myo-inositol, and stimulated with histamine (10-6 M- 10-3 M) in
the presence of LiCI (10 mM), and the accumulated [3H]-IP. extracted
and measured as described under Methods. In order to allow for
variations in cellular response between experiments, values were
standardized against [3H]-IP, accumulation in cells without histamine
stimulation (basal). Each point is expressed as % increase over basal
and is the mean ± s.e.mean of 6 (control) and 4 (histamine-
pretreated) independent experiments.

Significantly different from control at *P <0.009 and **P <0.002,
respectively. The basal [3H]-IPn accumulation ranged from
1455-2051 d.p.m. in control slices and 2307-3023 d.p.m. in desen-
sitized slices. Note that these values are not corrected for variations
in protein concentrations (i.e. number of brain slices per incubation)
between control and histamine-pretreated preparations.

The inhibition of [3H]-mepyramine binding to untreated (con-
trol) and desensitized guinea-pig cortex homogenates by
mepyramine and histamine is shown in Figure 3. The dis-
placement of [3H]-mepyramine (1 nM) binding to untreated
and desensitized guinea-pig cortex homogenates by
unlabelled mepyramine occurs with an apparent equilibrium
dissociation constant, Kd, of 3.4 ± 0.8 nM (mean ± s.e.mean, 4
experiments) and 3.4 ± 1.3 nM, respecticely. However, both
mepyramine inhibition curves had Hill coefficients less than
unity (0.44 ± 0.04 and 0.58 ± 0.1, respectively) which may be
a consequence of the experimental protocol adopted,
although the reason for the low slope is not clear. The
calculated maximum number of binding sites, B,,,, for
[3H]-mepyramine was 192 ± 31 fmol mg-' protein (untreated)
and 220 ± 50 fmol mg-' protein (desensitized). Histamine
displacement of [3H]-mepyramine binding to untreated and
desensitized guinea-pig cortex homogenates reveals apparent
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Figure 3 Inhibition of [3H]-mepyramine binding to guinea-pig cor-
tex homogenates by mepyramine and histamine. Guinea-pig cortex
slices were prepared and pretreated with histamine (100IM, 30 min)
or untreated (control), and homogenized as described under
Methods. Results are expressed as % of the total binding of [3H]-
mepyramine and are means ± s.e.mean of triplicate determinations
from 4 experiments. The lines represent control homogenates dis-
placed by mepyramine (0) and histamine (A) and histamine
pretreated homogenates displaced by mepyramine (0) and histamine
(A).
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Figure 4 Effect of histamine H2 and H3 receptor antagonists on the
development of histamine-mediated desensitization of [3H]-inositol
mono-, bis and tris phosphates ([3H]-IPn) accumulation in guinea-pig
cerebral cortex slices. Cortical slices were prepared according to the
Methods section and then pretreated with histamine (100I1M) in the
presence of ranitidine (1I00 iM) and thioperamide (1I 1M) (0, his-
tamine + inhibitors) or pretreated with ranitidine (100 gsM) and
thioperamide (1 gsM) alone (0, control + inhibitors). After extensive
washing the slices were rechallenged with histamine (10-6 10-3 M) for
45 min before the extraction and measurement of [3H]-IPn
accumulation as described under Methods. Each point is given as the
stimulated - basal [3H]-IPn accumulation in d.p.m. values
(mean ± s.e.mean of triplicate determinations) from a representative
experiment. The same experiment was repeated on two other
occasions with similar results. Significantly different from control-
+ inhibitors at *P< 0.007 and **P< 0.004, respectively.

Kd values of 6.3 ± 0.7 JAM (mean ± s.e.mean, 4 experiments;
Hill coefficient 0.64 ± 0.03) and 7.9 ± 1.6 JAM (Hill coefficient
0.65 ± 0.06), respectively. In all cases the parameters deter-
mined for the untreated guinea-pig cortex homogenates were
not significantly different from those obtained in histamine-
pretreated homogenates.

Effects of H2 and H3 receptor antagonists on
histamine-induced desensitization

The histamine concentration-response curve for the
accumulation of [3H]-IPn in guinea-pig cortex slices pretreated
with histamine (30 min) in the presence of ranitidine (100 pM)
and thioperamide (1 JiM) (histamine + inhibitors) and
pretreated with ranitidine and thioperamide alone (control-
+ inhibitors) is shown in Figure 4. The EC50 for histamine of
18 ± 1 JAM (mean ± s.e.mean, 3 experiments) derived from the
control + inhibitors slices is not significantly different
(Student's t test) from that obtained in non-pretreated (con-
trol) slices. The ECm value for histamine in the histamine-
+ inhibitors pretreated brain slices of 30 ± 16 is also not
significantly different from the EC50 value derived from slices
pretreated with histamine alone (Figure 1), nor is it
significantly different from the control + inhibitors EC50
value. The response to both 1 mm and 0.1 mm histamine in
guinea-pig cerebral cortex slices pretreated with histamine
(100 JgM) in the presence of ranitidine and thioperamide were
significantly (P< 0.007 and P< 0.004, respectively, Student's
t test) attenuated compared to control + inhibitors brain
slices (Figure 4), consistent with the involvement of histamine
HI receptors in the desensitization process.

Recovery from histamine-induced desensitization of
[3H]-inositol phosphate accumulation in guinea-pig
cerebral cortex slices
Histamine-stimulated [3H]-IPn accumulation was measured in
untreated and histamine-pretreated slices at various times

300
C
0

Co

._ )

=10-C

E0-

3

en-
O >

O .-

CL 1
.4) U)

I
0c 0

Z-C
.r-

0 20 40 60 80 100 120 140 160
Recovery time (min)

Figure 5 Time-course for recovery from desensitization of [3H]-
inositol mono-, bis- and tris-phosphates ([3H]-IP0) accumulation in
guinea-pig cortex slices. Cerebral cortex slices were prepared, his-
tamine preincubated, and prelabelled with [3H]-myo-inositol as de-
scribed under Methods. Slices from both control (@) and histamine-
pretreated (0) preparations were allowed to recover for between 0
and 150 min (in Krebs-Henseleit medium at 37'C continuously
gassed with 95% 02:5%CO2) before being stimulated with histamine
(l0-4 M) for 45 min and the [3H]-IP0 extracted and measured as
described under Methods. Values at each time-point were calculated
as a % increase over basal [3H]-IP. accumulation and are the
mean ± s.e.mean of three independent experiments. The histamine-
stimulated [3H]-IP,, accumulation was significantly reduced in the
desensitized slices (0) compared to controls at 0, 30, 60 and 90 min
of recovery at P< 0.03, 0.007, 0.01 and 0.03, respectively (Student's t
test).
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(0-150 min) after the removal of histamine (pretreated) and
the washing procedure to assess the recovery of the histamine
response (Figure 5). The histamine response was relatively
constant at 230 ± 9% (mean ± s.e.mean, 5 experiments) in-
crease over basal throughout 150 min of the experiment in
the untreated (control) slices. In the desensitized slices the
histamine-induced response was only 80 ± 23% over basal
immediately after the removal of histamine (t = 0), before
recovery of the response occurred over the following
150 min. The histamine-induced response in the desensitized
slices was significantly lower (Student's test) than the corres-
ponding control slices at 0 (P <0.03), 30 (P <0.007), 60
(P <0.01) and 90 (P <0.03) min of recovery. After removal
of histamine the desensitized tissue had recovered to 84% of
the control response by 120 min and to 90% by 150 min and
was not significantly different from the histamine response
measured in the control slices (at 120 min). The half-time for
the recovery of the histamine-mediated [3H]-IP. accumulation
was estimated at 95 min.

Discussion

The results presented here show clearly that histamine HI
receptor-mediated [3H]-IPn accumulation in guinea-pig cereb-
ral cortex slices can be desensitized by a prior acute treat-
ment of the cells with histamine. The desensitization effect is
mediated by histamine acting on HI and not H2 or H3
receptors and is manifest as a reduction in the maximum
histamine-stimulated IPn accumulation and an attenuated
time-course for [3H]-IPn production. This desensitization
effect is essentially the same as that observed for histamine
HI receptor-induced [3H]-IPn accumulation in HeLa cells
(Bristow & Young, 1991; Bristow & Zamani, 1993) and the
P2y purinoceptor-coupled phosphoinositidase C system in
Turkey erythrocytes (Martin & Harden, 1989). The slowed
time course for [3H]-IPn production is a very subtle way of
desensitizing the system to agonist stimulation, but the effect
of this reduced rate of [3H]-IPn formation on the intracellular
calcium mobilization and the ultimate cellular function is
unknown and awaits further investigation. The desensitiza-
tion of the response does not appear to involve a reduction
in the affinity of the H1 receptor for histamine or the
antagonist mepyramine, nor does it seem to be the result of a
reduction in the number of H1 receptors in the cerebral
cortex slice preparation. Characterization of the histamine-
mediated desensitization phenomenon shows that the effect is
reversible with an almost full recovery of the response after
removal of the desensitizing stimulus.

Histamine pretreatment of rat cerebellar granule cells
(Dillon-Carter & Chuang, 1989), NlE-115 mouse neuroblas-
toma cells (Taylor & Richelson, 1979), HeLa cells (Bristow &
Zamani, 1993), BC3H-1 muscle cells (Brown et al., 1986),
1321N1 human astrocytoma cells (McDonough et al., 1988),
DDT, MF-2 cells (Cowlen et al., 1990), guinea-pig ileum
(Donaldson & Hill, 1986), rabbit aorta (Lurie et al., 1985),
guinea-pig jejunum (Leurs et al., 1990) and also of mouse
cerebral cortex slices (Quach et al., 1981) has been shown to
attenuate histamine-induced intracellular responses. We are
able to extend this list to include the H1 receptor-mediated
[3H]-IPn production in guinea-pig cerebral cortex slices. The
type of desensitization mechanism shown in the previous
studies varies, with both homologous and heterologous forms
of HI receptor desensitization being reported. Homologous
desensitization is thought to involve an alteration at the level
of the receptor molecules, perhaps by phosphorylation,
although no evidence has been presented to date to support
this contention for H1 receptors. Some evidence does support
the role of PKC in regulating HI receptor responsiveness
(Mitsuhashi & Payan, 1988; Murray et al., 1989; Cowlen et
al., 1990) and acute histamine stimulation of cells does
appear to cause protein phosphorylation (Levin & Santel,
1991; Raymond et al., 1991). However, the PKC-mediated

attenuation of HI receptor responses may be a non-selective
desensitization mechanism, since in HeLa cells the agonist-
mediated desensitization of histamine HI receptors appears to
occur independently of PKC activation (Smit et al., 1992;
Zamani & Bristow, unpublished observations).
Here we show that HI receptor desensitization in guinea-

pig cerebral cortex involves a reduction in the maximum
histamine-induced response, an effect that has also been
found in NIE-115 neuroblastoma cells (Taylor & Richelson,
1979), BC3H-l muscle cells (Brown et al., 1986), DDT,
MF-2 smooth muscle cell line (Cowlen et al., 1990) and
HeLa cells (Bristow & Zamani, 1993). We observe about a
60% desensitization of the 10-3 M histamine-stimulated
[3H]-IPn production, which is of similar magnitude to the
degree of desensitization of response observed in mouse brain
slices (Quach et al., 1981), NIE-115 cells (Taylor & Richel-
son, 1979) and DDT, MF-2 smooth muscle cells (Cowlen et
al., 1990). However, due to the delay inherent in our experi-
mental procedure, [3H]-IPn accumulation was measured
70 min after the removal of the desensitizing stimulus, and
considering our findings that the desensitization process is
reversible (Figure 5), the actual maximum extent of desen-
sitization of this system may be greater than the earliest
measurable value of 60% inhibition.
Our study of guinea-pig cortex slices and homogenates do

not show any significant alteration in the EC50 values for
histamine-induced [3H]-IPn accumulation, the maximum
number of binding sites (Bmax) for [3H]-mepyramine, nor was
there any change in the apparent affinity of the HI receptor
for histamine and mepyramine. However, histamine inhibi-
tion of [3H]-mepyramine binding may not be a sensitive
measure of receptor-effector coupling, since GTP, GPPNHP
or GTPyS produce only a small, or no, shift in the histamine
inhibition curves in membranes from guinea-pig whole brain
(Chang & Snyder, 1980), guinea-pig cerebellum (Bristow &
Young, unpublished observations) or HeLa cells (Arias-
Montaiio & Young, unpublished observations). The [3H]-
mepyramine binding evidence suggests that the desensitiza-
tion process in guinea-pig cortex does not involve an altera-
tion in HI receptor affinity for agonists or antagonists. Thus,
the attenuation of the response is likely to occur at sites
distal to the initial agonist binding interaction and may
involve a change in the activity of the transduction pathway.

The lack of a reduction in the Bm., for [3H]-mepyramine
binding to histamine-pretreated cerebral cortex homogenates
does not exclude the possibility that the reduction in response
is due to a loss of functional HI receptors from the cell
surface. In fact our results are in contrast to the situation
reported in mouse cerebral cortex, where a small (18%)
reduction in [3H]-mepyramine binding sites was observed
after a similar desensitization protocol to that used here
(Quach et al., 1981). We believe that our findings of an
unchanged Bmax are more consistent with the mechanism
involved in acute (<2 h stimulation) agonist desensitization
of other receptor systems, which do not appear to involve
receptor down-regulation and degradation (Huganir &
Greengard, 1990). Furthermore, a result indicating a reduc-
tion in the Bmax of HI receptors using [3H]-mepyramine
should be viewed with caution, since the physiochemical
nature of this ligand make it freely accessible to both cell-
surface and intracellular compartments, and thus it is
unlikely to detect HI receptor down-regulation. A reduction
in [3H]-mepyramine binding sites would only be observed if
desensitization involved the concomitant degradation of HI
receptors, and the report of Quach et al. (1981) clearly shows
that this is not the case.

It is clear from previous research that histamine-induced
HI receptor desensitization can occur by different processes
that seem to be dependent on the tissue preparation. For
instance, homologous desensitization occuring at the level of
the HI receptor has been shown to occur in the DDT1 MF-2
smooth muscle cell line (Cowlen et al., 1990) and mouse
cerebral cortex slices (Quach et al., 1981), whereas the
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heterologous type of receptor desensitization involving the HI
receptor and the attenuation of other receptor-mediated
events after prolonged histamine pretreatment has also been
reported in HeLa cells (Bristow & Zamani, 1993), BC3H-1
smooth muscle cells (Brown et al., 1986) and 1321N1 human
astrocytoma cells (McDonough et al., 1988). In guinea-pig
cerebral cortex slices the homologous or heterologous nature
of the histamine HI receptor desensitization is unresolved.
Preliminary studies on the effect of histamine pretreatment
on either carbachol- (muscarinic acetylcholine receptor
agonist) or noradrenaline (al-adrenoceptor agonist) induced

[3H]-IP. accumulation in guinea-pig cortex slices have to date
failed to provide consistent answers (Bristow and Banford,
unpublished observation) and the mechanism of histamine-
induced desensitization must remain a target for future
studies.

The authors wish to express their thanks to the Medical Research
Council for financial support and to Glaxo Group Research for the
gift of ranitidine.
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Dissociation of the anti-ischaemic effects of cloricromene from
its anti-platelet activity
'Paul S. Lidbury, 2Rocco Cirillo & John R. Vane

The William Harvey Research Institute, St Bartholomew's Hospital Medical College, Charterhouse Square, London
ECIM 6BQ

1 Cloricromene is a non-anticoagulant coumarin derivative with anti-platelet and anti-leukocyte pro-
perties, which has beneficial effects in various models of ischaemia and shock.
2 We have assessed the effects of cloricromene on (a) ex vivo platelet aggregation, and (b) infarct size
using a model of myocardial ischaemia in the anaesthetized rabbit.
3 Cloricromene (1-1000 tgkg' min'I for 15min) induced a dose-dependent inhibition of ex vivo
platelet aggregation, causing only a minimal increase in heart rate and no change in mean arterial blood
pressure. The inhibitory activity was considerably stronger when platelet aggregation was induced by
collagen than by ADP.
4 Cloricromene inhibited ex vivo platelet aggregation in rabbits pretreated with indomethacin
(5 mg kg-') and this inhibition persisted for 30-60 min.
5 The model of myocardial ischaemia involved 1 h occlusion of the first antero-lateral branch of the
left coronary artery followed by 2 h of reperfusion. Infusion of cloricromene (30 or 300 gg kg-' min-'),
ibuprofen (80 iLg kg-' min') or vehicle began 15 min prior to occlusion, and continued throughout the
experiment.
6 While area at risk was similar for all groups studied, cloricromene (30 or 300 ftg kg' min-') or
ibuprofen caused a reduction in infarct size, and decreased myeloperoxidase activity in the tissue of the
infarcted myocardium.
7 Cloricromene at 300 pg kg-' min-' also reduced the occlusion-induced elevation of the ST-segment
of the rabbit electrocardiogram, and inhibited platelet aggregation ex vivo. Ibuprofen or cloricromene at
30 fg kg-' min'- had no effect on either the ST-elevation or platelet reactivity.
8 Thus, cloricromene exhibits a cardioprotective activity via an inhibition of leukocyte infiltration, in
the presence (300 tLg kg-l min-') or absence (30 ltg kg'- min-') of inhibition of platelet activity ex vivo.
The anti-aggregatory activity of cloricromene acts via a mechanism that is either different from, or in
addition to, inhibition of cyclo-oxygenase, and is of long duration.

Keywords: Cloricromene; myocardial infarction; platelet; leukocyte

Introduction

The myocardial damage induced by ischaemia and reper-
fusion is a dynamic process accompanied by the accumula-
tion of neutrophils and platelets in the ischaemic area (Laws
et al., 1983; Mullane et al., 1984; Dinerman & Mehta, 1990).
Numerous pharmacological approaches to modify the pro-
gression of myocardial tissue injury to irreversible necrosis
have been made. Leukocytes (PMNs) are a potential
therapeutic target in myocardial ischaemia, since they charac-
teristically become activated and subsequently release cyto-
toxic and vasoconstrictor substances that may exacerbate
myocardial injury (Schmid-Schonbein & Engler, 1986; For-
man et al., 1990; Lucchesi, 1990).

Cloricromene, a coumarin derivative (8-monochloro-3-p-
diethylaminoethyl-4-methyl-7-ethoxy-carbonylmethoxycoum-
arin) was originally evaluated as an anti-thrombotic and is at
present used in patients with microcirculatory disease (Laz-
zaro et al., 1992). Cloricromene weakly stimulates prostacyc-
lin production in human cultured endothelial cells and rat
thoracic aortic rings (Dejana et al., 1982), reduces thrombox-
ane B2 release from platelets and inhibits platelet aggregation
induced by various agents (Galli et al., 1980; Prosdocimi et
al., 1985; 1986). In addition, cloricromene inhibits both
polymorphonuclear adhesion to endothelial cells and super-
oxide generation (Bertocchi et al., 1989), and causes coronary
dilatation in the dog (Aporti et al., 1978).

' Author for correspondence.
2 Permanent address: Fidia Research Laboratories, 35031 Abano
Terme, Italy.

Pathophysiologically, cloricromene has protective activity
in rat models of shock caused by splanchnic artery occlusion
(Sturniolo et al., 1989), haemorrhage (Sturniolo et al., 1991),
endotoxin (Squadrito et al., 1992) or peripheral ischaemia in
the rabbit hindlimb (Cirillo et al., 1992).
The present study was designed to evaluate the effects of

cloricromene on infarct size in a rabbit model of acute
myocardial ischaemia and reperfusion, while monitoring
platelet reactivity ex vivo. Ibuprofen was also evaluated for
comparative purposes.

Methods

Ex vivo platelet aggregation

Surgical procedure Male New Zealand white rabbits (2-
3 kg) receiving a standard diet and water ad libitum were
used. Ten minutes before surgery all rabbits were premed-
icated with Hypnorm (0.1 ml kg-', i.m.; containing 0.315 mg
ml-' fentanyl citrate and 10mgml-l fluanisone). General
anaesthesia was induced with Sagatal (sodium pentobar-
bitone, 30mgkg-') injected into the left marginal ear vein
and maintained with supplementary doses as required. Lig-
nocaine (Xylocaine 2%) was also used for local anaesthesia.
Body temperature was monitored and maintained at
37-38°C by means of a rectal probe thermometer attached to
a homeothermic blanket control unit (Bioscience).
The trachea was cannulated and the rabbit ventilated

Q'I Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 275-280



276 P.S. LIDBURY et al.

(Harvard) with air at 45 strokes min-' and a tidal volume of
6 ml kg-'. The left femoral artery was cannulated and con-
nected to a pressure transducer to monitor mean arterial
blood pressure (MAP) and for the withdrawal of blood
samples. The right femoral vein was cannulated for drug
administration. Whilst monitoring pressure another catheter
was placed in the left ventricle, via the right carotid artery,
for measurement of left ventricular systolic pressure (LVSP)
and heart rate (HR; derived from LVSP).

Platelet aggregation Arterial blood samples (1.8 ml) were
withdrawn from the left femoral artery and collected into
3.15% w/v tri-sodium citrate (0.2 ml) and immediately cen-
trifuged at 1 400 g (4 000 r.p.m.) for 20 s (Heraeus, Biofuge
15) to produce platelet-rich plasma (PRP). The blood was
further centrifuged at 14 900 g (12 000 r.p.m.) for 1 min to
obtain platelet-poor plasma (PPP). Platelet aggregation was
studied in a dual channel aggregometer (Payton) calibrated
using PRP (0%) and PPP (100%) with respect to the degree
of light transmission. Aliquots of PRP (0.4 ml) were added to
siliconized cuvettes, warmed to 37°C and stirred at
1 000 r.p.m. After incubation for 30 s, a sub-maximal dose of
adenosine diphosphate (ADP; 2 jg ml-') or collagen (8 jug
ml-') was added and the extent of aggregation measured as
peak increase in light transmission.
The inhibition of platelet aggregation induced by a drug

was calculated using peak increase in light transmission
observed over a 4 min period after addition of a sub-maximal
dose (70-80% maximum response) of the aggregating agent,
as compared to that of a control.

Experimental protocol and drug regimen Cloricromene was
infused (i.v.) for 15 min periods at increasing concentrations
(1-1 000pgkg-'min-'; n=4-8). At the end of each
infusion period a blood sample was withdrawn and the PRP
tested for platelet reactivity. Thus, the effects of cloricromene
on haemodynamic parameters and platelet aggregation ex
vivo were monitored concomitantly.

Since cloricromene had an effect on platelets similar to that
of cyclo-oxygenase inhibitors, its effects were also inves-
tigated in the presence of indomethacin (n = 6). Indo-
methacin (5 mg kg-'; i.v.) was injected and the effect on
platelet activity reassessed after a further 20 min. In the
presence of indomethacin, collagen-induced aggregation was
much reduced as expected and so challenges with higher
doses of collagen (16 jig ml-') were performed to counteract
this effect. The ADP-induced aggregation remained un-
effected. Subsequently, cloricromene (300 jig kg-' min-') was
administered as a 15 min infusion (i.v.), and the effect on
platelets determined. Further blood samples were withdrawn
at 5, 10, 20 and 40 min post-infusion and tested for platelet
reactivity.

Myocardial ischaemia and reperfusion

The method of coronary artery occlusion/reperfusion in the
anaesthetized rabbit was performed according to Thiemer-
mann et al. (1989).

Coronary artery isolation and occlusion Rabbits were sur-
gically prepared as described above for haemodynamic recor-
ding and sampling. A 3-4 cm left thoracotomy through the
4th intercostal space was performed to expose the heart. The
pericardium was opened and a snare occluder was placed
around the first antero-lateral branch of the left coronary
artery (LAL) 1 cm distal from its origin, taking care to avoid
veins. In contrast to other species, the rabbit LAL supplies
much of the left ventricular myocardium including most of
the septum and apex (Flores et al., 1984). The rabbits were
allowed to stabilize for 30 min before LAL ligation.
At time 0, the LAL was occluded. After 1 h the occluder

was released to allow 2 h of reperfusion.

Haemodynamic measurements and electrocardiograms Haem-
odynamic parameters such as MAP, LVSP and HR, were
continuously recorded on a polygraph recorder (Grass
Instruments, 7D). Lead II electrocardiograms (ECGs) were
monitored with subdermal platinum electrodes, thus deter-
mining changes in ST-segment as well as changes in R-wave
and Q-wave amplitude.

Measurement of area at risk and infarct size After the 2 h
reperfusion period the LAL was reoccluded and Evans blue
dye solution (4 ml of 2% w/v) injected into the left ventricle
to distinguish between perfused and non-perfused (myocar-
dium at risk) sections of the heart. The Evans blue solution
stains the perfused myocardium while the occluded vascular
bed remains uncoloured. The dose of Evans blue dye is well
within the range reported for nearly exclusive binding to
plasma albumin or other proteins in the rabbit (Lindner &
Heinle, 1982). The rabbits were killed with an overdose of
anaesthetic. The heart was excised and sectioned into
4-5 mm thick slices. After removing the right ventricular
wall, the area at risk and non-ischaemic myocardium were
separated by following the line of demarcation between blue
stained and unstained tissue.
To distinguish between ischaemic and infarcted tissue, the

area at risk was chopped into pieces and incubated with
p-nitroblue tetrazolium (NBT, 0.5 mg ml-') for 20 min at
37C. NBT stains pieces with intact dehydrogenase enzyme
systems (normal myocardium), while areas of necrosis lack
dehydrogenase activity and therefore do not stain (Nachlas &
Shnitka, 1963). Pieces were separated according to staining
and weighed in order to determine the infarct as a percentage
of the area at risk. All tissues were then stored at - 20°C for
later analysis of myeloperoxidase activity.

Myeloperoxidase activity Neutrophil-specific myeloperoxi-
dase (MPO) was recovered by a modification of the method
of Krawisz et al. (1984). Briefly, the myocardial tissues were
homogenized in 6 ml of 50 gM potassium phosphate (pH 6)
containing 10 mM EDTA, 0.5% w/v hexadecyltrimethylam-
monium bromide by means of a Potter homogenizer. The
samples were sonicated for 1 min and the released enzyme
was separated from insoluble cellular debris by centrifugation
at 40,000 g for 30 min at 4°C.
MPO activity was assayed by an adaptation of the Ren-

lund method (1980) in a 96-well plate by measuring the
H202-dependent oxidation of o-dianisidine di-hydrochloride.
The MPO reagent consisted of 0.53 M o-dianisidine, 0.3 mM
H202 and 0.1 M citrate-phosphate buffer. The reaction mix-
ture for analysis consisted of 200 gLl of MPO reagent added
to 20 gl tissue sample/per well. After 5 min of incubation the
reaction was stopped with the addition of 55 lal 1 M HCI to
each well. One unit of enzyme activity was defined as the
amount of MPO that caused a change in one absorbance
unit min-' at 405 nm at 37°C. To ensure linearity during this
reaction time, human leukocytes were included (as MPO
standard) in each assay. The assay was linear between
I04- 106 cell ml-'.

Experimental protocol and drug regimen All drugs were
administered as infusions commencing 15 min prior to LAL
occlusion and continuing throughout the experiment.
The test groups received cloricromene at 30 (n = 9) or

300 1ig kg'- min-' (n = 7) in saline or ibuprofen at 80 ttg
kg-' min-' (n = 6) in 5% w/v sodium bicarbonate, adjusted
to pH 7.5 with HCI. The vehicle control group (n = 14)
contained rabbits treated with saline (n = 10) or with 5% w/v
sodium bicarbonate (n = 4). All drugs were infused at
0.1 ml min' except ibuprofen which was infused at 0.2 ml
min-m

Statistical comparison

All values in the text, figures and tables are expressed as the
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mean ± s.e.mean of n observations. Where repeated measure-
ments were made the results were analysed by a one-way
analysis of variance followed by the Bonferoni's test. End-
point determinations were analysed by Student's t test. A P
value of less than 0.05 was considered statistically
significant.

Materials

Cloricromene was provided by Fidia Research Laboratories.
Purchased drugs included ibuprofen, ADP, Evans blue, NBT,
dextran (Sigma Chemical Company), Hypnorm (Janssen
Pharmaceuticals), Sagatal (May and Baker), Xylocaine
(Astra) and collagen (Hormon-Chemie).

Results

Ex vivo platelet aggregation

Haemodynamic data In an anaesthetized rabbit cumulative
infusions of cloricromene for 15 min (1-1 000 fg kg-' min-')
caused no change in MAP and only a minimal increase in
HR at 100-1 000pgkg-'min-'. Cloricromene had no
significant effects on LVSP or the lead II ECG.

Platelet aggregation In blood samples withdrawn during
these studies, platelet aggregation induced by ADP was only
partially inhibited by cloricromene at 100-1 000 tLg kg-' min-',
whereas collagen-induced aggregation was more readily
inhibited, with partial inhibition at l00 Agkg-'min-' and
full inhibition at 300#Agkg-'min-' and above (Figure 1).

After pretreatment with indomethacin and with the use of
higher doses of collagen, cloricromene (300 fig kg- min-')
still caused inhibition of collagen-induced aggregation. Fur-
thermore, post-infusion determinations showed that the
inhibitory effect of cloricromene persisted for 30-60 min
(Figure 2).

Myocardial ischaemia and reperfusion

Of the 50 rabbits which underwent LAL occlusion, 12 died
within the experimental period due either to ventricular fibril-
lation or to cardiac failure and these were excluded from the
study. Ten of these died within 8-15 min of the ischaemic
period (6 rabbits receiving vehicle, 1 rabbit receiving
cloricromene at 30 gg kg-' min -' and 3 rabbits receiving
cloricromene at 300 tLg kg-' min-) and 2 others during
reperfusion (both receiving vehicle).

Indo + Clo

Indo + Clo (+30 min)

Indo + Clo (+60 min)
Indo + Clo (+90 min)

Indocn

c(0
0)

Controlm
1 min

Figure 2 In rabbits pretreated with indomethacin (Indo, 5 mg kg- ')
20 min before infusion of cloricromene (Clo, 300 pg kg-i min'- for
15 min; n = 6) caused a prolonged inhibition of collagen (16 lAg
ml-')-induced ex vivo platelet aggregation. Aggregation was deter-
mined by change in light transmission, measured at 30, 60 and
90 min after cloricromene infusion.

Haemodynamic data Table 1 shows values for HR, LVSP
and pressure-rate index (PRI). Basal data (- 15min) and
data at time 0 were similar in all groups investigated.

In comparison to the vehicle control group, the only
significant change in the general haemodynamics was a slight
decrease in LVSP at the end of the reperfusion period with
cloricromene at 300 pg kg-' min-' and ibuprofen at 80 lg
kg-' min-'. With cloricromene there was a concomitant rise
in HR. Indeed, although cloricromene at 300 1gkg-'min-'
and ibuprofen at 80 ltg kg- lmin'1 induced a gradual
decrease in MAP, the changes were not statistically
significant, emphasized by the fact that none of the groups
studied had altered myocardial oxygen consumption as
shown by PRI (Baller et al., 1981).

Table 1 Heart rate (HR, beat min-'), left ventricular
systolic pressure (LVSP, mmHg), pressure-rate index (PRI,
mmHg min- x I03) in rabbits subjected to 1 h coronary
artery occlusion and 2 h reperfusion

100r
*

80 ;

60

0

\*** ***

1 3 10 30 100 300 1000
Cloricromene (,ug kg-1 min- 1)

Figure 1 Cloricromene administration (1-1 000 jg kg- min-'; 15
min; n = 4-8) to anaesthetized rabbits partially inhibited platelet
aggregation ex vivo induced by ADP (0, 2 jig ml ') but totally
inhibited that induced by collagen (A, 8 iLg ml-'). Results are ex-

pressed as mean ± s.e.mean of n observations. *P< 0.01, **P< 0.01
and ***P<0.001 when compared to control.

Group/Dose

Control HR
LVSP
PRI

Clo 30 HR
LVSP
PRI

Clo 300 HR
LVSP
PRI

Ibu 80 HR
LVSP
PRI

-15 min 0 min

245 ±4
95±4
16± 1

226 ± 6
87±4
14± 1

226 ± 9
82 ± 5
14± 1

246 ± 12
83 ± 7
15± 1

243 ± 4
96 ± 3
16± 1

224 ± 5
90 ± 3
14± 1

234± 10
80 ± 5
14±2

241 ± 9
81 ± 8
14± 1

60 min 180 min

240± 4
94 ± 4
15± 1

229 ± 5
90 ± 4
15 ± 1

254 ± 7
78 ± 4**
14± 1

240 ± 9
74 ± 7*
12± 1

241 ± 5
83 ± 5
14± 1

228 ± 5
89 ± 3
15± 1

261 ± 8*
72±4
12± 1

229 ± 11
69 ± 7
11±1

Rabbits received either vehicle (control, n = 14), clori-
cromene at 30 ftg kg-' min-' (Clo 30, n = 9), or at
3001Agkg' min-' (Clo 300, n=7) or ibuprofen at 80 lg
kg-' min-' (Ibu 80, n = 6).
Values are given as mean ± s.e.mean of n observations for
each group.
*P<0.05 and **P<0.01, when compared to control.
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Figure 3 Changes in ST-segment (lead II) induced in rabbits by 1 h
coronary artery occlusion and 2 h reperfusion. Rabbits received
either vehicle (0, n = 14), cloricromene at 30 jig kg- I min ' (A,
n = 9), cloricromene at 300 ;Lg kg-' min-' (U, n = 6) or ibuprofen at
80 fg kg-' min-' (0, n = 6). Results are expressed as mean +
s.e.mean of n observations. **P<0.01 and ***P<0.001 when com-
pared to control.

Electrocardiogram changes In vehicle-treated rabbits, LAL
occlusion produced an increase in the ST-segment of the lead
II ECG from 0.03 ± 0.01 mV to 0.14 ± 0.02 mV after 20 min
which remained elevated for the 1 h occlusion period. Upon
reperfusion the ST-segment gradually returned to basal, with
values of 0.05 ± 0.01 mV at 2 h and 0.04 ± 0.01 mV at 3 h
(Figure 3).
At 300 yg kg-' min ', cloricromene significantly reduced

the occlusion-induced ST elevation to 0.08 ± 0.02 mV (P<
0.01) after 20 min (Figure 3). This was gradually attenuated
further during the occlusion period reaching basal values at
1 h (0.03 ± 0.01 mV, P<0.01; Figure 3). In sham-operated
rabbits receiving cloricromene at 300 jg kg-' min-' there was
no effect on the ECG.
No attenuation of the ST elevation was observed with the

lower dose of cloricromene or with ibuprofen (Figure 3).
Furthermore, none of the groups tested showed any
significant changes in the amplitude of either the Q-wave or
R-wave of the lead II ECG complex.

Platelet aggregation ex vivo Consistent aggregation to ADP
or collagen was obtained in rapidly prepared PRP from
anaesthetized rabbits undergoing the occlusion/reperfusion
procedure. Addition of a sub-maximal dose of collagen to the
PRP resulted in irreversible aggregation, while the aggrega-
tion induced by ADP was reversible. Unlike its effects in
human PRP, high doses of ADP did not induce biphasic or
irreversible aggregations when added to rabbit PRP. Accord-
ingly, in control samples the peak change in light transmis-
sion was approximately 60% with collagen and 45% with
ADP.

During the course of the experiment only cloricromene at
300 jig kg- ' min-' demonstrated significant inhibition of
platelet aggregation ex vivo (Figure 4a and b). This inhibition
was considerably greater against aggregation induced by col-
lagen than that by ADP. Moreover, the degree of inhibition
increased as the infusion of cloricromene proceeded. After
15 min of infusion of cloricromene (just prior to occlusion at
time 0) there was no significant inhibition of the aggregation
induced by either aggregating agent. However, by the end of
the ischaemic period the aggregations had been reduced to
57% for collagen and 74% for ADP. These responses were
further reduced to 13% with collagen and 53% with ADP
after 2 h of reperfusion.

Cloricromene at 30 fig kg-Imin-' or ibuprofen at 80 jig
kg-' min-' did not inhibit platelet aggregation induced by
either aggregating agent.

Area at risk and infarct size As expected, the area of the left
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Figure 4 Changes in ex vivo platelet aggregation in rabbits with 1 h
coronary artery occlusion and 2 h reperfusion. Platelet reactivity as
determined in platelet-rich plasma by challenge with either (a) col-
lagen or (b) ADP. Rabbits received either vehicle (0, n = 14), clori-
cromene at 30 tg kg- ' min-' (A, n = 9), cloricromene at 300 1tg
kg-min-I (M, n=7) or ibuprofen at 80fgkg-Imin-I (0, n= 6).
Results are expressed as mean ± s.e.mean of n observations.
*P<0.05, **P<0.01 and ***P<0.001 when compared to control.

ventricle at risk was approximately 30%, and this was similar
in all groups studied. In rabbits treated with vehicle alone the
infarct size was 67.1 ± 2.4% of the area at risk (Figure 5).

Administration of cloricromene resulted in a dose-
dependent reduction in infarct size, to 40.8 ± 7.9% (P <0.01)
at 30 sgkg-Imin' and 32.4±6.6% (P<0.001) at 300 ig
kg-'min-'. Ibuprofen (80pgkg-'min-') infusion also pro-
duced a decrease in infarct size to 45.5 ± 11.7% (P<0.05;
Figure 5).

Myeloperoxidase activity The measurement of myeloperox-
idase (MPO) activity as a marker for the presence of PMNs
confirmed the infiltration of leukocytes into myocardial tissue
subjected to ischaemia. In vehicle-treated animals the MPO

So r
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0

I.
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Figure 5 Infarct size expressed as a percentage of the area at risk.
Rabbits received either vehicle (control; n = 4), cloricromene at
30 psg kg- ' min'I (Clo 30, n = 9), cloricromene at 300 ttg kg-' min'I

(Clo 300, n = 7) or ibuprofen at 80 ftg kg-' min-' (Ibu 80, n = 6).
Results are expressed as mean ± s.e.mean of n observations.
*P<0.05, **P<0.01 and ***P<0.001 when compared to control.
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0.00

Non-ischaemic Infarcted At risk

Figure 6 Changes in myeloperoxidase (MPO) activity determined in
non-infarcted tissue, and infarcted tissue within the area at risk as

designated by Evans blue dye and nitroblue tetrazolium staining.
Rabbits received either vehicle (solid columns, n = 5), cloricromene
at 30 jg kg-' min-' (open columns, n = 8), cloricromene at 300 lAg
kg- min-' (stippled columns, n = 5), or ibuprofen at 80 lAg kg-'
min' (hatched columns, n = 5). Results are expressed as mean +
s.e.mean of n observations. *P<0.05 when compared to control.

activity within the area at risk was 0.131 ± 0.035 u g-' for
non-infarcted tissue and 0.115 ± 0.016 u g-' for infarcted tis-
sue, as compared to only 0.035 ± 0.009 u g-' measured in
tissue outside the area at risk (Figure 6).
The MPO activity in the infarcted tissue was significantly

reduced with cloricromene at 30 and 300 jg kg-' min'l, and
IBU at 80yg kg-' min-'. However, the non-infarcted tissue
did not demonstrate a significant reduction in MPO activity
in the presence of either of the drugs (Figure 6).

Discussion

Administration of cloricromene reduced infarct size in a

model of myocardial ischaemia and reperfusion in the anaes-

thetized rabbit. To substantiate this cardioprotective activity
we have monitored an attenuation of the ST-segment eleva-
tion, an accepted indicator of ischaemic injury (Kjekshus et
al., 1972; Ross, 1976). The degree of cardioprotection
exhibited by cloricromene is similar to that reported for
iloprost (Chiariello et al., 1988), defibrotide (Thiemermann et
al., 1989) and superoxide dismutase/catalase (Downey et al.,
1987) using occlusion of the same branch of the coronary
artery in the rabbit. Collectively, these results indicate that a

reduction in infarct size of about 50% may represent the
maximum protection achievable in this experimental model
of severe myocardial ischaemia.
The mechanisms through which cloricromene elicits this

beneficial activity and indeed that responsible for protection
in other models of myocardial ischaemia (Milei et al., 1992;
1993), peripheral ischaemia (Cirillo et al., 1992) or shock
(Sturniolo et al., 1989; 1991; Squadrito et al., 1992) have
essentially remained unknown. However, while cloricromene
at 30 and 300 fg kg-' min-' significantly reduced infarct size,
the determination of platelet and MPO activity in this study
clearly supports inhibition of leukocyte infiltration as the
primary mode of action of cloricromene.

Cloricromene at both 30 and 300 gpg kg- min -' signi-
ficantly reduced the number of leukocytes present in the
infarcted myocardium as determined by measurement of
MPO activity, while only the high dose infusion of clori-
cromene inhibited platelet aggregation ex vivo. The cardio-
protection elicited by cloricromene was similar to that of
ibuprofen, which decreased infarct size and inhibited the
infiltration of leukocytes into the necrotic tissue without
affecting the platelet response. These results corroborated
data from a previous study of experimental myocardial
infarction in the anaesthetized dog in which radiolabelled
platelets and leukocytes were used (Romson et al., 1982) that
showed cardioprotection with ibuprofen. This was accom-

panied by a reduction in leukocyte infiltration, without alter-
ing the accumulation of platelets in infarcted myocardium.
Although it is unclear why neither cloricromene nor ibu-
profen caused a reduction in MPO activity measured in the
non-infarcted tissue of the area at risk, a similar profile of
MPO activity has also been shown for interleukin 8 in a
model of infarction in the anaesthetized rabbit (Lefer et al.,
1991).

It is clear from the reduction in ischaemia-induced eleva-
tion of the ST-segment that cloricromene at 300 jlg kg- '
min-' expresses a cardioprotective action during the oc-
clusion period. However, at the lower dose of cloricromene,
and indeed with ibuprofen, no amelioration of the ST eleva-
tion was observed during the occlusion period. Thus, the
reduction in myocardial damage observed with the low dose
of cloricromene may be related to a modification of processes
that occurred during reperfusion alone. Furthermore, a con-
tribution of coronary vasodilatation (Aporti et al., 1978) to
the anti-ischaemic effects of cloricromene cannot be excluded.
With respect to anti-aggregatory activity, while clori-

cromene demonstrated cardioprotection at both 30 and
300 tLg kg-1 min ', only the high dose of cloricromene caused
an inhibition of ADP or collagen-induced platelet aggrega-
tion. The short delay between blood sample withdrawal and
challenge with the aggregating agents is unlikely to result in a
loss of anti-platelet activity since the effect of cloricromene
on platelets is long-acting (Prosdocimi et al., 1985; Lazzaro et
al., 1992). Therefore, while cloricromene clearly possesses
anti-platelet properties ex vivo, the data presented here sug-
gest that little if any of the activity on platelets is responsible
for the cardioprotective action of cloricromene. Similarly, it
may be argued that cloricromene at 30 fLg kg- min-'
reduced myocardial damage in the absence of significant
prostacyclin release into the circulation, for an affect on
platelet aggregation would have been observed. Thus, clori-
cromene can reduce infarct size without inhibition of platelet
aggregation or reduction in systemic blood pressure. Interest-
ingly, the protection obtained is equivalent to that for ilo-
prost (1.2 yg kg-' min-') which expressed strong anti-platelet
activity, though this activity may have been accompanied by
biologically relevant reductions in blood pressure and may
also have been related to an effect on leukocytes (Chiariello
et al., 1988).

Cloricromene was considerably more effective against
collagen-induced aggregation than against challenge with
ADP. This observation alone, while perhaps having little
relevance to the attentuation of myocardial infarction, sug-
gests inhibition of pro-aggregatory metabolites of the
arachidonic acid cascade. However, in the studies using rab-
bits pretreated with indomethacin, cloricromene caused an
additional inhibition of ex vivo platelet aggregation, which
was of long duration. Therefore, cloricromene exerts anti-
aggregatory activity via a mechanism that is either different
from, or in addition to, the inhibition of cyclo-oxygenase.
Other mechanisms by which cloricromene has been proposed
to act include, inhibition of phospholipase A2, inhibition of
the cyclic GMP-specific phosphodiesterase, and attenuation
of tumour necrosis factor or myocardial depressant factor
release during experimental shock (Squadrito et al., 1992).
However, it remains to be determined whether these events
are a direct result of cloricromene administration or are
indirect consequences of its administration.
While the absolute mechanism has still to be defined it is

clear that, in the rabbit heart, cloricromene has a protective
effect against infarction. Furthermore, the anti-ischaemic
effect of cloricromene was accompanied by a reduction in
leukocyte infiltration into the ischaemic myocardium either in
the presence or in the absence of an inhibition of ex vivo
platelet activation.

The authors are indebted to Dr E. Salvatico for the myeloperoxidase
assay.
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Involvement of pertussis toxin-sensitive and -insensitive
mechanisms in a-adrenoceptor modulation of noradrenaline
release from rat sympathetic neurones in tissue culture

C.E. Hill, 'D.A. Powis & I.A. Hendry

Division of Neuroscience, John Curtin School of Medical Research, Australian National University, Canberra, ACT, 2600,
Australia

1 Sympathetic neurones derived from superior cervical ganglia of neonatal rats and maintained in
tissue culture were used to investigate the modulation of neurotransmitter release by presynaptic
receptors. Three week old cultures of neurones were loaded with [3H]-noradrenaline to label endogenous
neurotransmitter stores. Release of noradrenaline was evoked by depolarization with raised extracellular
K+ in the presence of desipramine and corticosterone to prevent uptake of released catecholamine.
2 Potassium (55 mmol 1-) depolarization for 30 s caused more than a four fold increase in 3H overflow
from basal levels but this increase was reduced by up to 40% in the presence of exogenous noradrena-
line (1 timol 1`). The inhibition by noradrenaline of depolarization-evoked overflow was blocked by the
aI/a2-adrenoceptor antagonist, phentolamine. Phentolamine alone did not increase K+-evoked 3H
overflow.
3 The a2-adrenoceptor antagonist, yohimbine, produced a concentration-dependent block of the inhibi-
tion by noradrenaline of K+-evoked overflow, while the ax-adrenoceptor antagonist, prazosin, was
without effect at concentrations up to 0.1 Lmol 1'.
4 The P-adrenoceptor antagonist, propranolol, neither reduced K+-evoked overflow nor increased the
degree of inhibition caused by the addition of 1 1tmol 1' noradrenaline.
5 The M2-adrenoceptor agonist, clonidine (I iLmol 11) was less effective than noradrenaline at inhibiting
K+-evoked overflow, while the a,-adrenoceptor agonist, phenylephrine (1,umol 1I) had no significant
effect.
6 The L-channel calcium blocker, nicardipine (1 timol 1-') significantly inhibited 3H overflow evoked
by K+. In the presence of L-channel block, however, noradrenaline still inhibited residual evoked
overflow.
7 In the presence or absence of nicardipine, pertussis toxin pretreatment (1 nmol 1-') reduced, but did
not prevent, the effect of noradrenaline (1 tLmol 1'). Pertussis toxin alone caused a significant enhance-
ment of K+-evoked 3H overflow.
8 The data indicate that on postganglionic neurones of cultured rat sympathetic ganglia there are
M2-adrenoceptors that modulate neurotransmitter release, but no functional P-adrenoceptors that mediate
an enhancement of transmitter release. The data suggest further that in this preparation the mechanism
of a2-adrenoceptor modulation may involve pertussis toxin sensitive and insensitive G-proteins and
effects on calcium channels other than L-type.

Keywords: Sympathetic neurone; noradrenaline release; presynaptic modulation; rat superior cervical ganglion; a-adrenoceptor;
tissue culture; pertussis toxin

Introduction

For the past twenty years the notion has been advanced that
the quanitity of neurotransmitter released at nerve terminals in
response to an invading action potential is modified by sub-
stances present in the synaptic cleft. These substances include
the neurotransmitter, or co-transmitter, released by the nerve

terminal itself or by adjacent nerve terminals, and hormones
and drugs (Starke et al., 1989; Langer & Arbilla, 1990). For
example, noradrenaline released by sympathetic nerve termin-
als acts on a-adrenoceptors to depress further release (see
Starke, 1987). Use of more specific pharmacological tools has
shown that a-adrenoceptors are not a homogeneous popula-
tion (Starke, 1972; Dubocovich & Langer, 1974) but can be
subdivided: the suggested terminology of the major sub-
divisions being al and M2 (Langer, 1974). Initially it was

considered that a,-adrenoceptors were located postsynaptic-
ally and M2-adrenoceptors were presynaptic (Langer, 1974;

Arbilla & Langer, 1978). However there is now clear evidence
for a functional postsynaptic presence of M2-adrenoceptors
(McGrath, 1982). On the other hand, with regard to the
possibility that there are, likewise, functional a1-adreno-
ceptors located presynaptically, Starke (1987) has reviewed
the literature and remains sceptical that there are such that
operate to modulate neurotransmitter release, at least from
sympathetic nerve terminals. His scepticism is based partly
on the observation that in the experiments reviewed, either
high concentrations of al-adrenoceptor agonists and antagon-
ists were used, thereby raising the question of their specificity
of action, or that even when low concentrations of the
xl-adrenoceptor antagonist, prazosin, were used its known
reserpine-like neurotransmitter releasing action was not taken
into account (e.g. Cubeddu & Weiner, 1975). Subsequent
studies however have continued to suggest the presence of
functional presynpatic a,-adrenoceptors (Hicks et al., 1986;
Murphy & Majewski, 1989; 1990; Rump et al., 1992; see also
Wilson & Minneman, 1991) although Shinozuka et al. (1991)
have attributed these effects to postjunctional al receptors
and the release of purines which in turn act prejunctionally.

I Author for correspondence at: Neuroscience Group, Faculty of
Medicine, University of Newcastle, New South Wales 2308,
Australia.
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Other studies have suggested presynaptic receptors which
have properties that do not conform precisely with those of
either al- or M2-adrenoceptor subtypes (Elliott et al., 1989;
Kawasaki et al., 1989; Lipscombe et al., 1989; Harsing &
Vizi, 1991).
The present studies were undertaken with neonatal rat

superior cervical ganglion neurones in tissue culture in order
to determine the type of adrenoceptors which have a role in
modulating noradrenaline release and to determine also
aspects of second messenger coupling between receptor and
exocytotic mechanism.
Some of these data have been presented in preliminary

form elsewhere (Powis et al., 1989a,b; Hill et al., 1990; Hill &
Powis, 1991; Hill, 1991).

Methods

Preparation ofsympathetic neuronal cultures

Superior cervical ganglia were removed from neonatal rats,
stripped of their connective tissue sheaths and teased into
several small fragments. The ganglionic fragments were incu-
bated at 37°C with 0.1% collagenase for 30 min followed by
six successive 5 min incubations in 0.1% trypsin. After each
treatment with trypsin the fragments were triturated with
pipettes of decreasing bore. Supernatants were collected from
the last four trypsinizations. The resulting suspension of
neuronal and non-neuronal cells was centrifuged and resus-
pended in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 26 mmol I` NaH2CO3, 2 mmol'1 pyru-
vate, 4 mmol l-' L-glutamine, additional vitamins ('Vitamin
Supplement': Commonwealth Serum Laboratories, Melbourne,
Victoria, Australia), 100 iu ml-' penicillin, 0.1 mg ml-' strep-
tomycin sulphate, 38 mmol 1- glucose, 10% (v/v) foetal calf
serum and 1 fig ml-' ,B-nerve growth factor (prepared accord-
ing to the method of Mobley et al., 1976). Corticosterone
(I gmol 1' from 10 mmol 1` stock in ethanol) was added to
the medium to maintain the neurones in an adrenergic
phenotype (McLennan et al., 1980). The cells were seeded at
a density of 103 cells per well into 96 wells plates which had
been previously coated with either rat tail collagen or poly-L-
lysine. The medium was changed every 3-4 days and the
cultures grown for 2 to 3 weeks at 37°C.
Some experiments were performed on cultures which con-

tained only neurones, the non-neuronal cells, e.g., fibroblasts
having been removed by treatment for several days with
20 gLmol 1` fluorodeoxyuridine and 20 ftmol 1` uridine.
However, it was found that the extensive washing and
incubation steps involved in the release experiments resulted
in the neuronal nerve networks becoming detached from the
bottom of the culture wells and frequently being removed
from the wells together with wash solutions before the end of
the incubations. This problem was not encountered with the
cultures containing non-neuronal cells as these were more
firmly attached to the substrate.
At the time the experiments described here were perform-

ed, the neurones were readily visible either isolated or in
small clusters and had formed extensive networks over a
background of non-neuronal cells (Figure 1).

Noradrenaline overflow studies

All overflow experiments were carried out in the 96 well
plates at 37°C. Loading of neurones with labelled noradren-
aline was achieved by incubating the cultures for 1 h with
DMEM containing 10 ACi ml' [3H]-noradrenaline (0.5-0.75
gmoll-1; 1gCi per well), 30p.moll1' corticosterone (10
mmol 1-l stock in ethanol) to prevent uptake of noradrena-
line by any non-neuronal cells and 120 ;tmolI 1 pargyline to
prevent noradrenaline degradation by monoamine oxidase.
Excess noradrenaline was removed with 3 rinses of minimal
salt solution (MSS, see below). To confirm that uptake of the

Figure 1 Photomicrograph of sympathetic neurones derived from
rat superior cervical ganglion after 21 days in tissue culture showing
extensive neuritic outgrowth from the dissociated cell bodies. Calib-
ration bar = 100 gsm

labelled noradrenaline was mainly confined to the neurones,
desipramine (1-100 imol l-') was added to the [3H]-nor-
adrenaline containing loading medium. In experiments using
pertussis toxin, cells were pretreated with the toxin (1 nmol
1-') for 17 or 40 h in control medium at 37'C before incuba-
tion in [3H]-noradrenaline.

All test compounds were made up in MSS containing
(mmol 1-'): NaCl 140, KCI 5.4, CaC12 1.2, MgCl2 1.0, glucose
10, ascorbic acid 0.1, HEPES 15, Na2HCO3 10, desipramine
0.01 (to prevent reuptake of released noradrenaline by the
neurones, see Table 1); and 30 gsmol 1' corticosterone to
prevent uptake of noradrenaline by non-neuronal cells. High
potassium depolarizing solution contained 55 mmol l- KCI
and 90 mmol l-l NaCl, while low calcium solution contained
0.12 mmol I` CaCl2 and 5 mmol h' MgCl2. The pH of all
solutions was adjusted to 7.2. Stock solutions of drugs
(103 X or I04 x ) were made- up in distilled water, except for
nicardipine which was made up as 10mmolI 1 in ethanol
and noradrenaline which was made up as 10 mmol 1' in 100
mmolI 1 ascorbic acid.

Pharmacological agents were added to both MSS and
high-K+ solutions. Cells were preincubated for 45 min with
receptor antagonists or with nicardipine following the incu-
bation in [3H]-noradrenaline. Receptor agonists, on the other
hand, were added for only a short (30 s) preincubation to
prevent receptor desensitization. Wells were rinsed briefly and
the basal overflow of labelled noradrenaline measured (by 1B
scintillation spectrometry) in the supernatant from each well
after 30 s exposure to MSS containing the appropriate drug.
The MSS was replaced in the same well by high-K+ solution
containing the appropriate drug and the K+-evoked overflow
measured by removing the supernatant after 30 s.
At the end of each experiment the cells were lysed with 1%

sodium dodecylsulphate and the residual intracellular radio-
activity determined for each well by P-scintillation spectro-
metry.

Basal and K+-evoked transmitter overflow were expressed
as a percentage of the total amount of [3H]-noradrenaline
within the cells at the start of the basal overflow period, i.e.,

Table 1 Effect of desipramine upon [3H]-noradrenaline
accumulation by rat superior cervical ganglion cell cultures

Concentration of desipramine % reduction in uptake*
(Jmol 1-')

1 91 ± 1.4 (10)
10
100

94± 1.0 (11)
97±0.5 (11)

*Mean ± s.e.mean of (n) determinations, being 3 or 4
determinations in each of 3 different preparations of cells
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residual content + total 3H released. All data are expressed as
mean ± s.e.mean of n wells. Basal and K+-evoked overflow
were determined as described in the same wells and basal
overflow was subtracted from the overflow obtained during
the K+ stimulation period to give evoked overflow. Each pair
of measurements (basal and K+-evoked) were made in 3-6
wells in at least 3 experiments, each using different batches of
cells. Each experiment had its own separate control evoked
overflow (no drug) and evoked overflow in the presence of
noradrenaline in addition to the drugs tested. Thus, each
Figure is based on its own internal data set. Statistical
analyses were performed with Student's t test; P values less
than 0.05 were considered to be significant.

Materials

(± )-[7-3H]-noradrenaline (specific activity 13.3-19.2 Ci
mmol-') was obtained from Amersham International (UK).
All materials for preparation and maintenance of cells in
culture were obtained from Flow Laboratories (Sydney,
N.S.W., Australia). Clonidine hydrochloride, corticosterone,
desipramine hydrochloride, nicardipine hydrochloride, (-)-
noradrenaline hydrochloride, pargyline hydrochloride, per-
tussis toxin, (-)-phenylephrine hydrochloride, yohimbine
hydrochloride, ascorbic acid and HEPES were obtained from
Sigma (St Louis, MO, U.S.A.). Phentolamine (mesylate;
Regitine) was obtained from Ciba Geigy (Sydney, N.S.W.,
Australia). Prazosin hydrochloride was a gift from Pfizer
(Sydney, N.S.W., Australia). All other reagents used were of
analytical grade.

Results

Uptake of [3H]-noradrenaline into sympathetic
postganglionic neurones

Cell cultures exposed to [3H]-noradrenaline for 1 h accum-
ulated substantial radioactivity. In the presence of desi-
pramine (-100limol 1') and corticosterone (30 jtmol 1')
parallel cultures accumulated only between 3-9% of that
measured in the absence of desipramine (Table 1). In subse-
quent experiments 10lOmol 1' desipramine was included
routinely to all incubation solutions after loading the cells
with [3H]-noradrenaline.

Overflow of3Hfrom cultured neurones

In all experiments described here, K+ caused at least a four
fold increase in 3H overflow over basal levels. Depolariz-
ation-evoked 3H-overflow was dependent upon the presence
of external calcium since a reduction in the Ca2+ concentra-
tion of MSS to 0.12 mmol 1' and an increase of Mg2" to
5 mmol 1' reduced K+-evoked overflow to 19% of that
obtained with a medium containing 1.2 mmol 1' Ca2" and
1.0 mmol 1' Mg2" (n = 12). Furthermore addition of 0.3
mmol 1' CdCl2 to normal MSS reduced K+-evoked overflow
to 5% of that obtained in normal MSS (n = 12).

Effects of adrenoceptor agonists and antagonists upon
K+-evoked 3H overflow
Noradrenaline (1 ymol 1') caused a significant reduction in
K+-evoked overflow (Figure 2). The extent to which overflow
was modulated by noradrenaline varied between different
experiments: from 20-40% of control evoked overflow.
The a-adrenoceptor antagonist, phentolamine (1 1tmol 1-'),

did not itself increase K+-evoked 3H overflow, but did pre-
vent the reduction of evoked overflow by noradrenaline
(Figure 2).
The P-adrenoceptor antagonist, propranolol (1 tmol 1'),

did not alter K+-evoked 3H overflow, suggesting that endo-
genous noradrenaline released from the neurones during
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Figure 2 Noradrenaline reduces K+-evoked 3H overflow by an
action that is blocked by phentolamine. Columns show 3H overflow
over a 30s period evoked by K+ (55 mmol 1') in the absence
(n = 11 wells in 3 experiments) or presence of either noradrenaline
(NA, 1 tmol 1-', n = 11), phentolamine (Phent, I jLmol I-', n = 8) or
both together (n = 7). Data shown (mean ± s.e.mean) represent K+-
evoked overflow minus basal overflow for the same wells. The mean
basal overflow for the no drug wells in these experiments was
1.3 ± 0.2% (n = 11) of cell 3H content. *P<0.05 (compared with
control, no drug).

depolarization was not sufficient to stimulate P-adreno-
ceptors. In addition, in the presence of propranolol, there
was no change in the size of the reduction in evoked overflow
produced by exogenous noradrenaline (I timol 1-', Figure 3).
This suggested that there were no P-adrenoceptors present on
the neurones, as stimulation of these receptors would be
expected to counteract the inhibitory effect of noradrenaline
on evoked overflow via the x-adrenoceptors. Subsequent
block of the P-adrenoceptors would be expected to increase
the inhibition of overflow produced by noradrenaline.

Cultured neurones were exposed to a range of concentra-
tions of the ac, and M2-adrenoceptor antagonists, prazosin and
yohimbine, to determine their effects upon the inhibition by
noradrenaline of evoked 3H overflow. Neither drug had any
effect on evoked overflow when added alone suggesting that
the amount of endogenous noradrenaline released by K+ was
insufficient to stimulate these receptors.
Yohimbine caused a concentration-dependent reduction in

the magnitude of the noradrenaline inhibition of evoked
overflow while prazosin up to a concentration of 0.1 Lmol
1-', the highest concentration that can be justified for
preferential blockade of al-adrenoceptors, was without effect
(Figure 4).
The oI-adrenoceptor agonist, phenylephrine (1 jtmol 1'),

failed to reduce the K+ evoked 3H-overflow while the a2-
adrenoceptor agonist, clonidine (1 ;tmol 1-'), reduced K+-
evoked overflow by 12% (P <0.05); a smaller degree of
inhibition than that caused by the same concentration of
noradrenaline in these experiments (Figure 5).

Effects of calcium channel blockers on K+-evoked
3H-overflow
Nicardipine (1 jAmol 1-') reduced K+ evoked 3H overflow by
20% (Figure 6, P<0.05). The result suggests a small contri-
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Figure 3 Propranolol neither increases nor does it alter the reduc-
tion by noradrenaline of K+-evoked 3H overflow. Columns show
overflow over a 30 s period evoked by K+ (55 mmol 1- ') in the
absence (n = 17 wells in 3 experiments) or presence of either prop-
ranolol (Prop, 1 pmol 1-', n = 15), noradrenaline (NA, 1 JLmol 1-',
n = 17) or both together (n = 14). The mean basal overflow for the
no drug wells in these experiments was 1.1 ± 0.1% of cell 3H content.
*P< 0.05 (compared with corresponding control).
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Figure 5 Clonidine but not phenylephrine reduces K+-evoked 3H
overflow. Columns show overflow over a 30 s period evoked by K+
(55 mmol'1) in the absence (n = 14 wells in 3 experiments) or
presence of phenylephrine (1 jtmol 1', n = 19), clonidine (1 tAmol 1- ',
n = 18) or noradrenaline (1 ptmol 1-', n = 6). The mean basal overflow
for the no drug wells in these experiments was 1.0 ± 0.2% (n = 14) of
cell 3H content. *P<0.05 (compared with control, no drug).

bution by L-type calcium channels to transmitter overflow
evoked by K+-depolarization in this experimental prepara-
tion. In the presence of nicardipine, noradrenaline still inhib-
ited significantly the residual evoked 3H overflow (Figure 6).
At higher concentrations (10 tmol 1'), nicardipine appeared
to have deleterious effects on the cells, as the basal overflow
of 3H was increased and the evoked overflow was greatly
reduced. Evoked overflow was frequently less than twice
basal overflow making the results difficult to interpret.

Effects ofpertussis toxin on inhibition of K+-evoked
overflow by noradrenaline

Pretreatment of neuronal cultures for 17 h with pertussis
toxin (1 nmol 1-l) caused a significant increase in the magni-
tude of K+-evoked 3H overflow (Figure 7, P<0.05). The
percentage inhibition by noradrenaline of the corresponding
evoked overflow was, however, unaffected by the toxin pre-
treatment (Figure 7). Longer pretreatment with pertussis
toxin (40 h) also failed to abolish the inhibitory effects of
noradrenaline upon evoked overflow (data not shown).
When cultures were pretreated with pertussis toxin and the

evoked overflow measured in the presence of nicardipine
(1 jlmol I-l) to block L-type calcium channels, pertussis toxin
was still unable to abolish the effect of noradrenaline
although the absolute magnitude of the inhibition (- 24%)
was significantly reduced in the presence compared with that
in the absence (- 32%) of pertussis toxin (P <0.05; Figure
8).

Concentration of antagonist (mol 1- 1)

Figure 4 Yohimbine but not prazosin reduces the inhibition by
noradrenaline of K+-evoked 3H overflow in a concentration-
dependent manner. The inhibition by noradrenaline (1 gLmol I1-) of
K+-evoked 3H overflow is expressed as a % reduction from that
evoked in the absence of noradrenaline. The effects on this inhibition
of increasing concentrations of the al-adrenoceptor antagonist,
prazosin (light columns), or the a2-adrenoceptor antagonist, yohim-
bine (dark columns), are shown. Each column is the
mean ± s.e.mean of at least 12 wells in 4 experiments.

Discussion

The superior cervical ganglion of the neonatal rat is a widely
used source of experimental neuronal tissue. From neurones
dissociated from such ganglia sprout viable postganglionic
sympathetic neurites which, in culture, in the presence of
corticosterone, continue to express an adrenergic phenotype
(McLennan et al., 1980). O'Lague et al. (1978) showed that
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Figure 6 Nicardipine does not alter the reduction by noradrenaline
of K+-evoked 3H overflow. Columns show overflow over a 30s
period evoked by K+ (55 mmol 1-l) in the absence (n = 18 wells in 4
experiments) or presence of either nicardipine (Nicard, I tmol 1',
n 20), noradrenaline (NA, 1 1smol 1-', n = 19) or both together
(n = 18). The mean basal overflow for the no drug wells in these
experiments was 1.6 ± 0.3% (n = 18) of cell 3H content. *P<0.05
(compared with relevant control, i.e., with or without nicardipine).
**P<0.05 (compared with control, no drug).
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Figure 7 Pertussis toxin does not prevent the inhibition by
noradrenaline of evoked overflow. Columns show overflow over a
30s period evoked by K+ (55 mmol'1) in the absence (n = 16 wells
in 3 experiments), or presence of either noradrenaline (NA, I lsmol
1, n = 17), pertussis toxin (PT, preincubation in 1 nmol 1 for 17 h,
n = 16) or both together (n = 16). Basal overflow for control no drug
1.2 ± 0.2% (n = 16) of cell 3H content. *P<0.05 compared with
corresponding control, either with or without preincubation in per-
tussis toxin. **P<0.05 compared with control, no drug.
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Figure 8 In the presence of nicardipine, pertussis toxin does not
prevent the reduction by noradrenaline of K+-evoked 3H overflow.
Columns show overflow over a 30s period evoked by K+
(55 mmol -l') in the presence of nicardipine alone (1 gtmol 1', n = 18
determinations in 4 experiments) or nicardipine plus noradrenaline
(Nic/NA, I tLmol IP', n = 18) nicardipine plus pertussis toxin (Nic/
PT, preincubation I nmol 1-I for 17 h, n = 18), or nicardipine, per-
tussis toxin and noradrenaline together (Nic/PT/NA) (n = 18). Basal
overflow in nicardipine control was 1.1 ± 0.1% of cell 3H content.
*P<0.05 (compared with corresponding control, i.e., nicardipine
with or without pertussis toxin).

cultured principal sympathetic neurones dissociated from this
source have electrophysiological properties similar to those of
sympathetic neurones of adult rats. Furthermore, these
neurones are able to synthesize neurotransmitter and accu-
mulate, store and release radiolabelled neurotransmitter (Bur-
ton & Bunge, 1975; Patterson et al., 1976; Sweadner, 1985).
The present data show clearly that such preparations, after
two to three weeks in tissue culture, have extensive neuritic
outgrowth and that only the neuronal components accumu-
late and therefore subsequently release [3H]-noradrenaline.
Furshpan et al. (1986) state that 'the high innervation density
in microcultures (of rat superior cervical ganglion neurones)
enhances the probability of detecting weak synaptic effects'.
This suggests the preparation should be ideal for investi-
gating presynaptic modulation of neurotransmitter release.
We have previously reported that neonatal rat sympathetic

neurones in tissue culture continue to release 3H in response
to K+ depolarization over at least a 5 h period but that the
rate of release declines after the first few minutes (Powis et
al., 1989a). When measured over a 30 s period, the basal
(spontaneous) overflow was enhanced more than four fold by
depolarization with 55 mmol 1- K+. Furthermore the over-
flow evoked by K+ was dependent upon the presence of
external calcium. The results indicate that the calcium
required for release enters the neurones predominantly
through non-L type calcium channels (presumably N-
channels) since the presence of the dihydropyridine L-channel
blocker nicardipine reduced evoked 3H overflow by only
20%. These results correspond well with the results of other
studies. For example Hirning et al. (1988) have shown that
L-channels relative to N-channels contribute in only a minor
way to the calcium influx that precedes neurotransmitter
release from rat sympathetic neurones.

Noradrenaline caused a significant inhibition of K+-evok-
ed 3H overflow and this inhibition was prevented by the
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a-adrenoceptor antagonist, phentolamine. Unexpectedly,
addition of phentolamine alone did not increase the release
of transmitter evoked by the depolarizing stimulus. This was
probably due to the fact that in the culture dishes used in the
present experiments the volume of medium was many times
the volume of neurones present. The noradrenaline released
from the neurones was thus substantially diluted, quite prob-
ably to the point that its concentration in the synapse was
insufficient to stimulate the receptors. A similar failure of the
M2-adrenoceptor antagonist, yohimbine, to increase evoked
overflow has been reported in cultures of chick sympathetic
neurones (Boehm et al., 1991).

In some experimental preparations, including rat superior
cervical ganglion cells in culture, it has been reported that
there are P-adrenoceptors, stimulation of which by agonist
leads to an enhanced release of neurotransmitter (Weinstock
et al., 1978). The present experimental data do not confirm
the presence of P-adrenoceptors. Firstly, propranolol alone
did not reduce K+-evoked 3H overflow, but nor did it in the
experiments of Weinstock and colleagues. This could be due
to the low levels of noradrenaline released from the neurones
as discussed above. Secondly, the addition of noradrenaline
(1 .mol 1') to the medium produced the same effect in the
presence as in the absence of propranolol. Under these condi-
tions, if noradrenaline activated concurrently P-adrenoceptors
and a-adrenoceptors, blockade of the P-adrenoceptors with
propranolol would have been expected to augment the inhibi-
tion of evoked overflow by exogenous noradrenaline, but this
was not observed. Thus we find no evidence for functional
P-adrenoceptors in our cultures.
The inhibition by noradrenaline of K+-evoked 3H overflow

was reduced in a concentration-dependent manner by the
M2-adrenoceptor antagonist, yohimbine. The al-adrenoceptor
antagonist, prazosin, even at a concentration of 0.1 ytmol 1-1,
did not significantly reduce the inhibitory effect of nor-
adrenaline. These results are consistent with the notion that
the modulatory adrenoceptors on postganglionic sympathetic
nerves are predominantly of the a2 type as has been reported
for other systems (Starke, 1987; Lipscombe et al., 1989;
Schofield, 1990; Brock et al., 1990). It is interesting to note
that in a number of studies, including the present one,
yohimbine was unable to antagonize fully the effects of
noradrenaline, even at very high concentrations (Kawasaki et
al., 1989; Lipscombe et al., 1989). The reduced sensitivity to
yohimbine in the present study suggests a similarity of the
receptor to the M2D subtype (Simonneaux et al., 1991; Lim-
berger et al., 1992). Alternatively, the results may suggest the
involvement of more than one x-adrenoceptor subtype as has
been previously postulated (Docherty, 1983; Hicks et al.,
1986; Daly et al., 1988; Kawasaki et al., 1989; Murphy &
Majewski, 1989; 1990; Harsing & Vizi, 1991; Wilson &
Minneman, 1991; Rump et al., 1992).

Consistent with the involvement of an a2-adrenoceptor
modulating evoked noradrenaline release in this tissue, the
ol-adrenoceptor agonist, phenylephrine, was ineffective. On
the other hand, the M2-adrenoceptor agonist, clonidine, was
also less effective than noradrenaline. These findings, how-
ever, may simply be a reflection of the partial agonist proper-
ties of clonidine. Clonidine has been noted by others to have
a smaller effect than noradrenaline in reducing calcium cur-
rents and/or neurotransmitter release from isolated sym-
pathetic neurones (Lipscombe et al., 1989; Schofield, 1990;
Boehm et al., 1992).

In the present study, the K+-evoked overflow of noradren-
aline from the sympathetic neurones was predominantly
dependent on calcium entering via non-L type channels,
presumably N-channels. In the presence of L-channel
blockers, noradrenaline was still able to inhibit evoked over-
flow. This suggests that the modulatory action of noradrena-
line is mediated by N-channels. A similar conclusion was
reached by others (Lipscombe et al., 1989; Akasu et al., 1990;
see also Wanke et al., 1987), although in their (electrophysio-
logical) studies only calcium (current) movement through

channels located on the nerve cell bodies was being monitor-
ed, i.e., remote from the sites at which neurotranmitter is
released. In the present study the neurones were intact, hav-
ing regenerated long axons during the culture period. Our
measurements would thus reflect the net effects over the
entire membrane surface and therefore confirm the impor-
tance of calcium movements through N-channels for both the
release process and its modulation by noradrenaline (see also
Kongsamut et al., 1989).

The modulation of transmitter release by noradrenaline
was not prevented by extended pretreatment with pertussis
toxin which ADP-ribosylates the alpha subunit of both Go
and Gi. We conclude therefore that pathways which involve
either G. or Gi are not the only pathways involved in
mediating the effects of noradrenaline in modulating neuro-
transmitter release. Results from other studies on the sen-
sitivity to pertussis toxin of the noradrenaline modulatory
pathway have provided conflicting conclusions. Noradren-
aline inhibition of calcium currents in sympathetic neurones
has been found to be pertussis-toxin sensitive by some (rat
superior cervical ganglion: Plummer et al., 1991; rat superior
cervical ganglion: Schofield, 1991; chick paravertebral gang-
lion: Boehm et al., 1992) and insensitive or partially sensitive
by others (rat superior cervical ganglion: Song et al., 1989;
1991). Similarly the effects of noradrenaline on neurotrans-
mitter release via a2-adrenoceptors have been described as
pertussis toxin-sensitive (Allgaier et al., 1985; Boehm et al.,
1992) and insensitive (Musgrave et al., 1987; Docherty, 1990;
Murphy & Majewski, 1990). It is of interest that, in the
presence of L-type calcium channel blockade, the modulation
of transmitter release by noradrenaline was reduced but not
prevented by pertussis toxin, suggesting that there may be
pertussis toxin-sensitive and -insensitive components to the
response. Beech et al. (1992) have described effects of
noradrenaline on (N-channel) calcium currents in rat super-
ior cervical ganglia neurones that have both pertussis toxin-
sensitive and -insensitive components (see also Song et al.,
1991). Their results were interpreted as providing evidence
for participation of multiple G-proteins in modulating ion
channel function (see Elmslie, 1992). It is possible therefore
that the presynaptic a-adrenoceptor that mediates the
noradrenaline inhibition of transmitter release can be coupled
to both pertussis toxin-sensitive and -insensitive G-proteins
with the functional mix perhaps determined by the environ-
ment to which the cells are exposed. Our results suggest that
the culture conditions used in the present study favour coup-
ling of the a-adrenoceptor to both a pertussis toxin-sensitive
and a pertussis toxin-insensitive G-protein (or, in this latter
case, perhaps even to no G-protein at all). Note here the
conclusions of Murphy & Majewski (1990) who consider that
both al- and X2-adrenoceptors modulate neurotransmitter
release and that it is the al-adrenoceptor-mediated pathway
which is pertussis toxin sensitive.

Pretreatment of the cultured sympathetic neurones with
pertussis toxin caused a significant increase in K+-evoked 3H
overflow suggesting that neurotramitter release is normally
under tonic inhibitory G-protein control (see Ikeda, 1991;
Ohara-Imaizumi et al., 1991; Sontag et al., 1991). Although
this tonic inhibition could be explained by released noradren-
aline acting on the presynaptic M2-adrenoceptors linked to
pertussis toxin-sensitive G-proteins, this is unlikely because
exposure to phentolamine or yohimbine did not result in
any increase in evoked overflow, as discussed above. Further-
more, the inhibitory effect of exogenous noradrenaline on
evoked overflow in the present study was not prevented by
treatment with pertussis toxin.

In summary, our data suggest that neurotransmitter release
can be evoked from rat sympathetic neurones grown in cell
culture by K+-depolarization via a calcium-dependent process.
Calcium influx through dihydropyridine-sensitive L-channels
plays only a minor role in this release mechanism. A pertussis
toxin-sensitive G-protein appears to cause tonic inhibition of
evoked overflow under control conditions but this G-protein
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is not part of the x-adrenoceptor-mediated modulation path-
way. Noradrenaline causes a reduction in K+-evoked over-
flow through an M2-adrenoceptor mechanism which is inde-
pendent of L-type calcium channels. This mechanism may
involve pertussis toxin-sensitive and -insensitive G-proteins.

The expert technical assistance of Jenny Meaney, Eleanor Oyston
and Mary Preston is gratefully acknowledged. Thanks are offered to
Pfizer Pty (Dr Harry Wooller) for a gift of prazosin.
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A facilitatory effect of anti-angiotensin drugs on vagal
bradycardia in the pithed rat and guinea-pig
M. Rechtman & 'H. Majewski

Prince Henry's Institute of Medical Research, P.O. Box 152, Clayton, 3168, Victoria, Australia

1 In pithed rats, preganglionic vagal nerve stimulation (at 5 Hz) elicited a bradycardia. This bradycar-
dia was potentiated by the angiotensin converting enzyme inhibitor, captopril (1 mg kg-', i.v.) by about
40%. Subsequent angiotensin II infusion (0.03 gg kg-' min-') reversed this effect. A similar facilitatory
effect was also seen with the angiotensin receptor antagonist, losartan (1Omg kg-', i.v.). These results
suggest a tonic inhibitory effect of endogenous angiotensin II on vagal transmission.
2 The effect of captopril in potentiating vagal bradycardia appears to be at the level of vagal neurones,
since the bradycardia elicited by the muscarinic agonist, methacholine was unaffected.
3 After the pithed rats were nephrectomized, captopril had no effect on vagally-induced bradycardia,
suggesting that the formation of the endogenous angiotensin II responsible for the effect was dependent
on renin release from the kidney.
4 When the sympathetic nerves of the pithed rat were electrically stimulated there was a tachycardia,
and this was unaffected by captopril. However, when the sympathetic and vagus nerves were activated
concurrently, the resulting tachycardia was inhibited by captopril.
5 In pithed guinea-pigs, captopril also potentiated the bradycardia caused by vagal nerve stimulation.
This appears to be a tissue-selective effect since the bronchoconstriction due to the vagal stimulation was
not affected by captopril.
6 These results suggest that endogenous angiotensin II can have a tonic inhibitory effect on cardiac
vagal transmission. Disruption of this mechanism by anti-angiotensin drugs may attenuate the reflex
tachycardia associated with the fall in blood pressure in anti-hypertensive therapy.

Keywords: Acetylcholine release; angiotensin II; angiotensin receptor; bradycardia; heart; vagus

Introduction

In clinical antihypertensive therapy, angiotensin converting
enzyme inhibitors decrease blood pressure without causing
reflex tachycardia (Johnston et al., 1984; Campbell et al.,
1985; Guidicelli et al., 1985). Although some effects on the
baroreceptor reflex with converting enzyme inhibitors have
been observed in animals (Kirkman & Scott, 1985), many
studies show that baroreceptor reflex sensitivity is unaltered
in the clinical situation (Guidicelli et al., 1985; Mancia et al.,
1988; Kondowe et al., 1988). Thus, alternative explanations
for the lack of reflex tachycardia must be sought.

Angiotensin II is known to enhance action-potential
evoked sympathetic transmitter release in vitro (see Starke,
1977; Zimmerman, 1978) and in vivo (Majewski et al., 1984)
by activating release-enhancing presynaptic angiotensin II
receptors at the sympathetic terminals. However, although
converting enzyme inhibitors decrease whole body nor-
adrenaline release in the pithed rat with stimulated sym-
pathetic outflow (Majewski, 1989), they appear to have no
effect on the tachycardia exerted by either electrical stimula-
tion of the cardiac sympathetic nerves (Boura et al., 1983a,b;
Rose'Meyer et al., 1989) or the tachycardia due to cardiac
sympathetic nerve activation by the ganglion stimulant
McNeil A343 (Boura et al., 1983a) in this model.
Converting enzyme inhibitors appear to have facilitatory

effects on the vagus. For example, the vagal bradycardia
induced by the diving reflex in humans with essential
hypertension is increased by captopril (Sturani et al., 1982).
This may indicate an inhibitory effect of endogenous
angiotensin II on vagal transmission. Indeed, there is some
evidence to suggest that angiotensin II can inhibit vagal
effects in animals by either a central action (Scroop & Lowe,
1969; Lumbers et al., 1979; Lee et al., 1980) or a peripheral
effect (Potter, 1982a,b). However, the physiological relevance
of these observations remains unclear. Indeed, in anaes-

' Author for correspondence.

thetized ferrets it has been suggested that angiotensin II has
no inhibitory effect on vagal transmission (Andrews et al.,
1984).

In the present study we set out to examine the effects of
the converting enzyme inhibitor captopril and the recently
developed AT, receptor antagonist, losartan (DuP 753) (Chiu
et al., 1989; 1991; Wong et al., 1991) on vagal bradycardia in
the pithed rat. Parasympathetic nerve actions can also effect
sympathetic tachycardia. When parasympathetic and sym-
pathetic nerves are stimulated simultaneously the resulting
response is not accounted for by the simple addition of the
effects of the two opposing stimuli and there appears to
be an accentuated antagonism whereby vagal stimulation
reduces sympathetic effects by a factor greater than the addi-
tion of the opposing effects (Levy & Martin, 1981). To some
extent this appears to be due to the activation of presynaptic
muscarinic receptors on sympathetic nerves by neuronally-
released acetylcholine (Loffelholz & Muscholl, 1970; Mus-
choll, 1980). However, the important consequence is that
changes in vagal transmitter release can affect sympathetic
function. Therefore the aim of the latter part of the study
was to determine whether in the presence of concomitant
vagal and sympathetic stimulation there was an effect of
captopril on cardiac autonomic nerve responses which was
not evident on sympathetic stimulation alone.

Methods

Pithed rat preparation

Male Sprague Dawley rats (250-375 g) were anaesthetized
with an intra-peritoneal injection of a combination of sodium
amylobarbitone (63 mg kg-') and sodium methohexitone
(25 mg kg-'). The right carotid artery was tied and the
trachea cannulated. The animals were then pithed with a

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 289 296
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stainless steel rod (Gillespie et al., 1970) and connected to a
ventilator and artificially respired (5 ml per stroke, 58 strokes
per min). The left carotid artery was cannulated for measur-
ing blood pressure via a transducer connected to a Maclab
recording system (ADI, Sydney, Australia). Heart rate was
measured by a ratemeter triggered from the blood pressure
record. The right and left jugular veins were cannulated for
administration of drugs as a bolus or by infusion. Tem-
perature was maintained at 35-37C. In one group of rats,
acute bilateral nephrectomy was performed through a mid-
line incision in the abdomen. After the renal arteries, veins
and ureters -were ligated close to the hilum, both kidneys
were removed and the incision closed. Animals were then
pithed and experiments commenced. A period of at least
45 min elapsed after nephrectomy before responses were
measured to allow plasma renin activity to decline (de Jonge
et al., 1982).

Vagus nerve stimulation Before initiating any stimulation,
the pithed rats were pretreated with the P-adrenoceptor
antagonist, propranolol (3 mg kg -, i.v.) and the C2-adreno-
ceptor antagonist, idazoxan (3 mg kg-1, i.v.). Bipolar plat-
inum electrodes were placed beneath the right vagus nerve in
the cervical region for parasympathetic stimulation (5 Hz,
0.5 ms pulses of square wave 20 V for 15 s) delivered by a
Grass stimulator S88. Intervals of 2-5 min were allowed
between stimuli. After obtaining two reproducible responses
the effect of drugs was investigated.

Dual sympathetic-vagus stimulation In these experiments rats
were pretreated with (+)-tubocurarine (0.5 mg kg-', i.v.) to
prevent neuromuscular activity. Electrodes were placed under
both the vagus nerve and the cervical sympathetic fibres
running alongside it. The stimulation parameters were (5 Hz,
0.5 ms pulses for 15 s, 20 V) giving a resultant tachycardia of
approximately 40 beats per min. Ten min between successive
stimuli was allowed.

Sympathetic stimulation of the heart Rats were pretreated
with (+)-tubocurarine (0.5 mg kg-', i.v.) and atropine
(1 mgkg-1, i.v.) to prevent neuromuscular activity and
parasympathetic effects respectively. The vagus and sym-
pathetic nerves were placed on platinum electrodes and
stimulated electrically (0.5Hz, 0.5ms, 20V for 15s), with
5 min between stimuli.

Pithed guinea-pig preparation

Male Dunkin-Hartley guinea-pigs (430-610 g) were anaes-
thetized with halothane (4%) in nitrous oxide and oxygen
(11 min ', each). Blood vessels, right vagus nerve and
trachea were isolated and cannulated as appropriate as for
rats. Pithing with a steel rod was performed through a hole
made with a punch in the sagittal fissure between the orbits
(Rechtman et al., 1990) and the animals immediately ven-
tilated mechanically (10 ml per kg, 60 strokes per min).
Insufflation pressure was recorded via a pressure transducer
connected to a side arm of the inflow circuit and this was
used as an index of bronchial resistance. The right vagus
nerve in the cervical region was stimulated electrically
(1-3 Hz, 0.5 ms pulses at 20 V for 15 s). The parameters
used caused both changes in heart rate and bronchial tone.

Drugs

(Asn',Val8) Angiotensin II acetate and methacholine (acetyl
beta methacholine chloride) were obtained from Sigma, St
Louis, U.S.A.; atropine sulphate from Abbott Laboratories,
Sydney, Australia; methohexitone sodium and sodium
isoamylethylbarbiturate (amylobarbitone) from Eli Lilly,
Sydney, Australia; (+ )-tubocurarine chloride from Well-
come, Sydney, Australia. Captopril was a gift from Squibb,
Melbourne, Australia; (±)-propranolol hydrochloride was a

gift from ICI, Melbourne, Australia; idazoxan was a gift
from Reckitt and Colman, Hull, U.K. and losartan was a gift
from DuPont Merck Pharmaceutical Co, Wilmington,
U.S.A. All doses are expressed as mass of the salt used.

Vehicle experiments were done with appropriate volumes/
infusions of saline (0.9% sodium chloride).

Calculation of results and statistics

In all experimental groups of rats, repetitive stimulations
were carried out and all results were expressed as a percen-
tage of the mean of the first two reproducible stimulations
which were carried out in the absence of drugs. Drug effects
were compared with vehicle experiments and significance
assessed by two way analysis of variance. In some cases
Student's t tests were used where appropriate. When succes-
sive responses were compared back to a pre-drug value
Dunnett's test was used.

Results

Effects of captopril and angiotensin infusion on heart
rate responses to vagus nerve stimulation

In pithed rats treated with propranolol (3 mg kg-') and
idazoxan (3 mg kg-'), vagal stimulation (5 Hz, 0.5 ms 20 V)
of 15 s duration caused bradycardia of about 46 beats min-'
(Table 1). After captopril (1 mg kg-', i.v.), there was a
gradual enhancement of the vagally induced bradycardia
over the next four stimuli (Figure la). When angiotensin II
(0.03 jig kg-' min-', i.v.) was infused over the subsequent
four stimuli, the enhanced bradycardia to vagal stimulation
produced by captopril was decreased (Figure la). However, it
should be noted that the fourth vagal response after
angiotensin infusion commenced did not differ significantly
from the pre-angiotensin II infusion value (see Figure la).
When the angiotensin II infusion was stopped and four more
stimuli applied, there was some recovery of the bradycardia
to pre-angiotensin levels. The basal heart rate and basal
mean arterial pressure at the commencement of the experi-
ments is shown in Table 1. There was no statistically
significant changes in basal heart rate by drugs when com-
pared to control (Figure lb). Captopril decreased mean
arterial pressure and angiotensin II infusion enhanced mean
arterial pressure (Figure lc).

In another series of experiments, angiotensin II was
infused in animals in the absence of captopril (Figure 2a). In
this case, the angiotensin 11 (0.03 jig kg-' min- ', i.v.) had no
effect on vagally induced bradycardia (Figure 2a) or basal
heart rate (Figure 2b) but it did increase mean arterial pres-
sure which returned to basal levels when the infusion ceased
(Figure 2c). The absolute values of these parameters at the
beginning of the experiment are given in Table 1.

Effect of captopril and angiotensin infusion on heart rate
responses in nephrectomized pithed rats

In nephrectomized pithed rats treated with propranolol
(3 mg kg-') and idazoxan (3 mg kg-'), captopril had no
significant effect on vagally-induced bradycardia (Figure 3a),
nor did it affect basal heart rate (Figure 3b). Whilst mean
arterial pressure was slightly reduced (Figure 3c), the
hypotensive effect of captopril was much less than that in
pithed rats with intact kidneys (cf. Figure lc). The basal
mean blood pressure was significantly lower in nephrec-
tomized rats than in rats with intact kidneys (Table 1) but
basal heart rate was not significantly different (Table 1).

Effect of captopril and subsequent AII infusion on
chronotropic responses to methacholine

In pithed rats treated with propranolol (3 mg kg-') and
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Table 1 Cardiovascular parameters of rats and guinea-pigs in different experimental groups

Initial heart rate
response

(beats min ')
Pre-drug basal rate

(beats min ')
Pre-drug mean pressure

(mmHg)

Basal insufflation
pressure
(mmHg)

Pithed rats: vagal stimulation
Vehicle (n = 5) 46 8
Captopril/AII (n = 8) 41 + 6
Saline/AII (n = 8) 36 ± 4
Vehicle (n = 7) 45 6
Losartan (n = 10) 39 4

Nephrectomized and pithed rats: vagal stimulation
Vehicle (n = 8) 46 5
Captopril (n = 7) 32 ± 3

Pithed rats: methacholine adninistration
Vehicle (n = 6) 57 ± 12
Captopril/AII (n = 10) 43 ± 5

Pithed rats: sympathetic alone stimulation
Captopril (n = 6) 40 6

Pithed rats: vago-sympathetic stimulation
Vehicle (n = 6) 35 4
Captopril (n = 8) 37 4

Pithed guinea-pigs: vagal stimulation
Vehicle (n = 4) 36.3 ± 14
Captopril (n = 5) 52.2 ± 7
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Figure 1 Effect of captopril on bradycardia induced by vagal nerve
stimulation in pithed rats. There were 13 consecutive vagal stimula-
tions (each 5 Hz for 15 s). All results are expressed as a percentage of
the initial values at stimulation No. 1. Absolute values for all initial
parameters are shown in Table 1. Captopril (Capt, I mg kg-',
i.v.) given immediately after stimulation 1, significantly increased
stimulation-induced bradycardia (P< 0.05, two way analysis of
variance). Subsequent application of angiotensin II (All, 0.03;Lg
kg-' minm-) significantly reduced the S-I bradycardia compared to
the pre-angiotensin II value (*P<0.05, Dunnett's test). None of the
drugs affected basal heart rate (P> 0.05, two way analysis of
variance or Dunnett's test). However, captopril significantly lowered
mean arterial pressure (MAP) (P<0.05, two way analysis of
variance), and angiotensin II significantly increased mean arterial
pressure compared to the pre-angiotensin II value (*P<0.05, Dun-
nett's test). n = 8 for captopril (-), n = 5 for vehicle (0). In vehicle
experiments neither captopril nor angiotensin II was administered.
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Figure 2 Effect of angiotensin II (All) on bradycardia induced by
vagal nerve stimulation in pithed rats. There were 13 consecutive
vagal stimulations (each 5 Hz for 15 s). All results are expressed as a
percentage of the initial values at stimulation No. 1. Absolute values
for all initial parameters are shown in Table 1. Subsequent applica-
tion of angiotensin II (AII, 0.03 pg kg- ' min-') did not significantly
affect the stimulation-induced (S-I) bradycardia compared to vehicle
(*P<0.05, two way analysis of variance and Dunnett's test). Basal
heart rate was unaltered by angiotensin II (P> 0.05, two way
analysis of variance and Dunnett's test). However, angiotensin II
significantly elevated mean arterial pressure (MAP) (*P<0.05, two
way analysis of variance and Dunnett's test). n = 8 for angiotensin II
series (0), n = 5 for vehicle (0). In vehicle experiments no angioten-
sin II was administered.
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Figure 3 Effect of captopril (Capt), on bradycardia induced by
vagal nerve stimulation in nephrectomized pithed rats. There were 5
consecutive vagal stimulations (each 5 Hz for 15 s). All results are

expressed as a percentage of the initial values at stimulation No. 1.
Absolute values for all initial parameters are shown in Table 1.
Captopril (I mg kg-', i.v.) given immediately after stimulation 1 had
no effect on stimulation-induced (S-I) bradycardia (P> 0.05, two
way analysis of variance). Captopril did not affect basal heart rate
(P> 0.05, two way analysis of variance), but caused a slight reduc-
tion in mean arterial pressure (MAP) (P<0.05, two way analysis of
variance). n = 7 for captopril (0), n = 8 for vehilce (0). In vehicle
experiments no captopril was administered.

idazoxan (3 mg kg- ') bradycardia was induced by metha-
choline. The dose of intravenously administered metha-
choline was adjusted in each experiment to give an initial
bradycardia of comparable magnitude to electrical stimula-
tion of the vagus (range 3-10 tgkg-') (Table 1). Neither
captopril (1 mg kg-', i.v.) or angiotensin II infusion (0.03 tLg
kg-l min', i.v.) had any significant effect on the bradycardia
caused by methacholine (Figure 4a). The initial basal car-
diovascular parameters are shown in Table 1.

Effect of losartan and subsequent AII infusion on

chronotropic responses to vagus nerve stimulation

In pithed rats treated with propranolol (3 mg kg-') and
idazoxan (3 mg kg-'), the angiotensin receptor blocking
drug, losartan (10 mg kg-', i.v.) significantly enhanced
bradycardic responses to vagal nerve stimulation (Figure Sa)
over eight successive vagal stimulations. Angiotensin II

infusion (0.03 iLg kg-' min-', i.v.) had no significant effect on

these enhanced responses. Losartan had a slight enhancing
effect on basal heart rate (Figure Sb) but markedly reduced
mean arterial pressure (Figure Sc). The pressor effect of
angiotensin II was attenuated by losartan (P <0.05, two way
analysis of variance; compare Figures 2c and Sc). The initial
basal cardiovascular parameters are shown in Table 1.

1 2 3 4 5 6 7 8 9 10 11 12 13
Methacholine injection No.

Figure 4 Effect of captopril (Capt) on bradycardia induced by
methacholine (3-10pgkg-', i.v.) in pithed rats. There were 13 con-

secutive methacholine injections. All results are expressed as a

percentage of the initial values at injection No. 1. Absolute values for
all initial parameters are shown in Table 1. Captopril (1 mg kg-',
i.v.) given immediately after injection 1 had no significant effect on

methacholine-induced bradycardia (P< 0.05, two way analysis of
variance). Subsequent application of angiotensin II (AII, 0.03 lsg
kg-' min-') had no effect on methacholine-induced bradycardia
compared to the pre-angiotensin II value (*P>0.05, Dunnett's test).
None of the drugs affected basal heart rate (P>0.05, two way

analysis of variance or Dunnett's test). However, captopril signifi-
cantly lowered and angiotensin II significantly elevated mean arterial
pressure respectively (*P<0.05, two way analysis of variance, Dun-
nett's test). n = 10 for captopril (@), n = 6 for vehicle (0). In vehicle
experiments neither captopril nor angiotensin II was administered.

Effect of captopril on cardiac sympathetic stimulation

In pithed rats when the cardiac sympathetic nerves were

stimulated electrically (0.5 Hz, 0.5 ms pulses at 20 V for 15 s)
in the presence of parasympathetic blockade with atropine
(1 mg kg-'), an increase in heart rate occurred (Table 1).
Captopril (1 mg kg-', i.v.) had no significant effect on these
responses (Figure 6a). Propranolol (1 mg kg-, i.v.) markedly
inhibited tachycardia to electrical stimulation confirming that
the nerves being stimulated were of sympathetic origin
(Figure 6a). The initial basal cardiovascular parameters are
shown in Table 1.

Effect of combined vagus and sympathetic nerve

stimulation on heart rate and the effect of captopril

In pithed rats without autonomic antagonist pretreatment,
combined sympathetic and parasympathetic nerve stimula-
tion (5 Hz, 0.5 ms pulses at 20 V for 15 s) increased heart
rate (Table 1). This tachycardia was reduced by captopril
(1 mg kg-') (Figure 7a). Addition of atropine (1 mg kg',
i.v.) at the end of the experiment increased heart rate res-

ponses to electrical stimulation indicating that there was an
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Figure 5 Effect of losartan on bradycardia induced by vagal nerve

stimulation in pithed rats. There were 13 consecutive vagal stimula-
tions (each 5 Hz for 15 s). All results are expressed as a percentage of
the initial values at stimulation No. 1. Absolute values for all initial
parameters are shown in Table 1. Losartan (1Omg kg-', i.v.) given
after stimulation 1 significantly increased stimulation-induced brady-
cardia (P<0.05, two way analysis of variance). Subsequent applica-
tion of angiotensin II (All, 0.03 gg kg-' min-) had no significant
effect on the S-I bradycardia compared to the pre-angiotensin II
value (*P> 0.05, Dunnett's test). Losartan slightly but significantly
enhanced basal heart rate (P< 0.05, two way analysis of variance).
but angiotensin II had no effect (P> 0.05, Dunnett's test). Losartan
significantly lowered mean arterial pressure (P< 0.05, two way
analysis of variance), but subsequent angiotensin infusion had no

significant effect on mean arterial pressure (*P> 0.05, Dunnett's
test). n = 10 for losartan (@), n = 7 for vehicle (0). In vehicle
experiments neither losartan nor angiotensin II was administered.

underlying vagal tone (Figure 7a). The initial basal car-
diovascular parameters are shown in Table 1.

Effect of captopril on vagally induced bradycardia and
bronchoconstriction in pithed guinea pigs

In guinea-pigs treated with propranolol (3 mg kg-', i.v.) and
idazoxan (3 mg kg-', i.v.), electrical stimulation of the
vagus nerve (1-3 Hz, 20 V) caused an increase of airway
insufflation pressure of 8.6 ± 1 mmHg (n = 5) and a brady-
cardia (see Table 1). The bradycardia induced by vagal
stimulation was potentiated by captopril (I mg kg-', i.v.)
(Figure 8a). In contrast, captopril did not affect the change in
insufflation pressure induced by vagal nerve stimulation
(Figure 8b). Basal heart rate (Figure 8c) and basal
insufflation pressure (Figure 8d) did not change after capto-
pril. Captopril significantly lowered mean arterial pressure
(Figure 8e). The initial basal cardiovascular and pulmonary
parameters are shown in Table 1.
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Figure 6 Effect of captopril (Capt) on tachycardia induced by sym-
pathetic nerve stimulation in pithed rats. There were 4 consecutive
sympathetic stimulations (each 5 Hz for 15 s). All results are exp-
ressed as a percentage of the initial values at stimulation No. 1.
Absolute values for all initial parameters are shown in Table 1.
Captopril (1 mg kg-', i.v.) given immediately after stimulation I had
no significant effect on stimulation-induced (S-I) tachycardia
(P> 0.05, Dunnett's test). Subsequent application of propranolol
(Prop, I mg kg-') after stimulation 3 significantly reduced the S-I
tachycardia compared to the pre-propranolol value (*P<0.05, un-

paired Student's t test). None of the drugs affected basal heart rate
(P>0.05, Dunnett's test or unpaired Student's t test). However,
captopril significantly lowered mean arterial pressure (MAP)
(P< 0.05, Dunnett's test). n = 6.

Discussion

The pithed rat has a high circulating renin activity (de Jonge
et al., 1982), presumably because of the low blood pressure
inducing renin release from the kidney. In the present study,
the angiotensin converting enzyme inhibitor, captopril, had a
marked hypotensive action in pithed rats which was not seen
in pithed rats which had been nephrectomized. This is similar
to previous studies (Boura et al., 1983b; Majewski, 1989) and
indicates that endogenous angiotensin II, which is dependent
on renin release from the kidney, has appreciable effects in
this model.
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Figure 7 Effect of captopril (Capt) on tachycardia induced by com-

bined sympathetic/vagal nerve stimulation in pithed rats. There were
5 consecutive vagal stimulations (each 5 Hz for 15 s). All results are

expressed as a percentage of the initial values at stimulation
No. 1. Absolute values for all initial parameters are shown in
Table 1. Captopril (I mg kg- , i.v.) given immediately after stimula-
tion I significantly decreased stimulation-induced (S-I) tachycardia
(P<0.05, two way analysis of variance). Subsequent application of
atropine (I mg kg-') significantly increased the S-I tachycardia com-
pared to the pre-atropine value (P<0.05, Dunnett's test) in both the
vehicle and captopril series. None of the drugs affected basal heart
rate (P> 0.05, two way analysis of variance or Dunnett's test).
However, captopril significantly lowered mean arterial pressure
(MAP) (P< 0.05, two way analysis of variance). n = 8 for captopril
(0), n = 6 for vehicle (0). In vehicle experiments atropine but not
captopril was administered.

In the present study in the pithed rat, the vagus nerve was

electrically stimulated at 5 Hz for 15 s to elicit a submaximal
bradycardia which was blocked by atropine, indicating that it
was mediated by acetycholine activation of muscarinic recep-
tors. In these experiments propranolol and idazoxan were

given to block P-adrenoceptors and a2-adrenoceptors respec-
tively. Captopril significantly enhanced the bradycardia
induced by vagal nerve stimulation. The most likely explana-
tion for this finding is that there was a reduction in
endogenous angiotensin II formation after captopril and this
removed an inhibitory effect of endogenous angiotensin on

vagal transmission. Indeed, subsequent infusion of angioten-
sin II reversed the inhibitory effect of captopril, although this
reversal seemed to decline with time. In the absence of
captopril, angiotensin II infusion did not inhibit vagal
bradycardia. This probably indicates that endogenous angio-
tensin II already maximally activated the angiotensin II

receptors in the pithed rat as has been previously suggested
for angiotensin effects on sympathetic transmission in this
model (Majewski, 1989).

Previously, Potter (1982a,b) had shown that a bolus injec-
tion of angiotensin II inhibits both the effects of vagal nerve
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Figure 8 Effect of captopril on bradycardia and airways insufflation
pressure induced by vagal nerve stimulation in pithed guinea-pigs.
There were 2 consecutive vagal stimulations (each 5 Hz for 15 s).
Results for the second stimulation (S2) are expressed as a percentage
of the initial values of stimulation No. 1 (S). Absolute values for all
initial parameters are shown in Table 1. Captopril (Capt, 1 mg kg-',
i.v.) given immediately after stimulation I significantly increased
stimulation-induced (S-I) bradycardia (P<0.05, unpaired Student's t
test), but did not affect basal heart rate (P>0.05, unpaired Student's
t test). However, captopril significantly lowered mean arterial pres-
sure (MAP) (P<0.05, unpaired Student's t test). Captopril had no
significant effect on either basal or stimulation-induced airways
insufflation pressure (P> 0.05, unpaired Student's t test), n = 5 for
captopril experiments, n = 4 for control (Con) experiments.

stimulation in the heart in the dog and in guinea-pig isolated
atria, although the physiological relevance of this observation
was unclear. Since the pithed rat is a high renin model, the
present result with captopril suggests that endogenous
angiotensin II also has a physiologically significant inhibitory
effect on vagal transmission. Although inhibition of conver-

ting enzyme by captopril can affect the levels of the many
peptides (e.g. bradykinin, enkephalins, substance P) which
may be metabolized by this system (Soffer, 1976; Erdos et al.,
1978; Subissi et al., 1990), this is unlikely to explain the
enhanced vagal bradycardia after captopril, since the
enhancement was reversed by subsequent angiotensin II
infusion. Furthermore, the angiotensin II receptor (AT,)
blocking drug, losartan (DuP 753) (Chui et al., 1989; Wong
et al., 1991) also enhanced vagally induced bradycardia.
Losartan is thought to be metabolized to EXP3174 which is
also a potent angiotensin II antagonist (Wong et al., 1990;
Christ et al., 1990). However in the present study the facilita-
tion of vagal bradycardia was evident as early as 5 min after
losartan administration and did not increase over the subse-
quent 30 min when it may be expected that EXP3174 would
be formed. Angiotensin II infusion did not significantly
inhibit vagal bradycardia after losartan which is in contrast
to its inhibitory effects after captopril. This is probably an

indication that angiotensin II was not able to overcome the
receptor blockade produced by losartan, which contrasts with
the captopril situation where the receptor remains free for
activation.
By stimulating the cervical vagal trunk both pre and post-

ganglionic nerves are activated. Thus there are many possible
sites of endogenous angiotensin II action for inhibiting vagal

a __
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bradycardia. However, the effect is not postjunctional at the
myocardium since the bradycardia evoked by the muscarinic
agonist methacholine, was not affected by captopril or subse-
quent angiotensin II infusion after captopril administration.
Similarly, Potter (1982a,b) found that exogenous angiotensin
II did not inhibit the bradycardia caused by acetylcholine in
guinea-pig atria. This implies that the effect must be neuronal
or at the ganglia.

Classically, angiotensin II formation depends on renin
release from the kidney, but a local renin angiotensin
generating system has been described in some tissues includ-
ing the heart and vasculature (Dzau, 1988; Lindpaintner &
Ganten, 1991). The source of the endogenous angiotensin II
which inhibits vagal transmission in the present study (as
evidenced by the facilitatory effect of captopril) probably
involves kidney release of renin, since in the acutely nephrec-
tomized pithed rat, captopril did not enhance vagal brady-
cardia. It should be noted however, that in contrast to
expectations, the absolute magnitude of the vagal bradycar-
dia in nephrectomized animals was not significantly greater
than in non-nephrectomized animals. This may be because of
a marked 'between animal' variability in the absolute res-
ponses or may indicate that other factors are involved after
nephrectomy.

There are many reports indicating a facilitatory action of
angiotensin II on peripheral noradrenergic transmission (see
Rand et al., 1990). In the present study, captopril had no
effect on sympathetic stimulation of the heart in the pithed
rat even though facilitatory angiotensin II receptors on sym-
pathetic terminals have been demonstrated in rat atria (see
Mian et al., 1989) and captopril decreased whole body
noradrenaline release in the pithed rat with stimulated sym-
pathetic outflow (Majewski, 1989). In other studies in the
pithed rat, cardiac sympathetic nerve stimulation was also
not affected by captopril (Hatton & Clough, 1982; Boura et
al., 1983a,b). However, it is likely that in the physiological
situation both the vagus and the sympathetic nerves are
activated at the same time. When we stimulated sympathetic
and parasympathetic nerves to the heart simultaneously at a
frequency (5 Hz) which caused an overall tachycardia, this
was potentiated by atropine showing that there was an

underlying vagal tone. In this situation of dual autonomic
activation, captopril inhibited the tachycardia. This, we pro-
pose, is due to the enhancement of the vagal effect and
indicates that the vagal potentiating effect of captopril can
lead to changes in net autonomic influences in the heart.

It is possible that the facilitatory effect on vagal transmis-
sion by anti-angiotensin drugs applies to branches of the
vagus nerve in regions other than the heart. Indeed, Potter
(1982b) demonstrated that angiotensin II inhibited vagal res-
ponses in the intact rabbit stomach. In the present study, we
examined the effect of captopril on vagal transmission to the
lung. In our rat model, vagal stimulation did not significantly
alter pulmonary insufflation pressure. We therefore repeated
the experiment in the guinea-pig where insufflation pressure is
increased by vagal stimulation (Grundstrom & Andersson,
1985). In pithed guinea-pigs, captopril potentiated bradycar-
dic responses to vagal nerve stimulation as in the rat. How-
ever, the lung insufflation pressure increases which were
simultaneously measured, were not altered. Thus, as far as
endogenous angiotensin effects are concerned, the vagal
transmission to the lung is not functionally altered. The
side-effect profile of converting enzyme inhibitors also agree
with this finding. Although, cough is a commonly reported
side effect with converting enzyme inhibitors (Sebastian et al.,
1991), there is little evidence that bronchoconstriction is a
problem with angiotensin converting enzyme inhibitors in
clinical practice (Edwards & Padfield, 1985; Weber, 1988;
Boulet et al., 1989).
The results of the present study suggest that endogenous

angiotensin II has an inhibitory effect on vagal transmission
in both the rat and guinea-pig. This agrees with human data
on the potentiating effects of captopril on bradycardia
induced by the diving reflex (Sturani et al., 1982). In the
clinical situation, angiotensin converting enzyme inhibitors
cause little reflex tachycardia (see Introduction) and the
results of the present study offer one explanation of this
phenomenon.

This work was supported by a grant from the National Health and
Medical Research Council of Australia.
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Effect of adrenoceptor agonists on striated muscle strips of the
canine oesophagus
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1 Acute psychological stress, which could be related to the release of a large amount of
catecholamines, may cause oesophageal motility disorders. Therefore, the aim of our study was to
elucidate the influence of adrenoceptor agonists on the striated muscle portion of the oesophagus by use
of isolated strips from dogs.
2 Contractions were evoked in isolated striated muscle strips by electrical field stimulation
(1 pulse min' , 1 ms/pulse, submaximal voltage). The effects induced by administration of adrenoceptor
agonists alone or in the presence of antagonists were tested to determine the nature of the adrenoceptors
on this muscle preparation.
3 The administration of both the natural adrenoceptor agonists, adrenaline and noradrenaline, and the
synthetic P-adrenenoceptor agonists, isoprenaline (PI + P2), dobutamine (PI) or ritodrine (p2), enhanced
the amplitude of the contractions induced by electrical stimulation in a concentration-dependent
manner. The maximum responses were 82.6 (adrenaline), 66.2 (noradrenaline), 86.2 (isoprenaline), 34.6
(dobutamine) and 80.8% (ritodrine). The EC20 values obtained were respectively 2 nM, 0.2 ELM, 0.91 nM,
3 gM and 80 nM. The administration of the xl-adrenoceptor agonist, phenylephrine, also enhanced the
contractile response in a concentration-dependent manner (EC20 value= 0.3 gM) and the maximum
response was 64.6%, but the administration of the M2-adrenoceptor agonist, clonidine, did not influence
the contractile response. These data suggest the involvement of P2- and possibly a1-adrenoceptors in the
responses of these adrenoceptor agonists.
4 The selective P2-adrenoceptor antagonist ICI 118551 (3-100nM) shifted the concentration-effect
curves for noradrenaline, phenylephrine and ritodrine to the right in a concentration-dependent manner.
ICI 118551 (3 nM) also shifted the concentration-effect curves for adrenaline and isoprenaline to the
right, but increasing the concentration of ICI 118551 did not cause any further antagonist activity until
a concentration of 100 nM, when a further rightward shift was obtained.
5 The selective a,-adrenoceptor antagonist, prazosin (30-300 nM), did not affect the increased contrac-
tile responses induced by adrenaline, noradrenaline, phenylephrine, isoprenaline or ritodrine.
6 In conclusion, it appears that P2-adrenoceptors are present in the striated muscle portion of the
canine oesophagus, where they mediate an enhancement of contractile responses evoked by electrical
stimulation. The axl-agonist, phenylephrine, appears to interact with P2-adrenoceptors on this prepara-
tion. P3-Adrenoceptors have already been demonstrated in smooth muscle from various parts of the
gastrointestinal tract, and our study does not exclude the possibility that there is an additional
population of p3-receptors in the canine striated muscle part of the oesophagus.

Keywords: Stress; striated muscle; oesophagus; 132-adrenoceptor; adrenoceptor agonists; contractile response

Introduction

Previous studies suggest that acute psychological stress causes
oesophageal motility disorders. Cook and his colleagues
(Cook et al., 1987) have demonstrated that the resting pres-
sure of the upper oesophageal sphincter (UES), which is
composed entirely of striated muscle, was increased by a
stressful listening task in human volunteers. Furthermore, the
amplitude of the oesophageal contractions was increased in
stressed normal subjects and in patients with noncardiac
chest pain or the nutcracker oesophagus (Anderson et al.,
1989). Recent clinical studies indicate that high-amplitude
peristaltic contractions or abnormal peristaltic sequences in
the distal oesophagus could be related to symptoms of non-
cardiac chest pain (Benjamin et al., 1979; 1983; Peters et al.,
1988). In fact, it has been suggested that psychological char-
acteristics, such as anxiety and depression, cause peristaltic
abnormalities, an increase in wave amplitude, in wave dura-
tion or in frequency of abnormal peristaltic waves (Clouse &
Lustman, 1983). However, how acute psychological stress

' Author for correspondence at: Dept. of Gastrointestinal Phar-
macology, Janssen Research Foundation, Turnhoutseweg 30, B 2340
Beerse, Belgium.

could induce such an abnormality of oesophageal function is
incompletely understood.

Acute stress may release large amounts of catecholamines
and adrenocorticotropic hormone. Therefore, investigating
the influence of adrenoceptor agonists on oesophageal func-
tion is important clinically. This has already been evaluated
for the smooth muscle portion of the oesophagus. In the
distal oesophageal body, a-adrenoceptor agonists enhance the
contractile response (Christensen et al., 1979; T0ttrup et al.,
1990), whereas P-adrenoceptor agonists inhibit the peristaltic
contraction (Cohen, 1975; Dimarino & Cohen, 1982; Koch et
al., 1982; Lyrenas & Abrahamsson, 1986). Similar results
have been obtained for the lower oesophageal sphincter
(LES) (Dimarino & Cohen, 1975; Goyal & Rattan, 1978).
Although many studies on the effects of adrenoceptor
agonists on the smooth muscle portion of the oesophagus
(including the LES) have been performed, only a few reports,
describing the histology (Christensen & Percy, 1984; Marsh
& Bieger, 1987) or in vivo experiments (Dodds et al., 1979;
Lyrenas & Abrahamsson, 1986), have been published on the
adrenoceptor-mediated effects on the striated muscle portion.
It has been suggested that neither a-adrenoceptor agonists

Br. J. Pharmacol. (I 993), 110, 297 302 '." Macmillan Press Ltd, 1993
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nor P-adrenoceptor agonists induce an effect on the striated
muscle portion of the opossum oesophagus in vivo (Dodds et
al., 1979). But the exact influence of adrenoceptor agonists
on the striated muscle portion of the oesophagus is still
unclear.

This in vitro study was therefore performed to investigate
the effects of adrenoceptor agonists on oesophageal function
by use of striated muscle strips isolated from dog
oesophagus, and to attempt to elucidate the nature of the
receptors involved.

Japan), ritodrine (Duphar, The Netherlands), prazosin
(Pfizer, U.S.A.), ICI 118551 (1-[2,3-dihydro-4-methyl-1H-
inden-7yl oxy]-3-[(1-methylethyl)amino]-2butanol hydroch-
loride, Imperial Chemical Industries, UK). Adrenaline was
dissolved in 0.03% HCI. Noradrenaline and isoprenaline
were dissolved in 0.9% NaCl. Ascorbic acid (2.5 x 10-7M in
the stock solution) was added to adrenaline, noradrenaline
and the isoprenaline solution. The other drugs were dissolved
in distilled water.

a
1001

Methods

Mongrel dogs of either sex were used for this experiment.
After rapid removal of the upper oesophagus combined with
the lower pharynx, this tissue was placed immediately in
Krebs-Henseleit buffer at room temperature (composition in
mM: KCl 4.69, CaCl2 2H2O 2.51, NaHCO3 25, KH2PO4 1.18,
MgSO4-7H2O 1.18, NaCl 118.06, glucose 5.55). The mus-
culature of the oesophagus was freed from the adherent
mucosa care being taken not to damage the underlying mus-
cle layer; 8 longitudinal strips (length 4-5 cm, width 2 mm)
were prepared from the zone directly below the pharyngoeso-
phageal junction. Each strip was mounted between two
platinum electrodes (8 cm long and 0.5 cm apart) and placed
in a 100 ml organ bath filled with Krebs-Henseleit buffer,
gassed with a mixture of 95% 02 and 5% CO2 and main-
tained at 37°C.
The strips were connected to an isometric force transducer

under a preload of approximately 3 g, which had been
previously evaluated as the mean optimal preload for this
kind of preparation. The preparations were then allowed to
stabilize for at least 40min. After this stabilization proce-
dure, electrical stimulation was applied over the entire length
of the strip by means of 2 platinum electrodes (JSI power
stimulator). The stimulation parameters were: I pulse min 1,

1 ms/pulse. The voltage was increased by steps of 2 V, from
7 V up to 13 V. Contractions were measured isometrically
(Statham UC2 force transducer) and recorded with a poly-
graph (BD9; Kipp & Zonen). When the maximum amplitude
of the contraction was obtained, the voltage was reduced
until a submaximal level (50% of the maximum amplitude)
was reached. The strips were allowed to stabilize again for at
least 15 min until reproducible twitch responses could be
observed, after which drugs were administered to the organ
bath.

In the first set of experiments, several adrenoceptor
agonists were administered cumulatively to the organ
bath: adrenaline (1 nM-33 M), noradrenaline (30 nM- 1O pM),
phenylephrine (30 nM-30 iM), clonidine (300 nM- 10 fLM),
isoprenaline (0.3 nM- 1 jaM), dobutamine (100 nM-30 tLM) or
ritodrine (3 nM-3 JAM). In a control experiment, performed in
parallel, similar preparations were treated with the appropri-
ate type and amount (0.01-1.0 ml) of vehicle for each of the
agonists.

In the next protocol, agonists were administered cum-
ulatively in the presence of a single concentration of an
antagonist (prazosin: 30 nM, 100 nM, 300 nM or 1 iJM, or ICI
118551: 3 nM, 10 nM, 30 nM or 100 nM), or, in a control
experiment, in the presence of solvent (distilled water). The
effects which could be induced by the administration of the
antagonists or solvent were followed for at least 15 min
before administration of the agonists. The agonists adren-
aline, noradrenaline, phenylephrine, isoprenaline and rito-
drine were then administered in the same concentration
ranges as in the first series.

Drugs

The following drugs were used: adrenaline, noradrenaline,
phenylephrine and isoprenaline (Janssen Chimica, Belgium),
clonidine (Boehringer, Germany), dobutamine (Shionogi,
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Figure 1 Effect of adrenoceptor agonists on contractions of the
striated muscle strips of the canine oesophagus. (a) Concentration-
response curves for adrenaline (0) and noradrenaline (0). (b)
Concentration-response curves for phenylephrine (0) or clonidine
(0). (c) Concentration-response curves for isoprenaline (0), ritod-
rine (0) and dobutamine (0). Mean ± s.e.mean (vertical lines)
(n = 5) expressed as % increase of initial value.



P2-ADRENOCEPTORS IN THE STRIATED MUSCLE OF THE CANINE OESOPHAGUS 299

Statistical analysis

All data are expressed for graphic presentation as mean
percentage increase of initial values i.e. before the administra-
tion of the agonists (mean ± s.e.mean). Differences between
mean values or EC20 values were tested with the ANOVA
and Dunnett's t test. P values less than 0.05 were considered
to indicate a significant effect.
For calculation of the EC20 value, the concentration of an

agonist required to produce 20% of the maximal effect
observed with isoprenaline was used.

EC20 values were calculated by linear regression analysis.

Results

Effect of adrenoceptor agonists on isolated striated
muscle strips

Cumulative administration of adrenaline, noradrenaline,
isoprenaline, dobutamine and phenylephrine enhanced the
amplitude of the contractions elicited by electrical stimulation
in a concentration-dependent manner whereas clonidine was
without effect (see Figure 1). Typical responses to adrenaline,
noradrenaline and phenylephrine are illustrated in Figure 2.
The rank order of agonist potency was: isoprenaline>

adrenaline> ritodrine> noradrenaline> phenylephrine> do-
butamine> clonidine. The EC20 values for the agonists had
the same order of potency: isoprenaline [0.91 (0.65-1.3) nM],
adrenaline [2 (1.4-2.7) nM], ritodrine [80 (44-130) nM],
noradrenaline [0.17 (0.16- 0.18) pLM], phenylephrine [0.3
(0.18-0.51)tM], dobutamine [3 (2.0-4.7),IM]. The maximal
effects obtained were respectively: 86.2 ± 9%, 82.6 6.3%,
80.8 ± 11.9%, 66.2 + 8.1%, 64.6 ± 6.2%, 34.6 ± 5.1%.

Effect of adrenoceptor agonists in the presence of
prazosin or ICI 118551 on isolated striated muscle strips

Addition of prazosin (up to 1 ^lM) did not affect the contrac-
tile responses to electrical stimulation. Furthermore, in con-
centrations of 30-300 nM, prazosin had no effect on
concentration-effect curves for adrenaline, noradrenaline,
isoprenaline or ritodrine, and in concentrations of 100-
1000 nM, it was similarly ineffective with reference to
concentration-effect curves to phenylephrine (Figures 3a, 4a,
Sa, 6a and 7a).
Addition of ICI 118551 (up to 100 nM) did not affect the

contractile responses to electrical stimulation. However, ICI
118551 significantly shifted to the right the concentration-
effect curves for adrenaline, noradrenaline, phenylephrine,
isoprenaline or ritodrine (Figures 3b, 4b, Sb, 6b and 7b). This
antagonism was associated with some apparent flattening of
the agonist curves

ICI 118551 inhibited the response to noradrenaline,
phenylephrine and ritodrine in a concentration-dependent
manner, whereas its effect on adrenaline and isoprenaline was
not concentration-dependent. With adrenaline and iso-
prenaline, the lowest concentration of ICI 118551 (3 nM)
caused a marked rightward shift of agonist concentration-
effect curves, but increasing the concentration to 10 and
30 nM caused no further shift. Only when a concentration of
ICI 118551 of 100 nm was achieved was a further rightward
shift obtained.
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Figure 2 Representative examples of the effects induced by adreno-
ceptor agonists on contractions of the isolated striated muscle strips
of the canine oesophagus elicited by electrical stimulation (I
pulse min ', I ms/pulse, submaximal voltage).
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Figure 3 Effect of adrenaline on contractions of the striated muscle
strips of the canine oesophagus. (a) Concentration-response curves
for adrenaline in the presence of solvent (0), 30 nM prazosin (0),
100 nM prazosin (0) and 300 nm prazosin (U). (b) Concentration-
response curves for adrenaline in the presence of solvent (0), 3 nM
ICI 118551 (0), I0nM ICI 118551 (0), 30nM ICI 118551 (U) and
100 nm ICI 118551 (A). Mean ± s.e.mean (vertical lines) (n = 5)
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Figure 4 Effect of noradrenaline on contractions of the striated muscle strips of the canine oesophagus. (a) Concentration-
response curves for noradrenaline in the presence of solvent (0), 30 nM prazosin (0), 100 nM prazosin (0) and 300 nM prazosin
(O). (b) Concentration-response curves for noradrenaline in the presence of solvent (0), 3 nM ICI 118551 (0), 10 nM ICI 118551
(0), 30 nm ICI 118551 () and 100 nm ICI 118551 (A). Mean ± s.e.mean (vertical lines) (n = 5) expressed as % increase of initial
value.
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Figure 5 Effect of phenylephrine on contractions of the striated muscle strips of the canine oesophagus. (a) Concentration-
response curves for phenylephrine in the presence of solvent (0), 100 nM prazosin (0), 300 DM prazosin (0) and 1 tLM prazosin
(U). (b) Concentration-response curves for phenylephrine in the presence of solvent (0), 3 nM ICI 118551 (0), 10 nM ICI 118551
(0), 30 nM ICI 118551 (M) and 100 nM ICI 118551 (A). Mean ± s.e.mean (vertical lines) (n = 5) expressed as % increase of initial
value.
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Figure 7 Effect of ritodrine on contractions of the striated muscle
strips of the canine oesophagus. (a) Concentration-response curves
for ritodrine in the presence of solvent (0), 30 nm prazosin (@),
100 nm prazosin (0) and 300 nm prazosin (-). (b) Concentration-
response curves for ritodrine in the presence of solvent (0), 3 nM
ICI 118551 (M), lOnM ICI 118551 (0), 30nM ICI 118551 (U) and
100 nm ICI 118551 (A). Mean ± s.e.mean (vertical lines) (n = 5)
expressed as % increase of initial value.

Discussion

The neural control mechanism of peristalsis in the striated
muscle portion of the oesophagus differs from that in the
smooth muscle portion (Roman & Gonella, 1987). In
manometric studies, however, peristalsis induced in the
different portions shows a similar coordinated profile. Two
control mechanisms for peristalsis exist in the smooth muscle
portion: one is the central control mechanism mediated via
the vagal nerve and the other is the peripheral control
mechanism which can be regulated by the myenteric plexus
(Diamant & El-Sharkawy, 1977). The myenteric plexus is
also present in the striated muscle portion, although less well
developed (Diamant, 1989). Therefore, the action of this
muscle portion might be modulated mainly by extrinsic
nerves (Roman & Gonella, 1987).
The importance of the cholinergic effects in the striated

muscle portion of the oesphagus has been demonstrated
extensively (Dodds et al., 1979; 1981; Crist et al., 1984;
Marsh & Bieger, 1987; Taylor, 1990).

Concerning the adrenoceptor, previous studies in vivo and
in vitro have demonstrated that a-adrenoceptor agonists
enhance the contractile response of the LES to electrical
stimulation. P-Agonists reduce the contractile response. None
of the adrenoceptor agonists influence the relaxation of the
LES (Dimarino & Cohen, 1975; Goyal & Rattan, 1978). In

the striated muscle portion, however, it has been demon-
strated that phenylephrine and isoprenaline do not induce
any enhancement or inhibition in the peristaltic contraction
of the opossum oesophagus. There is no evidence for gang-
lionic synapses in the neural pathway (Dodds et al., 1979).
Our study was designed to elucidate the action of adrenocep-
tor agonists on the striated muscle portion by the use of
isolated oesophageal strips of dogs as a model.

Adrenaline and noradrenaline, which have agonist activity
at both a- and 0-adrenoceptors, enhanced the contractile
responses, noradrenaline being less potent than adrenaline.
This suggests that the effect is induced via P-adrenoceptors,
since adrenaline has been shown to be a more potent P-
agonist than noradrenaline and a less potent ax-agonist. A
range of agonists specific for a- and ,-adrenoceptors were
also tested in an attempt to identify the subtype of the
adrenoceptor involved. The results, obtained with the selec-
tive al-agonist phenylephrine or the selective ac2-agonist
clonidine, suggest that a,-adrenoceptors are involved. How-
ever, in other experiments we conducted, a range of P-
adrenoceptor agonists, isoprenaline (Pt + P2-agonist),
dobutamine (selective PI-agonist) and ritodrine (selective P2-
agonist) were tested; ritodrine increased the contractile re-
sponse, suggesting the presence of P2-adrenoceptors on the
striated muscle portion. On the other hand, dobutamine only
moderately increased the contractile response and only at
high concentrations. It is known that high concentrations of
dobutamine can activate both 13l- and P2-adrenoceptors
(Hoffman & Lefkowitz, 1990). The results from this series of
experiments are consistent with the presence of P2-adreno-
ceptors, and there is no convincing evidence for the involve-
ment of PI-adrenoceptors.

In another series of experiments, agonists were admin-
istered cumulatively in the presence of the selective a,-anta-
gonist prazosin (Berthelsen & Pettinger, 1977; Doxey et al.,
1977) or the selective P2-antagonist ICI 118551 (Bilski et al.,
1980; Wilffert et al., 1982a). Whereas prazosin did not block
any of the agonists, ICI 118551 inhibited the increases in
contractile responses induced by all of the agonists tested.
The mechanism by which ICI 118551 inhibits the effect

induced by phenylephrine is unclear. In vascular smooth
muscle, ICI 118551 did not influence the electrical stim-
ulation-induced increase in diastolic pressure which was
strongly attenuated by the al-antagonist prazosin (Wilffert et
al., 1982b), suggesting that ICI 118551 is devoid of al
blocking properties. We, therefore, may suppose that phen-
ylephrine acts via a P2-adrenoceptor in the striated muscle
portion of the oesophagus. Stimulation of P-adrenoceptors by
phenylephrine has been observed, but only at a much higher
concentration (Hoffman & Lefkowitz, 1990). Therefore, the
interaction of ICI 118551 with the responses to phenyle-
phrine is still difficult to explain.
On the other hand, addition of ICI 118551 did not induce

a concentration-related antagonism. The effects induced after
addition of adrenaline and isoprenaline, and also to a degree
after addition of phenylephrine, could be reduced in the
presence of 3nM ICI 118551. At 10 and 30nM ICI 118551,
no further effect was observed. Only after addition of 100 nM
could a further antagonism be seen. These results could be
explained by the presence of a mixed receptor population,
one receptor type being blocked by the lower concentrations
of ICI 118551, the other only sensitive to blockade by the
highest concentration tested (100nM). Atypical or P3-adreno-
ceptors have already been demonstrated in the smooth mus-
cle part of the guinea-pig ileum (Taneja & Clarke, 1992), in
the rat ileum (Van der Vliet et al., 1990) and in the rat colon
(McLaughlin & MacDonald, 1990) but they mediate inhib-
itory activity on smooth muscle. It is possible that they also
exist in canine oesophagus and that they mediate an
excitatory effect. More experiments, however, are needed to
confirm the importance of the P3-receptor in this model.

In conclusion, in our study adrenaline, noradrenaline,
phenylephrine, isoprenaline and ritodrine enhanced the con-
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tractile response of isolated striated muscle strips, an action
which was suppressed by low concentrations of the P2-
adrenoceptor antagonist ICI 118551. These results suggest
that facilitatory P2-adrenoceptors are present in the striated
muscle portion of the oesophagus, and that in this region the
a,-agonist phenylephrine acts via 132-adrenoceptors. We hypo-

thesize that acute psychological stress may cause oesophageal
motility disorders via adrenoceptors, predominantly of the
p2-subtype in the striated muscle portion of the oesophagus.

The authors wish to thank Janssen-Kyowa Co. Ltd. in Japan for
financial support.
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Functional evidence for multiple receptor activation by ic-ligands
in the inhibition of spinal nociceptive reflexes in the rat
Juan F. Herrero & 'P. Max Headley

Department of Physiology, The School of Medical Sciences, University of Bristol, University Walk, Bristol BS8 lTD

1 The evidence for K-receptor heterogeneity is equivocal. We have now investigated this question by
comparing the effects of five putatively selective K-agonists. The parameters examined were: the relative
potencies in depressing hindlimb flexor muscle reflexes to noxious pinch stimuli in both spinalized and
sham-spinalized rats; the reversibility of these effects by naloxone; and the effects on blood pressure.
2 Two types of drug effect was discriminated. One drug group, represented by U-50,488, U-69,593 and
PD-1 17,302, had a potency ratio between sham and spinalized rats approximately 10 fold lower than the
other group, which comprised GR103545 and CI-977.
3 Under sham-spinalized conditions, CI-977 and GR103545 at high doses caused only sub-maximal
reductions of spinal reflexes. U-50,488 was still active when superimposed on these high doses of
GR103545.
4 Naloxone reversed all effects, but different doses were required between compounds, with GR103545
taking some 20 times higher doses of naloxone to cause reversal than did U-50,488.
5 The effects on mean arterial pressure were opposite between groups.
6 The results imply that more than one type of naloxone-sensitive non-,L opioid receptor must be
involved in mediating these complex actions of ligands that have been claimed to be selective for
K-receptors.

Keywords: K-Opioid agonist; nociception; naloxone; mean arterial pressure; spinal reflex

Introducdon

The suggestion of K-opioid receptor subtypes was initially
based on binding experiments. Multiple K binding sites have
been defined in terms either of [D-Ala2,D-Leui]enkephalin
(DADLE)-sensitive or insensitive sites (Attali et al., 1982;
Audigier et al., 1982; Castanas et al., 1985) or of dynorphin
A(1-17) sensitive or insensitive sites (Pfeiffer et al., 1981;
Morre et al., 1983). In functional studies Iyengar et al. (1986)
reported two different kinds of action of K agonists in
modulating the levels of corticosterone, thyroid-stimulating
hormone (TSH), 3,4-dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA) in plasma, and the reversibility
of these effects by high doses of naloxone and WIN 4441-3, a
long acting non-selective narcotic antagonist. Since then
evidence has been presented either for up to four different
K-receptor subtypes (Clark et al., 1989; Rothman et al.,
1990), or for different affinity states of the same receptor
(Wood et al., 1989; Traynor, 1989).
No clear conclusions can be drawn from these reports

other than that there have been three major difficulties: (a)
the lack of specific and selective Kc-opioid agonists, (b) the
lack of selective K antagonists that have consistent effects in
vitro and in vivo, and (c) the lack of physiological models in
vivo on which x-opioid systems can be studied convincingly.
We have previously shown that the Kc-agonist U-50,488 i.v.

mediates clear antinociceptive effects within the spinal cord,
reducing nociceptive reflexes (Headley et al., 1989; Parsons &
Headley, 1989; Herrero & Headley, 1991) and dorsal horn
neuronal responses (Dong et al., 1990). This antinociceptive
effect was potentiated by surgery affecting the spinal column,
whether the spinal cord was intact (Herrero & Headley,
1991) or sectioned (Hartell & Headley, 1991). Naloxone
reversed these effects at doses about ten times those reversing
the actions of yt-ligands (Parsons et al., 1989).

I Author for correspondence.

We have now used this model of K-sensitive nociceptive
responses to study the relative effects of five agonists that are
claimed to be selective for x-receptors: U-50,488 (Von Voigt-
lander et al., 1983), U-69,593 (Lahti et al., 1985), PD-1 17,302
(Clark et al., 1988), CI-977 (Hunter et al., 1990) and
GR103545 (Hayes et al., 1990). We have compared the
agonist properties of the compounds in terms of (1) the
potency-ratio of the agonists on nociceptive reflexes in
spinalized versus sham spinalized animals; (2) the slope of the
dose-response curves obtained; and (3) effects of blood pres-
sure.
The definition of receptor subtypes, as opposed to affinity

substates, is however most convincingly demonstrated by the
use of antagonists, which do not show such substates. The
only selective K-antagonist available, norbinaltorphimine
(Portoghese et al., 1987) has unpredictable kinetics under in
vivo conditions; we have therefore used the non-selective
opioid antagonist, naloxone, to assess whether the K-agonists
show similar or different sensitivity to antagonism.
Some of these data have been presented in preliminary

form (Headley & Herrero, 1991; Herrero & Headley, 1992).

Methods

Animal preparation

The preparation of rats for reflex recording has been des-
cribed previously in detail (Hartell & Headley, 1990; Herrero
& Headley, 1991). Briefly, male Wistar rats weighing
300-390 g were anaesthetized with halothane in 02 and the
trachea, right carotid and right jugular vein were cannulated.
After infiltration of lignocaine (2%) with adrenaline, a
laminectomy was performed from thoracic 10 to 8 vertebrae.
The dura mater was then opened and the spinal cord was
either kept intact (sham spinalized group) or transected at
thoracic segment 8 or 9 (spinalized group). Sham spinaliza-
tion was performed because the surgery of spinalization itself
enhances K-opioid potency (Herrero & Headley, 1991). The

llr. J. Pharmacol. (I 993), 110, 303 309 '." Macmillan Press Ltd, 1993
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incision was closed. Anaesthesia was then changed to a-
chloralose (50 mg kg-', i.v., initial dose and 20 mg kg-', i.v.,
approximately every hour) and the animal was moved to an
appropriate recording frame. Core temperature was main-
tained close to 37°C by means of feedback-controlled blanket
and lamp systems. The experiment was terminated if systolic
arterial pressure fell below 100 mmHg. All animals were left
for at least 1 h after surgery before recording was started.

Recording system

Nociceptive flexor reflexes were elicited by means of a
pneumatically controlled pincher device applied to one toe
for 15 s every 3 min. All stimuli were of 2.5 N force applied
between 4 mm diameter jaws. This is about 3 times the force
causing a withdrawal reflex in awake rats when using the
same stimulator (N.A. Hartell, personal communication).

Responses to stimuli were recorded as single motor unit
(SMU) discharges by means of a bipolar teflon-coated tung-
sten electrode, inserted percutaneously into a flexor muscle
(Hartell & Headley, 1990). Unit firing rate (see Figure 1),
force applied to the pincher, and blood pressure were
recorded on a chart recorder. The quantitative analysis pre-
sented below is based on counts of spikes evoked during the
last 10 s of each pinch stimulus (see Parsons & Headley,
1989).

Drug administration and analysis of drug effects

The following drugs were used in these experiments: U-
50,488H (trans-3,4-dichloro-N-methyl-N[2-(I pyrrolidinyl)-cyc-
lohexyl] benzeneacetamide (Upjohn): U-69,593 ((5 alpha, 7
alpha, 8 beta)-(-)-N-methyl-N-[7-(l-pyrrolidinyl)-l-oxaspiro
(4,5) dec-8-yl]benzene-acetamide (Upjohn); PD-1 17,302 ((+)-
trans-N-methyl-N-[2(1-pyrrolidinyl)-cyclohexyl]benzo[b]thio-
phene-4-acetamide monohydrochloride) (Parke-Davis); CI-
977 ((5R)-(5 alpha, 7 alpha, 8 beta)-N-methyl-N-[7-(1-pyr-
rolidinyl)- 1 -oxaspiro[4,7]dec-8-yl]-4-benzo- furanacetamide
monohydrochloride (Parke-Davis); GR103545 ((R)-methyl 4-
[(3,4-dichlorophenyl)acetyl]-3-(1-pyrrolidinyl-methyl)- 1-piper-
azinecarboxylate fumarate) (Glaxo); and naloxone (Sigma).
U-50,488H, CI-977 and GR103545 were dissolved in isotonic
saline whereas U-69,593 and PD-117,302 were dissolved in a
few microlitres of absolute ethanol which was then diluted in
distilled water or isotonic saline. Controls with the equivalent
amount of solvent used in each case were always done either
before or after the administration of the drug. All drugs were
given i.v. in a constant volume of 0.3 ml, and were injected in
a dose-doubling cumulative regime. The starting dose used in
spinalized animals was 1 mg kg-' for U-50,488H, U-69,593
and PD-1 17,302; 10 fig kg-' for CI-977 and 20 fig kg-' for
GR103545. In sham-spinalized animals the starting dose
usually had to be lower. In most cases doses were increased
at intervals of 6 min until the response was reduced to below
25% of control (but see below). Most animals were tested
with only one agonist, but if more than one opioid was
administered, an interval of at least 30 min after full recovery
from the previous drug was allowed before any further drug
administration. Comparison of data showed no differences
between results of single vs. multiple tests; data have there-
fore been pooled.
Data on nociceptive reflexes are expressed as a percentage

of pre-drug control values, where control is the mean of the
three responses preceding the administration of the drug.
Data were only accepted for analysis if the response
recovered by at least 80% of the maximum effect of the drug,
or were reversed by naloxone to this degree. Estimates of
ED50 are based on regression analysis of pooled data of
responses reduced to between 20 and 80% control values;
this has limitations (Parsons & Headley, 1989) but is the only
feasible method under these in vivo conditions. Statistical
significance was determined on pooled data by the non-para-
metric two-tailed Mann-Whitney U test (Siegel & Castellan,

1988). The effect produced by the c-opioids on blood pres-
sure was quantified as the change produced by each dose
with respect to the preceding value, in mean arterial pressure
(MAP mmHg). Statistical significance was determined on
pooled data by Student's t test.
Naloxone was used to assess any difference in the sen-

sitivity of the opioids to an antagonist. Practical limitations
in this type of electrophysiological experiment preclude asses-
sing antagonist effects under equilibrium conditions. To gain
some idea of the effectives doses of naloxone, the antagonist
was administered i.v. after the last dose of the agonist, in a
cumulative regime. (The doses depended on the effect
assessed in initial experiments; see Table 1). The degree of
reversal by naloxone was assessed by comparing the recovery
of responses in those animals tested with naloxone with the
recovery seen in control animals not tested with naloxone.
The quantification of percentage reversal is expressed as:

[(% pre-drug control with naloxone) - (% pre-drug without
naloxone) / (100 - % pre-drug control without naloxone)] x
100%.

Results

General

Experiments were performed on 107 rats; 48 of them were
spinalized whereas 59 were kept with the spinal cord intact.
Data were obtained from 130 SMU; 63 in transected and 67
in sham spinalized animals. The pre-drug neuronal firing rate
was a little higher in sham spinalized (24 spikes per second)
than in spinalized rats (19 spikes per second), but this
difference was not significant. Spontaneous activity was
absent or very low. The MAP in sham operated rats was
121 ± 3 mmHg (mean ± s.e.mean), whereas in spinalized rats
it was 98 ± 2 mmHg. This difference was significant (t test,
P<0.001).

All five ic-agonists reduced the responses to nociceptive
mechanical stimulation in a dose-dependent manner and
these effects were reversed by naloxone. In the cases in which
ethanol/saline or ethanol/water were used as solvents for the
agonists, control tests showed no significant action.
The five K-agonists did, however, affect both nociceptive

flexor responses and blood pressure to different degrees. U-
50,488 had similar effects to U-69,593 and PD-1 17,302,
whereas CI-977 and GR103545 were different in several
respects.

Group I agonists: U-50,488, U-69,593 and PD-117,302

Figure 1 shows sample records of SMU discharge rates and
the effects on them of the three K-agonists, to illustrate the
relative potencies and timecourses of these agents. Figure 2
shows pooled data for both spinalized (a) and sham
spinalized rats (b). All three compounds produced an inhibi-
tion of the nociceptive responses over a similar dose range (1
to 16mg kg-').

All three agonists were more potent in those animals with
the spinal cord intact (Figure 2b). The estimated ED5, values
for spinalized versus sham spinalized rats are shown in Table
1. The ratio of ED50 between spinalized and sham spinalized
rats was 5 fold for U-50,488, 6 fold for U-69,593 and 1.5 fold
for PD-1 17,302. These differences were statistically significant
for all three agents (P<0.05, Mann-Whitney U-test).

Figure 5a shows the actions of these three K-agonists on
blood pressure. In spinalized rats the initial dose of all three
compounds (1 mg kg-' in each case) increased the MAP to a
small but significant degree (t test, P <0.02). The effect was
of 13 ±4 mmHg for U-50,488; 12 + 4 mmHg for U-69,593
and 11 ± 4 mmHg for PD-1 17,302. This hypertensive effect
shifted to hypotension at doses that caused near maximal
block of the reflexes. The hypotensive action was significant
(P< 0.01) for U-69,593 16mg kg-' (24 ± 1 mmHg) and for
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U-50,488H 1 2 4 8 16 mg kg i.v., cumulative dose

30L
020-

U-69,593 1 2 4 8 16 mg kg -' i.v., cumu lative dose

30

_ 10- 12

0.

P P PPP PP PPP P P P P P P P P P

PD-117,302 1 2 4 8 mg kg-' i.v., cumulative dose

30-

20 1
020

P PP P P P P P P P P P P P P P P

15s

Figure 1 Effects of the ic-opioids U-50,488, U-69,593 and PD-117,302 on reflex responses to noxious pinch stimuli. The figure
shows traces of original records of the firing rate of single motor units (SMU) in hindlimb flexor muscles in response to 15 s
noxious pinch stimuli (P) repeated every 3 min. The chart recorder was halted between stimuli; there was no spontaneous activity.
One test is shown for each opioid in different animals. Agonists were injected in a dose-doubling cumulative regime at 6 min
intervals until the response was reduced to below 25% of control. a-Chloralose anaesthetized, spinalized rats.

PD-1 17,302 8 mg kg' (42 ± 5 mmHg) but not for U-50,488
16 mg kg-' (11 ± 6 mmHg). In spinally intact rats, blood

5a pressure was affected less at the (lower) doses that blocked
11 11 reflexes: in no case was MAP changed to a significant degree.

x a)100-
ic75 1 3 3i 1 Group 2 agonists: CI-977 and GR103545
c* 75-
o ~~~~14 13

cL1 1 Data obtained with CI-977 and GR103545 are shown in
14 11 12 Figure 3 (layout as for Figure 2) and Table 1. These agonists,

Ei 25- [1 [1 1 sl ri as those in group 1, were more potent in sham spinalized
25S g9 than in spinalized rats. The situation is, however, compli-

0-_ F _ 5 F8 9 0 cated because in sham spinalized animals, different potencies
1 2 4 8 16 were obtained in experiments performed with different initial

Dose (mg kg-) doses. When the starting dose in the cumulative dose-
b response regime was sufficient to cause a reduction of re-

125- sponses to 50-70% control, the slope of the dose-response
x curve was similar to that seen in spinalized rats; the ratio of
0 100- ED_,O values between spinalized and intact groups was 40 for
- 5 10 7
p i_ 75 l
o "502| Lt8 8 7 Figure 2 Pooled data of the effects of the group I K-agonists,00 50-i

2 10 U-50,488 (open columns), U-69,593 (solid columns) and PD-1 17,302
o K><FI2D ) (cross-hatched columns), on SMU responses to peripheral noxious

ae 5 2 pinch stimuli, in spinalized (a) and sham spinalized rats (b). The data_ _ lS_ o o O are shown as percentages of pre-drug control responses at each
cumulative dose. Error bars show s.e.mean and numbers above1 2 4 8 16 columns indicate the number of units tested at each dose of drug.

Dose (mg kg-') Note that the three agonists were more effective in sham spinalized
rats.
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Initial dose Spinalized Sham spinalized
tested ED5o ED50

10
2.5
5

20
0.625
2.5

6.8
5.0
2.8
180

400

1.2
0.7
1.7

62
4.7

>25*
5.1

ED_j values were related to spinal cord section (spinalized
and sham spinalized) and to initial dose tested (note the
varied starting doses for CI-977 and GR103545 in sham
spinalized rats). ED,O values were estimated from regression
analysis of pooled data (see Methods).
*This value cannot be specified further since the maximal
reduction was only to around 50% control.

a

125
x
0

100
0

-

c 75
C-o.

00

0.6251.25 2.5

b
1251

x
100-

75-
C 0

o , 50-

° 25-

12 14 14

i~~~1

I II

10 20 40 80 160 320 640
Dose (,ug kg - 1)

9

6 9

64 4
23

0.625 1.25 2.5 5 10 20 40 80 160 320 640

Dose (,ug kg-1)
c

125
x

r 100 -5 8

0.651.5 2. 5 02 08 6 2 4
"~~ ~ ~~~Ds (,u kg 5 )

Z '2 75-

Zepose to pephra noiu4ic tml, nsiaie a n

~~6

0

25-

0

0.6251.25 2.5 5 10 20 40 80 160 320 640

Dose (~J.g kg -1)

Figure 3 Pooled data of the effects of the group 2 Kc-agonists,
CI-977 (solid columns) and GRI03545 (hatched columns), on SMU

responses to peripheral noxious pinch stimuli, in spinalized (a) and

sham spinalized animals (b and c). Format as in Figure 2. Note that,
as with the agonists shown in Figure 2, these compounds were more

potent in spinalized rats; however, the difference of potency, and the
slope of the dose-response curve, depended on the starting dose used
in the cumulative dose regime (compare b and c).

125 GR-103,545 (A9g kg -1) U-50,488 (mg kg1)
1.252.5 5 1020 40 80 1 2

0

x

275

0

250

0

10

0 12 24 36 48 60 72 84 96

Time (min)

Figure 4 Effectiveness of U-50,488 in the presence of GR103545.
GR103545 was administered with the same protocol as that shown in
Figure 3c, and caused a maximal reduction to 57% control. Low
doses of U-50,488 were then tested for efficacy. S.e.mean shown of
n = 6 (or *n = 5).

but as the maximal reduction was only to approximately
50% of control, no meaningful EDm value can be given.
To investigate the relationship between group 1 and group

2 compounds further, an independent group of 6 experiments
was performed in sham spinalized animals. U-50,488 was
administered 5 min after the last dose of GR103545; at
2mgkg-' it readily reduced the responses further, with a
potency apparently similar to that seen in naive animals
(Figure 4, cf. Figure 2).
The actions of CI-977 and GR103545 on blood pressure

(Figure 5b) were different from those of group 1 agonists. In
spinalized rats neither GR103545 nor CI-977 had any
significant effect on MAP. In sham spinalized animals, in
contrast, all doses decreased MAP to a significant degree
(P<0.01), although the effect was not dose-dependent over
the dose-range causing reduction of spinal reflexes. The mean
maximal reduction was 27 ± 3 mmHg for Cl-977 and 19 ± 3
mmHg for GR103545.

Reversal of actions by naloxone

The agonist most sensitive to naloxone was U-50,488 (Table
2). The antagonist at 0.02 mg kg-' produced a significant
effect and 0.05 mg kg-' reversed the action of this agonist by
over 50% in both spinalized and intact rats. With U-69,593,
PD-117,302 and Cl-977 doses of 0.2-0.5 mg kg' of nalox-
one were required to produce a substantial reversal. With
GR103545, doses greater than 1 mg kg' of naloxone were
needed to cause reversal.
Comparing the doses of naloxone needed in spinalized and

spinally intact groups, there were again some differences
between the agonists. With U-50,488 and U-69,593 reversal
at any given dose was somewhat greater in sham spinalized
animals; with PD-1 17,302 and GR103545 there was no
difference; and with CI-977 the reversal was greater in
spinalized animals.
Naloxone also appeared to reverse the cardiovascular

effects of the c-agonists; MAP had always recovered to con-
trol at the end of a naloxone test. Since these cardiovascular
effects were generally shorter-lasting than the effects on
neuronal responses, recovery towards control MAP was often
occurring before naloxone was administered, particularly
with CI-977; quantification of the reversal could therefore
not be performed.

CI-977 and 56 for GR103545. However, when the starting
dose was decreased such that responses were reduced only to
about 80% control, the slope of the doses-response curve was
markedly shallower and the estimated EDM values were in-
creased (Table 2). For CI-977 the ED50 was increased from 5
to 60 jg kg-'; for GR103545 the ED50 was again increased,

Discussion

All five compounds tested reduced the flexor reflexes elicited
by noxious mechanical stimulation of the hindpaw receptive
field. U-50,488, PD-1 17,302 and U-69,593 were effective in

Table 1 EDm values for five ic-agonists

Agonist

U-50,488 (mg kg-', i.v.)
U-69,593 (mg kg-', i.v.)
PD-117,302 (mg kg-', i.v.)
CI-977 (ug kg-', i.v.)

GR103545 (pg kg-', i.v.)

0~~~~~~_I._x-,\
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Table 2 Antagonism by intravenous naloxone of the actions of five K-agonists

Naloxone Spinalized
Dose (mg) % reversal s.e.mean

0.01
0.02
0.05
0.1

0.05
0.1
0.2
0.5
1

0.05
0.1
0.2
0.5

0.1
0.2
0.5

0.1
1
10

20
43
76
82

31
54
70
88

68
71
95

65
92

32
57
126

3.8
4.7
9.2
11.8

6
6
6
4

14.5 7
14.6 6
3.4 5
6.3 4

7.8 5
15 5

10.2 4

45
91

46
62
71
97

39
59
76
97

9 9 51
8 6 65

94

11.6 8
14.9 8
15 6

24
64
104

Percentage reversal was calculated comparing the recovery phase of the agonist in the presence of naloxone with that in the absence of

the antagonist (see Methods). s.e.mean = standard error of the mean; n = number of units tested at each dose of naloxone.

a

I
E

E

I

E
E

b

15-
10-
5-
0-

I -5-
-10-
-15-
-20
-25-
-30-
-35-
-40-
-Ar%-

Doses (mg kg-')

A,.. ** ** *

**
**~~~ ~~~**** * ***

_4̂fii I I I r-

0.625 1.25 2.5 5 10 20 40 80 160 320 640

Doses (mg kg- 1)

Figure 5 Effects of all five xc-agonists on blood pressure. Pooled
data are expressed as the change in MAP, in mmHg, with each dose
of drug, compared with pre-drug control values. Data are shown for
both spinalized (open symbols) and sham spinalized animals (closed
symbols). (a) U-50488 (0, *); U-69,593 (0, 0) and PD-1 17,302
(A, A). (b) CI-977 (0, 0), GR-103545 (A, A). Note that there
were differences not only for each agent between spinalized and
sham-spinalized rats, but also between agonists of group 1 (a) and
group 2 (b). Data were compared with pre-drug values of MAP by
Student's t test (*P<0.02, **P< 0.01, ***P<0.001).

spinally intact (sham spinalized) rats at doses similar to those
reported for the paw-pressure test in awake animals (Leigh-
ton et al., 1988; Hunter et al., 1990). The same is true with
CI-977 if paw pressure test data (Hunter et al., 1990) are

compared with the results shown in Figure 3c, i.e. when the
starting doses were kept low; the drug was however more

potent when higher starting doses were used (Figure 3b).
GR103545 was slightly weaker in the present experiments
than in paw pressure tests (Rogers et al., 1992).

All five opioids were effective in spinalized as well as in
spinally intact (sham operated) animals. This implies that the
agents have an action within the spinal cord, which tallies
with previous results using U-50,488 (Parsons & Headley,
1989; Dong et al., 1990; Herrero & Headley, 1991).

All the agonists were less potent in spinalized than in
spinally intact (sham operated) animals, as has been reported
for U-50,488 (Herrero & Headley, 1991). The ratios of ED50
values were, however, not the same for the five compounds;
there appear to be two types of result. The first was seen with
U-50,488, U-69,593 and PD-1 17,302, where potency ratios
were less than 6. The second occurred with CI-977 or

GR103545, where the ratios were over 40 when larger star-
ting doses were used in the cumulative dose regime.
The antinociceptive effects were dose-dependent. In

spinalized animals the dose-response curves for all agents
were relatively parallel, although the potencies varied over a

40 fold range. In sham spinalized animals, however, the
picture is more complex and less easy to interpret. This arises
from the finding that the cumulative-dose response curves

varied with the starting dose for some but not all agents.
This effect was only seen with CI-977 and GR103545, which
had a shallower shape when the starting dose was lower
(Figure 3b vs 3c). The low variability in potency of the other
agonists between SMU was such that this effect would have
been seen had it been present with the other agonists.
The shallower dose-response curves following lower start-

ing doses could have been caused by progressive desensitiza-
tion of receptors. However, since U-50,488 was still effective
following cumulative doses of GR103545 that caused a

plateau reduction of only some 50%, any desensitization
could only have been of a sub-set of receptors upon which
U-50,488 does not act.
Two types of effect were again seen on blood pressure,

with the same grouping of K-agonists. Over the range of
antinociceptive doses tested, U-50,488, U-69,593 and PD-
117,302 modified the MAP only in spinally transected
animals; presumably they have complex central cardiovas-
cular effects that are normally compensated by sympathetic
vasoconstriction that is compromized in spinalized animals.

Sham spinalized
n % reversal s.e.mean nAgonist

U-50,488

U-69,593

PD-1 17,302

CI-977

GR103545

12.9 6
6.6 6

6.6
7.1

17.7
3.3

8.6
14.9
17.1
8.9

8.5
9.5
6.3

5.4
8.0
8.7

4
5
6
6

5
5
5
4

11
10
8

9
8
7
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CI-977 and GR103545 had the opposite effect: blood pres-
sure was reduced only in spinally intact animals. This
hypotension was not dose-dependent over the antinociceptive
dose-range, nor was its duration related to the time course of
the antinociceptive effects.
The effects of naloxone were more disparate between com-

pounds. In both groups of animals, 50% reversal of U-50,488
was elicited with doses of naloxone of 0.05 mg kg-' or less
(see also Parsons et al., 1989; Herrero & Headley, 1991). As
stated previously (Parsons et al., 1989) it is unlikely that
U-50,488 at these doses is acting on ri-receptors, both
because p-agonists were still ten fold more sensitive to nalox-
one and because U-50,488 does not have ni-like cardiovas-
cular depressant effects. At the other extreme, the naloxone
EDm against GR103545 was approaching 1 mg kg-', i.e.
almost 20 times greater. This high dose is comparable with
results on the structurally related compound GR38414
(Hayes et al., 1990). The other three compounds, however,
fell between these extremes in a manner that did not closely
parallel the groupings seen with the other parameters (Table
2).

These differences in antagonist potency probably reflect
different affinities of more than one receptor type; alterna-
tively they might reflect different rates of agonist dissociation.
The resistance of GR103545 to antagonism cannot however
be explained in this manner since the agonist U-50,488 was
still as potent in the presence as in the absence of GR103545
(see above and Figure 4).
Comparison of the data gathered in the four paradigms,

i.e. antinociception in spinally intact rats, in spinally sec-
tioned animals, naloxone reversibility, and blood pressure, all
indicate that there are qualitative and quantitative differences
between these five agonists. Whilst it remains true that many

differences between K-agonists can be due to varying affinity
states of the same receptor (Wood et al., 1989; Traynor,
1989; see also Clark et al., 1989), the different EDm values
obtained with naloxone indicate that receptor differences
must contribute to the different functional effects observed
with these five K agonists. For reasons stated above, as well
as because of other binding and pharmacological data, it is
unlikely that any of the differences are due to actions of
some of the agonists on ri-receptors. The most likely explana-
tion is therefore that these agonists act to differing degrees on
an unknown variety of opioid receptor subtypes; they may in
addition interact differently with different affinity states of
such receptor subtypes to yield the complex picture obtained
here. It is not clear whether these multiple sites can all be
classified as K-receptors; final resolution of this situation
must await a combination of molecular genetics data on gene
sequences and pharmacological investigations with satisfac-
tory and selective K-antagonists.

In conclusion, two different behaviours of K agonists have
been discriminated in relation to spinal nociceptive and car-
diovascular parameters. One type is represented by U-50,488,
U-69,593 and PD-117,302, the other by GR103545 and per-
haps CI-977. The data can only be explained if there is more
than one population of K-opioid receptors on which these
agonists act. It is not, however, possible to relate the receptor
populations seen here to the K-receptor terminology proposed
by others (Clark et al., 1989).

We thank Upjohn for the gift of U-50,488 and U-69,593, Parke-
Davis for the gift of PD-1 17,302 and CI-977, and Glaxo for the gift
of GR103545. We also thank the Wellcome Trust and the Spanish
Ministry of Education who provided financial support.
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Mechanical and electrophysiological studies on the positive
inotropic effect of 2-phenyl-4-oxo-hydroquinoline in rat cardiac
tissues
'Ming Jai Su, Gwo Jyh Chang & *Sheng Chu Kuo

Department of Pharmacology, College of Medicine, National Taiwan University, Taipei and *Institute of Pharmaceutical
Chemistry, China Medical College, Taichung, Taiwan

1 The pharmacological and electrophysiological effect of 2-phenyl-4-oxo-hydroquinoline (YT-1), a new

synthetic agent, were determined in rat isolated cardiac tissues and ventricular myocytes.
2 YT-1 was found to have a positive inotropic effect in both atria and ventricular muscles but did not
cause significant increases in the spontaneously beating rate of right atria.
3 The positive inotropic effect of YT-1 was antagonized neither by P-nor by a-adrenoceptor
antagonists but was partially antagonized by a Ca2" channel blocker (verapamil) and a K+ channel
blocker (4-AP).
4 The action potential duration and amplitude of ventricular cells were progressively increased as the
concentration of YT-1 was increased from 3 to 30pM.
5 A voltage clamp study revealed that the prolongation of action potential duration by YT-1 was
associated with a prominent inhibition of 4-AP-sensitive transient outward current (Ito). At potentials
negative to the reversal potential of KI-channels, the inward current through these channels was
partially reduced by YT-1. At potentials positive to the reversal potential, the outward current through
these channels was affected very little.
6 Although YT-1 blocked the amplitude of Ito, the voltage-dependence of the steady-state inactivation
of Ito, was unaffected.
7 Apart from the inhibition of K+ currents, YT-1 also inhibited the sodium inward current.
8 The evidence suggests that YT-1 increases the slow inward Ca2" current (Ice) significantly.
9 It is concluded that the positive inotropic effect of YT-1 is due predominantly to the increase of ICt,
and inhibition of Iv,.

Keywords: 2-Phenyl-4-oxo-hydroquinoline; positive inotropic action; transient outward current; sodium inward current; cal-
cium inward current; myocytes

Introduction

Digitalis is the standard inotropic agent for the enhancement
of myocardial contractility and improvement of heart func-
tion in congestive heart failure. The primary limitation of
digitalis is the associated toxicity due to alteration of impulse
generation and conduction in the heart and the resultant
narrow margin of safety. Digitalis has other limitations in-
cluding peripheral vasoconstriction and questionable efficacy
during chronic therapy (Mikkelsen et al., 1979). Therefore,
many candidates for a digitalis substitute have been
developed in recent years (Farah et al., 1984). 2-Phenyl-4-
oxo-hydroquinoline (YT-1) is a newly synthesized compound
with structure partially similar to quinidine (Figure 1).

Following an observation that YT-1 stimulated heart mus-
cle in vitro, the present experiments were carried out to
investigate the cardiac effect and possible mechanism of the
positive inotropic effect of YT-1 and the detailed mode of
action of YT-1 on membrane currents in single rat ven-
tricular myocytes.

Methods

Mechanical response

Right atria, left atria and right ventricular strips (4 x 6 mm)
were quickly dissected from the hearts of male WKY rats

(weighing 250-300 g) and placed in an organ bath containing
10 ml Tyrode solution gassed with 95% 02 plus 5% CO2
kept at 36 ± 0.2°C. The composition of the Tyrode solution
was (in mM): NaCl 137.0, KCI 5.4, MgCl2 1.1, NaHCO3 11.9,
NaH2PO4 0.33, dextrose 11.0 and CaCl2 2.0. Contractions of
spontaneously beating right atria and electrically driven left
atria and right ventricular strips were measured by connec-
ting one end of the preparations using a fine silk thread to a
force displacement transducer (Type BG 25, Gould Inc.,
Cleveland, Ohio, U.S.A.) and tension was recorded on a
Gould 2200s recorder. A preload of 500 mg was used. Both
left atria and right ventricular strips were stimulated at a
frequency of 2 Hz by rectangular pulses of 1 ms duration at
supramaximal intensity via a Grass SD9 isolated stimulator
(Grass Instruments Co., Quincy, MA, U.S.A.).

I Author for correspondence.
Figure 1 Chemical structure of 2-phenyl-4-oxo-hydroquinoline
(YT-I).
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Single-cell isolation

Single myocytes were isolated from adult rats by enzymatic
dissociation, as described previously (Mitra & Morad, 1985).
Briefly, the heart was rapidly excised from pentobarbitone-
anesthetized rats. The aorta was canulated and retrogradely
perfused with Ca2"-free Tyrode solution containing (in mM):
NaCI 137.0, KCI 5.4, MgCl2 1.1, dextrose 11.0, and N-2-
[hydroxyethyl] piperazine-N'-[2-ethane sulphonic acid]
(HEPES)-NaOH buffer (pH 7.4) 10.0. The perfusate was
oxygenated and maintained at 37 ± 0.2C. After 5 min, the
perfusate was changed to the same solution containing
1 mg ml1' collagenase (Type I, Sigma Chemical Co., St.
Louis, MO, U.S.A.) and 0.3 mg ml-' protease (Type XIV,
Sigma). After 20-30 min digestion, the residual enzyme-
containing solution was cleared by 5 min perfusion with
0.2 mM Ca2" Tyrode solution. Thereafter, the left and right
ventricles were separated from the atria, dispersed and stored
in 0.2 mM Ca2" Tyrode solution for later use. Only rod-like
relaxed ventricular myocytes showing clear striations were
used for the experiments.

Whole-cell recording

Transmembrane voltages and currents were recorded by the
single-pipette whole-cell patch clamp technique (Hamill et al.,
1981). Rat ventricular cells were transferred to a chamber
mounted on an inverted microscope (Nikon Diaphot, Nikon
Co., Tokyo, Japan) for electrophysiological recording and
were bathed in Tyrode solution containing (mM): NaCl
137.0, KCl 5.4, CaCl2 2.0, MgCl2 1.1, dextrose 11.0 and
HEPES-NaOH buffer (pH 7.4) 10.0. All experiments were
performed at room temperature (23-25°C). Action potentials
were elicited by intracellularly applied stimuli (4 ms duration
of 1 nA) through a heat-polished patch electrode with resis-
tance between 2 and 5 Mohm when filled with an internal
solution of the following composition (mM): KCI 120.0,
NaCl 10.0, MgATP 5.0, K2EGTA 5.0, cyclic AMP 0.03,
dextrose 5.0, and HEPES-KOH buffer (pH 7.4) 10.0. The
maximum rate of rise of the action potential upstroke (Vm.)
was obtained from electronic differentiation of the action
potential. Electrode junction potentials (5 to 10mV) were
measured and nulled before impalement of the cell. The
formation of a high resistance seal was monitored by apply-
ing 1 nA current from a digital pulse generator. A high
resistance seal (5 to 10gigaohm) was obtained before the
disruption of the membrane patch. The cells were dialyzed
with the electrode solution for 3-5 min to reach a state of
equilibrium after disruption of the membrane patch. In vol-
tage clamp experiments, series resistance compensation was
used to offset the series resistance due to the pipette tip
resistance. During measurement of potassium outward cur-
rents, the contamination of calcium inward current (ICa) was
prevented by adding 1.0 mM Co2+ to the bathing medium. In
this condition, 200 ms depolarization of membrane potential
to a level positive to - 40 mV usually resulted in a generation
of a fast sodium inward current (INa) followed by a transient
outward potassium current. In order to eliminate the con-
tamination of inward current completely, 30 fLM TTX was
added to inhibit the INa. The magnitude of the transient
outward current was measured at 10 ms after the start of the
200 ms depolarizing pulses.
During measurement of INa and ICa, the potassium currents

were prevented by adding 2-4 mM Cs' to the bathing
medium and internal dialysis of the cells with Cs'-containing
internal solution of the following composition (mM): CsCl
130.0, EGTA 5.0, tetraethylammonium (TEA) chloride 15.0,
cyclic AMP 0.03, dextrose 5.0, HEPES-CsOH buffer (pH 7.4)
10.0. Under such circumstances inward and outward K+
currents were almost abolished within 4 to 6 min (Iijima et
al., 1985). The cells bathed in normal Tyrode solution, INa
elicited by depolarization to -40 mV was larger than 20 nA.
In this condition, the spatial and voltage control of mem-

brane potential was not satisfactory. To improve the clamp
efficiency, the INa was reduced by bathing the cells in low
Na+ Tyrode solution (122mM NaCl was substituted with
choline chloride) and internal dialysis of the cell with Na+
containing (5 mM) Cs' pipette solution to reduce the trans-
membrane Na+ concentration gradient and to prevent the
contamination of potassium outward currents. Since the INa
evoked by the depolarizing step was completely inhibited by
30pLM TTX (not shown), the possible contamination of this
current by inward current through T-type Ca2+ channels
could be excluded. For measurement of ICa, the INa was
inactivated by the first step depolarization of membrane
potential to -40 mV (Weidmann, 1955; Lee et al., 1981), the
ICa could then be activated by the second step depolarization
to levels positive to -20 mV. In order to evaluate the con-
centration and time-dependent effect of YT-1 on ICa, 10, 30
and 100 1M YT-1 were added cumulatively and sequentially
at 3, 6 and 9 min after disruption of the membrane patch.

Recording and data analysis

Recording was made through a Dagan 8900 voltage clamp
amplifier (Dagan Co., Minneapolis, MN, U.S.A.), displayed
on a storage oscilloscope (Model 511A, Tektronix Inc.,
Beaverton, OR, U.S.A.) and photographaged for subsequent
analysis. Data are presented as mean ± s.e. (n = no. of
preparations). A Student's t test was used to compare test
and control values. Comparison of mean values among
groups was done by a repeated-measure analysis of variance.
A P value of less than 0.05 was regarded as statistically
significant. Each of the results illustrated in the figures is
representative of at least four complete experiments of the
same design.

Drugs and chemicals

YT-1 (2-phenyl-4-oxo-hydroquinoline) was synthesized by Dr
S.C. Kuo. Quinidine, lignocaine, 4-aminopyridine (4-AP),
(± )-verapamil hydrochloride, propranolol hydrochloride,
prazosin hydrochloride and tetrodotoxin (TTX) were pur-
chased from Sigma Chemical Company (St. Louis, Mo.,
U.S.A.). Both YT-1 and quinidine were dissolved in
dimethylsulphoxide (DMSO) as a stock solution. The stock
solutions were diluted by the bathing solution to a given
concentration. In control experiments DMSO (up to 0.1%)
alone had no discernible effect on the electrophysiological
parameters.

Results

Positive inotropic effect

The effects of YT-l on both twitch tension in rat atria and
ventricular strips and spontaneously beating rate in right
atria are shown in Figure 2. The control values for contrac-
tile force of right atria, left atria, right ventricular strips and
spontaneously beating rate of right atria were 0.21 ± 0.01
(n = 8), 0.18 ± 0.02 (n = 8), 0.22 ± 0.02 g (n = 7) and 232 ± 8
beats min-' (n = 8), respectively. YT-1 (23-204 ltM) concen-
tration-dependently increased contractile force in both atria
and ventricular muscles but without significantly increasing
the spontaneously beating rate. The percentage increase of
twitch tension by YT-1 was antagonized neither by prop-
ranolol (21tM) nor prazosin (0.1I1M) but was significantly
antagonized by the Ca2" channel blocker verapamil, 1 ,UM
and partially but insignificantly antagonized by the K+ chan-
nel blocker 4-AP, 1 mM (Figure 3).

Effect of YT-J on action potential

The action potential duration (APD) and amplitude of vent-
ricular cells were progressively increased as the concentration



312 M.J. SU et al.

a
YT-1
23 ,uM

I

b

68 F.M

200 sec

L-o~ 300
C
0
0^ 250
,o.
cz 200
.o O.2 -6
u4-

(D < 150
- j

0

0I-

204 ,uM

Jo.5 g

300

280 'E

*260 W
m

*240 -a
*220

C"10 30 100
Concentration (,uM)

Figure 2 Effect of YT-1 on isometric contractions and spon-
taneously beating rate of rat cardiac tissues. (a) Positive inotropic
effect of YT-1 on rat isolated left atrium. (b) Concentration-response
curves for YT-1 on contractions of left atria (0), right ventricular
strips (A) and spontaneously beating rate of right atria (0),
n = 6-8. Twitch tension after YT-1 treatment is expressed as percen-
tage of control. Values are mean ± s.e.mean.

of YT-l was increased from 3 to 30 g.M as illustrated in
Figure 4. Effects of YT-1 (10gm) on various parameters of
the ventricular action potential are summarized in Table 1.
YT-1 significantly increased action potential amplitude and
prolonged APD50 and APD90 without affecting either the
resting membrane potential or the maximum upstroke
velocity (Vm.).

Effects of YT-J on Na+ current (INa) and Ca2- current
(ICa)
The ventricular myocytes were depolarized from a holding
potential of - 80 mV to - 40 mV for 10 ms to evoke the INa,
and then to 0 mV for 30 ms to evoke the Ic.. In the absence
of K+ currents, YT-1 clearly decreased the inward Na+
currents concentration-dependently in all cells tested (Figure
5). However, L-type Ca2+ currents ('CaL) were increased by
YT-1. Control values for INa and ICa were 4.6 ± 0.4 and
1.9 ± 0.1 nA, respectively. The ICs of YT-1, lignocaine, and
quinidine on INa were 63.3 ± 1.2, 10.0 ± 0.8 and 2.8 ± 0.1 JtM,
respectively (Figure 5). It is noteworthy that the reduction of
ICa,L due to the 'run-down' phenomenon with time (Belles et
al., 1988) was observed in the absence of YT-1. In our
control study, ICa measured at 6, 9 and 12 min after disrup-
tion of the membrane patch were 74.3 ± 2.8, 62.5 ± 2.3 and
56.4 ± 2.7% (n = 6) of that measured at 3 min after disrup-
tion, respectively (Figure Sc). In the presence of 10, 30 and
100 gM YT-1, the value of ICa measured at 6, 9 and 12 min
after disruption were 140.3 ± 6.1, 162 + 6.8 and 109.2 +
5.0% (n = 11) of that measured at 3 min after the disruption,
respectively.

Effects of YT-J on the transient outward (I,a) and the
inward rectifying (Ik]) potassium current

As shown in Figure 6, the INa and ICa were abolished by TTX
(30 LM) and Co2` (1 pM), respectively, and the transient out-
ward currents were elicited by depolarizing pulses in 20 mV
increments between -40 and + 60 mV from a holding
potential of - 80 mV. Figure 6a shows that when the
myocytes were exposed to 10 gLM YT-1, the initial amplitude
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Figure 3 Effect of 2 gM propranolol (a), 0.1 M prazosin (b), 1 mM
4-aminopyridine (c) and I gM verapamil (d) on positive inotropism
of YT-1 in rat isolated left atria and right ventricular strips. Open
column and hatched columns represent the effect of YT-1 alone on
right ventricular strips and left atria, respectively, while solid col-
umns and cross-hatched columns represent the effect of YT-1 after
pretreatment with each drug as indicated above on right ventricular
strips and left atria, respectively. Mean from 6 to 8 preparations;
values are mean with s.e.mean. ***P <0.001 as compared with
tissues not treated with verapamil by a repeated-measure analysis of
variance.
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Table 1 Effects of 2-phenyl-4-oxo-hydroquinoline (YT-1)
on the action potential parameters in rat ventricular
myocytes

0 3 10

-80]J
100 ms

Figure 4 Effect of YT-1 on the action potential of rat ventricular
cell. The superimposed action potentials show the progressive effect
of 3, 10 and 3011M YT-I at a constant stimulation rate of 0.1 Hz.
Horizontal line indicates zero potential.

Control

APA (mV)
RMP (mV)
Vma. (V S')
APD50 (ms)
APD90 (ms)

115.3 ± 3.7
- 79.5 ± 1.3
240.4 ± 9.0
13.4 ± 0.9
36.0 ± 3.1

YT-J (10 gM)
127.3 ± 4.1*
- 79.4± 1.6
236.2 ± 10.2
67.4 ± 4.7***
137.9 ± 4.4***

Data are expressed as mean ± s.e. of 8 cells. APA, action
potential amplitude; RMP, resting membrane potential;
V., maximum rate of rise of the action potential upstroke;
APDM and APD90, action potential duration measured at
50% and 90% repolarization, respectively. * indicates a
significant difference (Student's t test, P< 0.05) between the
YT-1-treated cells and control cells, ***P<0.001.
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FIgure 5 Effect of YT-I on INa and Ic. of the rat ventricular cells.
(a) The typical current traces of INa and Ic. before and after treat-
ment with YT-1 in a cumulative fashion. C: control. Horizontal line
indicates zero-current level. The experimental conditions are des-
cribed in the text. (b) The concentration-dependent effects of YT-1
(0), lignocaine (0) and quinidine (A) on INa . INa after drug
treatment were normalized and expressed as a percentage of those
before drug treatment. Mean ± s.e.mean from 4 to 7 cells. (c)
Concentration- and time-dependent effect of YT-1 on Ica . Spon-
taneous run down (0) and after YT-1 treatment (0) are shown.
Values are means ± s.e.mean from 11 cells.

Figure 6 Voltage-dependence of Ito in the absence, presence and
washout of 10 AM YT-1. (a) Typical current traces activated by
200 ms depolarizing pulses in 20 mV increments between - 40 and
+ 60 mV from a holding potential of - 80 mV before (upper panel),
3 min after exposure (middle panel) and 5 min washout (lower panel)
of YT-1. Horizontal lines indicate zero-current level. TTX (30 pM)
and Co2l (1 mM) were added to the external solution to block INa
and ICa , respectively. Ito was measured as the net current at its initial
spike. (b) I-V curves of Ito: (0) control; in presence of 10 jsM YT-1
(0); after washout of YT-1 (A).

of Ito measured 5-1O ms after the onset of the clamp pulse
was reduced. Ito recovered significantly upon washout, regain-
ing 85% of its control value in 3 to 5 min. Figure 6b shows
the current-voltage relationship to Ito in the absence and
presence of YT-1. The initial amplitude of Ito was increased
linearly with potential. YT-1 suppressed the initial amplitude
of Ito (Figure 6b). Figure 7 shows concentration-dependent
inhibition of Ito by YT-1. Under control conditions Ito at
+ 40 mV had an initial peak value of 3.0 ± 0.2 nA (n = 8).
The concentration-response curve for the inhibition of Ito
induced by 3-100IM YT-l was determined as the integral of
the current measured from the first 200 ms of the current
after the depolarization. The response is consistent with a
first-order reaction with a dissociation constant of
14.9 ± 1.3 tLM (n = 8 cells). This value was calculated by
fitting the experimental data to the equation:

Response = 1/{1 + (Kd/[D])}
where Kd is the dissociation constant and [D] is the concent-
ration of YT-1. YT-1 decreased I,o in a concentration-
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Figure 7 Concentration-response curve for the inhibition of the It.
induced by YT-l measured as the integral of the first 200 ms of the
current elicited by a 200 ms depolarizing clamp pulse from - 80 mV
to +40 mV applied once every 20 s. Inset shows original current
records at + 40 mV in control (a) and in the presence of 3 (b), 10 (c),
30 (d) and 100 (e) liM YT-1. The horizontal line indicates the
zero-current level. Experiments were carried out in the presence of
tetrodotoxin (30 PM), Co2' (1 mM) and Cs' (2 mM). Each point
represents the mean value of 8 experiments.

dependent manner. The voltage-dependence of steady-state
inactivation of Ito. however, was unaffected. This was
evaluated with a standard two pulse protocol (for description
see Figure 8 inset). As is shown in Figure 8c under control
conditions, steady-state inactivation of 4O exhibits a steep
voltage-dependence in the range of - 70 to - 50 mV and
almost completely inactive at - 40 mV. The resulting curve
was then fit by the Boltzmann equation:
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Figure 9 Effect of YT-1 on Iki in rat ventricular cells. I,k was
initially deactivated by a 200 ms prepulse to - 20 mV then activated
by 200 ms test pulses to potentials from - 20 to - 140 mV as shown
in the inset of (b). (a) Typical inward current through inward
rectifier activated by a hyperpolarizing pulse to - 120 mV before
(upper panel), 3 min after exposure to (middle panel) and 5 min
washout (lower panel) of 30 gum YT- 1. I'kI was measured as the net
current at the initial start of test pulse to levels between - 20 and
- 140 mV. (b) I-V curves of IkI in the absence (0) and presence of
311M (0), IOgM (A), 30,UM (A) and 100 1M (0) YT-l. Each point
represents the mean value ± s.e.mean of 8 experiments.

curve. Vh and s were -58.9 ± 1.7 mV and 7.0 ± 0.5 mV for
control and - 61.3 ± 1.5 mV and 7.3 ± 0.6 mV in the
presence of 1OgiM YT-l (mean of 6 cells). This suggests that
a concentration of 1OiM YT-l did not affect the voltage-
dependent inactivation curve of It.. Apart from the inhibition
of Ito, YT-1 could inhibit inward current through inward
rectifier. As shown in Figure 9b, 100gM YT-l reduced 50%
inward current through the KI-channel. However the out-
ward current through the KI-channel was unaffected.

I/Imax = 1/{1 + exp[(Vm-Vh)/s]}
Where Vm is the prepulse potential, Vh the voltage at which
the normalized Ito equals 0.5 and s the slope factor of the
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Figure 8 Effect of YT-1 on the potential-dependent inactivation
curve of It. . The effect of 200 ms prepulse on potentials in the range
from -100 to - 20 mV was examined in the absence (0) and
presence (0) of 10 M YT-1. It, was measured at + 60 mV and was
plotted in (c) after normalization, which was performed
independently in the absence and presence of YT-1. External solu-
tion contained Co2l (1 mM) and tetrodotoxin (30 gM).

Discussion

The best described and most often used cardiotonic agents
are the sympathomimetic amines (such as dobutamine) and
cardiac glycosides. Both classes of agents increase cardiac
contractility by an increase of calcium influx or inhibition of
Na'-Ca2+ exchange via suppression of the sodium pump.
However, serious problems have arisen concerning their
usefulness in long term therapy to increase cardiac output.
The increase in intracellular Ca2" produced by these agents
can aggravate the effects of ischaemia and cause arrhythmias
(Smith, 1975; Hamer, 1979). Most of the currently available
cardiotonic agents are hindered by the difficulties associated
with Ca2" overload and have a low therapeutic index.
Therefore, positive inotropic agents which act by other
mechanisms have been considered in recent years (Farah et
al., 1984). In the present study we found that YT-1 increased
contractile force of rat cardiac tissues concentration-
dependently. Since this effect was not antagonized by prop-
ranolol, it cannot be mediated by activation of classical
P-adrenoceptors. It is well known that in most mammalian
cardiac tissue, such as in rat (Wagner & Brodde, 1978),
rabbit (Hescheler et al., 1988), and human cardiac tissues,
activation of a-adrenoceptors increases contractility. More
recently, it has been reported that in the rat ventricular cell
(Apkon & Nerbonne, 1988) and rabbit atrial cell (Fedida et
al., 1990), the activation of oE1-adrenoceptor may result in
prolongation of the APD through inhibition of the transient
outward current (Ito). Since the positive inotropic effect of
YT-1 was not retarded by an al-adrenoceptor antagonist, it
suggests that this effect also cannot be mediated by the
activation of a-adrenoceptors. In the heart, the action poten-
tial duration may be prolonged by an increase of inward
currents, e.g., Na+ current (Honerjager & Reiter, 1977) or
Ca2" current (Schramm et al., 1983), and/or a decrease of
outward currents (Frank & Flom, 1978), either of which is
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expected to increase the force of contraction. In the twitch
tension study, the positive inotropic effect of YT-1 was par-
tially but insignificantly attenuated by pretreatment of the
preparations with a K+ channel blocker (4-AP) and
significantly attenuated by a Ca2" channel blocker
(verapamil). These results suggest that the positive inotropic
effect of YT-l may be mediated by the suppression of K+
outward current and/or an increase of Ca2" inward current.
This consideration was further substantiated by the elect-
rophysiological study which found that the increase of con-
tractile force by YT-l is consistent with its prolongation of
action potential duration (APD) through the inhibition of
K+ outward current and the increase of Ca2" current
(Figures 4, 5 and 6). Wahler & Sperelakis (1984) showed that
Bay K 8644 possesses both positive inotropic and chronot-
ropic effects. In contrast to Bay K 8644, the increase of
contractile force by YT-l was not associated with any
significant increase of the spontaneously beating rate in right
atria preparations. It is possible that the enhancement of
heart rate by YT-l through the activation of Ca2" current
may be counteracted by the opposite effect through the
inhibition of the K+ outward current.
The effects of YT-1 on action potential configuration are

similar to those of 4-AP (Kenyon & Gibbons, 1979) with an
inhibition of phase 1 repolarization and an enhancement of
action potential plateau. This suggests that YT-l may act on
the currents responsible for the repolarization process and/or
the plateau phase of the action potential. Although YT-l
could also reduce INa, the maximum upstroke velocity of the
action potential was only slightly inhibited or almost
unchanged (Table 1), this effect was more similar to lig-
nocaine (Hondeghem & Katzung, 1977; Brennan et al., 1978)
than quinidine (Chen et al., 1975; Nawrath, 1981). The ICm
of YT-1, lignocaine, and quinidine on INa was 63.3 ± 1.2,
10.0 ± 0.8 and 2.8 ± 0.5 jLM, respectively. These results sug-
gest that YT-1 is less potent in inhibiting Na+ channels than
lignocaine and quinidine.

In the heart, the most predominant voltage-activated out-
ward currents are the transient outward current (Ito) and the
delayed outward current (IK). It is well known that ionic
currents responsible for the repolarization of the cardiac
action potential show important species-dependence. The Ito
appears to be the major current activated at plateau poten-
tials in sheep (Kenyon & Gibbons, 1979), calf (Siegelbaum &
Tsien, 1980), and dog (Gilmour et al., 1986) Purkinje fibres,
rat ventricle (Josephson et al., 1984), and most mammalian
atrial tissues, including human (Escande et al., 1987). In
other mammalian ventricular tissues, the most prominent
voltage-activated outward current is Ik (Jewell, 1981). Ito is
assumed to be partly responsible for a marked phase of rapid
early repolarization and for a low level of plateau of action
potential in Purkinje fibres (Carmeliet & Vereecke, 1979).

Studies in Purkinje fibres (Kenyon & Gibbons, 1979) and rat
ventricular myocytes (Watanabe et al., 1983) showed that
1 mM 4-AP caused an increase in action potential amplitude
and a marked lengthening of the APD25. In the present study,
YT-1 causes a prominent suppression of phase 1 repolariza-
tion of action potential in a concentration-dependent manner
(Figure 4); this effect is consistent with its suppression effect
on I,O. In rat ventricular myocytes, 10 mM 4-AP was required
to block ItO completely (Dukes & Morad, 1991), whereas 80
to 100 l4M YT-1 was effective in causing an equivalent reduc-
tion in the current (Figure 7). This phenomenon suggests that
YT-1 was much more potent than the well-studied K+ chan-
nel blocker 4-AP.

Since the delayed, time-dependent current is either absent
or insignificant in rat ventricular myocytes (Jewell, 1981),
whether YT-1 can affect Ik or not needs further investigation
in cardiomyocytes of another animal species, such as guinea-
pig ventricular myocytes, in which a large delayed outward
K+ current is activated at a positive potential range. The
inward rectifying current Ik, is responsible for a considerable
fraction of the outward K+ current between - 40 mV and
the resting potential; any reduction in this current leads to a
slowing of the late phase 3 repolarization and a decrease of
the resting potential level in Purkinje fibres (Dudel et al.,
1967; Isenberg, 1976). Since the current-voltage relationship
of I,k in rat ventricular myocytes does not exhibit a negative
slope region compared to that in guinea-pig ventricular
myocytes, the decrease of Iki by drugs may contribute less to
the increase in action potential duration. Though the out-
ward current through K, channels is less important in the
regulation of action potential duration of rat ventricular
cells, it is important in the control of resting membrane
potential. In this study, although the inward current through
K1 channels was reduced significantly by YT-1, the outward
current through K, channels measured at potentials between
- 80 and - 20 mV was unaffected by YT-1. This result is
correlated with the insignificant change of resting membrane
potential.
We conclude that YT-1 is a novel positive inotropic agent

which acts by its prolongation of action potential duration
and exhibits a different mechanism of action to sym-
pathomimetic amines (such as dobutamine) and cardiac
glycosides. Since prolongation of the cardiac action potential
has long been regarded as a potential antiarrhythmic
mechanism (Vaughan Williams, 1984), whether YT-1 may
also exert this effect or not needs further study.
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Effects of excitatory neurotransmitters on Ca2+ channel current
in smooth muscle cells isolated from guinea-pig urinary bladder
S. Nakayama

University Department of Pharmacology, Mansfield Road, Oxford, OXI 3QT

1 A whole-cell voltage clamp technique was used to examine the effects of purinoceptor and muscarinic
receptor agonists on voltage-sensitive Ca2" channels in guinea-pig isolated urinary bladder cells.
2 When the cell membrane was clamped at the holding potential, rapid application of ATP elicited a
large inward current in normal solution containing 2.5 mM Ca2", and reduced the subsequent Ca2`
channel current evoked by a depolarizing pulse (OmV). Carbachol (CCh) elicited little membrane
current, but similarly reduced the Ca2+ current.
3 When purinoceptor agonists were rapidly applied during conditioning depolarizations at + 80 mV,
an outward current was elicited, and the Ca2" channel current evoked by the subsequent test potential
of 0 mV was not affected. Application of CCh at + 80mV also elicited an outward current, but it
reduced the subsequently evoked Ca2` current.
4 The inhibitory effect of muscarinic agonists on the Ca2` channel current was attenuated by caffeine
(10 mM).
5 In Ca2+-free, low-Mg2+ solution, a Na+ current flowing through voltage-dependent Ca2` channels
was evoked by depolarization. This current was not reduced by bath application of purinoceptor
agonists (ATP and a,-methylene ATP).
6 These results suggest that the main effect of purinoceptor stimulation is opening of non-selective
cation channels, and that muscarinic stimulation triggers Ca2+ release from intracellular stores. Voltage-
sensitive Ca2+ channels are inactivated through an increase in intracellular Ca2+ induced by either
activation of purinoceptor or muscarinic receptors.

Keywords: Smooth muscle; urinary bladder; Ca2` channels; non-selective cation channels; purinoceptors; muscarinic receptors

Introduction

In the urinary bladder of most mammals, contraction elicited
by nerve stimulation is diminished, but not completely
abolished by atropine, a muscarinic antagonist (Langley &
Anderson, 1885; Henderson & Roepke, 1934). In the guinea-
pig, the response to local application of adenosine 5'-
triphosphate (ATP) mimics that to non-cholinergic nerve
stimulation (Burnstock et al., 1972), and ATP is released
from intramural nerves (Burnstock et al., 1978). Thus, in
urinary bladders of various species both ATP and acetyl-
choline (ACh) have been proposed as excitatory neurotrans-
mitters (Fujii, 1988). However, the underlying mechanism
involved in the action of these neurotransmitters seems to be
quite different. Purinoceptor agonists depolarize the cell
membrane (Fujii, 1988), whereas muscarinic agonists produce
little or no change in membrane potential (Creed, 1971;
Creed et al., 1983).

Recently, in smooth muscle cells isolated from guinea-pig
urinary bladder, patch clamp techniques have revealed a
transient activation of non-selective cation channels by ATP
(Inoue & Brading, 1990). Inward current through these chan-
nels is carried by Ca2" ions as well as other monovalent
cations. ACh is also known to activate a non-selective cation
conductance in many mammalian smooth muscle cells (Ben-
ham et al., 1985). In guinea-pig ileum, the ACh-induced
cation conductance is facilitated by depolarization and intra-
cellular Ca2" (Inoue & Isenberg, 1990a,b). In canine gastric
smooth muscle cells (Sims, 1992), and in canine and guinea-
pig tracheal smooth muscle cells (Janssen & Sims, 1992), it
has recently been suggested that ACh-induced Ca2" release
from intracellular stores triggers activation of the non-
selective cation current. However, in guinea-pig detrusor
cells, an ACh-activated conductance has not yet been clearly
demonstrated.

' Author for correspondence.

Voltage-dependent Ca2" channels are also known to play
an important role in excitation-contraction coupling.
Previously, we described the activation and inactivation pro-
perties of the Ca2" channels in guinea-pig detrusor cells
(Nakayama & Brading, 1993a,b). In the present study, the
membrane currents evoked by these two excitatory neuro-
transmitters, and their interaction with the voltage-dependent
Ca2" channels have been examined. The experiments were
carried out with only a low concentration of Ca2" chelator
(0.1 mM EGTA) in the pipette, to allow the effects of changes
in [Ca2+]i on membrane currents to be observed. To inves-
tigate the involvement of Ca2" entry in the responses, in
some experiments the agonists were applied in the absence of
extracellular Ca2l, or during large depolarizations (+ 80 mV)
to reduce the driving force for Ca2" entry.

Methods

Single detrusor cells

Male guinea-pigs (450-750 g) were killed either by stunning,
or cervical dislocation, or decapitation after anaesthesia by
halothane. The urinary bladder was immediately dissected.
Muscle strips (total approximately 0.1 g wet weight), from
which the epithelium had been removed, were incubated in a
nominally Ca2"-free solution for 60 min (at 35°C). Subse-
quently, the strips were digested in an enzyme-containing
(0.05% collagenase and 0.1% pronase) Ca2"-free solution for
10-20 min, and then agitated with a glass pipette. Some of
the cell suspension was stored at 5°C and used for up to 6 h.

Whole-cell voltage clamp

A conventional whole-cell configuration of the patch clamp
method was used (Hamill et al., 1981). Single smooth muscle
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cells were allowed to settle in a recording bath, and con-
tinuously superfused with physiological saline. The resistance
of the patch pipette used was in the region of 5 MQl. The
membrane potential was clamped with a List amplifier (EPC
7, Germany). Unless otherwise stated, the membrane poten-
tial was clamped at -60 mV (holding potential). An AD/DA
converter (DT 2801A, Data Translation, U.K.) was used for
voltage step generation and on-line data acquistion. Data
were collected on an IBM compatible personal computer
using the Quick Basic software package. The membrane cur-
rent was also monitored by a digital storage oscilloscope
(DS01602, Gould, U.K.) and a brush pen recorder (Gould).
A cut-off frequency of 10 kHz (3 pole Bessel filter) was
applied to reduce the noise.
Most smooth muscle cells used had a membrane capacit-

ance between 40 and 70 pF. The initial sealing between the
patch pipette and cell was performed in Ca2"-free solution,
to avoid contraction of the cell induced by ATP contained in
the pipette. Subsequently, in normal solution, high seal resist-
ance (= 1O GCA) was obtained by repeated gentle suction.
After rupture of the cell membrane, the series resistance was
less than 10 MQ. The capacitive surge was electrically com-
pensated. In most experiments, particularly when large
inward tail currents were evoked by application of extremely
high ( + 80 mV) conditioning potentials, the series resistance
was partially compensated (by 50-70%). All experiments
were performed at room temperature (24-26°C).

Application of agonists

A pressure ejector (Picospritzer II, General Valve, U.S.A.)
was used to apply rapidly purinoceptor and muscarinic
receptor agonists, except in Ca2"-free, low-Mg2" solution.
Glass pipettes filled with the agonist had resistance of around
10 MQl. The tip of the pipette was positioned approx. 100 to
200 gm from the cell so that it was against the flow of the
bathing solution. Upon application of the agonists, an air
pressure of 4000 kPa was charged for several hundred ms.
When effects of purinoceptor stimulation were examined in

Ca2"-free, low-Mg2" solution, which allows Na+ current to
flow through the voltage-dependent Ca2` channels, the
agonists were applied to the bathing solution. This applica-
tion method was chosen, because the stability of the memb-
rane seal resistance is poor during exposure to solutions
containing low concentration of divalent cations, and the
mechanical shock upon pressure ejection can break the seal.

Data analysis and statistics

Curve fitting of the decay of the purinoceptor agonist-
activated membrane currents was by fitting the digital data
points iteratively with single or multiple exponential terms
using a modified 'simplex' programme. The total residual
current were used as a criterion for the convergence. At
convergence, the mean residual currents were usually less
than 8 pA or 2% of the peak inward current. When the
decay was fitted by two exponential terms, the faster time
constant (150 to 230 ms) was nearly the same as that
obtained by single exponential fitting. The second exponen-
tial had a time constant of 3 to 6 s, and the amplitude was
small and its sign was opposite to that of the first exponential
term. Thus, the single exponential was judged to be appropri-
ate in the present experiments.

Current traces of slow time base were drawn using an
X-Y plotter (7470A, Hewlett-Packard, U.S.A.)

Numerical data were expressed as means ± standard devia-
tion (s.d.)

Solutions

Normal (bathing) solution for superfusion of smooth muscle
cells had the following composition (mM): NaCl 125, KCI
5.9, CaCl2 2.5, MgCl2 1.2, glucose 11.8 and HEPES (N-2-

hydroxyethylpiperadine-N-2-ethanesulphonic acid), 11.8. The
pH of the solution was adjusted to 7.4 (25°C) with Tris base.
Modification of the solution was made by iso-osmotic sub-
stitution of NaCl. When monovalent cation (Na+) currents
through Ca2" channels were measured, Ca2+ was removed
and Mg2+ was reduced to 0.1 mM by iso-osmotically sub-
stituting with Na+ and 1 mM EGTA (ethyleneglycol-bis-(P-
aminoethylether) N, N, N', N'-tetraacetic acid) was added.
The composition of the pipette solution was (mM): CsCl

141, MgCl2 1.4, ATP 1, GTP (guanosine 5'-triphosphate 0.1,
EGTA 0.1, HEPES/Tris 10 (pH 7.2 at 25°C). The pipette
solutions were kept frozen before use.

In preliminary experiments, when a relatively high concent-
ration (2mM) of Ca2" chelator (EGTA) was used in the
patch pipette, although application of ATP elicited a large
inward current, which involved Ca2" influx (Inoue &
Brading, 1990), the subsequently evoked Ca2` channel cur-
rent was not reduced in size. Thus, in the present
experiments, the pipette solution contained only 0.1 mM
EGTA in order to demonstrate the effects of changes in
[Ca2+]i more clearly.

Drugs and chemicals

The following chemicals were used: ATP (disodium salt),
a,-methylene ATP (lithium salt), guanosine 5'-triphosphate
(GTP) (sodium salt), carbamylcholine chloride (carbachol,
CCh), caffeine, collagenase (type 1, all from Sigma) and
pronase (Fluka).

Results

Effects of excitatory agonist application at the holding
potential

Figure 1 shows an example of the effect of ATP on the Ca2"
channel current. Single smooth muscle cells were con-
tinuously superfused with normal solution containing 2.5 mM
Ca2". The tip of a glass pipette containing 0.1 mM ATP was
set close to a detrusor cell which was voltage-clamped. While
the membrane potential of the recording cell was held at
- 60 mV, ATP was rapidly applied by pressure ejection. The
application of ATP transiently elicited a large inward current
(arrow in a) (1.6 ± 0.9 nA, n = 7).

In the same experiment, voltage-dependent Ca2" channel
currents were evoked every 30 s by depolarizing the cell
membrane to 0 mV. The peak amplitude of the Ca2" channel
current evoked approx. 1.5 s after application of ATP was
decreased by 21% (ii) but after 30 s, the current had
recovered (iii). Similar effects of ATP were observed in three
other cells.

It has been shown that the ATP-activated inward current
flowing through non-selective cation channels involves Ca2"
influx as well as monovalent cations (Inoue & Brading,
1990). As voltage-dependent Ca2" channels are known to
inactivate through increases in [Ca2+]i (Ca2+-dependent inac-
tivation), the reduction of the Ca2+ current (ii) could be due
to this mechanism (Schneider et al., 1991).

In the present experiments, the patch pipette contained
only 0.1 mM EGTA in order to demonstrate effects of
changes in [Ca2+1, clearly. When 2 mM EGTA was used in
some cells, application of purinoceptor agonists similarly
elicited a transient, large inward current, but caused little
changes in the subsequent Ca2+ channel current. In some
cells there was a small reduction of the Ca2+ current, how-
ever it failed to recover upon washout (data not shown).

In Figure 2, carbachol (CCh, 1 mM in the pressure ejection
pipette) was rapidly applied. In five cells, application of CCh
(arrow in a) elicited a very small (<5OpA) or no inward
current at - 60 mV. However, there was a marked reduction
in the subsequent Ca2+ channel current (Figure 2a(ii)) (by 20
to 45%, on average 30.3 ± 12.2%, n = 5). Recovery of the
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ATP

(i) I0 (iii)

(ii)

30 s

b J-- -- 0 -60 OmV

(i) (ii) (iii)

300 pA

100 ms

Figure 1 Effects of ATP on membrane current at the holding potential and on depolarization-activated Ca2l channel current. The

membrane potential was clamped at -60 mV, and a transient depolarizing pulse to 0 mV (200 ms) was repeated at 30 s intervals.
ATP was applied by a pressure ejector for 500 ms just before (approx. 1.5 s) the Ca2l channel current (ii) was evoked. The glass

pipette for pressure ejection was filled with a normal solution containing 0.1 mM ATP. Pen recording of the membrane current is

shown in (a). The voltage-dependent Ca2l channel currents (i) to (iii) are shown expanded in (b). Zero current level is indicated by
the dotted line. Note the transient inward current elicited by ATP (in a) and the reduction of the subsequently evoked Ca2l
channel current ((ii) in a and b).

Ca2" current was slow after CCh application, and sometimes
incomplete. Since there is no detectable Ca2" influx observed
upon application of muscarinic agonists, if the reduction of
Ca2" current is due to Ca2"-dependent inactivation, the
source of Ca2" must be intracellular stores.

Purinoceptor stimulation in the absence of extracellular
Ca2+

Purinoceptor agonists were applied in the absence of Ca2+, in
order to address whether inactivation of voltage-dependent
Ca2" channels is due to Ca2` influx upon purinoceptor
stimulation. After observing Ca2` channel current evoked by

CCh

(i) [(ii)
a I- r

depolarization to 0mV in normal solution (2.5mM Ca"),
extracellular Ca2' was removed from the perfusate. In
nominally Ca2'-free solution (1.2 mM Mg2+), the Ca2" chan-
nel current was completely eliminated. However, addition of
1 mM EGTA and reduction of Mg2" to 0.1 mM yielded an
inward current upon depolarization of the cell membrane.
During exposure to solutions containing low concentrations
of divalent cations, the voltage-dependent Ca2l channels
become permeable to monovalent cations (Fukushima &
Hagiwara, 1985). Therefore in this case, inward currents
evoked by depolarizations are carried mainly by Na+. When
the holding potential was - 60 mV, the voltage-dependent
Ca2" channel current was gradually reduced with time, pos-

(iii)

30s

J 1~~~~~~0
b J -60mV

-------- N, ---------------r -------------~~-----
(i) (ii)(M

500 pA

50 ms

Figure 2 Effects of carbachol (CCh) application at the holding potential (-60 mV). The cell membrane was transiently (100 ms)
depolarized to 0 mV every 30 s. Pressure ejection (900 ms) of CCh was applied approx. 8 s before (ii). The glass pipette for pressure

ejection was filled with a normal solution containing I mm CCh. (a) Pen recording; (b) (i) to (iii) shown expanded.

a
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a-

b

-10i -1=~-70OmV

K a, p-MeATP

c -I ~~(i) I (ii)I
30 s

-10
r <-70 mV

d __ _____ ___-___--

(i) (ii)

400 pA

100 ms
Figure 3 Effects of purinoceptor stimulation in the absence of ext-
racellular Ca2". In low-Mg2" (0.1 mM), EGTA-containing (1 mM)
solution, the cell membrane was transiently depolarized to -10 mV
(200 ms) every 30 s. The holding potential was -70 mV. ATP
(30 lum: a, b) or a,-methylene ATP (1O gM: c, d) was added to the
bathing solution for approx. 5 min. The Ca2l channel currents (i)
and (ii) in (a) are shown expanded in (b). The same for (c) and (d).

a, ,-MeATP

a ( .

sibly due to changes in surface charge (being identical to the
effects of mild depolarization of the cell membrane). Thus, in
the following experiments, a more negative holding potential
(- 70 mV) was applied.

Figure 3 shows effect of purinoceptor agonist application
in the absence of Ca2" (low-Mg2", EGTA-containing solu-
tion). Voltage-dependent Ca2" channel current was evoked
every 30 s by depolarizing the membrane to -10 mV. Bath
application of 30 JAM ATP still elicited a large inward current
in the absence of external Ca2" (Figure 3a) (the peak ampli-
tude varied from 150 to 900 pA, 409 ± 308 pA, n = 5). This
inward current decayed during appliation of ATP, but the
time course was much slower than that elicited by rapid
application. However, reduction of the Ca2" channel current
was not observed after application of ATP (Figure 3b). In
three cells, similar results were reproduced by application of
a,-methylene ATP (1O gM) (Figure 3c,d). These results sug-
gest that the main effect of purinoceptor stimulation is open-
ing of non-selective cation channels in the plasma membrane.
In these experiments, the lack of inactivation of the Ca2"
channel current upon application of purinoceptor agonists
could be attributed to the fact that there was no Ca2+ entry.
When ATP (30 jaM) was applied in the absence of Ca2"

(low-Mg2", EGTA-containing solution), the amplitude of the
Na+ current through the voltage-dependent Ca2" channels
slightly increased (Figure 3b, by 19 ± 9% n = 5) throughout
the 5 min application, and was reversed on washout (data
not shown). This small increase induced by ATP application
was also observed after purinoceptor desensitization with
OE,;-methylene ATP (10 gAM), despite the fact that the
ATP-induced current was eliminated at the holding potential
(data not shown). The persistent enhancement of the Ca2"
channel current and the lack of effect of desensitization by
a,-methylene ATP suggest that this effect of ATP is not
through purinoceptor stimulation, but probably through
chelation of extracellular Mg2` (divalent cation block of
Ca2" channel current carried by monovalent cations:
Fukushima & Hagiwara, 1985). In rabbit portal vein, a
similar phenomenon has been reported (Xiong et al., 1991).

(iii)

10 S

+80
0 -60mV

b (i)

1I-

(ii)
(iii)

200 pA

50 ms

Figure 4 Purinoceptor stimulation during large depolarizations. The cell membrane was clamped at +80 mV for 5 s, then
switched to 0 mV (100 ms) and -60 mV. This step pulse protocol was repeated at 2 min intervals. During the large depolarization
in (ii), ,P-methylene ATP was applied by pressure ejection (400 ms). (a) Slow time base (pen recording) of current. In (b), the
membrane currents evoked by repolarizations are shown expanded. The last 25 ms of the +80 mV step is shown.
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(ii)

+80
b 0

()-60 mV

(i) (ii)

Figure 5 Muscarinic stimulation during large depolarizations. The same experimental protocol as Figure 4 was applied, but
carbachol (CCh, 1 mM in the pressure ejection pipette, 500 ms) was used as the agonist. Note the reduction of inward current
evoked by returning the membrane potential to 0 mV after application of CCh.

Caffeine 10 mM

(i) , (ii)
a

I I'-1-I I (iii)

30 s
b

(i) (ii) (iii)

200 pA

50 ms
+80

-60mV

Caffeine CCh
1300 pA

100 ms

Figure 6 Effects of caffeine on carbachol (CCh)-induced effects. In (a), step depolarization (0 mV, 100 ms) was repeated at 30 s
intervals. The holding potential was -60 mV. In the presence of caffeine (10 mm, bath application), pressure ejection (900 ms) of
CCh (1 mM) was applied. The Ca2l channel currents (i) to (iii) in (a) are shown expanded in (b). In (c), the same voltage steps
shown in Figure 4 (conditioning step: + 80 mV, 5 s; test step: 0 mV, 100 ms) were repeated at 2 min intervals. the last 25 ms of the
conditioning step is shown. After observing control membrane currents (i), caffeine (10 mM) was applied to the bathing solution; (ii)
was obtained approx. 1 min after the caffeine application. In the continuous presence of caffeine, CCh (1 mM) was applied by
pressure ejection (900 ms), when the membrane was clamped at + 80 mV (iii).

(i)
a

lOs

(iii)

800 pA

50 ms
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Agonist application during large depolarizations
With large depolarizations of the cell membrane, there is
little inward driving force for Ca2". Therefore, we can neglect
Ca2" influx during such depolarizing steps (>+ 80 mV), if
agonists open non-selective cation channels during large
depolarizations. Figure 4 shows the effect of purinoceptor
stimulation during a large depolarization. The cell membrane
was clamped at + 80 mV for 5 s, during which a,-methylene
ATP (0.1 mM in the pressure ejection pipette) was rapidly
applied by pressure ejection (Figure 4a(ii)). The membrane
potential was then switched to 0 mV (100 ms) and subse-
quently to - 60 mV (holding potential). In Figure 4b, the
membrane currents evoked at 0 and - 60 mV steps are
shown expanded. The voltage-dependent Ca2` channel cur-
rents show little inactivation after large depolarizations
(Nakayama & Brading, 1993b). Application of oa,p-methylene
ATP immediately elicited a large outward, rapidly declining
current at + 80 mV. The time course was very similar to that
observed on application of ATP at the holding potential
(Figure la). However, the subsequently evoked Ca2` channel
current was not reduced.
The same experiments were repeated using CCh as the

agonist (Figure 5). Pressure ejection of CCh (1 mM) at
+ 80 mV similarly elicited a large outward current, but its
rising time course was much slower and the membrane cur-
rent lasted longer (Figure 5a(ii)). The Ca2` channel current
evoked by returning the membrane potential to 0 mV (from
the preconditioning step at 80 mV) was reduced by approx.
30% after CCh application. Similar reduction of the Ca2`
current was observed in two other cells (on average 28%).

Effects of caffeine on muscarinic receptor stimulation

In order to assess whether intracellular Ca2 + stores were
involved in particular functions, the effects of caffeine on
responses induced by stimulation of muscarinic cholinocep-
tors were examined (Figure 6). After observing control Ca2+
current evoked by depolarizations to 0 mV, 1OmM caffeine
was added to the bathing solution (Figure 6a). The bath
application of caffeine elicited a small (20 to 30 pA) inward
current at the holding potential, and reduced the Ca2+ cur-
rent (Figure 6a and b(ii)) (by 24%). In the presence of
caffeine, a pressure ejection of CCh (1 mM) failed to reduce
the subsequently evoked Ca2` current (Figure 6a and b(iii)).
Caffeine also inhibited further reduction of Ca2" channel
current after application of CCh at + 80 mV (Figure 6c).

Agonist-induced membrane currents at different
potentials
Membrane currents elicited by purinoceptor or muscarinic
receptor stimulation at different potentials are shown in
Figure 7. In (a), a,-methylene ATP (0.1 mM, in the pipette)
was applied by pressure ejection (500 ms). Outward and
inward currents were immediately elicited at the membrane
potentials of + 80 mV and - 60 mV, respectively. Since the
a,-methylene ATP-activated current became smaller on
repeated application, it was difficult to quantify the difference
in current recorded at these two potentials. However, when
the purinoceptor-operated current was alternately elicited at
the potentials, the amplitude at - 60 mV was consistently,
considerably larger than that at + 80 mV. The decay time
constants were similar at both of the membrane potentials. In
the same cell, a,-methylene ATP was also applied at - 40
and - 80 mV (data not shown). The decay time courses of
the ot,-methylene ATP-activated current were well fitted by a
single exponential (= 150- -210 s), and the time constant
was not systematically changed by changing the membrane
potential.

Pressure ejection (500 ms) of CCh (1 mM) was applied in
Figure 7b. At - 60 mV, application of CCh caused no detec-
table change in membrane current. In contrast, when the

a

ot,M-MeATP

+80 mV

(I) ------------------------- 400 pA

700ms

(ii)

a, ,-MeATP
1.5nA

700ms

b

CCh

-lI-n .v%% 1

(i)
500 pA

(ii)-<_---
-60mV [ 2s

CCh

Figure 7 Membrane currents elicited by either pressure ejection
(500 ms) of purinoceptor (a) or muscarinic receptor agonists (b) at
potentials of + 80 (a) and - 60 mV (ii). The pressure ejection pipette
contained 0.1 mM a,p-methylene ATP or 1 mM carbachol (CCh). The
membrane currents shown in (a) and (b) were obtained from the
same cells. Dotted line corresponds to zero current level. Note, in
(a), each current trace has its own scale. In (b), the zero level for the
current (i) is almost identical to the level of the current (ii).

membrane was held at + 80 mV, CCh elicited a large out-
ward current (1.5 ± 0.5 nA) which was activated very slowly
(time to peak, 2.5 ± 0.4 s, n = 5) and had a long duration.
Figure 8 shows the effect of depolarization after CCh app-
lication. CCh was applied approx. 2 s before depolarization
to + 80 mV. Rapid application of CCh did not induce any

880

-60 mV

a b ICCh

Caffeine 10mM

,c _ L d I L
600 pA

2s

Figure 8 The effects of large depolarizations after carbachol (CCh)
application (I mm, 900 ms) at the holding potential (-60 mV). After
a control depolarization to +80mV (2 s) was observed in normal
solution (a), CCh was applied approx. 2 s before the second
depolarization (b). Depolarization 1 min after application of 10 mM
caffeine (c). CCh was applied in the continuous presence of caffeine
(d). The depolarizing pulse (a) to (d) was repeated at 2 min intervals.
Note, the outward current induced by CCh was attenuated in the
presence of caffeine (1O mM).
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membrane current while the cell was clamped at the holding
potential, but the subsequent depolarization elicited a large
outward current (b). Caffeine resulted in a small increase in
outward current at + 80 mV (c), but attenuated the CCh
response (d).

Discussion

Application of purinoceptor agonists (ATP and a,p-methy-
lene ATP) by pressure ejection activated inward and outward
currents at negative (- 60 mV) and positive membrane
potentials (+ 80 mV), respectively. The membrane currents
developed immediately, and decayed rapidly during applica-
tion. These properties were very similar to those described by
Inoue & Brading (1990), although the application methods
and ionic composition of the pipette solutions were different.
In the present experiments, the decay time constants
observed were similar over a wide voltage-range. At the
holding potential (- 60 mV), Ca2+ entry is involved in the
purinoceptor-induced current, but does not occur during
large depolarizations (+ 80 mV), because there is little
inward driving force for Ca2+ ions. These results suggest that
the ATP-induced current is not modulated by intracellular
Ca2+. This deduction is also consistent with the previous
observation that intracellular perfusion with high concen-
tration of Ca2+ chelator or pretreatment with caffeine did not
significantly change the ATP-induced current (Inoue &
Brading, 1990). These authors also defined the decay time
course of the (a,p-methylene) ATP-activated non-selective
cation channel current as the sum of two exponential terms.
In the present study, however, the decay of the purinoceptor-
induced current is well fitted by a single exponential term, the
time constant corresponding to the faster of the two
exponential terms obtained previously. The discrepancy could
be due to the shorter exposure time of the agonists used in
the present study.

Bath application of ATP elicited a large inward current at
the holding potential in Ca2+-free, low-Mg2+ solution. How-
ever, the rising and the decay time courses were much slower
compared to pressure ejection. In normal solution, similar
inward currents were observed (data not shown). Since this
inward current was not elicited after prior desensitization
with a,-methylene ATP, it is presumably identical to the
non-selective cation channel current activated by pressure
ejection of purinergic agonists. The slow decay time course
may correspond to the second exponential obtained using the
concentration jump methods (Inoue & Brading, 1990).

Pressure ejection of muscarinic agonists caused little
change in membrane current at the holding potential. On the
other hand, CCh elicited a large outward current during a
depolarizing step to + 80 mV. However, the development
and the decay of the outward membrane current were much
slower than those of the ATP-activated current, implying
involvement of different processes. CCh application at both
-60 and +80 mV reduced the subsequently evoked Ca2+
channel current. From these results, we can deduce that the
reduction of the Ca2+ current is due to Ca2+-dependent
inactivation, and the source of Ca2+ is the intracellular
stores. The slow rise time of the outward current may reflect
the increase in [Ca2+]i. Application of caffeine, which is
known to release Ca2+ from the sarcoplasmic reticulum (SR)
(Ebashi, 1976; Endo, 1977; Karaki & Weiss, 1988) attenuated
all of the CCh-induced responses, supporting the hypothesis
that the main source of Ca2+ upon muscarinic receptor
stimulation is the intracellular stores. The release of Ca2+
from the intracellular store (the SR) could be through pro-
duction of inositol trisphosphate (IP3), because flash photo-
lysis of caged IP3, which had been introduced through the
patch pipette, produced similar results to those obtained by
CCh application (A. Zholos & S. Nakayama, unpublished
observation).

If depolarization to + 80 mV was preceded by CCh appli-

cation, the depolarization resulted in a large outward current.
However, it was not elicited by either procedure alone. This
suggests that the large outward current observed is due to
ion channels which possess both Ca2+- and voltage-sen-
sitivities, e.g. Ca2"-activated Cl--channels (Amedee et al.,
1990; Evans & Marty, 1986), Ca2"-activated non-selective
cation channels (Inoue & Isenberg, 1990a,b; Loirand et al.,
1991). Outward Cs' current through Ca2"-activated K+
channels may also have some contribution. The CCh-induced
current was quite small at negative potentials compared to
the ATP-induced current, and would therefore be much less
effective for depolarization of the cell membrane. However, it
is possible that ion channels activated through muscarinic
transduction may be depressed by perfusion of the pipette
solution due to changes in intracellular Ca2"-buffering power
etc (Amedee et al., 1990; Wang & Large, 1991). Further
identification of the CCh-induced current was not undertaken
in the present study.
Two activation mechanisms have been proposed for

voltage-dependent Ca2" channels (voltage-dependent and
Ca2"-dependent inactivation: reviewed by Pelzer et al., 1990).
Previously, we described Ca2" channels in guinea-pig detru-
sor cells that were inactivated through both of the inactiva-
tion mechanisms (Nakayama & Brading, 1993b). In the same
smooth muscle, Schneider et al. (1990) have shown that bath
application of ATP induced an inward current and an in-
crease in [Ca2+]i. The authors suggested that the reduction of
the Ca2" channel current during application is due to Ca2+-
dependent inactivation. The present results obtained by pres-
sure ejection of purinoceptor agonists at the holding poten-
tial agree well with their results. However, in arterial smooth
muscle cells, it has also been reported that ATP triggered
Ca2" release from the sarcoplasmic reticulum (SR), and
subsequently activated Cl- channels (Droogmans et al.,
1991). One would suspect that Ca2" released from the SR
would also inactivate the voltage-dependent Ca2" channels
upon purinoceptor stimulation in detrusor cells. In the pres-
ent study, there are two pieces of evidence which exclude this
possibility. Firstly, in Ca2"-free, low-Mg2" solution, the Na+
current through Ca2" channels was not reduced by applica-
tion of ATP. Secondly, in normal solution (2.5 mM Ca2"),
application of purinoceptor agonists during a + 80 mV con-
ditioning depolarization hardly affected the Ca2+ current
subsequently evoked by the test potential (0 mV). Although
in the former case, intracellular Ca2" stores might have been
depleted during the exposure to Ca2`-free solution before
agonist application, in the latter case, such a depletion is
unlikely. Therefore, the fact that Ca2" channel current was
not inactivated is attributed solely to lack of Ca2" influx due
to the absence of a significant inward driving force.
Thus, we can infer that the main effect of purinoceptor

activation is opening non-selective cation channels in the
plasma membrane. Recently, Ganitkevich & Isenberg (1992)
have reported that depolarization-mediated Ca2` channel
current triggers Ca2` release from the SR through a Cal'-
induced Ca2" release mechanism. Similarly, it is possible that
Ca2" influx upon purinoceptor stimulation may induce Ca2`
release. A possibility that Ca2"-induced Ca2` release also
contributed to inactivation of the Ca2" channel still remains.
On the other hand, the Ca2" channel current was reduced by
muscarinic agonist application at both -60 mV and + 80 mV.
Caffeine also reduced the Ca2" channel current; however, it
attenuated further reduction of the Ca2" current following
CCh application. It is likely that upon muscarinic receptor
stimulation, Ca2+ released from intracellular stores, which
can be depleted by caffeine, inactivates the Ca2" channels
through a Ca2"-dependent inactivation mechanism. The
caffeine-induced reduction of the Ca2" current may also
involve direct block of voltage-dependent Ca2" channels
(Martin et al., 1989; Hughes et al., 1990; Zholos et al., 1991).

Muscarinic receptor activation triggers Ca2+ release from
the SR probably through the IP3 pathway. However, the
present experiments do not imply that the IP3-sensitive Ca2"
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store is also caffeine sensitive, because it has been reported
that Ca2+ release from this store is potentiated by a small
increase in [Ca2+]i, (biphasic Ca2" dependence of IP3-induced
Ca2" release: [Ca2J]i>300 nM inhibits the Ca2" release:
lino, 1990). In the presence of caffeine, a small reduction of
the Ca2" channel current was observed 30 s after CCh
application (data not shown). This may be due to slower
IP3-induced Ca2+ release in the presence of a greater Ca2"
concentration (lino, 1990) or other mechanisms induced by
muscarinic receptor activation (e.g. possible inhibition of the
Ca2" current through activation of protein kinase C: Ozaki et
al., 1992).

Previously, we showed lack of inactivation of the Ca2"
current after a depolarization at + 80 mV for 5 s, a duration
often used to achieve a steady state (Nakayama & Brading,
1993a,b). This was explained by lack of voltage-dependent
inactivation of a long open state induced by large depolariza-
tions, as well as little Ca2` influx at + 80 mV. In the present
study, application of a,-methylene ATP at + 80 mV little
affected, while CCh reduced the subsequent Ca2` channel
current, although both applications elicited large outward
currents during the + 80 mV step. The contrast of the effects
between purinoceptor and muscarinic agonists on the subse-
quently evoked Ca2+ channel current supports the hypothesis
that the sources of Ca2+ are different for these two agonists.
The persistent effect of muscarinic agonists can be explained
since the Ca2+ release mechanism triggered by muscarinic
stimulation is not affected by the membrane potential. This
effect could also be evidence that Ca2+ channels in the long
open state can be inactivated by a Ca2+-dependent inactiva-
tion mechanism, and also support the notion that voltage-
dependent and Ca2+-dependent inactivation mechanisms
operate separately (Hadley & Lederer, 1991). After a large
depolarization, tail currents were evoked by returning the
membrane potential to -60 mV. When the patch pipette
contained a high concentration (2 mM) of EGTA, the tail
current and the inward current evoked at 0 mV were reduced

by dihydropyridine Ca2+ antagonists in the same manner,
suggesting that the tail current was also flowing through
L-type Ca2+ channels (Nakayama & Brading, 1993a). How-
ever, in the present experiments, since EGTA was reduced to
0.1 mM to demonstrate clearly Ca2'dependent inactivation,
the tail current may be contaminated by other Ca2+-
dependent conductances.

In microelectrode recording of the membrane potential,
guinea-pig urinary bladder smooth muscle shows spon-
taneous action potential generation. Purinoceptor agonists
evoke depolarizations, while muscarinic agonists cause only
small changes in membrane potential (Fujii, 1988). The
results shown in the present study (a large inward current
upon purinoceptor activation; little membrane current
induced by muscarinic agonists) are consistent with the mic-
roelectrode recordings. Although action potential frequency
is increased by application of purinoceptor and muscarinic
receptor agonists, the amplitude is often reduced (Personal
communication from N. Bramich). The reduction of action
potential amplitude can be explained by Ca2'-dependent
inactivation of voltage-dependent Ca2+ channels.

In conclusion, activation of purinoceptors results in open-
ing of non-selective cation channels in the plasma membrane.
Stimulation of muscarinic receptors triggers Ca2+ release
from intracellular stores. Voltage-operated Ca2+ channels are
inactivated by an increase in intracellular Ca2 , irrespective
of the channel state. Activation of either purinoceptors or
muscarinic receptors can contribute to Ca2+-dependent inac-
tivation.

This work was carried out during the tenure of a grant from Bristol
Myers Squibb. The author is grateful to Drs A. Brading, N. Bramich
and T. Cunnane, Oxford University, for their pertinent help, discus-
sion and critical reading of this manuscript, and also to Dr A.
Zholos and Prof T. Bolton, St George's Hospital Medical School, for
supporting experiments on caged compounds.
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Post-receptor pathway of the ATP-induced relaxation in
smooth muscle of the mouse vas deferens
'Ph. Gailly, B. Boland, C. Paques, *B. Himpens, *R. Casteels & J.M. Gillis
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Belgium

1 The post-receptor pathway of the ATP relaxant effect in K+-precontracted vas deferens smooth
muscle (VD) was examined.
2 The relaxation to ATP was not antagonized either by 10 gLM methylene blue, a cyclic GMP inhibitor,
by 10 M indomethacin, an inhibitor of prostaglandin synthesis or by 1°00 AM N0-nitro-L-arginine, an
inhibitor of NO production.
3 The Rp-diastereomer of adenosine 3':5'-cyclic monophosphorothioate (Rp-cAMPS) 200 tiM, a com-
petitive inhibitor of cyclic AMP significantly diminished the relaxant response to ATP.
4 Isoprenaline 10 lM, a P-adrenoceptor agonist, produced a sustained relaxation, inhibited by
Rp-cAMPS, without a significant change in [Ca2+]j, thereby mnimicking the ATP-induced relaxant effect.
5 The level of the phosphorylated myosin light chain in the precontracted VD was significantly lowered
by 100011M ATP.
6 ATP (1000 gM) and isoprenaline (10 tM) produced the same increase (+ 50%) of [cyclic AMP] when
applied to a resting VD.
7 The effect of simultaneous increases of [Ca2+]i and of [cyclic AMP] produced by externally applied
ATP are discussed.
8 These results suggest that ATP-induced relaxation in K+-precontracted VD is mediated by the
activation of adenylyl cyclase.

Keywords: ATP; P2-purinoceptors; cyclic AMP; myosin phosphorylation; relaxation; smooth muscle; vas deferens

Introduction Methods

Co-transmission of adenosine 5'-triphosphate (ATP) and
noradrenaline was initially observed in the sympathetic
nerves of the rodent vas deferens (Sneddon & Westfall,
1984). In this tissue, ATP induces contraction through the so
called P2x-purinoceptors (Fedan et al., 1982; Burnstock et al.,
1985), the activation of which triggers opening of non-
selective ion channels, membrane depolarization and calcium
influx (Friel, 1988). The contractile effect of externally app-
lied ATP is however very weak and transient (Fedan et al.,
1982; Hourani et al., 1986; Wilkund & Gustafsson, 1988; von
Kugelen et al., 1990). We recently reported that, in the
mouse vas deferens (VD), ATP induced a large rise of the
cytoplasmic free calcium concentration ([Ca2+]*D, as large as
that produced by massive depolarization with isotonic K+
solution. We also observed that ATP could induce relaxation
of a K+-depolarized preparation. Therefore, it was suggested
that the calcium-force dissociation could be due to the
simultaneous binding of ATP to both P2x-purinoceptors,
mediating contraction and P2y-purinoceptors, mediating
relaxation (Boland et al., 1992). We describe here our
attempts to identify the post-receptor signal for the ATP-
induced relaxant response. Several possible messengers were
excluded on the basis of pharmacological experiments.
Results show that externally applied ATP not only produces
an intracellular rise of [Ca2']i, but also of adenosine 3':5'-
cyclic monophosphate (cyclic AMP). The latter seems to be
the post-receptor signal for the relaxant response. However,
as discussed, this may not be sufficient to explain fully the
observed calcium-force dissociation induced by ATP when
applied to the resting VD.

' Author for correspondence.

Muscle preparation and measurements of cytosolic Ca"
concentration and offorce
We essentially followed the procedures previously described
(Boland et al., 1992) except for fura-2 fluorescence measure-
ments. Adult male albino mice (NMRI) of 3-4 months were
killed by cervical dislocation after anaesthesia with ether. The
end segment of the prostatic portion of the VD was isolated
and opened longitudinally; its thick mucosal layer was then
scraped away by gentle rubbing. VD preparations were
stretched to 2 mN passive tension and isometric contraction
force was measured by use of a strain gauge (type FLA-3-11,
Tokyo Sokki Kenkyujo Co. Ltd). Isometric force was ex-
pressed in mN on the original traces. In the text, the force
relaxation produced in raised-tone preparations by ATP or
isoprenaline is normalized to the steady raised tone level
maintained by prolonged stimulation with the high K+ solu-
tion. All experiments were performed at room temperature.

Fura-2 fluorescence was measured with inverted fluor-
escence microscopic equipment (from Nikon and Deltascan,
PTI) where the emission intensity was collected at a 510 nm
by a photon counting tube (PTI). Calculation of [Ca2+]i was
performed by internal calibration of the fura-2 fluorescence
signal, according to a procedure designed by Himpens and
co-workers (1988). In order to verify that the [Ca2+]i rise
upon application of ATP, essentially came from muscle cells
and not from nerve endings (known to be numerous in VD;
Swedin, 1971), we checked that this [Ca2+]i rise was
unaffected either after incubation with w-conotoxin (1 gM,
30 min), a blocking agent specific for the neuronal calcium
channels (McCleskey et al., 1987) or after pharmcological
destruction of nerve endings (Wakade, 1979). In the latter
case, mice were injected intraperitoneally with 6-hydroxy-
dopamine (6-OHDA), three times at two days interval. This
treatment totally abolished the response to electrical stimula-
tion.

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 326-330
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Measurement of cyclic AMP

The concentration of the cytoplasmic cyclic AMP was deter-
mined by radioimmunoassay, as described (Barnette et al.,
1989; McHenry et al., 1991). After 5 min incubation in the
experimental solution, VD strips were rapidly frozen in liquid
nitrogen and homogenized in 1 ml of 6% trichloracetic acid
(TCA) on ice. Precipitated proteins were removed by 2000 g
centrifugation for 15 min. TCA was removed from the super-
natant by four extractions with water-saturated ether (3 ml),
and the samples were evaporated. The measurement of cyclic
AMP was by radioimmunoassay (Amersham kit, U.K.). The
results are expressed in femtomoles per milligram (fmol
mg-') of frozen muscle.

Determination of the myosin light chain phosphorylation

Phosphorylation of the 20 kDa myosin light chain (LC) was
determined by two dimensional electrophoresis. The frozen
VD preparations were ground in a mortar precooled with
liquid nitrogen, in 300 pl 0.5 M perchloric acid. After thawing
at room temperature, 400 1l perchloric acid was added and
the whole extract was centrifugated for 5 min at 5000 r.p.m.
The pellet was dissolved in 10llI of the lysis buffer (9.5 M
urea, 2% (w/v) nonidet P40 (NP 40), 1.6% ampholine
pH 5-7, 0.4% ampholine pH 3-10, 5% P-mercaptoethanol)
and 10 plL of glycerol, for a first separation by isoelectrofusing
(IEF). We used two different methods: (1) capillary gels
containing 7% acrylamide, 3% NP 40, 0.3% ampholine
pH 4-6, 0.3% ampholine pH 3.5-10 and 0.3% ampholine
pH 5-8; IEF was run at 800 V, for 3 h. (2) Precoated com-
mercial strips providing an immobilized pH gradient 4-7
(IPG), from Pharmacia (Righetti, 1990). In this case, focus-
ing was run under the cover of paraffin oil and, in order to
get good penetration of the sample into the gel, voltage was
very progressively increased to 3.3 kV, then maintained over-
night. Some samples were analyzed by both methods and
identical results were obtained. For the second dimension,
gels or strips were transferred to the top of a polyacrylamide
slab gel (stacking gel: 3% polyacrylamide in 0.5 M Tris-HCI,
sodium dodecylsulphate (SDS) 0.4%, pH 6.8; separating gel:
15% polyacrylamide in 1.5 M Tris-glycine, SDS 0.4%,
pH 8.8) and covered with the running buffer (20 mM Tris,
192 mM glycine, 0.1% SDS). A sample of purified myosin
from soleus muscle was run simultaneously. After staining,
densitometry was integrated over the spot areas (Lecphor
image analysis programme of Biocom, 91942 Les Ulis,
France). The results are given as the percentage of phos-
phorylated (PMLC) and unphosphorylated forms of the total
amount of the 20 kDa myosin light chains.

Drugs and solutions

The normal HEPES-Krebs solution contained in mM: Na4
135.5, K+ 5.9, Mg2+ 1.2, Ca2+ 1.5, Cl- 143.8, HEPES 11.6
and glucose 11.5. The pH was 7.3. K+ 140mm solutions
were obtained by replacing extemal Na+ by an equivalent
amount of K+. Isoprenaline, ATP, indomethacin, ionomycin,
6-OHDA, w-conotoxin and N0-nitro-L-arginine were from
Sigma. Methylene blue was obtained from Merck (Darm-
stadt, Germany) and adenosine 3': 5'-cyclic monophos-
phorothioate (Rp diastereomer, Rp-cAMPS) from Biolog
(Bremen, Germany). Fura-2/AM was from Molecular Probes
(Eugene, Oregon, U.S.A.). All other reagents were of
analytical grade. Drugs were dissolved in Krebs solution,
except ionomycin which was dissolved in ethanol (stock solu-
tion 5 mM), and indomethacin, solubilized in 80% methanol
containing 0.2 M NaOH (Griffith et al., 1981) and used at the
1/1000 dilution of the stock solution.

Statistics

The data were evaluated for differences by Student's t test
(paired two-tailed t test). A probability of less than 0.05 was

considered significant. The results are presented as means ±
s.e.mean, and n is the number of experiments.

Results

Factors affecting the ATP-induced relaxation

We previously showed that the mechanical counterpart of the
P2y activation could be revealed on pre-contracted and
depolarized preparations (15 min in 140 mM K+ solution): in
these conditions, after a transient P2x-related contraction,
ATP produced a sustained and reversible relaxation induced
by P2y activation (Boland et al., 1992). The relaxant effect
was maximal for a concentration of ATP of 1 mm. We
describe here how this relaxation can be affected by various
pharmacological interventions.
The relaxation induced by 1 mM ATP was unaffected by

pre-incubation of the preparations, for 30min, with 10 iM
methylene blue, 10 1M indomethacin, or 100 LM NG-nitro-L-
arginine, agents known to inhibit the synthesis of cyclic GMP
(Gruetter et al., 1981), of prostaglandin (Vane, 1971), and of
nitric oxide (Moore et al., 1990; Toda et al., 1990; Ishii et al.,
1990), respectively (Table 1). On the other hand, after 1 h
incubation in the presence of 200 gM Rp-cAMPS, a cyclic
AMP competitive inhibitor (Botelho et al., 1988), the relax-
ant effect of ATP was significantly diminished (Table 1). The
effect of Rp-cAMPS was further studied on the relaxation
induced by 5001M ATP. As illustrated in Figure 1, force
contraction of VD maintained in 140mM K4 stabilized at
about one-fifth of its peak contraction, while [Ca24],
remained between 200 and 250 nM. In this condition, 500 gLM
ATP produced a rise of [Ca24]i followed by a return to its
previous level after 3 min. This calcium increase was accom-
panied by a transient contraction followed within 30 s by a
force decrease of about 35 ± 3.9% below the steady plateau
level (n = 7). Thus, relaxation started while [Ca24]i was still
well above its previous level (before ATP addition). This
relaxation was maintained as long as ATP was applied, and
was not associated with any further decrease of [Ca2"]i. After
1 h incubation in presence of 200 gM Rp-cAMPS, the tran-
sient contraction induced by ATP was not significantly
modified but the relaxant effect of ATP significantly
diminished from 35 ± 3.9% to 10.7 ± 3.5% (n = 7) (Figure 1).

Isoprenaline (10 gtM) mimicked the effect of ATP 500 gM as
it induced a relaxation of 35 ± 5% (n = 7) after 30 s, which
was maintained as long as isoprenaline was applied (Figure
1), without affecting the level of [Ca2]j1. This P-agonist is well
known to produce an increase of [cyclic AMP] in smooth
muscle (Scheid et al., 1979). As expected, we found that the
relaxation induced by isoprenaline was completely abolished
by pre-incubation with 200 gM Rp-cAMPS (n = 5).

Changes of cyclic AMP concentration

The similarity of the relaxant effects of ATP and isoprenaline
on force and the sensitivity of these effects to the Rp-cAMPS

Table I The effect of various agents on ATP-induced
relaxation of the vas deferens

Pre-incubation conditions

Control (K+ 140mM)
Indomethacin 10 jLM
Methylene blue 10 luM
NG-nitro-L-arginine 100 gIM
Rp-cAMPS 200 tiM

ATP-(l mM)-induced relaxationt

-56+6%, n=7
-58+7%, n=4
-50+9%, n=3
-51+2%, n=4
-19+3%, n=4*

tDrop in tension, expressed as % of the steady tone level
maintained by prolonged K+-depolarization.
*P<0.01: t test.
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Test of the two antagonistic pathways hypothesis
5 min We previously suggested that calcium-force dissociation

observed in resting VD with ATP (Boland et al., 1992) might
"h*0 -1-MA

be explained by an overlap of contracting and relaxing
influences; the latter was shown, here, to be related to cyclic
AMP production. Two experiments were designed to test this
hypothesis.

(i) If the ATP-induced synthesis of cyclic AMP is respon-
sible for the calcium-force dissociation in VD, then incuba-
tion of resting VD with Rp-cAMPS would be expected to
improve the calcium-force coupling, and thereby to increase
the amplitude of the contraction produced by ATP. Stimula-
tion with 100I!M ATP, which induces an obvious calcium-
force dissociation (Boland et al., 1992), significantly elevated
[cyclic AMP] (see above) and induced a contraction of

Iso only 3 + 1% (n = 9) of the maximal force developed in res-
ponse to 140 mM K+ depolarization. This force response was
not increased by pre-incubation with 200 IlM Rp-cAMPS
(2.25 ± 0.75%, n = 4).

(ii) The simple model of overlapping increases of [Ca2]i
and of [cyclic AMP]i can be mimicked by combining K+
depolarization (Boland et al., 1992) with the presence of
isoprenaline (see above). We found that K+-induced contrac-
tion was not significantly affected by concomitant addition of
1OjM isoprenaline (97 ± 6.5% of the K+ reference peak,
n = 4). However, after a pre-incubation with 20 gM iso-
prenaline for 2.5 min, the peak contraction induced by K+
depolarization attained 76± 2% (n = 7) of the reference
value. Obviously, an antagonistic effect of Ca2" and cyclic
AMP on the force response can be detected in the latter
condition, but it is not of the required magnitude to explain
the very weak force observed in the presence of ATP.

140 K+
ATP lso

Figure 1 (a) Shows the changes in [Ca2+]i (upper trace) and force
(lower trace) in the vas deferens in response to superfusion with K+
140mM, ATP 500;LM and isoprenaline 10O"M (Iso). (b) Presents the
same experiment after 1 h incubation with Rp-cAMPS. Horizontal
bars indicate the timing of the superfusions.

inhibitor suggested the participation of cyclic AMP in the
relaxation of the depolarized preparation. Therefore, we
measured [cyclic AMP] directly in muscle extracts. In control,
resting conditions, [cyclic AMP] was 636 ± 18 fmol mg' of
wet muscle (n = 16). A similar basal level was reported by
others (Diamond & Janis, 1978; Heller et al., 1989). After
5 min in 100 fLM ATP, [cyclic AMP] rose to 760±46 fmol
mg-' (n = 16), and to 939 ± 113 fmol mgl (n = 5), in
1000 iLM ATP. As a point of comparison, isoprenaline
(10 jLM, 5 min) produced an increase of [cyclic AMP] to
937 ± 87 fmol mg-' (n = 6). All these increases were sig-
nificantly higher than the basal level.

Myosin light chain phosphorylation

At rest, the relative amount of phosphorylation of the
20 kDa myosin light chain (PMLC) amounted to 5.4 ± 2.9%
(n = 8). At the initial peak of contraction during depolariza-
tion with 140mM K+, PMLC reached 31.8 4.1% (n =7);
after 25 min, PMLC had declined to 16.85 1.4% (n = 19,
control situation). When ATP (1000;LM) was added to the
pre-contracted VD, after 15 min in 140 mM K+, and the
muscle frozen 10 min later (total duration in 140 mM K+:
25 min), PMLC had decreased to 12.75 ± 1.2% (n = 20). The
difference compared with the control situation was sig-
nificant. Thus in pre-contracted and depolarized VD, ATP
produced a force relaxation and a myosin LC dephos-
phorylation of about the same relative amplitude.

Discussion

We previously showed that ATP can induce a transient con-
traction followed by a sustained relaxation in depolarized
preparations and that the latter effect probably involved
P2y-purinoceptors (Boland et al., 1992). In this paper,
different intracellular mechanisms able to induce smooth
muscle relaxation were investigated.
ATP-induced relaxation could be mediated by a decrease

of [Ca2+Ji but the finding that relaxation started during the
peak of calcium and was maintained at an elevated and
steady [Ca2]i (around 250 nM, see Figure 1) does not sup-
port this interpretation. ATP can also induce opening of
K+-channels and hence hyperpolarization, in guinea-pig
taenia coli (Tomita & Watanabe, 1973) and in ileum circular
layers (Crist et al., 1992). Obviously, membrane hyper-
polarization is not involved here as K+-depolarized VD
showed relaxation in response to ATP. Prostaglandin syn-
thesis and ATP-induced relaxation are linked in guinea-pig
taenia coli (Brown & Burnstock, 1981); but, as relaxation of
VD was unaffected by indomethacin, this pathway seems
unlikely. In vascular smooth muscle, relaxation can also be
mediated through the P2y-induced release of nitric oxide by
endothelium, producing an activation of the smooth muscle
guanylyl cyclase. Recently, NO has also been reported as a
neurotransmitter in non vascular (Li & Rand, 1990; Boeckx-
staens et al., 1991; Lefebvre et al., 1992) and vascular smooth
muscle (Toda & Okamura, 1992). Muscle tissue could even
directly generate a muscle-derived relaxing factor (MDRF)
similar to NO (Wood et al., 1990). In our preparation, we
found that relaxation was unaffected by inhibitors of NO
production. Stimulation of cyclic GMP synthesis, indepen-
dent of the NO pathway, can also be excluded, as relaxation
was insensitive to methylene blue.

P2y-purinoceptors are linked to a G protein (Kennedy,
1990) and could activate cytosolic adenylyl cyclase. Three
observations support the proposal that cyclic AMP is
mediating the ATP-induced relaxation in the K+-pre-
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contracted VD. (1) Relaxation is partially inhibited by Rp-
cAMPS, a competitive antagonist of cyclic AMP. (2) We
observed some similarities of the responses to ATP and to
isoprenaline, a P-adrenoceptor agonist, well known to induce
relaxation by the synthesis of cyclic AMP (Scheid et al.,
1979): in K+-depolarized preparations, both isoprenaline and
ATP caused sustained relaxations of comparable amplitudes,
which occurred in spite of an elevated [Ca2+]j, and were
significantly inhibited by Rp-cAMPS. (3) In physiological
conditions, direct measurements showed that externally ap-
plied ATP produced a rise of the cyclic AMP concentration
similar to that produced by isoprenaline.
ATP-induced relaxation of depolarized VD was correlated

with a reduction of the level of PMLC. Most likely this
reflected the inhibition of the myosin light chain kinase
(MLCK) when it is phosphorylated by a cyclic AMP-depen-
dent protein kinase A (Adelstein et al., 1978; Kerrick & Hoar,
1981; Nishimura & van Bremen, 1989; Ozaki et al., 1992)
On the basis of the rank order of potency of different ATP

analogues, of the absence of tachyphylaxis and of the action
of selective antagonists, it was proposed that ATP-induced
relaxation implies a P2Y-like purinoceptor (Boland et al.,
1992). Our results suggest that this effect is linked to the
activation of adenylyl cyclase. This pathway is well
documented for P1-purinoceptors (A2 subclass; for review, see
Kennedy, 1990) but has not been reported for P2y-purino-
ceptors. However, the possibility that the receptor could be
another sub-type of P2-purinoceptor (P2Z, P2T or unknown)
cannot be definitely excluded (for review, see Olson & Pear-
son, 1990).

Together, these and our previous results indicate that
externally applied ATP gives rise to two intracellular
messengers, Ca2+ and cyclic AMP. The first one, in combina-
tion with calmodulin, would lead to activation of MLCK,
while the second, through the cyclic AMP-protein kinase A
cascade, to the inhibition of MLCK (for review, see Ras-
mussen & Rasmussen, 1990). As these two antagonistic
influences overlap somewhat in time, the force response
would reflect the net result of these influences at the level of
MLCK. This could be the basis of the calcium-force dissocia-
tion we previously reported. A similar model of two
antagonistic influences has been proposed by Watanabe and
co-workers (1992) to explain the calcium-force dissociation
observed in caffeine-treated aorta. However, in the case of
the VD, it seems that the simultaneous elevation of [Ca2+]
and [cyclic AMP] would not be sufficient to explain fully the
calcium-force dissociation. Indeed, when the cyclic AMP
pathway was inhibited, the weak ATP-induced force was not
potentiated, contrary to expectations. Moreover, in experi-
ments meant to mimic the simultaneous increases of [Ca2+]i
and [cyclic AMP] (stimulation with K+ and isoprenaline), the
observed antagonistic influence of the two second messengers
on the force response was much too small to explain the
calcium-force dissociation induced by ATP.

Ph-G. and B.B. are research assistants of the FNRS (Belgium). The
assistance of Prof. J.M. Ketelslegers, Mrs M.L. Cao and Mrs P.
Lison is gratefully acknowledged.
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Comparison of the cardiovascular and neural activity of
endothelin- 1, -2, -3 and respective proendothelins: effects of
phosphoramidon and thiorphan
'Giovan G. Mattera, Anthony Eglezos, Anna Rita Renzetti & 2Jacques Mizrahi

Pharmacology Department, Laboratori Guidotti SpA, Via Livornese 402, San Piero a Grado, 56122, Pisa, Italy

1 In the anaesthetized, ganglion-blocked rat, intravenous boluses of endothelin-1, endothelin-2 and
endothelin-3 induced a transient hypotensive effect followed by a potent long lasting pressor response
(ED_sommHg: 0.72 ± 0.05, 1.8 ± 0.2 and 2.7 ± 0.3 nmol kg-', respectively). The maximal effect for the three
peptides was of a similar order of magnitude (,&MAP: 84 to 89 mmHg). Neither of these effects was
influenced by phosphoramidon or thiorphan (10 mg kg-', i.v.).
2 Intravenously administered big-endothelin-1 and -2 induced a transient (1-2 min) hypotension
followed by a potent long lasting (>25 min) vasopressor effect (ED50,.Hg: 1.8 ± 0.2 and 6.7 ±
0.4 nmol kg-', respectively), with a similar maximal activity (A MAP: 85 ± 4 and 81 ± 2.4 mmHg,
respectively). The onset of the big-endothelin-l vasopressor effect was more rapid (5-6 min) than that of
big-endothelin-2 (10-13 min). Big-endothelin-3 was found to induce only a potent, long lasting
(>35 min) hypertension, with a maximal effect of 75 ± 4.6 mmHg at 10 nmol kg-' and an ED50,,,,Hg of
6.5 ± 0.4 nmol kg-'. The onset of this effect was much slower (20-25 min) than that of the other
proendothelins. Pressor responses induced by big-endothelin-1, -2 and -3 (3, 15 and 10 nmol kg-',
respectively) were markedly reduced (60, 80 and 100%) in the presence of phosphoramidon (10 mg kg-',
i.v.). Thiorphan (10 mg kg', i.v.) did not inhibit the effects of big-endothelin-1, -2 and -3.
3 In the electrically stimulated rat vas deferens, endothelin-I and -2 were found to be equipotent
enhancers of the twitch response (EC,00%: 4.0 ± 0.4 nm and 7.9 ± 4.8 nm, respectively), both about 3-4
fold as active as endothelin-3 (EC,00%: 19 ± 2.5 nM). Endothelin-1 and -3 showed a comparable maximal
stimulatory effect (Emax: 296 ± 30 and 262 ± 24%) while endothelin-2 was less active (Em,,: 194 ± 30%).
4 Big-endothelin-l and -2 were potent enhancers of the twitch reponse too (EC 1o,%: 10.0 ± 2.6 nM and
21.6+ 3.2 nM, respectively), with a comparable maximal stimulatory effect (Ema: 254 ± 22 and 264 ±
24%). Big-endothelin-3 was found to be less potent (EC,0o%: 275 ± 21 nM), but retained a marked
potentiating effect (Emax: 200 ± 38%). Phosphoramidon, but not thiorphan, concentration-dependently
(10 and 100 JM) reduced big-endothelin-1 (58 and 86% respectively) and big-endothelin-2 (21 and 56%)
-mediated responses. Conversely, the big-endothelin-3 effect was reduced by phosphoramidon only at
100#JM (-70%), while thiorphan acts concentration-dependently (31 and 71% at 10 and 100JIM
respectively); thus, in the rat vas deferens, big-endothelin-I and -2 were as potent as their corresponding
endothelins, while big-endothelin-3 was about 20 times less potent than endothelin-3.
5 The increasing effect of endothelin-2 (194 ± 30% over baseline) was significantly enhanced by either
10 JIM phosphoramidon (277 ± 42%) or thiorphan (318 ± 15%). The endothelin-I and endothelin-3-
mediated twitch enhancement was not affected by the two protease inhibitors (10JIM).
6 These results suggest that in vivo big-endothelin-1, -2 and -3, are processed through a similar
phosphoramidon-sensitive enzymatic pathway although with different apparent affinity. This enzymatic
process is probably attributable to a neutral endoprotease, distinct from neutral-endopeptidase 24.11
(NEP). On the other hand, a NEP-like enzymatic activity may be involved, in the rat vas deferens, in the
activation of big-endothelin-3 to endothelin-3 and in the metabolism of endothelin-2, but not of
endothelin-I or endothelin-3.

Keywords: Endothelins; proendothelins; phosphoramidon, thiorphan; mean arterial pressure; rat vas deferens

Introduction

Endothelin-1, endothelin-2 and endothelin-3 are members of tor of the vascular smooth muscle but also as a modulator of
the endothelin peptide family, which have a distinct distribu- the release of circulating hormones from kidney, atria and
tion and represent the agonists for a related family of adrenal glands (Miller et al., 1989; Jaffer et al., 1990; Gomez-
endothelin receptors, namely ETA and ETB (Kloog & Soko- Sanchez et al., 1990). Further, endothelin-I was shown to be
lovsky, 1989; Arai et al., 1990; Sakurai et al., 1990). These a modulator of neuronal activity (Yanagisawa & Masaki,
receptors are distributed in peripheral tissues (Power et al., 1989), inducing a potent facilitation of the nerve-mediated
1989) and the central nervous system (Jones et al., 1989). twitch response at the post-junctional level on the rat vas
Endothelin-I is one the most potent vasopressors known deferens (Maggi et al., 1989; Telemaque & D'Orleans-Juste,
(Yanagisawa et al., 1988) and it is now widely accepted that 1991; Hiley et al., 1989) and inhibiting the twitch response in
endothelin-I exerts its activities not only as a potent constric- the guinea-pig vas deferens (Wiklund et al., 1990) by a

pre-junctional mechanism; these observations underline the
possible role of the endothelins as neuromodulator peptides.

I Author for correspondence. Endothelin-l is derived from proendothelin (big-endothe-2 Present address: Italfarmaco, S.p.A., Via dei Lavoratori, 54 20092 lin-1) by a putative endothelin converting enzyme (ECE) that
Cinisello Balsamo, Milano, Italy. cleaves the 38-mer at the bond between Trp2'-Val22 (Yanag-

Br. J. Pharmacol. (1993), 110, 331-337 '." Macmillan Press Ltd, 1993
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isawa et al., 1988). Since big-endothelin-I has only 1/100th of
the rat aorta contractile activity of endothelin-I (Kash-
iwabara et al., 1989), inhibition of the ECE should effectively
block the biological activities involving conversion of big-
endothelin-I to endothelin-1. This was the case in functional
studies in vitro (D'Orleans-Juste et al., 1991a,b; Hisaki et al.,
1991) and in vivo (Fukuroda et al., 1990; Matsumura et al.,
1990b; Pollock & Opgenorth, 1991; McMahon et al., 1991;
Pons et al., 1991; Mattera et al., 1992a,b). Further, ECE has
been described as a phosphoramidon-sensitive neutral endo-
peptidase distinct from the thiorphan/phosphoramidon-sensi-
tive neutral endopeptidase (NEP 24.11).
Haemodynamic effects of big-endothelin-2 have been des-

cribed by Gardiner et al. (1992a). These effects were similar
and phosphoramidon-sensitive, like those of big-endothelin-1,
though less potent.
On the other hand, big-endothelin-3 was previously des-

cribed as a very poor substrate for ECE (Okada et al., 1990,
1991; Takada et al., 1991; D'Orleans-Juste et al., 1991a;
Mattera et al., 1992b), suggesting that the enzymatic cleavage
of the proendothelins was facilitated when Trp2'-Val' bond
is present. More recently these data have been contradicted
by observations in vitro (Matsumura et al., 1992) and in vivo
(Gardiner et al., 1992a,b). Matsumura and coworkers have
found, in membranes from cultured vascular endothelial cell,
a phosphoramidon-sensitive conversion of big-endothelin-3
to its active form, while Gardiner and coworkers, in con-
scious Long Evans rats, have found that big-endothelin-3
exerts clear pressor and vasoconstrictor effects which are
big-endothelin-l-like and phosphoramidon-sensitive.

Endothelin-l, -2 and -3 were all described as good sub-
strates for NEP 24.11 (Vijayaraghavan et al., 1990). On the
other hand, McKay et al. (1992) reported that the meta-
bolism of the endothelins is apparently compound and
species-specific, since only the endothelin-3 mediated contrac-
tile effect was potentiated by phosphoramidon in rabbit and
man, but not in canine bronchus, while endothelin-I re-
mained unaffected. To our knowledge in vivo data to support
these findings have not been reported so far.

In the present study we have investigated the biological
effects of the endothelins and their precursors, in the presence
and in the absence of phosphoramidon and thiorphan, in two
systems representative of two different actions of endothelins:
one in vivo model, for the cardiovascular effects, and one in
vitro model, for the neuromodulatory effects.

Methods

In vivo: pressure changes in anaesthetized,
ganglion-blocked rat

All experiments were carried out on male Sprague-Dawley
rats (220-250 g, Charles River, Italy), fasted overnight, and
anaesthetized with ethyl urethane (1.25 g kg-', i.m.). Rats
were placed on a heating pad to maintain a constant body
temperature (37 ± 0.5°C). Both femoral veins were cathe-
terized (PE-50) for infusion of the ganglion-blocking agent
and for protease inhibitor administration. Catheters (PE-50)
were implanted in the left carotid artery and right jugular
vein for monitoring arterial pressure and for injection of
peptides, respectively. The trachea was cannulated to allow
free breathing. Mean arterial pressure (MAP) was measured
with a Bentley Trantec 800 pressure transducer connected
with a pre-amplifer (BM614, Biomedica Mangoni) and re-

corded on an Astromed MT 9500 polygraph. Following a 20
min post-operative recovery period, ganglion-blockade was
produced in rats with a constant infusion of pentolinium
(0.1 mg-' kg- min-') throughout the experiment.
Rat treatment protocols were as follows: three groups of

rats received 5-6 i.v. doses of big-endothelin-I (0.1, 0.3, 1.0,
3.0, 5.0 and 10.0 nmol kg-l, n = 6), big-endothelin-2 (0.1, 0.3,
1.0, 3.0, 10 and 15 nmol kg-l, n = 4) or big-endothelin-3 (0.3,

1.0, 3.0 and 10 nmol kg-', n = 4). Another three groups of
rats were used for cumulative-dose response curves to endo-
thelin-I (0.03, 0.1, 0.3, 0.5, 1.0 and 2.0nmolkg', n=6),
endothelin-2 (0.4, 0.8, 1.8, 2.5, 3.0 and 5 nmol kg-', n = 4) or
endothelin-3 (0.1, 0.3, 1, 3, 5 and 9 nmol kg-, n = 5). All the
doses are expressed as actual dose injected. Cumulative dose-
response curves were constructed by administering the next
dose when the effect of the preceding one had reached a
stable response, for at least 5 min, or the response started to
fall.
To determine the effect of the protease inhibitors on the

pressor responses induced by big-endothelin-l (3 nmol kg-1),
big-endothelin-2 (15 nmol kg-'), big-endothelin-3 (10 nmol
kg-'), endothelin-I (1 nmol kg-'), endothelin-2 (1.5 nmol
kg-') and endothelin-3 (4 nmol kg-'); phosphoramidon (Pho)
and thiorphan (Thi), both at 10 mg kg-' or vehicle (saline or
0.5% dimethylsulphoxide (DMSO), respectively) were
administered (0.5 ml kg-') S min prior to peptide challenge.

In vitro: electrically-stimulated rat vas deferens

Male Sprague Dawley rats (250-300 g, Charles Rivers, Italy)
were killed by cervical dislocation and the vasa deferentia
pars prostatica (RVD) were rapidly removed, cleaned and
placed in tissue baths containing warm (37°C), oxygenated
(95% 02, 5% C02) Krebs solution of the following composi-
tion (mM): NaCl 118, KCI 4.69, MgSO4 1.18, KH2PO4 1.20,
glucose 1, NaHCO3 25 and CaCl2 2.52.

Activity was recorded along the longitudinal axis of RVD
(1.5 cm) with an isotonic transducer (Ugo Basile, Italy) under
a resting tension of 0.5 g. The tissues were electrically stim-
ulated submaximally (10 V, 0.25 ms pulse width, 200 ms
pulse interval, 5 s trains every 60 s) by means of platinum
electrodes connected to a digital stimulator (3T Biomedica
Mangoni).

Following a 60-90 min equilibration period, cumulative
concentration-response curves (n = 4-6) for big-endothelin-I
(0.1, 1, 5, 10, 50, 100 and 500 nM), big-endothelin-2 (0.1, 1, 5,
10, 50 and 100 nM) and big-endothelin-3 (0.01, 0.05, 0.1, 0.2,
0.35, 0.5, 0.75 and 1 ILM) and their corresponding endothelins
(0.1, 1, 5, 10, 50 and 100 nM; n=7-11) were constructed.
Only one curve was carried out in each tissue. When studying
the effects of peptidase inhibitors (Pho and Thi 10 and
100 ELM), tissues were incubated for 30 min in the presence of
the test substance, followed by cumulative addition of one of
the three endothelins (0.1, 1, 5, 10, 50 and 100 nM, n = 3), or
a single dose of the proendothelin (big-endothelin-I and -2:
100 nM; big-endothelin-3: 500 nM, n = 3).

Drugs

Human isoforms of proendothelins and endothelins were
used. Peptides were purchased from the Peptide Institute
(Osaka, Japan). Stock solutions of peptides (0.1 mM), pre-
pared in isotonic saline or 0.1% acetic acid (big-endothelin-3)
for in vivo experiments and in water for in vitro experiments
(all peptides), were stored at - 20°C and thawed only once,
immediately prior to use. Stock solutions were tested for
purity by high performance liquid chromatography (h.p.l.c.)
analysis (using a 5 ltm Vydac C18 column, with ultraviolet
detection at 215 nm). In all cases a single peak corresponding
to each peptide was detected.

Protease inhibitors were obtained from Novabiochem
(Laufelfingen, Switzerland) or Sigma Chemicals (St. Louis,
Mo, U.S.A.) and dissolved either in DMSO (0.5%) or
isotonic saline.

Data analysis

In vitro and in vivo, results are presented as mean ± s.e.mean.
ECIOO% (the concentration of peptide that induces a 100%
increase of twitch response over basal response) or ED50 mmHg
(the dose of peptide that induces an increase of 50 mmHg of
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MAP) values were calculated using the Macintosh Allfit Pro-
gramme version 1.0. E.,, respresents the maximal effect
induced by the highest concentration or dose tested for each
peptide. Comparison between means was carried out by
Student's unpaired t-test. A value of P<0.05 was taken as
significant.

130 Big-ET 1

80 ET-1 A
30-
130r Big-ET 2

E 801 ET-2
E

8
80 ET-3 Big-ET3

30 A A

Figure 1 Typical tracings representing the mean arterial pressure
(MAP) effects of intravenous endothelins (ET-1: 1 nmol kg-'; ET-2;
1.5 nmol kg-' and ET-3: 4 nmol kg-') and related proendothelins
(Big-ETI: 3 nmol kg-'; Big-ET2 15 nmol kg-' and Big-ET3: 10 nmol
kg-') in anaesthetized ganglion-blocked rats. Animals received pep-
tide as a bolus at the time indicated by black arrow points; the
horizontal bars represent 5 min in each case.

Results

In vivo: MAP changes in the anaesthetized
ganglion-blocked rat

Dose-response curves Basal MAP of the ganglion-blocked
rats was 57 ± 1 mmHg (n = 30). Endoth,lins induced a tran-
sient (1-3 min) fall in systemic pressure followed by a long
lasting (>25 min) rise of MAP (Figure 1). The hypotensive
effect was a dose-dependent and a maximum fall of - 31 ± 2
and - 25 ± 2 mmHg at 2 and 3 nmol kg-l for endothelin-l
and -2 respectively, was reached (Figure 2a). Endothelin-3
also induced a significant hypotension at an intermediate
dose (- 13 ± 2 mmHg at 3 nmol kg-'), whereas the highest
dose (9 mmol kg-') was devoid of any depressor activity
(Figure 2a).
The endothelin-l-induced vasopressor effect had an

EC50ommHg of 0.7 ± 0.05 nmol kg-'. Endothelin-2 and -3 were
about 2 and 4 fold less active than endothelin-l, with
ED50nmHg values of 1.8 ± 0.2 and 2.7 ± 0.3 nmol kg-', respec-
tively (Figure 2b). The Emax obtained at the highest doses
tested of each peptide, was of similar magnitude (AMAP
84 ± 4.2; 84 ± 3.8 and 89 ± 4.7 mmHg above basal values for
endothelin-l, -2 and -3, respectively).

Big-endothelin-l and -2 induced a rapid, short-lived (1-3
min) hypotensive effect (Figure 1) which was consistently
observed in all animals tested and was found to be dose-
dependent with a maximum fall of - 18 ± 2.8 and - 31 ± 9
mmHg respectively (Figure 3a). Big-endothelin-3 also showed
a hypotensive effect, but without a clear dose-dependency
and only in experiments to determine cumulative dose-
response curves. The maximal pressure fall was of - 7 ± 2.8
mmHg at a dose of 10 nmol kg-' (Figure 3a).
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Figure 2 Dose-response curves to endothelin-1 (0), endothelin-2
(U) and endothelin-3 (A), showing hypotensive (a) and hypertensive
(b) phases of mean arterial pressure (MAP), in anaesthetized gan-

glion-blocked rat. Values are mean ± s.e.mean; n - 4-6.
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Figure 3 Dose-response curves to big-endothelin-l (0), big-endo-
thelin-2 (U) and big-endothelin-3 (A), showing hypotensive (a) and
hypertensive (b) phases of mean arterial pressure (MAP), in anaes-
thetized ganglion-blocked rat. Values are mean ± s.e.mean; n - 3-6.
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Proendothelins induced a potent long lasting (25-35 min)
vasopressor effect (Figure 1). Big-endothelin-l was more
active than big-endothelin-2 (EDsommHg: 1.8 ± 0.2 and 6.7 +
0.4 nmol kg-' respectively) while having similar Ema (AMAP:
85 ± 4 and 91 ± 2.4 mmHg). The effect of big-endothelin-2
was slower in onset than that of big-endothelin-l (10-13 vs
5-6 min). Although the dose-response curve for big-endo-
thelin-3 was incomplete, this peptide showed an activity close
to that of big-endothelin-2, in the range of the tested doses,
with an ED5Om.Hg 6.5 ± 0.4 nmol kg-' for an E,., of 75 ± 4.6
mmHg at 10 nmol kg-' (Figure 3b). In our model the pressor
response of big-endothelin-3 showed the longest latency
(25- 30 min).

Single-dose: effects of phosphoramidon and thiorphan Pho
and Thi were found to be devoid of any significant effect per
se.
The transient hypotensive effects of 3 nmol kg-' big-endo-

thelin-1 and 15 nmol kg-' big-endothelin-2 were not
significantly affected by a 10 mg kg-' bolus of Pho (AMAP:
-5.0 ± 1.3 and -12.0 ± 4.2 mmHg with Pho versus - 4.3
± 0.9 and - 9.0 ± 2.6 mmHg without Pho, respectively). In
this condition big-endothelin-3 (10 nmol kg-') did not pro-
duce any hypotension. On the contrary, the vasopressor re-
sponse induced by the three proendothelins was reduced
from 60 ± 1.7 to 25 ± 3.7 mmHg (P<0.001 vs control), from
59 ± 3.1 to 11.7 ± 2.8 mmHg (P<0.001 vs control) and from
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69 ± 7.5 to 1.5 ± 1.5 mmHg (P<0.001 vs control) respec-
tively (Figure 4a).
Pho had no significant effect on either endothelin-I (1

nmol kg-', AMAP: 49 ± 1.9 vs 52 ± 2.2 mmHg), endothelin-2
(1.5 nmol kg-l, AMAP: 49 ± 2.9 vs 46 ± 3.2 mmHg), or en-
dothelin-3 (4 nmol kg-', AMAP: 59 ± 2.9 vs 67 ± 1.8 mmHg)
-induced pressor response (Figure 4b). The transient vasode-
pressor effects induced by either endothelin-I (AMAP:
- 11.0 ± 1.7 vs - 12.0 ± 1.3 mmHg), endothelin-2 (AMAP:
- 11.0± 1.5 vs - 11.0± 0.6mmHg) or endothelin-3 (AK
MAP: -9.0 ± 2.4 vs - 10.0 ± 1.4 mmHg) were not changed
in the presence of Pho.

Thi, under the same conditions, was inactive against the
effects of the three endothelins and related proendothelins
(data not shown).

In vitro: electrically-stimulated rat vas deferens

Effect of endothelins on rat vas deferens twitch respon-
se Electrical stimulation before addition of peptides induced
a stable contractile response (12 ± 3 mm). The twitch res-
ponse to electrical stimulation was not affected by enzyme
inhibitors and, in the presence or absence of peptides, it
could be abolished by tetrodotoxin (1 pLM) indicating its
neural origin (data not shown).

Endothelin-1, -2 and -3 increased, concentration-depen-
dently, the RVD twitch response to electrical stimulation; the
threshold concentration of the endothelins that significantly
enhanced the twitch response was between 0.1 and 1 nM
(Figure Sa). Endothelin-I and -2 were equipotent (ECIoo%:
4.0 ± 0.4 and 7.9 + 4.8 nM, respectively), both being three-
four fold more active than endothelin-3 (ECl,oe,%; 19 ± 2.5
nM). All three peptides induced a maximum stimulatory
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Figure 4 Effects of (a) big-endothelin-l (Big-ET 1: 3 nmol kg-'),
big-endothelin-2 (Big-ET 2: 15 nmol kg-') and big-endothelin-3 (Big-
ET 3:10 nmol kg-'), or (b) endothelin-l (ET-1: I nmol kg-'), endo-
thelin-2 (ET-2: 1.5 nmol kg- ') and endothelin-3 (ET-3: 4 nmol kg-'),
in the absence (open columns) or in the presence (closed columns) of
phosphoramidon (1Omg kg-'), on mean arterial pressure (MAP) in
anaesthetized, ganglion-blocked rat. Values are mean ± s.e.mean;
n = 6. *P <0.05 unpaired t test vs control; P <0.05 unpaired t test
vs big-ET-1.

0

Peptide (nM)
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Figure 5 Concentration-response curves to (a) endothelin-l (0),
endothelin-2 (U) and endothelin-3 (A), and (b) related proen-
dothelins on electrically stimulated twitch response of rat vas def-
erens. Results are presented as % above basal. Each point represents
the mean ± s.e.mean of 4-11 experiments.
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Table 1 Effect of phosphoramidon (Pho) and thiorphan
(Thi) on endothelin-induced facilitation of the twitch
response in the electrically stimulated vas deferens of the rat

ECIOO(M ( E.basal
(nm) (% above basal)

Endothelin-1

Endothelin-2

Endothelin-3

4.0 ± 0.4
Pho 5.2 ± 0.7
Thi 3.5 ±0.8

7.9 ± 4.8
Pho 10.5±0.1
Thi 5.1 ±2.0

19.2 ± 2.5
Pho 22.5 ± 1.1
Thi 17.9 ± 3.1

296 ± 30
249 ± 25
298 ± 14
194 ± 30
277 ± 42*
318 ± 15*
262 ± 24
252 ± 16
220 ± 11

E. = maximal effect obtained at the highest concentration
tested for each peptide (see methods); Pho = phosphorami-
don IO tM; Thi = thiorphan IO JM.
*P<0.05, unpaired Student's t test.

318 ± 15% respectively, was observed (Table 1). Pho inhibi-
ted significantly and concentration-dependently the twitch
enhancement mediated by both big-endothelin-1 and -2 (Fig-
ure 6a). Thi, under the same conditions was totally ineffective
(Figure 6b). Conversely Thi (10 and 100 fLM) was able to
reduce big-endothelin-3 twitch response enhancement (31 ±
14 and 71 ± 5%, respectively; P <0.05). In contrast, Pho was
found effective ony at 100 JM (70 ± 12%, P<0.05).

Discussion

Figure 6 Effects of (a) phosphoramidon or (b) thiorphan at concen-
trations of 10 JIM (hatched columns) or 100 AM (closed columns) on
the enhancement of the twitch response of the electrically stimulated
vas deferens of the rat induced by big-endothelin-I (Big-ET 1,
100 nM), big-endothelin-2 (Big-ET 2, 100 nM) and big-endothelin-3
(Big-ET 3, 500 nM). Results are presented as % above basal. Each
column represents the mean ± s.e.mean of at least 3 determinations.
*P< 0.05, unpaired t test.

effect at 100 nM: endothelin-1 and -3 were equally effective
(296 ± 30 and 262 ± 24% above baseline, respectively), while
endothelin-2 was less active, with a maximal stimulation of
194 ± 30%. Endothelins dose-dependently increased RVD
basal tone (data not shown).

Effect of the proendothelins on the rat vas deferens twitch
response Big-endothelin-1 enhanced (E..: 254 ± 21.5%)
RVD twitch response in a concentration-dependent manner

(ECOO%: 10.0 ± 2.6 nM), with a threshold concentration
around 1 nM (Figure 5b). In our model, big-endothelin-I was
only two times less effective than endothelin-1. Big-endo-
thelin-2 was also an effective enhancer of the twitch response
with a threshold around 10 nM and with an EC100% value of
21.6 ± 3.2 nM and an Ema. of 264 ± 24%, being three times
less potent than endothelin-2. Big-endothelin-3 enhanced the
RVD twitch response with a threshold around 200 nm and
an EC100% of 275.3 ±20.7nM and an E. of 200±38%
(Figure 6b). Big-endothelin-3 was therefore at least 20 times
less potent than its related endothelin. Proendothelins en-
hance basal tone too, but only at higher doses (data not
shown).

Effects of phosphoramidon and thiorphan Both Pho and Thi
up to 100 tLM had no effect on electrical induced twitch
response.

In the presence of either Pho or Thi (10 ltM), the effects of
endothelin-I or -3 remained unchanged, whereas a significant
potentiation of the E., of endothelin-2, to 277 ± 42% and

The in vivo results of the present work show that endothelins,
in the anaesthetized ganglion-blocked rat, induce a rapid,
profound and transient hypotension followed by a long las-
ting hypertensive effect confirming the data previously ob-
tained in a number of different models (Inoue et al., 1989;
Douglas & Hiley, 1990; Le Monnier de Gouville & Cavero,
1991; Randall, 1991; Mattera et al., 1992a,b). The hypoten-
sive effect induced by endothelin-I and 2 has a similar overall
profile, whereas that of endothelin-3 appears to be weaker,
and is probably subject to rapid tachyphylaxis. The hyperten-
sive effect is dose-dependent and characterized by a similar
onset time. The rank order of potency is: endothelin-1>
endothelin-2> endothelin-3. The Em.. of the three endothe-
lins is very similar, a finding in contrast with the results
reported by Inoue et al. (1989), who described a smaller
maximal response for endothelin-3.
Although less potent than the respective endothelins, big-

endothelin-1 and -2 retain similar pressor activity in terms of
maximal effect. The time to reach the maximum increase in
blood pressure, for each dose, was about the same for
endothelin-1 and big-endothelin-1, in accordance with prev-
iously reported findings (Kashiwabara et al., 1989; Douglas
et al., 1991), while the onset of big-endothelin-2 effect is
definitely slower.

In our in vivo model, big-endothelin-3 shows a clear
vasopressor activity characterized by the slowest onset among
all peptides tested and not preceded by a dose-dependent
hypotensive effect. These data suggest that the presence of a
Trp21-Ile22 bond, instead of the Trp2l-Val22 one, in big-
endothelin-3, may reduce the affinity for ECE, and decrease
the velocity of enzymatic conversion. This reduction may not
permit a rapid achievement of an efficacious concentration of
active peptide at receptor sites, thus producing the observed
slow onset. These results are in accordance with recent
biochemical (Matsamura et al., 1992) and functional (Gar-
diner et al., 1992a,b), studies, but in sharp contrast to a
number of previous studies (Okada et al., 1990, 1991;
T6lemaque & D'Orleans-Juste, 1991; D'Orleans-Juste et al.,
1991a,b; Mattera et al., 1992a; Takada et al., 1992) in which
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no vasopressor activity had been shown for big-endothelin-3.
At the moment no exhaustive explanation can be given for
this important discrepancy, but it may be supposed that
difference in the source of the peptide and in its handling (i.e.
different way of solubilization in either buffer saline or acetic
acid, storage, etc.) plays an important role. Moreover species-
specificity of big-endothelin cleavage could be advocated in
some instances (e.g. D'Orleans-Juste et al., 1991a,b, used
guinea-pigs instead of rats), as well as interference originating
from the pharmacological manipulation of animals (anaes-
thetics, ganglion-blocking agents). In order to obtain a better
defined picture of the physiologically important roles of big-
endothelin-3 a careful study seems to be necessary to explore
these hypotheses systematically. However, the data produced
in the present work seem to reinforce the concept that the in
vivo biological actions of the proendothelins are mediated
through the corresponding endothelins.

Conversion of the proendothelins to their active forms is
generally agreed to involve a neutral Pho-sensitive metalloen-
dopeptidase (Matsumura et al., 1990a,b; 1991; LeMonnier de
Gouville & Cavero, 1991; Yano et al., 1991; Mattera et al.,
1992a,b; Gardiner et al., 1992a). Accordingly, in this study,
Pho significantly reduced the responses to the three proen-
dothelins. The following rank order of inhibition: big-endo-
thelin-3 > big-endothelin-2> big-endothelin-l was found. Such
strong inhibition of the conversion of big-endothelin-3 by
Pho, as well as the difference in the behaviour of big-
endothelin-3 compared to that of big-endothelin-l and -2
(slower onset of the hypertensive effect and the absence of
the early hypotension) pointed out before, might suggest that
the big-endothelin-l and -2 are more efficiently converted
than big-endothelin-3.

Thi was unable to block proendothelin-induced pressor
responses, in contrast with a previous study (McMahon et
al., 1991) that showed a weak, but dose-dependent inhibition
of porcine big-endothelin-I pressor response by Thi. Most
likely this discrepancy is related to the lower dose used in this
work and/or to the different peptide isoform (human vs
porcine).

Finally, the sensitiveness to Pho and insensitiveness to Thi
of proendothelin-induced pressor response support the con-
cept that all three proendothelins are converted by the same
enzyme in vivo. On the other hand, neither Pho nor Thi have
any significant influence on the pressor responses to endo-
thelin-l, -2 or -3. This finding does not support the involve-
ment of a NEP-like activity in the metabolism of the
endothelins in vivo, as has been described in vitro (Vija-
yaraghavan et al., 1990; Fagny et al., 1991).
As regards the in vitro model, both proendothelins and

endothelins have been shown to be potent enhancers of the
twitch response to electrical stimulation, with potency values
in agreement with previous studies (Maggi et al., 1989;
Telemaque & D'Orleans-Juste, 1991). However, in contrast
to Telemaque & D'Orleans-Juste (1991), in our experimental
conditions we observed that: (a) all peptides exerted a

concentration-related increase of the basal tone and (b) big-
endothelin-3 behaved as a full agonist similarly to the related
endothelin. The first difference may be due to the different
type of force transducers used: isotonic in our study, isome-
tric in the study of Telemaque & D'Orleans-Juste. In fact,
when we used isometric transducers in a separate set of
experiments, we obtained results comparable to those of
Telemaque & D'Orleans-Juste (unpublished observations).
The second difference, in our opinion, may be chiefly related
to peptide handling and storage or animal species as already
discussed for the in vivo model.
The inhibition of Pho of the enhancing effect of the proen-

dothelins reveals that, in this in vitro model, the profile for
enzymatic processing of the big-endothelin-l and -2 was
similar to that observed in vivo, the conversion being under
the control of a phosphoramidon-sensitive process. On the
other hand, the sensitiveness showed by big-endothelin-3
activity to Thi may indicate that in RVD there is a different
enzymatic activity involved in the processing of this peptide.
Thus it appears that the different activities of proendothelins
in different physiological districts are modulated essentially
by a similar, if not the same, ECE, even if, in some cases, an
organ-specific enzyme may be involved in the local activation
of the different proendothelins.
A moderate, but significant increase (1.5 fold) in the max-

imal effect, but not in potency, of endothelin-2 was observed
in the presence of 10 tM Pho or Thi, in RVD. No similar
effect occurred with either endothelin-l or endothelin-3.
This might suggest that a NEP-like activity is involved in the
degradation of endothelin-2, while having minimal or no
effect on endothelin-I or endothelin-3.

In conclusion, these results indicate a homology between
the in vivo and in vitro activity of endothelin converting
enzyme. This enzymatic activity is probably not NEP 24.11,
as indicated by the inconsistent activity of thiorphan. Fur-
ther, the previously described selectivity of endothelin con-
verting enzyme for the conversion of big-endothelin-1 is more
likely to be related to the selectivity for the Trp2l-Val22 bond,
a bond also present in big-endothelin-2, but not in big-
endothelin-3 (Trp21-Ile'). Moreover, in the rat vas deferens
another enzyme, different from vascular ECE, may be in-
volved in the big-endothelin-3 enzymatic processing. The
degradation of the endothelins is possibly tissue- and iso-
peptide-dependent, since only endothelin-2 was susceptible to
thiorphan or phosphoramidon in vitro, while in vivo these
neutral protease inhibitors seem to be totally inactive.
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Evidence for sympathetic neurotransmission through
presynaptic N-type calcium channels in human saphenous vein
Fulvia Fabi, *Mario Chiavarelli, Livio Argiolas, *Roberto Chiavarelli & 'Paola del Basso

Department of Pharmacology, Istituto Superiore di Sanita, Viale Regina Elena 299, 00161 Rome, Italy, and *Department of
Cardiovascular Surgery, Universita di Roma, 'La Sapienza', Rome, Italy

1 The specific type(s) of voltage-sensitive calcium channels (VSCCs) involved in sympathetic neuro-
transmission have not yet been characterized in human vascular tissues. We therefore examined the
functional role of the N- and L-type VSCCs in human saphenous veins.
2 Contractile response curves for transmural nerve stimulation (TNS) and for exogenously
administered noradrenaline (NA) were obtained in superfused saphenous vein rings. The contractions
induced by TNS, but not by NA, were inhibited by 1 jLM tetrodotoxin and by 10 ItM guanethidine. Both
responses were substantially reduced by 1 jtM phentolamine, indicating that the contractions evoked by
TNS were mediated by endogenous NA released from noradrenergic nerves.
3 In the presence of 2 gM w-conotoxin GVIA (omega Conus Geographus toxin, fraction VI A;
w-CgTx), a polypeptide with specific inhibitory activity on N- and L-type calcium channels, the neurally
evoked contractions were almost completely abolished. In contrast, the responses induced by exogenous
NA were not affected by the neurotoxin, thus providing evidence of the exclusive presynaptic action of
w-CgTx.
4 In the presence of the calcium antagonist verapamil (10 gM), which selectively blocks L-type VSCCs,
the contractions induced by both TNS and NA were diminished to the same extent, suggesting that the
organic calcium blocker is active only at the postjunctional level.
5 It is concluded that N-type calcium channels are the main pathway of calcium entry controlling the
functional responses induced by activating sympathetic nerves; the role of L-type channels appears to be
limited to the postjunctional level, modulating smooth muscle contractions.

Keywords: Calcium channels; human saphenous veins; sympathetic neurotransmission; w-conotoxin GVIA; verapamil

Introduction

Transmitter release from presynaptic nerve endings is
regulated by the influx of extracellular calcium ions (Augus-
tine et al., 1985) flowing through voltage-sensitive calcium
channels (VSCCs). Electrophysiological studies have shown
that in the nervous system, VSCCs may be subdivided into
L-, N-, P- and T-types, which differ in their voltage and
time-dependence of inactivation as well as in their single-
channel conductance (Nowycky et al., 1985; Sher & Clementi,
1991). These VSCCs may also be characterized by pharmaco-
logical means (Miller, 1987). Recent patch-clamp studies
have clearly demonstrated that w-conotoxin GVIA (w-CgTx),
a 27-amino acid peptide isolated from the venom of the
marine snail Conus geographus, is able to block N- and L-,
but not T-type calcium channels at presynaptic level (Olivera
et al., 1984; McCleskey et al., 1987; Olivera et al., 1991), thus
emerging as a valuable tool in the investigation of the specific
type of VSCCs involved in neuronal function. Conversely,
the organic Ca2+ channel antagonists, such as dihydro-
pyridine compounds and verapamil, do not influence N- and
T-type channels but selectively block L-channels (Miller,
1987; Ferrante & Triggle, 1990).

In sympathetic neurones of experimental animals both N-
and L-channels are present (Marrion et al., 1987; Lipscombe
et al., 1988) and appear to be involved in neurotransmitter
release. N-type VSCCs have been shown to be the dominant
type of Ca2+ entry pathway in the depolarization-evoked
release of noradrenaline (NA) from rat (Hirning et al., 1988)
and frog (Lipscombe et al., 1989) sympathetic neurones and
from the sympathetic nerves in rat isolated iris (Rittenhouse
& Zigmond, 1991). Furthermore, N-type channels have been
demonstrated to be involved in the vasoconstrictor responses
induced by sympathetic nerve stimulation in rat isolated
kidney (El-Din & Malik, 1988) and in rat small mesenteric
arteries (Pruneau & Angus, 1990). However, since organic

'Author for correspondence.

calcium channel blockers have been shown to decrease both
the release of tritium and the contractile response induced by
transmural nerve stimulation (TNS) in the canine saphenous
vein (Jayakody et al., 1986; Takata & Kato, 1988), an
involvement of L-channels in sympathetic neurotransmission
may also be hypothesized. Consequently, at least as far as the
sympathetic innervation of the vasculature is concerned, dis-
crepancies exist on the type of VSCCs involved in neuro-
transmitter release, thus suggesting that Ca2" channels at
noradrenergic nerve terminals probably differ in various tis-
sues and species. In addition, although sympathetic neuro-
transmission in human vascular tissues has been extensively
studied, the VSCCs involved in transmitter release have not
yet been characterized.
The present work was undertaken to elucidate the type and

the functional role of the VSCCs involved in the sympathetic
neurotransmission in human vascular tissue.
A preliminary account of this work was presented at the

3rd Joint Meeting of Hungarian, Italian and Polish Phar-
macological Societies, at Modena, in 1992 (Del Basso et al.,
1992).

Methods

Tissue preparation

Segments of macroscopically normal human saphenous veins
were obtained from 41 to 60 year old male patients undergo-
ing surgery for aorta-coronary bypass grafting. The patients
were not treated with adrenoceptor agonists or antagonists or
with drugs influencing the storage or release of noradren-
aline. The vessel specimen was placed in an oxygenated
Krebs solution at 4°C and transported immediately to the
laboratory. Most of the vessels were used on the day of
surgery and all the tissues were used within 18 h. The vessels

Br. J. Pharmacol. (I 993), 110, 338 342 '." Macmillan Press Ltd, 1993
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were cleaned of the adherent connective tissue and cut into
rings 4-5 mm wide. The vein segments were mounted in an
organ chamber on L shaped stainless steel rods, so that it
was possible to record the smooth muscle force. The prepara-
tions were superfused with Krebs oxygenated solution at
37°C by a constant perfusion pump (Gilson Minipuls II) at a
flow rate of 5 ml min 1; the resting tension was adjusted to
2 g and a period of 90-120 min was allowed for equilibra-
tion. The composition of the Krebs solution was (mM):
NaHCO3 25, NaCl 118, KCI 4.7, CaCl2-2H20 2.5, KH2PO4
1.2, MgSO4-7H2O 1.17 and glucose 5.6; the solution was
aerated with a mixture of 95% 02 and 5% CO2. The tension
of the circular muscle layer was recorded with an isometric
strain gauge transducer (Grass FT 0.3 T) coupled to a polyg-
raph (Grass 7 P). TNS was delivered for 1 min through
platinum wire electrodes placed on either side of the vessel.
The rectangular pulses applied by an electronic stimulator
(Grass S 11) were 0.3 ms in duration, of supramaximal vol-
tage (14 V measured across the electrodes) and were applied at
1-16 Hz.

Experimental protocol

After the preparations had been allowed to equilibrate and a
stable tension obtained, they were stimulated with a bolus
injection of NA (40 fig), which caused near maximal contrac-
tion in pilot experiments. The contractile responses of vein
rings to TNS lasting 1 min were obtained at 1, 2, 4, 8 and
16 Hz, with a period of at least 10 min between each stimula-
tion. NA was then administered by superfusing the vessel
segment for one minute with Krebs solution containing NA
(0.1, 0.3, 1, 3 ;M). After the control series of TNS and NA
responses were elicited, antagonists were added to the super-

fusing medium and allowed to bathe the blood vessels for
30 min. A second series of TNS and NA was repeated in the
presence of antagonists. Control experiments (n = 4; data not
shown) demonstrated reproducible contractile responses to
TNS and to exogenous NA in two experimental periods
separated by at least 30 min. In order to normalize the data,
the contractile responses were expressed as the percentage of
the maximum force generated in response to 40 fg NA in
each tissue.

Statistical evaluation

Data are expressed as means ± standard error of the means.
Frequency-response curves to transmural nerve stimulation
and concentration-response curves to noradrenaline (with
and without the antagonists) were compared by analysis of
variance with repeated measures (Winer, 1971). The potency-
ratios were estimated according to parallel line or slope ratio
assays (Finney, 1952). Results were considered statistically
significant when P<0.05. Confidence limits were calculated
at 0.05 probability.

Drugs

(-)-Noradrenaline bitartrate, guanethidine sulphate, phen-
tolamine hydrochloride, verapamil hydrochloride, tetro-
dotoxin, w-conotoxin-GVIA were all obtained from Signa.
Noradrenaline was dissolved in 0.9% saline containing 0.1%
ascorbic acid and kept in the refrigerator. Stock solutions of
tetrodotoxin and w-conotoxin were stored frozen and diluted
daily in saline and discarded after use. All other drugs were
dissolved in distilled water and dilutions were made in the
Krebs solution.
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Figure 1 Typical recordings of the effects of transmural nerve stimulation (1-16 Hz, 14 %, 0.3 ms, 1 min) and noradrenaline (NA;
0.1 fig by bolus injection) in superfused human saphenous vein ring segments. After a control series of TNS- and NA-induced
responses was obtained, drugs were added to the superfusing Krebs solution for 30 min before and during the second series of
responses. Responses to TNS and NA in the absence and in the presence of 2 pM tetrodotoxin (a), 10 pM guanethidine (b) and I AM
phentolamine (c) are shown.
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Results

Characterization of the contractile responses to
transmural nerve stimulation ofhuman isolated
saphenous veins

In these experiments, the results described refer to at least
three vessels. As shown in Figure 1, TNS of the saphenous
rings produced frequency-dependent contractile responses,
which started at 0.5 Hz and reached maximum at 16-20 Hz.
Since the contractions were almost completely abolished by
2 gM tetrodotoxin and since the veins still responded to a
bolus injection of 0.1 lAg NA (Figure la), it was assumed that
the responses must be due to activation of intramural nerves.
These neurogenic contractions, but not those corresponding
to exogenous NA, were virtually abolished by 10 ILM
guanethidine (Figure lb), thus indicating their sympathetic
nature. Adding 1 fLM phentolamine to the perfusing medium
(Figure 1c) substantially reduced the contractile responses
evoked by both TNS and by exogenously administered NA.

Effect of w-conotoxin GVIA on the contractile responses
to TNS and to exogenous NA

As shown in Figure 2, after the first series of TNS- and
NA-induced contractile responses were performed, adding
2LM w-CgTx to the perfusing medium did not cause any
change in the resting tone of the vessel. However, the
neurally evoked contractions decreased considerably in the
presence of the neurotoxin, whereas the contractile responses
to increasing concentrations of superfused NA were not
affected. In 6 experiments, log frequency- and log concen-
tration-contractile response relationships were obtained
(Figure 3). In the control period, the contractile responses to
TNS at all frequencies used were significantly higher than
those obtained in the presence of the neurotoxin (P<0.001).
In the same preparations, the concentration-response curve
to NA appeared to be enhanced in the presence of w-CgTx,
even though no significant differences (P>0.05) were found
with and without the neurotoxin.
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Figure 3 Frequency- (a) and concentration-response curves (b) of
the contractile responses to transmural nerve stimulation (Hz) and to
noradrenaline (.uM) in the absence (-) and in the presence (0) of
2 jAM w-conotoxin in human saphenous veins. Each point indicates
the mean ± s.e.mean of 6 experiments. Contractions are expressed as
a percentage of the maximum response to 40 jug noradrenaline at the
start of experiments.
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Figure 2 A representative tracing from one saphenous vein ring showing the effect of 2 gM co-conotoxin-GVIA on the frequency-
dependent contractile responses induced by I min transmural nerve stimulation (1-16 Hz) and on the concentration-dependent
responses produced by noradrenaline (NA) superfusion. (a) Control series of responses; (b) responses in the presence of
o-conotoxin. o-Conotoxin was added to the superfusing physiological solution 30 min before and during the second series of
responses.
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Figure 4 (a) A typical recording of the contractile responses evoked by transmural nerve stimulation (1-16 Hz) and by
noradrenaline superfusion (NA, 0.1-3 gM) in one superfused human saphenous vein. (b) Electrical field stimulation and NA
superfusion repeated in the same vein ring after exposure to 10 iM verapamil.
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Figure 5 The effect of 1O iM verapamil on the frequency- (a) and
concentration-curves (b) of the contractile responses induced by
transmural nerve stimulation (Hz) and noradrenaline (JM). The
mean responses ± s.e.mean of 6 experiments before (-) and after
(0) verapamil are shown.

Effect of verapamil

In the presence of the organic calcium entry blocker,
verapamil (10JM), the contractile responses of the venous
rings induced by both TNS and exogenous NA were reduced
(Figure 4 and Figure 5). Accordingly, the neurally mediated
contractions at all tested frequencies were significantly
reduced by the presence of verapamil (P<0.01). As in the
case of TNS-induced contractions, a significant difference
between the control and the second series of contractile
responses carried out in the presence of the antagonist was
also found for the concentration-response curves to
exogenous NA (P<0.05).

In order to compare the blocking effect of verapamil on
the contractile responses to endogenous and exogenous NA,
their relative potency-ratio was determined. Actually, the
ratio of 0.16 (confidence limits 0.04-0.35) between equi-
active nerve stimulations, with and without the calcium
blocker, overlapped the corresponding ratio between the
equiactive concentration of exogenous NA (0.31; confidence
limits 0.16-0.58). This indicated that verapamil reduced
equally both TNS- and NA-induced contractions.

Discussion

Even though it is now well established that different types of
VSCCs are present in sympathetic neurones from experi-
mental animals (Hirning et al., 1988; Tsien et al., 1988), no
previous data were available on the type of VSCCs involved
in the noradrenergic transmission of human vessels.
Our results show that .-CgTx, the specific blocker of N-

and L-type VSCCs, inhibits sympathetic neurotransmission
in human saphenous veins without affecting the responses of
the smooth muscle cells to exogenous NA. The inhibitory
action of w-CgTx on the sympathetic neurogenic responses of
experimental animals has been demonstrated in the isolated
kidney (El-Din & Malik, 1988), in various non vascular
peripheral tissues (Maggi et al., 1988) and in the vas deferens
(Brock et al., 1989). An inhibitory action on the responses
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evoked by sympathetic stimulation, but not to exogenous
noradrenaline, has already been shown in rat small
mesenteric arteries (Pruneau & Angus, 1990). Hence these
data, together with our results, provide direct evidence of the
exclusive presynaptic action in vascular tissue of the
neurotoxin, which, acting on VSCCs, probably inhibits NA
release. Furthermore, these studies make it possible to define
the specific type of VSCCs involved in this process. Indeed,
recent studies in chick sensory neurones (Aosaki & Kasai,
1989) and in rat phaeochromocytoma PC12 cells (Usowicz et
al., 1990) imply a rather selective inhibition of N-type Ca2l
channels by w-CgTx, although previous patch-clamp studies
on chicken embryo DRG neurones demonstrated the ability
of the toxin to interact with dihydropiridine-resistant, N-type
channels, as well as dihydropiridine-sensitive, L-type channels
(McCleskey et al., 1987).

In the canine saphenous vein, the organic calcium channel
antagonists verapamil, nicardipine and diltiazem have been
shown to block both the contractile responses induced by
TNS and NA release (Takata & Kato, 1988). Furthermore,
verapamil (Godfraind et al., 1986), was shown to inhibit
more effectively depolarization-evoked contractions than [3H]-

NA overflow in canine saphenous veins (Takata & Kato,
1985). In contrast to these results, calcium antagonists were
unable to block [3H]-NA overflow and contractile responses
to electrical stimulation in rabbit aorta (Karaki et al., 1984)
or in rat isolated kidney (El-Din & Malik, 1988) and iris
(Rittenhouse & Zigmond, 1991). Different types of VSCCs
may therefore regulate noradrenergic transmission in a
species- and tissue-specific manner.
Our study showed that the contractile responses induced

by both TNS and exogenous NA were reduced by verapamil.
It is therefore difficult to determine if verapamil had any
prejunctional action. We found, however, that responses to
TNS and NA were depressed to a similar degree, suggesting
a postjunctional action only.

In conclusion, the present work provides evidence that in
human saphenous veins c-CgTx sensitive Ca2" channels,
probably N-type VSCCs, are present at the presynaptic level
and modulate the vasoconstrictor responses to sympathetic
activation by regulating the release of noradrenaline.
Verapamil-sensitive L-type Ca2" channels are functionally
active only at the postjunctional level.

References

AOSAKI, T. & KASAI, H. (1989). Characterization of two kinds of
high-voltage-activated Ca-channel currents in chick sensory
neurons. Pflugers Arch., 414, 150-156.

AUGUSTINE, G.J., CHARLTON, M.P. & SMITH, S.J. (1985). Calcium
entry and transmitter release at voltage-clamped nerve terminals
of squid. J. Physiol., 369, 163-181.

BROCK, J.A., CUNNANE, T.C., EVANS, R.J. & ZIOGAS, J. (1989).
Inhibition of transmitter release from sympathetic nerve endings
by w-conotoxin. Clin. Exp. Pharmacol. Physiol., 16, 333-339.

DEL BASSO, P., FABI, F., CHIAVARELLI, M. & CHIAVARELLI, R.
(1992). Differential effects of verapamil and c-conotoxin-GVIA
on adrenergic mechanisms in human saphenous veins. Pharmacol.
Res., 25, Suppl. 2, 190-191.

EL-DIN, M.M.M. & MALIK, K.U. (1988). Differential effect of co-
conotoxin on release of the adrenergic transmitter and the
vasoconstrictor response to noradrenaline in the rat isolated
kidney. Br. J. Pharmacol., 94, 355-362.

FERRANTE, J. & TRIGGLE, D.J. (1990). Drug- and disease-induced
regulation of voltage-dependent calcium channels. Pharmacol.
Rev., 42, 29-44.

FINNEY, D.J. (1952). Statistical Methods in Biological Assay. pp.
99-117, 187-213. London: C. Griffin.

GODFRAIND, T., MILLER, R. & WIBO, M. (1986). Calcium
antagonism and calcium entry blockade. Pharmacol. Rev., 38,
321-416.

HIRNING, L.D., FOX, A.P., MCCLESKEY, E.W., OLIVERA, B.M.,
THAYER, S.A., MILLER, R.J. & TSIEN, R.W. (1988). Dominant
role of N-type Ca2+ channels in evoked release of norepinephrine
from sympathetic neurons. Science, 239, 57-61.

JAYAKODY, R.L., KAPPAGODA, C.T. & SENARATNE, M.P.J. (1986).
Effect of calcium antagonists on adrenergic mechanisms in canine
saphenous veins. J. Physiol., 372, 25-39.

KARAKI, H., NAKAGAWA, H. & URAKAWA, N. (1984). Effects of
calcium antagonists on release of 3H noradrenaline in rabbit
aorta. Eur. J. Pharmacol., 101, 177-183.

LIPSCOMBE, D., KONGSAMUT, S. & TSIEN, R.W. (1989). a-
Adrenergic inhibition of sympathetic neurotransmitter release
mediated by modulation of N-type calcium-channel gating.
Nature, 340, 639-642.

LIPSCOMBE, D., MADISON, D.V., POENIE, M., REUTER, H., TSIEN,
R.Y. & TSIEN, R.W. (1988). Spatial distribution of calcium chan-
nels and cytosolic calcium transients in growth cones and cell
bodies of sympathetic neurons. Proc. Natl. Acad. Sci. U.S.A., 85,
2398-2402.

MAGGI, C.A., PATACCHINI, R., SANTICIOLI, P., LIPPE, I.T.,
GIULIANI, S., GEPPETTI, P., DEL BIANCO, E., SELLERI, S. &
MELI, A. (1988). The effect of omega conotoxin GVIA, a peptide
modulator of the N-type voltage sensitive calcium channels, on
motor responses produced by activation of efferent and sensory
nerves in mammalian smooth muscle. Naunyn-Schmied. Arch.
Pharmacol., 338, 107-113.

MARRION, N.V., SMART, T.G. & BROWN, D.A. (1987). Membrane
currents in adult rat superior cervical ganglia in dissociated tissue
culture. Neurosci. Lett., 77, 55-60.

MCCLESKEY, E.W., FOX, A.P., FELDMAN, D.H., CRUZ, L.J.,
OLIVERA, B.M., TSIEN, R.W. & YOSHIKAMI, D. (1987). w-
Conotoxin: direct and persistent blockade of specific types of
calcium channels in neurons but not muscle. Proc. Natl. Acad.
Sci. U.S.A., 84, 4327-4331.

MILLER, R.J. (1987). Multiple calcium channels and neuronal func-
tion. Science, 235, 46-52.

NOWYCKY, M.C., FOX, A.P. & TSIEN, R.W. (1985). Three types of
neuronal calcium channel with different calcium agonist sen-
sitivity. Nature, 316, 440-443.

OLIVERA, B.M., MCINTOSH, J.M., CRUZ, L.J., LUQUE, F.A. & GRAY,
W.R. (1984). Purification and sequence of a presynaptic peptide
toxin from Conus geographus venom. Biochemistry, 23,
5087-5090.

OLIVERA, B.M., IMPERIAL, J.S., CRUZ, L.J., BINDOKAS, V.P.,
VENEMA, V.J. & ADAMS, M.E. (1991). Calcium channel-targeted
polypeptide toxins. Ann. N.Y. Acad. Sci., 635, 114-122.

PRUNEAU, D. & ANGUS, J.A. (1990). w-Conotoxin GVIA is a potent
inhibitor of sympathetic neurogenic responses in rat small
mesenteric arteries. Br. J. Pharmacol., 100, 180-184.

RITTENHOUSE, A.R. & ZIGMOND, R.E. (1991). w-Conotoxin inhibits
the acute activation of tyrosine hydroxylase and the stimulation
of norepinephrine release by potassium depolarization of sym-
pathetic nerve endings. J. Neurochem., 56, 615-622.

SHER, E. & CLEMENTI, F. (1991). 0-Conotoxin-sensitive voltage-
operated calcium channels in vertebrate cells. Neuroscience, 42,
301-307.

TAKATA, Y. & KATO, H. (1985). Effects of Ca antagonists on the
norepinephrine release and contractile responses of isolated
canine saphenous veins to high KCI. Jpn. J. Pharmacol., 37,
381-394.

TAKATA, Y. & KATO, H. (1988). Differential effects of verapamil,
nicardipine and diltiazem on Ca2+-dependent and Ca2+-inde-
pendent noradrenaline release and contraction in isolated canine
saphenous veins. Pharmacology, 37, 24-37.

TSIEN, R.W., LIPSCOMBE, D., MADISON, D.V., BLEY, K.R. & FOX,
A.P. (1988). Multiple types of neuronal calcium channels and
their selective modulation. Trends Neurosci., 11, 431-438.

USOWICZ, M.M., PORZIG, H., BECKER, C. & REUTER, H. (1990).
Differential expression by nerve growth factor of two types of
Ca2" channels in rat phaeochromocytoma cell lines. J. Physiol.,
426, 95-116.

WINER, B.J. (1971). Statistical Principles in Experimental Design. pp.
514-603. New York: McGraw-Hill.

(Received January 20, 1993
Revised March 29, 1993
Accepted April 21, 1993)



© Macmillan Press Ltd, 1993

Inhibitory actions of ZENECA ZD7288 on whole-cell
hyperpolarization activated inward current (If) in guinea-pig
dissociated sinoatrial node cells
Robert E. BoSmith, 'Ian Briggs & Nicholas C. Sturgess

Cardiovascular Research Department, ZENECA Pharmaceuticals, Alderley Park, Macclesfield, SK10 4TG

1 ZENECA ZD7288 (4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-(methylamino) pyrimidinium chloride)
is a sinoatrial node (SAN) modulating agent which produces a selective slowing of the heart rate. Its
effects have been studied in single, freshly dissociated guinea-pig SAN cells, by standard patch clamp
procedures.
2 Whole-cell inward currents were evoked by hyperpolarizing voltage clamp steps from a holding
potential of - 40 mV. ZD7288 inhibited the hyperpolarization activated cationic current (If) in a
concentration-dependent manner. The 'selective bradycardic agents' alinidine and UL-FS 49 (zateb-
radine) both also inhibited If.
3 The activation of If was investigated by measuring tail current amplitudes at + 20 mV after
hyperpolarizing steps to different potentials to activate the current. The reduction in If resulted from
both a shift in the If current activation curve in the negative direction on the voltage axis, and also a
reduction in the activation curve amplitude.
4 ZD7288 did not affect the ion selectivity of the If channel, since the tail current reversal potential was
unchanged in the presence of the drug.
5 With ZD7288 the inhibition of If was not use-dependent, whereas UL-FS 49 displayed use-
dependence in the block of the If current.
6 Whereas ZD7288 had no significant effect on the delayed rectifier current (Ik) in these cells, both
alinidine and UL-FS 49 significantly reduced Ik at the same concentrations which reduced If.
7 The data show that ZD7288 reduces If by affecting the activation characteristics of the If current; this
inhibition may account for this agent's selective bradycardic properties.

Keywords: Sinoatrial node; hyperpolarization activated current; If; specific bradycardic agent; ZD7288; alinidine; zatebradine;
patch clamp; UL-FS 49

Introduction

In the presence of a restricted coronary blood supply to the
heart, an increase in beating rate is an important con-
tributory factor in myocardial ischaemia (Guth et al., 1987a).
The use of P-adrenoceptor antagonists in coronary angina is
based on their ability to attenuate increases in heart rate by
reducing the effects of sympathetic activity (Guth et al.,
1987b). However, the non-cardiac actions of these agents
have disadvantages, and drugs have been identified recently
which have the ability to reduce heart rate while allowing the
occurrence of responses to exercise, without the non-cardiac
side effects of P-adrenoceptor blockade. Alinidine and UL-FS
49, which have been termed 'specific bradycardic agents'
(Kobinger et al., 1979; Kobinger & Lillie, 1984; Lillie &
Kobinger, 1986), are examples of this type of drug. By
improving blood flow and reducing the metabolic demand of
the heart, these agents should have beneficial actions in the
treatment of myocardial ischaemia.
ZENECA ZD7288 (4-(N-ethyl-N-phenylamino)-1,2-dimeth-

yl-6-(methylamino) pyrimidinium chloride; Figure 1; known
as ICI D7288 in previous publications) is a new heart rate
modulating agent (Hargreaves et al., 1992). It slows the
beating rate of the guinea-pig right atrium in vitro without
affecting the force of contraction of the paced left atrium
(Marshall et al., 1992; 1993), and in the anaesthetized dog,
reduces the beating rate without directly affecting inotropy
(Rouse & Johnson, 1992). Its effects on the action potentials
of guinea-pig sinoatrial node (SAN) cells in isolated intact
tissues have been described, in comparison with the effects of
the known bradycardic agents alinidine and UL-FS 49

' Author for correspondence.

(Briggs & Heapy, 1992). This paper describes the effects of
ZD7288 on whole-cell currents of isolated single SAN cells
and compares them with the effects of alinidine and UL-FS
49. Some of these data have been published in abstract form
(BoSmith et al., 1992).

Methods

Sinoatrial node cell dissociation

Single SAN cells were dissociated from guinea-pig nodal
tissues by the method of Denyer & Brown (1990a) with
minor modifications. The procedure was as follows. Two or
three guinea-pigs (Duncan Hartley) each weighing 250-300 g
were killed by cervical dislocation. The hearts were removed

Et
-.I

\CH3
CH3 CI-

Figure 1 Chemical structure of ZD7288.
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and placed in oxygenated Tyrode solution at 33-37°C. Each
node was dissected out, cut into four strips (0.5-1.Omm
wide), and placed in oxygenated Ca2"-free Tyrode solution
containing 50 tM ethyleneglycol-bis-(P-amino-ethyl ether)-
N,NY-tetra-acetic acid (EGTA) for 5 min after which the
tissue was washed in Ca2"-free Tyrode solution without
EGTA for a further 2 min. The tissue strips were incubated
in oxygenated low Ca2+ Tyrode solution containing 20 mM
taurine, 169 units ml' collagenase (Worthington), 16 units
ml1' elastase (Sigma Type IV), 30 units ml-I hyaluronidase
(Sigma Type I-S) and 2.5 mg ml-' bovine serum albumin
(Miles Diagnostics) at 37°C for 25-35 min. After this time,
the strips were placed in a 'KB' recovery solution (Isenberg
& Klockner, 1982) with the addition of 5 mM D-fructose-1,6-
diphosphate (Sigma) for 60 min at 4°C. The tissue was gently
teased apart with fine forceps in 2.5 ml of 'KB' solution in a
petri-dish to release single cells. Aliquots of the suspension of
SAN cells were plated onto 35 mm plastic petri-dishes (Fal-
con 3080, Becton Dickinson), which were stored at 4°C for
20 min to allow the cells to settle. Petri-dishes containing
dissociated SAN cells were then transferred to an Open
Perfusion Micro Incubator (PDMI-2; Medical Systems
Corp.), mounted on the stage of an inverted microscope
(Nikon Diaphot).

Cells were superfused with a Ca2" containing Tyrode solu-
tion, at 1 to 2.5 ml min-', either by a gravity-fed or peristal-
tic pump perfusion systems. Excess solution was continuously
aspirated from the side of the petri-dish opposite to the
inflow tube. The solution temperature in the centre of the
petri-dish was maintained at 34-36°C. The volume of the
fluid in the dish was 2 ml.

Solutions and drugs

The solutions used had the following compositions (in
mM): Tyrode solution: NaCl 140, KCI 5.4, CaCl2 1.8,
MgCl2 0.5, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic
acid (HEPES) 5 and glucose 10; pH 7.2 with NaOH. Low
Ca2" Tyrode solution: NaCl 140, KCI 5.4, CaCI2 0.06, MgCl2
3.5, taurine 20, HEPES 5 and glucose 10; pH 7.2 with
NaOH. Ca2"-free Tyrode solution: NaCl 140, KCI 5.4,
MgCl2 3.5, taurine 20, HEPES 5, glucose 10 and EGTA 0.05;
pH 7.2 with NaOH. 'KB' solution: KCI 70, adenosine
triphosphate (ATP; dipotassium salt) 5, MgSO4 5, potassium
glutamic acid 5, taurine 20, trisphosphocreatine 5, succinic
acid 5, KH2PO4 20, glucose 10 and HEPES 5; pH 7.0 with
KOH. Electrode solution: KCl 140, MgCl2 3, ATP 3,
guanosine triphosphate (GTP; sodium salt) 0.4, trisphos-
phocreatine 5 and HEPES 11; pH 7.2 with KOH.

In some instances when If tail currents were recorded, the
Tyrode solution also contained 2 mM BaCl2 (Sigma), 1 mM
NiCl2 (Sigma) and 0.3 !LM tetrodotoxin (Sigma) in order to
block any contaminating outward K+ (delayed rectifier),
Ca2+ and Na+ currents respectively (Denyer & Brown,
1990a; Frace et al., 1992).
ZD7288, UL-FS 49 (1,3,4,5-tetrahydro-7,8-dimethoxy-3-[3-

[[2 - (3,4- dimethoxyphenyl)ethyl]methylimino]propyl] -2H - 3 -
benzazepin-2-on hydrochloride) and alinidine (2-[N-allyl-N-
(2,6-dichlorophenyl)-amino]-2-imidazoline hydrochloride) were
all synthesized at ZENECA Pharmaceuticals. ZD7288, UL-
FS 49 and alinidine were all made up as stock solutions of
1 mM in Tyrode solution, and were appropriately diluted to
give final concentrations of 0.1-10ILM. All water used to
prepare solutions was of reagent grade from a Millipore
water purification system.

Electrical recording and analysis

Whole-cell patch clamp recordings under voltage and current
clamp were performed by standard procedures (Hamill et al.,
1981). Recording electrodes were pulled from borosilicate
glass (GC120-10; Clark Electromedical Instruments) with a
Sutter P-87 electrode puller. When filled with the internal

recording solution, they had resistances of 1-6 MQl. Currents
were recorded with an EPC-7 (List Electronics) or Axopatch
1D (Axon Instruments) patch clamp amplifier employing
capacitance and series resistance compensation, and voltage
clamp steps were controlled and applied using a Tandon
PCA/12 PC microcomputer and pClamp 5.5.1 software via a
TL-1 DMA Interface A-D/D-A Converter (Axon Instru-
ments). The currents were low-pass filtered by a 3 or 4-pole
Bessel filter with a cut-off frequency (3 dB down) of 3 or
2 kHz respectively. Current or voltage data were stored on
hard or floppy disc for later analysis and/or recorded simul-
taneously onto magnetic tape (Racal 4DS), digital audio tape
using a DTR1200 digital tape recorder (Biologic) or video
tape using a TEAC XR-310 cassette data recorder. Current
amplitudes were measured with pClamp 5.5.1 software (Axon
Instruments), and hard copies produced with a Hewlett
Packard 7475A digital plotter or Laserjet IIID printer. Vol-
tage recordings of cell action potentials were obtained under
current clamp conditions, and plotted on an Astromed Dash
IV thermal array recorder.
Under whole-cell recording conditions, peak membrane

currents for If and Ik (delayed rectifier) were measured at the
end of the voltage clamp pulses, at 5 min intervals until
stable amplitudes were established. Consistent current amp-
litude readings were required before the addition of any
drugs. In the presence of the drugs, data were considered
acceptable if at least 3 consecutive stable current amplitudes
were measured, typically after some 15-40 min of drug ap-
plication. The drug effects were thus always assessed after
attainment of a steady state of inhibition.

All data in text and tables are presented as mean
values ± standard error. The statistical significance of differ-
ences between experimental groups were assessed by Student's
t test for unpaired data.

Results

Inhibition of If by ZD7288
When the single, dissociated SAN cells were whole-cell vol-
tage clamped at - 40 mV and hyperpolarizing step voltage
pulses applied, a time-dependent, inward current was evoked
at voltages more hyperpolarized than - 60 mV (Figure 2).
This hyperpolarization activated current was recognized as
being the cationic If current observed in single SAN cells by
other workers (Denyer & Brown, 1990a; DiFrancesco, 1987).
The principal effect of ZD7288 was to inhibit this current, in
a concentration-dependent manner. Concentrations of 0.1,
0.3 and 1.0 pM ZD7288 inhibited the If current measured at
-120mV by 44i4% (n= 15), 65±4% (n= 14) and 78±
4% (n = 9) respectively (e.g. Figure 2). The current-voltage
curves for If in the absence and presence of 0.3 .M ZD7288
revealed that the current was inhibited over the range of
voltages - 60 to - 120 mV (Figure 2b). We found that it
was essential to establish stable current amplitudes in res-
ponse to the voltage steps before drug administration in all
experiments, because over the initial period of recording after
establishing the whole-cell configuration, run-down of If was
often seen. It would therefore have been difficult to
differentiate any drug effects from spontaneous changes. In
the majority of cells the evoked current at - 120 mV was
found to stabilize, and all the data used were from cells in
which the amplitudes of the evoked currents reached stability
before and during drug application. The time course of the
inhibition of the If current by ZD7288 was slow; equilibra-
tion of the drug effect required some 35 min of drug applica-
tion. This meant that a stable whole-cell configuration had to
be maintained for 1 h or more in order to ascertain the
effects of a single concentration of drug on If and Ik.
Although a comprehensive study was not attempted, in

three cells where action potentials were examined as well as
membrane currents, the reduction of If by 0.1 or 1 ZtM
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If were constructed by measuring the peak tail current amp-
litudes at + 20 mV from various test potentials in the
absence and presence of the drug (Figure 4). In the absence

*.-- of ZD7288 the mean half-maximal activation potential was
-98.4 ± 0.8 mV (n = 32). ZD7288 (0.1 glM) shifted the If
half-maximal activation by -6.1 ± 1.1 mV (n= 8) and

: reduced the activation curve maximum by 35 + 3% (n= 8);
0.3 ILM produced a shift of - 16.2 ± 1.8 mV (n = 5) in the
half-maximal activation, and reduced the maximum by
52 ± 6% (n = 5).
The reversal potential for If was determined by construc-

ting fully activated current-voltage relationships (data not
shown). This involved hyperpolarizing the cell to - 120 mV
(to activate If) and then returning to more positive voltages
(-80 mV to + 30 mV) in 10 mV increments. The resulting
tail current amplitudes gave a mean control reversal potential
of - 30.6 ± 1.0 mV (n = 16). Similar values have been

^ reported for If under similar ionic conditions (DiFrancesco,
1987; van Ginneken & Giles, 1991; Frace et al., 1992).
ZD7288 (0.3 l4M) reduced the slope of the current-voltage
relationship, but did not alter the reversal potential for If
(-32.3 ± 3.9 mV; n = 3; P>0.5), indicating that the drug
does not alter the If channel selectivity properties.
The inhibitory effect on If of ZD7288 was compared with

those of alinidine and UL-FS 49. Alinidine (10 tM) and
UL-FS 49 (0.3 pM) also decreased If by 51 ± 5% (n = 8) and
37 ± 4%/o (n = 1 1) respectively (Figure 5).

L_

Figure 2 Inhibition of the whole-cell hyperpolarization activated
current, If, by 0.3 ZM ZD7288 in a SAN cell. The cell was voltage-
clamped at a holding potential of -40 mV and stepped to
- 120 mV in 10mV intervals. The current was measured at the end
of the clamp pulses, and the percentage inhibition was calculated
from the currents evoked at - 120mV. (a) Superimposed current
records showing inhibition by 0.3#M ZD7288; 62% inhibition. (b)
Current-voltage relationship of the If currents in (a) in the absence
(@) and presence (0) of 0.3 LM ZD7288.

ZD7288 was accompanied by a slowing of the spontaneous
action potential firing rate and decreased rate of diastolic
depolarization (Figure 3). In one cell, 0.1 IM ZD7288 in-
creased mean cycle length (CL) from 580 to 624 ms (+ 8%),
and in two others, 1 gM ZD7288 increased CL from 524 to
780 ms (+48%) and from 430 to 890 ms (+ 107%) respec-
tively. These drug concentrations had similar effects on the
firing rate and the rate of diastolic depolarization of cells in
guinea-pig isolated SAN tissue (Briggs & Heapy, 1992).
The reduction in If by ZD7288 resulted from both a

concentration-dependent shift in the current activation curve
in a negative direction on the voltage axis, and also a reduc-
tion in the activation curve amplitude. Activation curves for
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Figure 3 Action potentials recorded from a single isolated SAN cell
in current-clamp mode in the absence and presence of 0.1 JM
ZD7288. Waveforms are superimposed to show the reduction, by
ZD7288, of diastolic depolarization rate and the slowing of action
potential generation.

Figure 4 Action of ZD7288 on the If current activation characteris-
tics. The SAN cell was voltage clamped at - 40 mV and If activated
by successive hyperpolarizing steps (- 70 mV to - 150 mV shown)
in 10 mV intervals. Each hyperpolarizing step was followed by a

depolarizing step to +20 mV to elicit If tail currents and then
returned to the holding potential. (a) Superimposed control If tail
currents recorded at + 20 mV. (b) If tail currents recorded from the
same SAN cell in the presence of 0.3 lM ZD7288. (c) Activation
curves for If in control conditions (-) and in the presence of 0.3 #M
ZD7288 (0), obtained by plotting peak If tail current amplitudes
against the potentials (- 50 to - 150 mV) of test hyperpolarization.
The activation curves (continuous lines) were obtained by least
squares fitting of the data with a Boltzmann equation (I=
(I + exp[(Vt- VO.5)K- ']) ' where I= peak tail current amplitude;
V, = hyperpolarizing test voltage; V0.5 = half-maximal activation vol-
tage; K = slope factor). The half-maximal activation potential was
- 103 mV in the control and - 120 mV in the presence of 0.3ylM
ZD7288. The amplitude of the activation curve was reduced by 69%
in the presence of the drug.
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Figure 5 Effect of UL-FS 49 and alinidine on If currents in two
separate SAN cells. The cells were clamped at a holding potential of
-.40mV and stepped to - 120 mV in 1 mV intervals. The first step
in record (b) was to - 60 mV. Percentage inhibition of I was
measured at - 120 mV. (a) Superimposed current records showing
inhibition of If by 0.3 .m UL-FS 49; 29% inhibition. (b) Cuffent
records showing inhibition by 10 lm alinidine; 43% inhibition. Com-
pare these inhibitions with the effect of 0.3 .lmZD7288 shown in
Figure 2.

Examination of use-dependence
In order to examine whether the inhibition of If by ZD7288
showed any use-dependence, a train of 30 voltage clamp
pulses from - 40 to - 120 mV, 1.8 s in duration, were ap-
plied at a frequency of 0.2 Hz, to evoke 30 current responses.
The train of 30 pulses was only applied after stable If current
responses had been established, to eliminate effects due to
possible run-down. During the train of pulses there was little
change in the amplitude of the If current evoked (Figure 6).
The cell was then exposed to 0.3 or 1.0 fLM ZD7288 for
35 min, and kept at a holding potential of -40 mV without
evoking any currents. Another train of 30 voltage clamp
pulses was then imposed. There was an immediate reduction
of the If current amplitude evoked during the first pulse of
the train (e.g. to 47% of the control in the presence of 1 gAm
ZD7288), with no further reduction during the successive 29
pulses in the train (Figure 6a). Similar data were obtained in
a further 3 experiments with ZD7288. This indicates that the
blockade of If by ZD7288 was not use-dependent, and did
not require the If channel to be open to produce its inhibitory
effect. When the experiments were repeated with 1 gtm UL-FS
49 (n = 3), the amplitude of the evoked current from the first
pulse of the train after addition of the drug was the same as
in the control conditions, but successive pulses in the train
elicited progressively less current until the final pulse in the
train activated only 54% of the amplitude of If evoked
during the first pulse of the train (Figure 6b). This clearly
illustrates the use-dependent nature of the inhibition of If by
UL-FS 49 in SAN cells.

Sekectivity ofZD7288

Effects of ZD7288 on other currents tested were absent or
not significant at the concentrations which markedly
decreased If. The inward rectifier current (Ikl) was observed
in some cells as an instantaneous component of current
evoked during hyperpolarization, which was distinguishable
from If in these cells by the slower development of the latter.
This instantaneous current was not reduced significantly
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Figure 6 Use-dependence of If blockade: 30 voltage clamp pulses
from - 40 mV to a potential of - 120 mV were applied as a train at
a rate of 0.2 Hz. The amplitude of the If current is plotted. (a) Lack
of use-dependence of ZD7288. If current amplitude in drug-free
Tyrode solution (U) and after 35min exposure to 1I M ZD7288
(0). (b) Use-dependence of UL-FS 49. If current amplitude in
drug-free Tyrode solution (U) and after 35 min exposure to 1 jLM
UL-FS 49 (0).

(- 4.1 ± 6.1%; n = 4) by ZD7288 (1 pM) even when If was
inhibited profoundly in the same cells (- 90 + 3%; e.g.
Figure 7).
Calcium current (Ic.) was observed as an inward current

during depolarizing clamp steps from a holding potential of
- 60 mv which was used in a few experiments. In most of
these cells, this current showed run-down which prevented
studies of the effect of ZD7288, but in two cells it was
possible to demonstrate that the compound (0.1 or 1.O0LM)
affected Ic, much less than If measured in the same cell: ICa
was reduced by 18% and 14% while If was reduced by 66%
and 82% respectively. This inward current rapidly inactivated
and an outward current developed during the clamp pulse. In
most cells, which were held at - 40 mV, the initial inward
component was not seen, presumably because of inactivation
or rapid run-down, and the delayed outward rectifier compo-
nent (Ik) was seen alone. ZD7288 (0.1, 0.3 and 1.0 jLM) did
not significantly affect this outward current: changes of
-1± 6% (n = 10), -12± 8% (n = 8) and + 9± 15%
(n = 3) were observed at these concentrations respectively
(Figure 8).

In contrast to ZD7288, alinidine (1O gM) and UL-FS 49
(0.3 .tM) caused reductions in the delayed rectifier (Ik) of
45 ± 11% (n = 6) and 33 ± 7% (n = 11) respectively. The
reductions in Ik by alinidine and UL-FS 49 were significantly
greater than the effects of ZD7288 at 0.1 tLM, which had a
similar inhibitory effect on If. For the effects on Ik of
alinidine compared with ZD7288, P<0.01, and for UL-FS
49 compared with ZD7288, P<0.005, by Student's t test.
The inhibitory effects of alinidine and UL-FS 49 on Ik
current-voltage relationships are illustrated in Figure 8.
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Figure 7 Lack of effect of I gAM ZD7288 on the inward rectifier, Ik,
in a SAN cell with prominent Iki and If currents together. The cell
was clamped at a holding potential of -40 mV and stepped to - 70,
- 80, - 90, -100, -110 and - 120 mV. The amplitude of the Ik:I
(instantaneous) current remained unchanged in the presence of I AtM
ZD7288, whilst the time-dependent If current was inhibited by 91%
when measured at - 120 mV.

Discussion

Inhibition of If by ZD7288
The principal effect of ZD7288 in this study was on the
hyperpolarization-activated current (If) of the SAN cells. The
effects on this current were seen at concentrations which
reduced the rate of diastolic depolarization recorded with
intracellular microelectrodes in cells in isolated SAN tissue
preparations (Briggs & Heapy, 1992) and in isolated cells in
the present series of experiments. Noma et al. (1983) and
Hagiwara & Irisawa (1989) have questioned whether If has a
role in pacemaking. However, many workers have concluded
that If is indeed functional in pacemaking in the SAN,
though other currents are also involved (DiFrancesco et al.,
1986; Oei et al., 1989; Denyer & Brown, 1990a,b; Di-
Francesco, 1991; van Ginneken & Giles, 1991). It seems
reasonable to conclude therefore that the inhibitory action of
ZD7288 on the pacemaker activity of the sinoatrial node is
probably mediated by its selective reduction of the If current
of the pacemaker cells.
The prolonged time to reach equilibrium for the inhibition

of If by ZD7288, even in single cells, suggests that the
compound may have an intracellular site of action, to which
it penetrates only slowly, or that it causes slow changes in
some factor which modulates the If current. In this it appears
to resemble UL-FS 49 (Van Bogaert et al., 1990; Van
Bogaert, 1992). The ZD7288 molecule has a positive charge
which is likely to be distributed between the different nitro-
gens of the structure; its quaternary properties would hinder
penetration into cells, but the distribution of the charge may
render it less impermeable than would a non-distributed
charge.
The present data clearly show that the reduction in If at a
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Figure 8 Effect of ZD7288, UL-FS 49 and alinidine on delayed
outward (Ik) currents. Current-voltage relationships of peak currents
are shown. (a) Lack of effect of ZD7288 on Ik currents elicited from
a cell clamped at a holding potential of - 60 mV and stepped to
-40 mV to + 50 mV; (@) control; (0) 0.3 gM ZD7288. (b) Inhibi-
tion by UL-FS 49 of Ik currents elicited from a cell clamped at a
holding potential of - 40 mV and stepped to - 30 mV to + 60 mV;
(0) control; (A) 0.3 jM UL-FS 49. (c) Inhibition by alinidine of Ik
currents elicited from a cell clamped at a holding potential of
- 40 mV and stepped to - 30 mV to + 60 mV; (0) control; (-)
10 gm alinidine.

given membrane potential by ZD7288 is not due to any
changes in the ionic selectivity of the If channel, since the If
reversal potential remained unchanged in the presence of the
drug. The If current-voltage curve did however have a
reduced slope in the presence of ZD7288, showing that the
drug had reduced the If conductance. The effects of the drug
on the activation characteristics of If suggest that ZD7288
reduces the current in a number of ways. The reduction in
the activation curve amplitude (maximum evokable current;
I.ax) may reflect either a reduction in the channel conduc-
tance or a reduced probability of opening. The negative shift
of the If activation curve, which results in the activation of a
reduced fraction of Imax at a given potential, may indicate an
action by the drug on the voltage sensor mechanism of the
channel.

There is some controversy about the effects of alinidine
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on the activation characteristics ofIf; Snyders & Van Bogaert
(1987) found a negative shift of the activation curve and also
a reduction of the fully activated If in Purkinje fibres, but in
SAN cells, DiFrancesco (1987) found little change in If at
-98 mV with 50ylM alinidine. UL-FS 49 was found not to
alter the If half-maximal activation potential (Ey) in sheep
Purkinje fibres, even when I. was reduced by more than
70% (Van Bogaert et al., 1990). In contrast, acetylcholine
(ACh) is reported to shift the If activation curve without
reducing the maximum evokable If current (DiFrancesco &
Tromba, 1988a). ACh acts by reduction of basal adenylate
cyclase activity via a G protein link (DiFrancesco & Tromba,
1988b). It is not yet known whether the selective bradycardic
drugs also affect the gating of If directly or by an action on
the G-protein and cyclic nucleotide-modulated mechanism.
More detailed studies of single channel kinetics and of pos-
sible interactions with G-protein modulation of the channels
might help to elucidate the mechanism further.
The lack of use-dependence in the blockade of If by

ZD7288 illustrates a further difference between this com-
pound and UL-FS 49. Use-dependent blockade of If by
UL-FS 49 has been shown in sheep Purkinje fibres (Van
Bogaert & Goethals, 1987; Van Bogaert et al., 1990), and the
experiments reported in the present paper clearly demon-
strate that this compound blocks If in SAN cells in a similar
manner. The absence of use-dependence in the action of
ZD7288 on If could indicate an affinity of the drug for the
closed or resting state of the channel, resulting in the
development of block even in the absence of activation,
whereas UL-FS 49 shows little or no inhibition of the current
in the absence of activation. This may mean that UL-FS 49
can only block the If channel in its open state. The action of
alinidine on If resembles that of ZD7288, since it has also
been reported not to show any use-dependence in its
blockade of If in Purkinje fibres (Van Bogaert & Goethals,
1987); however, its effects on SAN cells remain to be inves-
tigated.

It has previously been noted that If run-down is seen in
many cells, and makes accurate quantitative comparison
between current-voltage relations unreliable (DiFrancesco et
al., 1986). The long durations of the recordings which were
necessary in the present experiments made it essential that
the current amplitudes were stable before the drugs were
applied, since the tendency to run down would otherwise
have given misleading results. Doerr & Trautwein (1990)
failed to find any inhibition of If in guinea-pig SAN cells by
UL-FS 49. This is in striking contrast to our data; the
explanation for this discrepancy is not clear, although these
authors commented that it was difficult to separate the effects
of the drug from those of run-down of If in their
experiments. The short durations of the drug applications
used by these authors may explain some of the differences in
degree of effect; if stability of the responses was not attained
before the drug was applied, the small drug effect likely to be
obtained during a short period would be difficult to separate
from the run-down. In our experiments both ZD7288 and
UL-FS 49 required prolonged applications before equilibra-
tion was attained, but the effects were clear, using the pro-
tocol described.

Selectivity of action of ZD7288

Effects on the delayed rectifier current, Ik In inhibiting If,
ZD7288 resembles alinidine and UL-FS 49. However,
ZD7288 appears to have a greater degree of selectivity for If
than the other agents, in that they can have inhibitory effects
on the delayed rectifier current Ik in addition to their actions
on If. These data provide a probable explanation for the
effects of the compounds on the action potential waveforms
of sinoatrial cells in situ: ZD7288 resembles the other com-
pounds in reducing the rate of diastolic depolarization of the
cells, but causes less prolongation of the action potential

duration than alinidine or UL-FS 49 (Briggs & Heapy, 1992).
Snyders & Van Bogaert (1987) and Satoh & Hashimoto
(1986) also found that Ik was reduced by alinidine, in sheep
Purkinje fibres and rabbit SAN cells respectively. Van
Bogaert & Goethals (1987) and Doerr & Trautwein (1990)
also found a reduction of outward current by UL-FS 49, but
only at relatively high concentrations. This contrasts with its
effect in the guinea-pig SAN cells in our experiments, in
which both If and Ik were affected at similar concentrations.

Effects on the inward rectifier current, Ik, The cells used in
these experiments were almost always of the spindle shaped
type, regarded as being primary/transitional nodal cells
(Denyer & Brown, 1990a). Cells with less prominent nuclear
bulges and more marked striations were also found in the
preparations, but they generally had smaller If currents (if
any) and often had a large instantaneous hyperpolarization
activated inward current, which we interpret as Ikl. A few of
these cells were studied, and no significant effect was found
of 1 itM ZD7288 on this instantaneous current, though the
accompanying If was strongly inhibited (Figure 7). In con-
trast, Snyders & Van Bogaert (1987) suggested that alinidine
did reduce Iki in sheep Purkinje fibres, though their evidence
was indirect.

Effects on the calcium current, ICa In some cells, depolariz-
ing voltage clamp steps were imposed from a holding poten-
tial of - 60 mV, which caused an initial inward current
(thought to be Ic) followed by a slowly developing outward
current (Ik). Denyer & Brown (1990a) reported that this
inward current was stable for a period, after which it rapidly
ran down. However, in our experiments, in most of the cells
in which it was seen, this current disappeared rapidly during
the early stages of recording, thus preventing studies of the
drug effects. In two cells, which did have stable inward
currents, there were only slight reductions by ZD7288 at con-
centrations which markedly inhibited If. We cannot exclude
the possibility that a proportion of the apparent reduction of
ICa was in fact due to run-down, but this possibility does not
invalidate the relative lack of effect on Ic,, and may even
cause an overestimation of any effect. We have not inves-
tigated the actions of the other agents using this protocol,
but Doerr & Trautwein (1990) found that the most pro-
minent effect of UL-FS 49 was a use-dependent block of
L-type calcium channels. However, Tytgat et al. (1990) found
that UL-FS 49 was not a specific L- or T-type calcium
channel blocker, as it acts only at much higher concentra-
tions on Ca channels than on pacemaker current. It is thus
not clear whether ZD7288 is significantly different from
UL-FS 49 with respect to its relative lack of effect on the
calcium current. In current-clamp recordings, no slowing by
ZD7288 of the later part of diastolic depolarization or of the
upstroke was observed, further suggesting that no inhibition
of Ica had occurred.
The selective action of ZD7288 on the hyperpolarization-

activated current produces a limited slowing of heart rate,
since this current is only one of several components which
contribute to the pacemaker activity of the sinoatrial node
cells (DiFrancesco, 1991; van Ginneken & Giles, 1991). It is
difficult to quantify whether the inhibitory effect of ZD7288
on If is sufficient to account fully for its action on heart rate
in vivo, since the contribution of If to pacemaker activity in
vivo is unknown. However, since the effect of If inhibition in
single cells is a slowing of beating rate similar to that seen in
isolated SAN tissues in vitro, and in vivo, and no other action
of the compound has been observed which could have this
effect, it seems reasonable to conclude that these actions are
related. If the actions of ZD7288 are shown finally to be as
selective as they appear from the present series of
experiments, the effects of this compound on the diastolic
depolarization provide further evidence that If is important in
the modulation of pacemaker function in the guinea-pig SAN.
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Effect of endopeptidase-24. 1 1 inhibition and of atrial natriuretic
peptide clearance receptor ligand on the response to rat brain
natriuretic peptide in the conscious rat
Jane E. Kirk & 'M.R. Wilkins

Department of Clinical Pharmacology, Royal Postgraduate Medical School, Du Cane Road, London W12 ONN

1 The present studies examined the effect of (a) a specific endopeptidase-24.11 (E-24.11) inhibitor
(candoxatrilat) and (b) a ligand for the atrial natriuretic peptide (ANP) clearance receptor (SC 46542) on
the renal and blood pressure response to brain natriuretic peptide (BNP) in conscious rats.
2 Infusion of BNP 200 ng kg-' min-' for 60 min produced a small rise in urinary sodium and
guanosine 3':5'-cyclic monophosphate (cyclic GMP) excretion with a non-significant fall in mean arterial
blood pressure.
3 Candoxatrilat (3 mg kg-') alone had no significant effect on sodium excretion or blood pressure but
markedly potentiated the natriuretic response to BNP.
4 Similarly SC 46542 (68 fig kg-'; 6.8 fig kg-' min-') which produced no significant effect on its own,
potentiated the natriuresis-induced by BNP, although the effect was of shorter duration compared to
that of candoxatrilat.
5 The data indicate two approaches to the potentiation of the renal activity of BNP and suggest that
BNP may mediate some of the activity of E-24.11 inhibitors reported in cardiac failure.

Keywords: Brain natriuretic peptide; endopeptidase 24.11; clearance receptor

Introduction

First isolated from porcine brain (Sudoh et al., 1989), it is
now clear that brain natriuretic peptide (BNP) is most abun-
dant in cardiac tissue (Saito et al., 1989; Aburaya et al., 1989;
Kambayashi et al., 1989). The molecular form of the cardiac
peptide varies considerably between species. In man, BNP is
synthesized as a 108 amino acid prohormone; the C-terminal
32 residues are cleaved and secreted into the circulation
(Sudoh et al., 1989; Kambayashi et al., 1990b). Two forms of
BNP are found in the rat heart; pro-BNP 1-95 and BNP-45
(Aburaya et al., 1989; Nakao et al., 1990). The latter has
been shown to be the major storage, secretory and circulating
form of BNP in rat plasma (Nakao et al., 1990; Aburaya et
al., 1991).
BNP displays considerable sequence homology to atrial

natriuretic peptide (ANP) and has a similar profile of bio-
logical activity (Sudoh et al., 1988; Kambayashi et al., 1990a;
Kita et al., 1991). Both peptides exhibit a 17 amino acid ring
formed by a disulphide bond and both produce a natriuresis
and a reduction in blood pressure when infused into animals
and man (McGregor et al., 1990; Yoshimura et al., 1991). It
has been proposed that the two peptides act in concert to
regulate sodium balance and blood pressure.

In addition to filtration at the glomerulus, two other path-
ways are thought to participate in the clearance of ANP;
namely, metabolism by endopeptidase-24.11 (E-24. 11) and
receptor-mediated endocytosis (Ruskoaho, 1992). E-24.11
opens the 17 amino acid ring and inactivates ANP (Stephen-
son & Kenny, 1987; Olins et al., 1989). The clearance receptors
for ANP are distinct from guanylyl cyclase linked receptors
for this peptide in that they have not been clearly linked to
any second messenger system but have been shown to inter-
nalise ANP in cell culture (Maack, 1992). Inhibition of either
pathway alone has been shown to enhance the natriuretic
response to ANP (Wilkins et al., 1992) and this observation
has therapeutic potential: E-24.11 inhibitors are currently
under evaluation as novel agents for treating patients with
cardiac failure (Northridge et al., 1989).

There is increasing evidence that BNP is also cleared by

Author for correspondence.

E-24.11 and may therefore contribute to the pharmacological
actions of E-24.11 inhibitors. Rat and human BNP are
hydrolysed by this enzyme, although the cleavage site differs
between the two peptides (Norman et al., 1991). Recently,
Seymour et al. (1992) have reported that co-infusion of the
E-24.11 inhibitor, SQ 28,603, enhances the natriuretic re-
sponse to rat BNP-32 in the spontaneously hypertensive rat
and human BNP-32 in the cynomolgus monkey. It must be
noted, however, that SQ-28,603 is not specific for E-24.11 as
it has also been reported to inhibit the transformation of big
endothelin-I (1-38) to endothelin-1 (1-21) (Gardiner et al.,
1992), a property not shared by all E-24.11 inhibitors (Mc-
Mahon et al., 1991; Pollock & Opgenorth, 1991).
The role of receptor-mediated clearance of BNP in vivo

also needs to be addressed. Studies in vitro have shown that
human BNP exhibits a 14 fold lower affinity for the human
clearance receptor than ANP (Nakao et al., 1991). Similarly,
rat BNP45 has a 6 fold lower affinity than rat ANP for the
rat clearance receptor (Suga et al., 1992). It has been sug-
gested that this may contribute to the longer half-life of
circulating BNP compared to ANP. However, there are no
studies of the effect of clearance receptor ligands on the
biological activity of BNP in vivo.

Accordingly, the present study examined the effect of a
specific E-24.11 inhibitor, candoxatrilat, and the clearance
receptor ligand, SC 46542, on the renal and hypotensive re-
sponse to an exogenous infusion of rat BNP-45 in the con-
scious rat.

Methods

Infusion protocol

Studies were performed on male Wistar rats (275-300 g).
Under Hypnorm (fentanyl/fluanisone) anaesthesia, cannulae
(portex 0.58 mm) were placed in a femoral artery, femoral
vein and bladder. The animals were allowed to regain con-
sciousness in individual restraining cages. An infusion of
sodium chloride 150 mM (2.38 ml h-') containing [3H]-inulin
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(Amersham) 2 yCi ml-' was given via the femoral vein,
which was also used to administer drugs, and continued for
the study duration. Observations were started 3 h after begin-
ning the infusion. Urine was collected at 15 min intervals into
preweighed tubes for determination of volume, sodium,
guanosine 3':5'-cyclic monophosphate (cyclic GMP) and [3H]-
inulin concentrations. Blood pressure was measured via the
femoral artery every 15 min (MacLab instruments). Arterial
blood samples (200 Il) were taken into lithium-haematocrit
tubes for [3H]-inulin measurement 30 and 90 min from the
start of observations.

Studies

Effect of candoxatrilat To investigate the effect of E-24.11
inhibition on the response to BNP, animals were divided into
one of the following treatment groups: (a) BNP-45, 200 ng
kg-' min-' for 60 min (n = 6); (b) saline vehicle alone (n =
6); (c) candoxatrilat 3 mg kg-' (in 100 g1l saline) as a single
bolus injection over 1 min (n = 6); (d) candoxatrilat 3 mg
kg-' (in 100;Ll saline) at the start of the 60min BNP-45
infusion (n = 7). The treatments were commenced after two
baseline urine collections. The dose of BNP was chosen as
one which would produce only a small natriuresis when given
alone. Groups (a) and (b) received 100 il saline in place of
candoxatrilat at the appropriate time. Doses of > 3 mg kg-'
candoxatrilat represent the top of the dose-response curve for
natriuresis in hydrated rats (Shepperson et al., 1991; Wilkins
et al., 1992).

Effect of SC 46542 To investigate the effect of a clearance
receptor ligand on the response to BNP, the following addi-
tional treatment groups were studied: a) SC 46542 68 yg kg-'
bolus (in 100 lI saline); followed by 6.8#igkg-' min-' for
60 min (n = 6); b) as in a) but combined with BNP-45
200 ng kg-' min-' (n = 6); c) SC 46542 680 ytg kg-' bolus (in
100 jil saline); then 68 #Ag kg-' min ' for 60 min (n = 7); d) as
in c) but combined with BNP-45 200 ng kg-' min-' (n = 7).

Assays

Urine volume was measured gravimetrically. Sodium concen-
tration was measured by flame photometry (Coming 480).
[3H]-inulin level were determined by liquid scintillation count-
ing in Insta-gel (Packard). Urinary cyclic GMP concentration
was measured by radioimmunoassay on appropriately diluted
samples as previously described (Wilkins et al., 1990a).

Drugs and peptides

Rat BNP-45 was purchased from Peninsula Laboratories.
Candoxatrilat is a specific E-24.11 inhibitor (Danilewicz et
al., 1989) and was a gift from Pfizer UK. SC 46542 is
des(Phe'"Gly'07Ala"5Gln"'6)-ANP(5-28) and was synthesized
by Monsanto Company, St Louis, U.S.A.; it binds specifi-
cally to the ANP clearance receptor (Koepke et al., 1989).

Statistics

Data are presented as mean ± s.e.mean. Blood pressure and
renal responses were examined by analysis of variance with
respect to treatment and time (urine collection). Statistical
significance was assessed by Scheffes' test. Statistical
significance was assumed when the P value was <0.05. All
calculations were made with Complete Statistical System
(StatSoft) software.

Results

Sodium excretion

Infusion of BNP 200 ng kg-' min-' produced a modest 2 to 3

fold increase in urinary sodium excretion compared to base-
line but this did not differ significantly from the gradual 2
fold rise seen in the vehicle-treated group during the period
of observation (Figure 1). Candoxatrilat alone had no
significant effect on sodium excretion with respect to baseline
or to vehicle controls (Figure la). When co-infused with
BNP, however, there was a 5 fold increase in the natriuretic
response; both the peak and duration of the natriuresis were
significantly greater than seen with BNP alone (P<0.01).
Similarly, infusion of SC 46542 (68 fig kg-', followed by
6.8 tig kg' min-') alone did not significantly affect sodium
excretion but enhanced the response to BNP (Figure lb).
There were significant differences in the time-course of the
response to the two combination treatments. The peak res-
ponse to candoxatrilat and BNP occurred slightly later than
that with SC 46542 and BNP, but was more prolonged.
Increasing the dose of SC 46542 10 fold (680 zg kg-', then
68 g kg -minm-) produced no further potentiation of the
effect of BNP beyond that seen with the lower dose of
clearance receptor ligand.

Cyclic GMP excretion

BNP alone produced a significant rise in urinary cyclic GMP
excretion compared to vehicle treated controls (P<0.01,
Figure 2). This response was enhanced by candoxatrilat and
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Figure 1 (a) Effect of brain natriuretic peptide (BNP) infusion
(200 ng kg-i min'i, 0), candoxatrilat (3 mg kg-', 0), vehicle (sa-
line, *) and BNP after candoxatrilat (U) on urinary sodium excre-
tion in conscious rats. (b) Effect of SC 46542 (68 tg kg-' bolus, then
6.8 fig kg-' min- , A), BNP (200 ng kg-' min- , 0), vehicle (saline,
*) and BNP with SC 46542 (V) on urinary sodium excretion in
conscious rats. Data are mean with s.e.mean. *P<0.01, compared
to BNP infusion alone group and tP<0.01 compared to vehicle.
BNP in combination with candoxatrilat is significantly different
(P<0.01) from the SC 46542 and BNP combination at times 45, 75,
90, 105 min.
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Figure 2 Urinary cyclic GMP excretion during treatment with: (a)
vehicle (open columns), candoxatrilat (3 mg kg- ') alone (hatched
columns), BNP 200 ng kg- min'l infusion (cross hatched columns),
and candoxatrilat (3 mg kg-') prior to BNP infusion (solid columns);
and (b) vehicle, (open columns), SC 46542 (68 1sg bolus then 6.8 1tg
kg-' min-') alone (hatched columns) BNP 200 ng kg-' min-' infu-
sion (cross hatched columns), and the combination of SC 46542 and
BNP (stippled columns). Data are mean with s.e.mean. tP<0.01
compared to vehicle and *P<0.05 compared to BNP alone.

by SC 46542. Neither candoxatrilat nor SC 46542 alone
significantly affected cyclic GMP excretion.

GFR and blood pressure There was a small rise in GFR on
initiating the BNP infusion in all the treatment groups, but in
no group was it sustained after the first 15 min of the in-
fusion (Table 1). This transient rise in GFR is probably an
artifact due to the wash-out of [3H]-inulin from the 'dead-

space', constituted by the bladder stump and cannula, follow-
ing the rapid increase in urine flow and is unlikely to be
representative of increased glomerular filtration.
Mean arterial blood pressure showed a gradual downward

drift during infusion of BNP alone compared to the vehicle-
treated group, but this did not reach statistical significance
(Table 1). Neither candoxatrilat nor SC 46542 alone
significantly affected blood pressure; in combination with
BNP, a significant (P <0.05) fall in blood pressure was
observed at the end of the peptide infusion (Table 1).

Discussion

Inhibition of E-24. 11 and infusion of a specific ligand for the
ANP clearance receptor are two approaches used to inhibit
the clearance of ANP and enhance its natriuretic action
(Wilkins et al., 1992). This study shows that both manipula-
tions also potentiate the renal response to BNP in the rat.

Several authors have shown that BNP is a substrate for
E-24.11 in vitro (Vogt-Schaden et al., 1989; Norman et al.,
1991). The site of hydrolysis of BNP differs from that for
ANP and, like the molecular form, varies between species.
E-24.11 cleaves ANP at the Cys-Phe bond within the ring in
all mammalian species studied to date but this bond is not
the primary site of hydrolysis in BNP. Instead, rat BNP-32 is
hydrolysed at the Arg-Leu bond within the ring and the
Arg-Leu bond in the C-terminus. The primary site of attack
on human BNP-32 is the Met-Val bond in the N-terminal
sequence followed by the Arg-Ile bond in the ring.
The 17 amino acid ring is essential for the biological

activity of ANP and BNP, and so hydrolysis of bonds within
the ring would be expected to inactivate the peptide. Recent-
ly, Seymour et al. (1992) reported that the E-24.11 inhibitor,
SQ 28,603, potentiates the renal response to human BNP-32
in cynomolgus monkeys and rat BNP-32 in the SHR. The
structural diversity of BNP means that it is essential to use
the peptide appropriate to the test species (Kambayashi et
al., 1990a). We have examined the effect of E-24. 11 inhibition
on the response to rat BNP-45, the circulating form of the
peptide in this species. Our observations support and extend
those of Seymour et al. (1992) and strengthen the thesis that
E-24. 11 is an important enzyme in the inactivation and
clearance of circulating BNP.

Data on the contribution of the ANP clearance receptor to
the regulation of BNP activity are limited. Nakao et al.
(1991) have reported that the binding affinity of human BNP
for human ANP clearance receptors is only 7% that of
human ANP. These authors suggest that the clearance recep-
tor is less active in removing BNP than ANP from the
circulation and that this contributes to its longer half-life in

Table 1 Glomerular filtration rate and mean arterial blood pressure

Time (min)
15 30 45 60 75 90 105 120

GFR (mlmin-')
Saline
BNP
BNP + candoxatrilat
BNP + SC 46542

BP (mmHg)
Saline
BNP
BNP + candoxatrilat
BNP + SC 46542

3.7 ± 0.3
2.9 ± 0.3
3.3 ± 0.3
3.4 ± 0.2

108 ± 2
110±3
107 ± 2
113 ± 5

3.8 ± 0.3
3.4 ± 0.3
3.1 ±0.2
3.4 ± 0.2

107 ± 2
111 ± 3
110± 2
113 ±4

4.1 ± 0.2
4.1 ± 0.4
3.9 ± 0.3
3.9 ± 0.4

108 ± 2
110 ± 3
110± 3
112 ±4

3.7 ± 0.2
3.2 ± 0.2
3.2 ± 0.1
3.1 ± 0.1

109±3
109 ± 2
109 ± 3
108 ± 4

3.6 ± 0.4
2.9 ± 0.2
3.1 ± 0.2
3.1 ± 0.1

110 ± 4
105 ± 3
107 ± 2
105 ±4

3.5 ± 0.2
2.9 ± 0.2
3.1 ±0.2
2.9 ± 0.3

111± 4
105 ± 3
104± 2*
104± 3*

3.4 ± 0.3
2.3 ± 0.3
2.7 ± 0.2
2.5 ± 0.3

111± 4
106 ± 4
106 ± 3
104 ± 4

3.3 ± 0.6
3.2 ± 0.3
3.1 ± 0.2
3.1 ± 0.3

114± 5
108 ± 3
106±3
104±3

Data are mean ± s.e.mean. Brain natriuretic peptide (BNP) was infused from 30 ± 90 min. Candoxatrilat (3 mg kg- ) was given prior
to BNP200ngkg- min-'. SC46542 was given as 68ftgkg-' bolus then 6.8 lgkg-' min-' during BNP200ngkg- Xmin-'.
*P<0.05 compared to saline.
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vivo compared to ANP. This is difficult to test in man with
currently available agents. In an attempt to circumvent this
problem, Lang et al. (1992) infused ANP into patients with
heart failure in a dose which they calculated would 'swamp'
the ANP clearance receptor and saw no change in plasma
BNP levels. Our data support a role for the clearance recep-
tor in the regulation of BNP activity in vivo in the rat.
Nonetheless, a useful comparison can be made between the
present experiments and a comparable study with ANP, in
which an approximately equimolar dose of ANP was used in
place of BNP (Wilkins et al., 1992). In the present study,
maximum potentiation of the natriuretic effect of BNP with
SC 46542 was obtained with the lower dose used (68 fig kg-',
6.8 gg kg- mmin-') and the response was similar, although of
shorter duration, to that produced by candoxatrilat (3 mg
kg-1). In the ANP study, this dose of SC 46542 caused
sub-maximal potentiation; a 10 fold higher dose of SC 46542
(680 fg kg-', 68 fg kg- min- ) produced significantly grea-
ter potentiation of the natriuretic effect of ANP than the
lower dose and exceeded the maximal response that could be
obtained with candoxatrilat (Wilkins et al., 1992). These
observations would be consistent with the idea that SC 46542
is more effective at competing with BNP than ANP for the
clearance receptor and that, compared to E-24. 11, the clear-
ance receptor plays a smaller role in clearing BNP than
ANP.
The effects of candoxatrilat and SC 46542 on the hypoten-

sive response to BNP were small, and observed at the end of
the BNP infusion, when the animals are significantly hypo-
volaemic from the diuretic actions of these treatments, and
perhaps increased extravasation of fluid. Candoxatrilat and

SC 46542 have little effect on the fall in blood pressure
during ANP infusion (Wilkins et al., 1992), and Seymour et
al. (1992) observed no potentiation of the depressor effect of
BNP in the monkey or SHR with their E-24. 11 inhibitor. The
kidneys are a rich source of both E-24.11 and clearance
receptors and play an important role in clearing ANP. It
seems that inhibition of these clearance pathways preferen-
tially enhance the local effects of ANP and BNP on the
kidney, rather than their systemic actions.
The present study is clinically relevant as E-24.11 inhib-

itors are undergoing trials in the treatment of heart failure.
Plasma BNP levels are elevated in this condition (Mukoyama
et al., 1991). Indeed the incremental rise is greater than that
seen with ANP. As the two peptides are equipotent (Kam-
bayashi et al., 1990a) this suggests that BNP plays as impor-
tant a role in this condition as ANP. Interestingly, several
authors have commented on the observation that E-24.11
inhibitors are more effective natriuretic agents in heart failure
than would be predicted from the rise in plasma ANP level
(Wilkins et al., 1990b; Cavero et al., 1990). Given that the
response to BNP is also potentiated by E-24.11 inhibitors, a
component of the response to these drugs in heart failure
may be due to BNP.

In summary, this study suggests that BNP can be poten-
tiated by pharmacological manipulations used to inhibit the
clearance of ANP and may contribute to the therapeutic
effect of these manipulations in heart failure.

This work was supported by the British Heart Foundation. The
authors are grateful to Pfizer U.K. for candoxatrilat and Monsanto
Co, St Louis, U.S.A. for SC46542.
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The effects of single and repeated anorectic doses of
5-hydroxytryptamine uptake inhibitors on indole levels in rat
brain
'Silvio Caccia, Marina Anelli, Anna Maria Codegoni, Claudia Fracasso & Silvio Garattini
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1 The effects of acute and repeated equiactive anorectic doses (ED, ) of recently marketed 5-
hydroxytryptamine (5-HT) uptake inhibitors on the content of brain indoles were compared in rats in
relation to the brain regional concentrations of unchanged drug and its known active metabolite.
2 Single intraperitoneal (i.p.) doses of the anorectic ED^, of fluoxetine (35 1tmol kg-'), fluvoxamine
(60 pmol kg- '), paroxetine (20 14mol kg-') and sertraline (49 ymol kg-') slightly reduced brain 5-
hydroxyindoleacetic acid (5-HIAA), with regional differences, this being compatible with 5-HT uptake
blockade. Only fluvoxamine and sertraline significantly enhanced the content of 5-HT in the cortex.
3 The regional sensitivity to the acute effect of a given drug was not related to any preferential drug
distribution, as these compounds distributed almost uniformly in the brain areas considered (cortex,
striatum and hippocampus).
4 Repeating the same doses twice daily, i.p. for 14 days, however gave a different picture, fluvoxamine
having little or no effect on the content of indoles and fluoxetine, paroxetine and sertraline lowering
both 5-HT and 5-HIAA in all the brain regions compared to pair-fed control animals, 1 h after the last
dose.
5 One week later only fluoxetine-treated animals still had reduced brain 5-HT, this probably being
related to the accumulation of its main metabolite norfluoxetine in rat brain after chronic dosing.
6 Further studies on the relationship between the long-term neurochemical changes and anorectic
activity are required but it appears from these results that anorectic drugs with similar acute effects on
5-HT uptake may differ in their long-term effects on 5-HT mechanisms.

Keywords: Fluoxetine; fluovoxamine; paroxetine; sertraline; anorectic drugs; brain; indoles; 5-hydroxytryptamine

Introduction

Recent studies indicate that an inhibitory 5-hydroxytrypta-
minergic system is involved in the control of mechanisms
concerned with feeding. Accordingly many agents that in-
crease the availability of 5-hydroxytryptamine (5-HT) show
anorectic activity (Nathan & Rolland, 1987; Wong & Fuller,
1987; Garattini et al., 1988; 1991; Samanin & Garattini
1990). They include several 5-HT uptake inhibitors which
have proved effective in a number of experimental conditions
of hyperphagia (see the above reviews) and some have also
been reported to reduce body weight in man (Simpson et al.,
1981; Smedegaard et al., 1981; Ferguson & Feighner 1987).

Consistent with an inhibition of reuptake, 5-HT uptake
blockers given acutely at pharmacologically effective doses
generally rapidly lower the concentrations of 5-hydroxy-
indoleacetic acid (5-HIAA) in whole brain or selected brain
areas of rats, without appreciably affecting the levels of its
precursor 5-HT (Ross et al., 1981; Koe et al., 1983; Schmidt
et al., 1988; Caccia et al., 1992a).

Only fragmentary studies are available on the neuro-
chemical effects of these drugs after repeated dosing in
animals, which would allow a better assessment of the inhibi-
tion of amine uptake in relation to the therapeutic activity
of the drugs. However, sertraline was reported to have no
effect on 5-HIAA (and 5-HT) in selected rat brain areas after
repeated administration, suggesting that its effect on 5-HT
turnover is relatively short-lived (Leonard, 1988).

Fluvoxamine reduced 5-HT turnover in rat brain after
short-term treatment (25 mg kg' day-' x 7 days) but this
effect was not apparent after three weeks of repeated dosing
(5-HIAA was not measured) (Benfield & Ward, 1986).

' Author for correspondence.

Zimeldine, now withdrawn from the market, dose-
dependently depleted both 5-HIAA and 5-HT after pro-
longed treatment (Ross et al., 1981). Fluoxetine increased
cortical 5-HT and lowered 5-HIAA when given for three
days at a relatively high dose (30 mg kg-') (Sarkissian et al.,
1990) but reduced both indoles in cortex, hippocampus and
striatum when given for longer times in the range of the
anorectic ED50 (7.5-15 mg kg- for 7-21 days) (Caccia et
al., 1992b). Repeated full anorectic doses of (+)-
fenfluramine, the prototype of the so called anorectic drugs
which block 5-HT reuptake and enhance its release from
nerve terminals, also reduce both 5-HT and 5-HIAA in
animals, the effect being particularly marked and long-lasting
at higher doses (Garattini et al., 1988; 1991).

All these findings suggest that each 5-HT uptake inhibitor
may affect 5-hydroxytryptaminergic mechanisms in rats
differently, depending on its dose and treatment schedule,
although a certain biochemical effect on 5-HT content and
metabolism does not necessarily mean that it is essential to a
functional effect such as the anorectic action. Hence our
interest in comparing the acute and chronic effects on the
central 5-hydroxytryptaminergic system of recently marketed
5-HT uptake inhibitors when given at anorectic doses to rats,
in order to assess differences and similarities in their
neurochemical behaviour.
The present study compared the effects of fluvoxamine,

paroxetine and sertraline at equal anorectic doses (ED50) on
concentrations of 5-HT and 5-HIAA in discrete areas of the
rat brain, in relation to the treatment schedule. The relation-
ships between neurochemical effects on indole contents and
the brain uptake and distribution of these drugs after acute
and repeated administration of the ED50 were also examined.
Fluoxetine was used as a reference drug for interaction with
these aspects of 5-HT biochemistry.

Br. J. Pharmacol. (1993), 110, 355-359 '." Macmillan Press Ltd, 1993
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Methods

Animals and drug treatment

Male CD-COBS rats weighing 150-175 g (Charles River,
Italy) were used. Procedures involving animals and their care
were conducted in conformity with the institutional
guidelines that are in compliance with national and interna-
tional laws and policies (EEC Council Directive 86/609, OJ L
358, 1, Dec. 12, 1987; NIH Guide for the Care and Use of
Laboratory Animals, NIH Publication No. 85-23, 1985).

Fluoxetine hydrochloride (E. Lilly, Florence, Italia),
fluvoxamine maleate (Unione Chimica Medicamenti, Solvay,
Turin, Italia), paroxetine acetate (Ferrosan, Malmoe,
Sweden) and sertraline hydrochloride (Roering Farmaceutici
Italiana, Pfizer, Rome, Italy) were dissolved in deionised
water and injected intraperitoneally (i.p.). In separate
experiments, animals were trained to eat their daily ration in
4h.
On the day of the experiment the test drugs were injected

i.p. and food was made available after 30 min. The amount
of food eaten during the next 60 min was measured, as
described before (Garattini et al., 1991; Caccia et al., 1992a;
Anelli et al., 1992).
The ED50 (± 95% confidence limits), calculated on five

drug doses with four rats per group at each dose, according
to the method of De Lean et al. (1978) adapted to a Macin-
tosh computer (V. Guardabasso, personal communication)
were 34.7 (± 14.9) ltmol kg-' (12.0 mg kg-') for fluoxetine;
59.9 (± 37.8) ymol kg-' (22.2 mg kg-') for fluvoxamine, 20.4
(± 5.7) 1imol kg-' (7.9 mg kg-') for paroxetine and 48.7 (+
25.4) tLmol kg-' (16.7mgkg-') for sertraline. These doses
were then given to other groups of rats which were killed by
decapitation 60 min thereafter for determination of the indole
content and drug concentrations in selected brain areas (cor-
tex, hippocampus and striatum).

Finally in other studies, the animals received i.p. injections
of either vehicle or the test drug at approximately 12-h
intervals for 14 days and were killed 60 min or 7 days after
the last dose; the brains were immediately removed, as des-
cribed above.

Since repeated treatment with 5-HT uptake inhibitors may
reduce food intake (Wong & Fuller, 1987), the control
animals were 'pair-fed'. i.e. the amount of food treated
animals ate was measured each day and given to controls the
next day. According to this schedule, pair-fed animals started
with the vehicle one day later than the test drug groups.

Chemical analysis

Concentrations of 5-HT, 5-HIAA, noradrenaline (NA),
dopamine and its acidic metabolites homovanillic acid

(HVA) and dihydroxyphenylacetic acid (DOPAC) in brain
areas were measured by high-performance liquid chromato-
graphy (h.p.l.c.) with electrochemical detection based on the
method described by Achilli et al. (1985).

Plasma and brain concentrations of fluoxetine and sertra-
line and their nor-derivatives nor-fluoxetine and nor-ser-
traline were determined as described respectively by Caccia et
al. (1990) and Tremaine et al. (1989). Fluvoxamine was
extracted from plasma and brain homogenate (acetone-
formic acid 85:15, v/v, as for fluoxetine), after adding fluoxe-
tine as internal standard, and quantified by h.p.l.c. with
ultraviolet detection (u.v.) as described by Foglia et al.
(1989), with minor modifications (i.e. the chromatographic
column was a ILBondapack Cl8, 30 cm x 3.9 mm i.d., particle
size 10 ytm, Waters Assoc., maintained at room temperature).
With these experimental conditions, approximate retention
times were 10 min for fluvoxamine and 15 min for fluoxetine.
The limit of detection, precision and reproducibility in
plasma were similar to those reported by Foglia et al. (1989).
The limit of detection in brain was 250 ng g-' (about
0.8 nmol g- 1), using approximately 0.1 g of brain tissue. At
this concentration the coefficient of variation (C.V.) was 13%
(n = 4) and all higher concentrations gave C.V. less than
10%.

Paroxetine was extracted from plasma and brain homo-
genate as above and quantified by h.p.l.c. with u.v. detection
at 240 nm. The analytical column was as for fluvoxamine but
the mobile phase was 0.01 M KH2PO4-CH3CN-CH3OH
(60:35:5) buffered to pH 3 with H3PO4, delivered isocratically
at a flow-rate of 1 ml min-'. Under these conditions, approx-
imate retention times were 13 min for paroxetine and 22 min
for fluoxetine (internal standard). The limit of detection was
25 ng ml-' or 250 ng g-', using 1 ml of plasma or approx-
imately 100 mg of tissue, and the C.V. were generally below
10% for identical samples containing 25-100 ng ml-' or
250- 2000 ng g-' (i.e. the range of the calibration graphs for
plasma and brain analysis, respectively).

Statistical analysis

Statistical analysis was done by one-way analysis of variance
or two-way analysis of variance (when examining the effects
of two factors, the brain areas and treatment schedule) and
probabilities (P) less than 0.05 were considered statistically
significant.

Results

Table 1 shows the effect of equiactive anorectic doses of
fluoxetine, fluvoxamine, paroxetine and sertraline on the
regional content of indoles 1 h after a single dose. Fluoxetine
and paroxetine slightly lowered 5-HIAA in cortex (by

Table 1 Concentrations of indoles after equi-active anorectic doses (ED5o) of fluoxetine, fluvoxamine, paroxetine and sertraline to
male rats

Drug'
ED50

(1lmol kg-', i.p.)

Fluoxetine

Fluvoxamine

Paroxetine

Sertraline

Brain
area

35 Cortex
Hippocampus
Striatum

60 Cortex
Hippocampus
Striatum

20 Cortex
Hippocampus
Straitum

49 Cortex
Hippocampus
Striatum

Content (% of control)
S-HT S-HIAA

95± 12
95 ± 8
106± 13
120 ± 7**
107 ± 19
104± 13
102± 11
102 ± 19
110± 11
116±9*
111 ± 17
100± 13

76 ± 7**
83 ± 14*
87± 16
68 ± 7**
77± 11*
74±4*
83 ± 14*
94± 19
85 ± 14
80 ± 14*
76 ± 10*
80 ± 7*

aResults are means ± s.d. of 5 animals.
**P<0.01; *P<0.05 compared to vehicle.
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approximately 20% compared to the 0.26 ± 0.04 ag g-' 5-
HIAA content of controls) with smaller or no effects (parox-
etine) in hippocampus (controls 0.46 ± 0.04 fig g-') and
striatum (controls 0.51 ± 0.08 Ag g-1); fluvoxamine and ser-
traline caused comparable reductions in all the brain regions
examined. Brain 5-HT increased significantly only in the
cortex of fluvoxamine- (0.53 ± 0.03 vs 0.43 ± 0.03 lAg g-')
and sertraline-treated rats (0.51 ± 0.04 vs 0.43 ± 0.03 ,ug g-').
Cortical and hippocampal NA, striatal and cortical
dopamine and striatal HVA and DOPAC were not affected
60 min after these doses of fluoxetine, fluvoxamine, parox-
etine and sertraline (data not shown).

Twice-daily doses of fluoxetine, fluvoxamine, paroxetine
and sertraline for 14 days slightly slowed the gain in body
weight because food intake was reduced compared to con-
trols, as expected. Final body weight averaged respectively
209 ± 12 g, 231 ± 5, 240 ± 4 g and 244 ± 15 g in the groups
treated with fluoxetine, fluvoxamine, paroxetine and ser-
traline, being 77-85% of that of the respective vehicle-
treated groups (275-293 g). Food intake in the pair-fed
control animals mimicked that of the drug-treated groups
(with a delay of one day) over the period of drug administra-
tion and their final body weights (227 ± 10, 235 ± 14,
242 ± 14 and 257 ± 15 g for the pair-fed controls of fluox-
etine, fluvoxamine, paroxetine and sertraline respectively)
were comparable to the drug-treated group.
The content of indoles in the cortex, hippocampus and

striatum, 1 h after the last dose of the 14-day regimen of
fluoxetine, fluvoxamine and paroxetine are set out in Table 2.

Daily fluoxetine markedly reduced the brain content of 5-HT
and 5-HIAA (30-60% reduction, depending on the indole
and the brain region examined), compared to pair-fed control
animals. This effect was shared by paroxetine (pair-fed con-
trol values 0.39 ± 0.02, 0.21 ± 0.04 and 0.30 ± 0.06;Lg g-'
and 0.22 ± 0.02, 0.26 ± 0.05 0.51 ± 0.13 1tg g-' for 5-HT and
5-HIAA in cortex, hippocampus and striatum respectively)
and sertraline (pair-fed control values 0.40 ± 0.02 gg g
0.21 ± 0.04 and 0.28 ± 0.06 gg-' and 0.22 ±0.02, 0.26±
0.05, 0.51 ± 0.13 jig g-', respectively) but not by fluvoxamine
which tended to reduce only 5-HIAA in the cortex (0.17
± 0.01 vs 0.23 ± 0.05 fig g-'). Concentrations of NA in cor-
tex and hippocampus and dopamine and its metabolites
DOPAC and HVA were not affected by the 14-day twice
daily regimen of the four compounds, as after the single
doses (data not shown).
The distribution of these drugs in cortex, hippocampus and

striatum 1 h after the first and last injection of the ED50 is
illustrated in Table 3. The 'anorectic' brain concentrations
differed for the various compounds but fluvoxamine, parox-
etine and sertraline distributed almost uniformly in the brain
areas considered (P> 0.05, two-way analysis of variance), as
previously reported for fluoxetine (Caccia et al., 1990; 1992a).
They all concentrated in brain tissues, achieving mean brain-
to-plasma ratios ranging from 32-39 for fluvoxamine, 8-13
for paroxetine, and 70-80 for sertraline (80-90 for norser-
traline) at the end of the 14-day regimen, when presumably
pseudo-equilibrium between plasma and brain was achieved
for all compounds.

Table 2 Content of indoles in cortex, hippocampus and striatum after repeated anorectic doses of fluoxetine, fluvoxamine, paroxetine
and sertraline

Drug Brain
(JAmol kg-'; twice daily) area

Fluoxetine
(35)

Fluvoxamine
(60)

Paroxetine
(20)

Sertraline
(49)

Cortex
Hippocampus
Striatum
Cortex
Hippocampus
Striatum
Cortex
Hippocampus
Striatum
Cortex
Hippocampus
Striatum

Content (% of control) of.
5-HT 5-HIAA

47 ± 13**
39 ± 8**
69± 12**
99 ± 11
94± 11
110± 14
55 ± 7**
49± 10**
53± 11**
80±6**
86 ± 6**
84± 11**

34 ± 6**
39 ± 5**
46 ± 10**
73 ± 5*
96± 13
93 ± 7
61 ± 11**
40 ± 5**
48± 10**
60 ± 5**
62 ± 8**
70 ± 8**

Drugs were injected intraperitoneally at approx 12 h intervals for 14 days. Assays were done I h after the last dose. Results are
presented as percentage of the pair-fed control (n = 5). **P<0.01; *P<0.05 vs pair-fed control.

Table 3 Drug concentrations in brain areas after single and repeated anorectic doses of fluoxetine, fluvoxamine paroxetine and
sertraline to male rats

Drug (mol kg ' x days)

Fluoxetine8 35 x 1

35, b.i.d., x 14

Fluvoxamine 60 x 1
60, b.i.d., x 14

Paroxetine 20 x 1
20, b.i.d., x 14

Sertralinea 49 x 1

49, b.i.d., x 14

Cortex

36± 13
(14 ± 5)
97± 17*'

(318 ± 35)*
47± 18
74 ± 31
13±2
23 ± 9
98 ± 26
(16 ± 5)
77 ± 29
(49 ± 11)*

Drug concentration (nmol g- ')
Hippocampus

38± 13
(13± 7)
94 ± 14** 1

O* (312±56)** (3
45 ± 21
72 ± 24
13 ± 2
20± 7
74 ± 21
(14± 2)
68 ± 9

"* (45 ± 13)**

Striatum

40± 14
(16±4)
100 ± 28**
324 ± 64)**
50 ± 23
65 ± 34
16±5
28± 15
80± 18
(15 ± 5)
71 ± 18
(44± 18)**

'Brain concentrations of the active nor-metabolite nor-fluoxetine and nor-sertraline are shown in parentheses.
Each value is the mean ± s.d. of five rats. The determinations were made 60 min after the last dose.
**P<0.01; *P<0.05 compared to acute dosing.
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After repeated sertraline the mean plasma (data not
shown) and brain concentrations of unchanged drug tended
to decrease (P>0.05) and those if its metabolite nor-ser-
traline increased (P <0.05), changing the metabolite-to-
parent drug ratio in all brain regions compared to the acute
dosing (0.6 vs 0.2). Although repeated treatment with fluvox-
amine and paroxetine gave slightly higher mean plasma and
brain concentrations than single doses in all tissues, the
difference did not reach significance based on two-way
analysis of variance (P>0.05). In contrast, repeated doses of
fluoxetine led to marked accumulation of the unchanged
compound and its metabolite nor-fluoxetine in rat plasma
and brain compared to acute dosing (P<0.05) (Table 3).

Finally, additional groups of rats were given the anorectic
EDm of fluoxetine, paroxetine and sertraline or the vehicle
twice daily for 14 days and were killed a week after the last
doses for the measurement of the drug and indole concentra-
tions in the brain. Fluvoxamine was not included in these
studies because it has negligible effect on brain indole con-
centrations 1 h after the last dose (anorectic ED50).
As shown in Table 4, the content of 5-HT in cortex and

hippocampus (and other brain areas, data not shown) was
still reduced by approximately 20-30% one week after fluox-
etine (pair-fed controls 0.27 ± 0.02 and 0.35 ± 0.04 yg g-' for
cortex and hippocampus) but not after paroxetine and ser-
traline. 5-HIAA was unchanged or even tended to be higher
than the pair-fed control values (fluoxetine and paroxetine),
although the differences did not always reach significance,
probably because of the wide variability. By one week the
drugs were undetectable in rat brain within the limits of
sensitivity of the h.p.l.c. procedures. However, about
I nmol gI of the active metabolite of fluoxetine, nor-
fluoxetine, were still detected in the cortex and hippocampus
of fluoxetine-treated rats.

Discussion

In agreement with previous pharmacological observations on
5-HT uptake blockers (Nathan & Rolland, 1987; Wong &
Fuller, 1987; Samanin & Garattini, 1990; Garattini et al.,
1988; 1991) fluoxetine, fluvoxamine, paroxetine and sertraline
showed dose-dependent anorectic activity in overnight food-
deprived rats. On a molar dose basis, and taking into
account the i.p. EDm, paroxetine (20 iLmol kg-') was slightly
more active than fluoxetine (35 ymol kg-1) and sertraline
(49 jmol kg-') which in turn were slightly more active than
fluvoxamine (60 ,Amol kg-') in this acute test in rats. These
ED_v for anorexia are 2-5 times those inhibiting [3H]-5-HT
uptake ex vivo, with the exception of fluoxetine which shows
comparable efficacy in inhibiting 5-HT uptake and causing
anorexia (EDm about 30 ytmol kg-') (Leonard, 1988; John-
son, 1989).

Paroxetine was also the most active compound in terms of
the brain concentrations necessary to achieve an anorectic
effect (10-201LM) in rats, with sertraline giving the highest

(70-100 IM) and fluvoxamine and fluoxetine intermediate
'anorectic' brain concentrations (40-50 glM), at the middle of
the food intake period. Attempts to correlate brain concent-
rations with the in vitro potency in inhibiting 5-HT uptake
(see Dechant & Clissold, 1991; Murdoch & McTavish, 1992
for a comparison of the relative potency) are unfortunately
limited by the fact that fluoxetine and sertraline are biotrans-
formed by hepatic N-dealkylation to the nor-derivatives nor-
fluoxetine and nor-sertraline (Schmidt et al., 1988; Tremaine
et al., 1989) and these fully retain the parent drug's anorectic
activity in animals despite their lower efficacy in inhibiting
5-HT reuptake (Garattini et al., 1991; Caccia et al., 1992a;
Anelli et al., 1992). However, metabolites of fluvoxamine and
paroxetine do not appear to have significant uptake in-
hibiting properties in vitro in animals (Benfield & Ward,
1986; Dechant & Clissold, 1991), although their activity in
relation to 5-HT mechanisms other than uptake inhibition,
and to the anorectic action, is still unknown.

Interestingly, brain concentrations of all these drugs (and
their known active metabolites) are several hundred times the
IC5o for inhibiting 5-HT uptake in vitro (ranging from
0.1-0.5 tLM for fluoxetine to less than 0.01 LM for paroxetine)
(Benfield & Ward, 1986; Leonard, 1988; Garattini et al.,
1991; Caccia et al., 1992a), making it unlikely that they
reduce food intake in rats by specifically blocking 5-HT
neuronal uptake. Evidence now exists that fluoxetine, ser-
traline and their nor-derivatives (Garattini et al., 1991) and
paroxetine (T. Mennini, personal communication) can all
release 5-HT from synaptosomes in vitro besides inhibiting
5-HT uptake. Fluoxetine (Gobbi et al., 1992), sertraline and
their active metabolites (T. Mennini, personal communi-
cation) induce tritium release from synaptosomes preloaded
with [3H]-5-HT, through a mechanism different from that of
(+)-fenfluramine. The concentrations active on 5-HT release
are in the same range as those reached after anorectic doses,
suggesting another potential mechanism of action.
The neurochemical results of the present study confirm and

extend previous findings on the effects of 5-HT uptake
inhibitors on the content of indoles in rat brain. Acute
treatment with anorectic doses of all these compounds
typically reduces the content of 5-HIAA, although to
different degrees and with regional differences in sensitivity.
Fluvoxamine and sertraline, however, also tended to increase
brain 5-HT, with regional differences again, an effect not
shared by the other 5-HT uptake inhibitors mentioned, at
least at doses in the range of anorectic activity. These
findings also indicate that the regional sensitivity to the acute
effect of a given drug was not due to differences in distribu-
tion as 5-HT uptake inhibitors distributed almost uniformly
in the brain regions examined after either single or repeated
doses.

After repeated doses of these compounds, however, the
interaction with the 5-hydroxtryptaminergic system was
different from after single doses. Fluvoxamine caused only a
slight fall in the cortical content of 5-HIAA without app-
reciably affecting 5-HT. This was not related to any pharma-

Table 4 The effects of repeated administration of fluoxetine, paroxetine and sertraline on the content of indoles in cortex and
hippocampus, 1 week after the last dose

Treatment Brain
(umol kg-', twice daily) area

Indole content (% of control)

S-HT 5-HIAA
Drug concentration

(nmol g-')

75 ± 5**
82 ± 9*
106 ± 10
99± 14
97 ± 9
99±8

127 ± 35
124± 11*
131 ± 36
106 ± 14
106 ± 12
105 ± 9

ND (0.9 ± 0.2)8
ND (1.2 ± 0.5)8

ND
ND

ND (ND)8
ND (ND)a

Drugs were injected at the dose indicated, twice daily for 14 days. Each value is the mean ± s.d. of five animals.
(ND) = Below the level of quantitation (abrain concentrations of the nor-metabolite).
**P<0.01; *P<0.05 vs pair-fed control.

Fluoxetine (35)

Paroxetine (20)

Sertraline (49)

Cortex
Hippocampus
Cortex
Hippocampus
Cortex
Hippocampus
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cokinetic tolerance because the drug concentrations were, if
anything, slightly higher in animals given the repeated
schedule.
By contrast, paroxetine and sertraline caused pronounced

decreases in the brain content of both 5-HT and 5-HIAA, as
already known for fluoxetine (Caccia et al., 1992b). Unlike
fluoxetine, paroxetine accumulated only slightly in the brain
with this schedule of repeated administration so the varia-
tions found should be mainly related to the different treat-
ment schedule, as in the case of fluvoxamine. Brain concen-
trations of the active metabolite of sertraline, norsertraline,
differed after repeated and acute dosing. In this case,
therefore, the different neurochemical effects of acute and
repeated sertraline may depend partly on kinetic factors
leading to different metabolite-to-parent drug ratios at the
site of action.

Sertraline and paroxetine, however, had no significant
long-term effects in rat brain, indicating that their depleting
effects on 5-HT content and metabolism are short-lasting.
Fluoxetine on the other hand reduced 5-HT for at least a
week after the last dose, although the content of 5-HIAA
recovered fully or even tended to overshoot.

Kinetic factors may be partly responsible for these
differences because at that time paroxetine, sertraline and its
metabolite norsertraline were no longer measurable in rat
brain whereas the active nor-metabolite of fluoxetine was still
detectable. This is in agreement with previous findings of a
progressive dose-related accumulation of the parent com-
pound and particularly of nor-fluoxetine in rats, possibly due
to saturation of their clearance mechanisms on repeated dos-
ing (Caccia et al., 1992b).

In conclusion, drugs belonging to the well-defined class of
5-HT uptake inhibitors, when employed at repeated anorectic
doses, have different effects on the levels of 5-HT and 5-
HIAA in various brain areas making them a heterogeneous
group of drugs. This implies that other mechanisms than just
the inhibition of 5-HT uptake are probably operative in
reducing food intake.

M.A. is the recipient of a fellowship from Centrobanca di Milano,
Italy. The skilful technical assistance of Miss Alessandra Bergami is
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delle Ricerche, Rome, Convenzione Psicofarmacologia.
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Comparison of contractile responses to 5-hydroxytryptamine
and sumatriptan in human isolated coronary artery: synergy
with the thromboxane A2-receptor agonist, U46619
'T.M. Cocks, B.K. Kemp, 2D. Pruneau & J.A. Angus

Baker Medical Research Institute, Melbourne, Victoria 3181, Australia

1 The interaction between the thromboxane A2 receptor agonist, U46619 and two 5-hydroxytryptamine
(5-HT) receptor agonists, the non-selective, naturally occurring agonist, 5-HT and the selective 5-HT1-
like agonist, sumatriptan were studied in human epicardial coronary arteries in vitro.
2 Coronary artery rings (2-4 mm in diameter) were prepared from epicardial arteries from explant
hearts of patients undergoing heart transplant (cardiomyopathy, n = 13; ischaemic heart disease, n = 10)
and unused donor hearts (n = 5). Each ring of artery was set at optimal resting conditions to record
changes in isometric force.
3 The majority of artery rings developed phasic, rhythmic contractions either spontaneously or in
response to all vasoconstrictor agonists tested. Both the spontaneous and agonist-induced phasic
contractions were abolished by nifedipine (0.1 pM).
4 Concentration-contraction curves to 5-HT-receptor agonists and noradrenaline (NA), were first
constructed in artery rings that did not develop phasic activity. 5-HT and ergometrine were the most
potent agonists with EC50 values of 6.8 ± 0.2 and 7.7 ± 0.2 (- log M) respectively. Potencies (EC50's) to
sumatriptan, methylergide and noradrenaline could not be determined due to their poor ability to
contract the coronary artery. Maximum contractions (Em,; normalized as a percentage of the contrac-
tion to a maximum-depolarizing concentration of K+ in physiological salt solution (KPSS)) for 5-HT,
ergometrine, sumatriptan, methysergide and noradrenaline were 40 ± 10, 9 ± 3, < 5, < 5 and < 5%
respectively.
5 In arteries without phasic activity, U46619 (1 nM) caused an increase in force of 3.8 ± 1% KPSS.
With U46619 present, the Ema,, values for 5-HT, ergometrine, sumatriptan and methysergide were all
markedly increased. For 5-HT and sumatriptan, E., values were 92± 4% and 49 ± 14% KPSS
respectively. The presence of U46619 did not significantly change the sensitivity (EC50) to 5-HT.
6 In a separate series of arteries, nifedipine (0.1 tM) was used to block phasic, contractile activity. The
synergy observed between U46619 and 5-HT or sumatriptan still occurred although the Em. values for
each agonist were depressed but the EC50 values were again unaffected.
7 In conclusion, these in vitro studies indicate that the normally poor contractions to sumatriptan, in
human coronary arteries are significantly enhanced when active force is induced with a thromboxane A2-
receptor agonist, U46619. The enhanced response is not specific for either sumatriptan or 5-HT,-like
receptors since contractions to 5-HT, ergometrine and methysergide were also potentiated by U46619.

Keywords: Human coronary artery; sumatriptan; thromboxane A2; 5-hydroxytryptamine; synergy

Introduction

Sumatriptan (GR43175), first characterized as a selective 5-
HT1-like receptor agonist (see Bradley et al., 1986; Van
Heuven-Nolsen, 1988) in the contraction assay of dog sa-
phenous vein (Humphrey et al., 1988), has been developed as
a treatment for migraine (Humphrey et al., 1990 and see
Perrin et al., 1989; Ferrari et al., 1991). Whilst the precise
mechanism by which sumatriptan relieves migraine is un-
known, it may involve stimulation of a population of 5-HT1-
like receptors located on intracerebral vessels. During a
migrainous headache, distension, oedema and extravasation
of the intracranial vessels occurs partly due to the nociceptive
impulses from the Vth cranial nerve. Sumatriptan may con-
strict these vessels, therefore reducing the release of the
inflammatory mediators or it may have a separate action on
neuropeptide release from sensory nerve terminals (Hum-
phrey & Feniuk, 1991; Moskowitz, 1992). In other vas-
culature studied, sumatriptan has been shown to constrict
cranial arteriovenous anastomoses (AVA shunts) of anaes-
thetized cats (Feniuk et al., 1987; Perren et al., 1989) and
pigs (den Boer et al., 1990), constrict the carotid arterial bed

Author for correspondence.
2 Present address: Centre de Recherches, Laboratoires Fournier, 50
rue de Dijon 2112, Fontaine-les-Dijon, France

of the anaesthetized dog (Brittain et al., 1987; Feniuk et al.,
1989a), cause a small dilatation of the coronary vasculature
in the anaesthetized dog (Feniuk et al., 1989b), contract
human (Parsons et al., 1989), canine and primate (Connor et
al., 1989a) basilar arteries and cause a general lack of con-
traction of peripheral arteries in man (Nielsen & Tfelt-
Hansen, 1989).

Sumatriptan contracts human isolated large coronary art-
eries via 5-HTI-like receptors (Chester et al., 1990). However,
these arteries are thought to possess only few 5-HT1-like
receptors since compared with 5-HT, the contractions to
sumatriptan are poor (Connor et al., 1989b; Chester et al.,
1990). Also, contractions to 5-HT in this tissue were found to
be substantially antagonized by the selective 5-HT2-receptor
antagonist, ketanserin (Connor et al., 1989b; Toda & Oka-
mura, 1990). Furthermore, in vivo evidence in man to support
this came from a clinical study by Golino et al. (1991). They
found that ketanserin blocked completely both the decrease
in large coronary diameter and the increase in flow to the
distal bed to intracoronary infusions of 5-HT in patients with
and without angiographic evidence of atherosclerosis. In a
similar study, however, McFadden et al. (1991) included
patients with Prinzmetal's angina (diagnosed previously by
intracoronary challenge with ergometrine (ergonovine)) and
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found that intracoronary infusions of 5-HT caused spasm
(zero flow) which was resistant to ketanserin (McFadden et
al., 1992). Ketanserin does not prevent either ergometrine-
induced ischaemia (Freedman et al., 1984) or spontaneous
attacks of variant angina (De Caterina et al., 1984) in man
and although ergometrine activates many different types of
receptors including a-adrenoceptors (Feniuk et al., 1989b),
both it (Muller-Schweinitzer, 1980; Sakanashi & Yonemura,
1980; Brazenor & Angus, 1981; Holtz et al., 1982), and the
antimigraine drug methysergide (Saxena, 1974; Brazenor &
Angus, 1981), cause contractions via receptors other than
a-adrenoceptors. Thus, in the dog isolated coronary artery,
ergometrine was found to be a potent agonist at unspecified
5-HT receptors (Brazenor & Angus, 1981) whilst in the rab-
bit saphenous vein, ergometrine was demonstrated to be a
potent 5-HT1-like receptor agonist (MacLennan & Martin,
1990). Also, Kawachi et al. (1984), found selective hyperreac-
tivity to ergometrine in canine coronary arteries in vivo with
intimal thickening induced by balloon catheter denudation
followed by high cholesterol diet. In addition, Egashira et al.
(1992) found that ergometrine mediated hyperconstriction of
endothelium-denuded coronary arteries in the conscious dog
was resistant to block by ketanserin, prazosin and indome-
thacin and suggested that non-5-HT2 receptors may play a
role in ergometrine-induced hyperconstriction.

In the present study, we compared the concentration-
contraction curves to 5-HT and sumatriptan in the presence
and absence of another vasoconstrictor agent, the thrombox-
ane A2-receptor agonist, U46619. This agent was chosen for
three reasons. First, since conditions of organ bath experi-
ments are necessarily devoid of blood and extrinsic factors
such as circulating hormones and neural control, addition of
one putative factor (U46619) in a concentration-controlled
manner may in part resemble conditions within the artery
wall in vivo and thus influence contractility of other vaso-
constrictor agents (Angus, 1989). Second, thromboxane A2
and 5-HT are released from aggregating platelets and intra-
coronary thrombus formation has been shown to result in
focal vasoconstriction in patients with coronary artery di-
sease (Zeiher et al., 1991b). Finally, MacLennan & Martin
(1992) showed marked synergy between U46619 and 5-HT
contractile responses in the rabbit femoral artery with evi-
dence that 5-HT,-like rather than 5-HT2 receptors were
involved. Our results show that the normally poor contrac-
tions to the selective 5-HT,-like agonist sumatriptan and the
non-selective agonist 5-HT in human, isolated, coronary
arteries, are markedly enhanced in the presence of U46619
which is in close agreement with the findings of MacLennan
& Martin (1992) in the rabbit femoral artery.

Methods

Tissue source

Human large coronary arteries were obtained from 28 hearts,
23 of which were from patients undergoing heart transplanta-
tion and 5 unused normal donor hearts (3 from patients
undergoing heart-lung transplants for cystic fibrosis and
primary pulmonary hypertension). The diseased hearts were
obtained from patients diagnosed with cardiomyopathy (13
patients) and ischaemic heart disease (10 patients).

Artery preparation

Approximately 10-20 min after removal of the heart, the
large distal right coronary artery, left anterior descending
artery, circumflex artery and the first branches of these
vessels were dissected free of adhering connective tissue and
fat and placed in cold, oxygenated Krebs solution (see
below). After dissection, arteries were cut into 3 mm ring
segments with a fixed double-bladed scapel. Ring segments
were suspended on stainless steel wire hooks, 500 or 350 fim

in diameter, in 25 ml jacketed glass organ baths. The upper
wire hook was suspended from a force transducer (Grass
FTO3C) via which isometric force was amplified and moni-
tored on a single-channel, flat-bed chart recorder. The lower
hook was fixed to an inert support leg attached to a micro-
meter. The tissues were maintained in modified Krebs solu-
tion of the following composition (in mM): Na+ 144, K+5.9,
Ca2+ 2.5, Mg2+ 1.2, Cl- 128.7, HCO3- 25, S042- 1.2, glucose
11, pH 7.4, at 37 + 0.1°C and saturated with 5% C02 in
oxygen. Up to 30 rings from the same heart were set up
simultaneously.

Normalization

In order to compare the reactivity of arteries with different
internal diameters, each ring segment was set to the same
passive stretch conditions by a normalization procedure prior
to construction of concentration-response curves. The nor-
malization procedure was adapted from that developed by
Mulvany & Halpern (1977) and involves setting the arteries
at a passive tension equivalent to 90% of their internal
circumference (0.9 Lloo) if they had been relaxed and perfused
with a transmural pressure of 100mmHg in the absence of
constrictor tone. This wall tension (T) (at 0.9 Lloo) can be
used to estimate the equivalent transmural pressure (P) as-
suming a thin walled sphere from Laplace, T = r.P where
radius (r) is circumference (L)/2rc. P is a useful measure of
whether the arteries of different size have been normalized to
similar equivalent distending pressures. The procedure has
been described previously (Angus et al., 1986). During the
normalization stretch procedure, some coronary artery rings
developed spontaneous contractions, making normalization
difficult (see Figure 1). Consequently, sodium nitroprusside
(SNP; 10 liM) was added 5 min prior to normalization to
reduce this activity. SNP was washed out once the tissues
had been normalized at 0.9 Lloo.

Experimental protocols

Two experimental protocols were followed. Initially, artery
rings were normalized and left resting at 0.9 Loo for 1 h
before they were contracted with a potassium depolarizing
solution (potassium physiological salt solution, KPSS, 124
mM K+). Once the contraction to KPSS had plateaued, the
tissues were washed with normal Krebs solutions and the
force allowed to return to baseline. Only one concentration-
contraction curve to a single agonist was obtained for any
one ring of artery by cumulative addition of the agonist. The
5-HT receptor agonists tested were 5-HT, sumatriptan, me-
thysergide and ergometrine as well as the a-adrenoceptor
agonist, noradrenaline. In some experiments, the responses to
the agonists were obtained in the presence of low concentra-
tions of the thromboxane A2-mimetic, U46619, added 5-10
min previously. The contraction curves to noradrenaline were
always generated in the presence of propranolol (1 gM) to
prevent P-adrenoceptor-mediated smooth muscle relaxation.

In the second protocol, ring segments were normalized to
0.9 Lloo and contracted with KPSS followed by washout as
previously described. To prevent any phasic contractile activity
developing either spontaneously or in response to constrictor
agonists, nifedipine (0.1 ALM) was added and concentration-
contraction curves to the 5-HT receptor agonists were
generated in the absence or presence of U46619 (1 nM).

Drugs

Drugs used and their sources were: sumatriptan (Glaxo
Group Research, Ware, U.K.); U46619 ([1,5,5-hydroxy-11,
9-(epoxymethano)prosta-5z, 13E-dienoic acid], Upjohn, Kala-
mazoo, MI, U.S.A.); (-)-noradrenaline bitartrate (Sigma, St.
Louis, MO, U.S.A.); 5-hydroxytryptamine creatinine sul-
phate (5-HT, Sigma, St. Louis, MO, U.S.A.); methysergide
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maleate (Sandoz S.A., Basle, Switzerland); sodium nitroprus-
side dihydrate (Roche, Dee Why, NSW, Australia); ergome-
trine maleate (David Bull Laboratories, Mulgrave, Victoria,
Australia); propranolol HCl (ICI, Villawood, NSW, Aus-
tralia) and nifedipine (Bayer A.G., Wuppertal, Germany). All
drugs were diluted in distilled water with the exception of
U46619 and nifedipine which were made up as 1 mM and
1OmM stock solutions respectively in absolute ethanol. Fur-
ther dilutions of these drugs were made in distilled water.

Data analysis

Parameters at normalization and maximum contractions to
KPSS of vessels obtained from hearts with different aetio-
logies were analyzed in a subset of 19 patients. The max-
imum response to KPSS in each artery ring was normalized
for diameter and expressed as F,,,,/unit diameter (g mm-';
see Table 1). All contractile responses were measured as a
percentage of the maximum increase in force to KPSS. When
phasic activity occurred, the response was taken as the peak
of each contraction. When vessels were precontracted with
low concentrations of U46619, the contractile responses to
the additional agonist were measured above the U46619-
induced contraction and expressed as a percentage of the
total KPSS contraction in the absence of U46619.
The individual contraction curves were fitted to the sig-

moidal logistic equation, Y = P1 + P2/[1 + eP30og X-P4)], where
X = agonist concentration, P1 = lower plateau response, P2
= range between the lower and the maximal plateau of the
concentration-response curve, P3 = a negative curvature index
indicating the slope independently of the range and P4= log
dose required to produce a half maximal response (EC50)
(Elghozi & Head, 1990). From this relationship, computer
estimates of the concentrations required to give, 10, 30, 50,
70 and 90% (ECIO - EC0) of the maximum response were
determined. The individual EC50 values were averaged and
the mean and standard error of the mean calculated.

Student's unpaired t tests were used to compare the EC50
and maximum values of the agonists in the absence and
presence of U46619. For the comparison of passive vessel
parameters and KPSS (see Table 1), a one-way analysis of
variance was used to make multiple comparisons of EC50
values and maximum responses between the independent
groups. When the ANOVA indicated that differences existed
between all groups, Scheffe's test was applied to determine
the source of variation (Wallenstein et al., 1980). Statistical
significance was accepted at P <0.05 for both tests and
values are given as mean ± s.e.mean.

Results

A summary of vessel parameters grouped for hearts with
different aetiologies is given in Table 1. The vessels obtained

from ischaemic hearts were approximately 20% smaller in
internal diameter than those from cardiomyopathic hearts.
They also had lower transmural pressures, levels of resting
force, levels of force developed 60 min following normaliza-
tion and maximal contractions to KPSS (Fm.,) compared
with the latter two groups (Table 1). When F.,, was nor-
malized for vessel diameter, no difference was noted between
the ischaemic and cardiomyopathy groups (3.1 vs 3.4 g
mm-I, P>0.05). The normalized F. value for the ischae-
mic group was significantly smaller than that obtained for
unused donor hearts (3.1 vs 4.0 g mm-'; P<0.05; see Table
1). In addition, normalization of rings from cardiomyopathic
hearts in the presence of SNP to prevent development of
phasic activity during this procedure resulted in a significant
increase in internal diameter, resting force and, level of force
60min after normalization (Table 1).

Phasic activity

In 6 of the 28 hearts, spontaneous phasic activity developed
during the normalization procedure in 8% of all rings of
artery (Fgiure 1). In 10 of the hearts, a further 5% of rings
developed phasic contractions after the vessels had been set
at their optimal resting passive force (Figure 1). This activity
consisted of large all-or-none type rhythmical contractions
each of which were maintained for 1-2 min. SNP (1O pM)

acivi ;;sometr,jicfoc duin (a an b) an afe(c thetec

procedureat normaizatio The shad a in (b represent3_

Figure 1 Original chart recordings depicting changes in passive and
active isometric force during (a and b) and after (c) the stretch
procedure at normalization. The shaded areas in (b) represent
development of active force during the passive stretch procedure at
normalization (see Methods). The artery in (c) shows a typical
pattern of spontaneous phasic contractile activity following nor-
malization. 0 represents zero force on the tissue prior to stretch.
0.9 Lloo is the normalised internal circumference of each artery (see
Methods).

Table 1 Human coronary artery - summary of initial vessel parameters at normalization and contraction in response to K+
depolarization

Number of Numbert of
patients ringsDisease

Cardiomyopathy
Ischaemic heart
disease
Unused donor
hearts
Cardiomyopathy
(-SNP)

6
6

4

3

Resting
force

D (mm) P (mmHg) Fl(g)

41 3.84 ± 0.15' 59.0± 1.3'
55 3,03 +00.92.3 53.4 ± 1.1 *

35 3.47 + 0.121.2 59.5 ± 0.7'

38 2.83 ±0.113 60.6± 1.4'

Force at
60 min

(g)

KPSS
(Fm..)
(g)

F.,I/Diam
(g mm-')

5.6 ± 0.31 6.5 ± 0.5' 12.5 ± 0.5' 3.42 ± 0.1712
4.3 ± 0.22 4.6 ± 0.22 9.3 ± 0.62 3.09 ± 0.19'

5.9 ± 0.3' 6.3 ± 0.3' 13.3 ± 0.8' 4.02 ± 0.322

4.1 ±0.32 4.3±0.32 11.5±0.712 4.12±0.242

D is internal diameter at 0.9 Lloo (see text). P is equivalent transmural pressure at 0.9 Lloo (see text).
*Mean significantly different from means of all other groups (P<0.05, Scheffe's test).
Values marked with the same number are not significantly different (P> 0.05, Scheffe's test).
tMinimum of 4 rings per heart.
- SNP: ring segments normalized in the absence of sodium nitroprusside.
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was added prior to normalization in artery rings from 16 of
the hearts in an attempt to inhibit this spontaneous phasic
activity during the normalization procedure. It was successful
in 92% of rings but of these, 33% then developed phasic
contractions once sodium nitroprusside had been washed out.
In 66% of all artery rings from 28 hearts, phasic contractions
were also triggered by addition of constrictor agonists such
as U46619, sumatriptan, 5-HT and noradrenaline. Generally
then, vasoconstrictors increased the level of tonic, active
force in the tissues until an apparent threshold level was
reached at which point phasic activity was induced (Figure
2). Consequently, concentration-contraction curves with mai-
ntained plateaus could only be generated in rings from a
small number of patients (see below).

Agonist responses in the absence ofphasic activity

5-HT (0.001-30 gM), sumatriptan (0.003-30 gM), methyserg-
ide (0.003-30 gM), ergometrine (0.001-30 gM) and noradren-
aline (0.001-30 gM) caused concentration-dependent contrac-
tions in the human coronary artery with an apparent order
of potency of ergometrine > 5-HT > noradrenaline = methy-
sergide > sumatriptan (Figure 3). Ergometrine and 5-HT
were the most potent agonists tested with EC,0 values of
7.7 ± 0.2 (- logm; 7 rings from 3 patients) and 6.8 ± 0.2
(- log M; 7 rings from 3 patients) respectively. In this sub-
group of rings, 5-HT also generated the highest maximal
response of 40 ± 10% KPSS. The remaining agonists studied
were weak constrictors. Ergometrine contracted the vessels to
7-21% of the maximum contraction to KPSS and nora-
drenaline, in the presence of propranolol (1 JM), generated
maximal responses ranging from 3-18% KPSS. Sumatriptan
and methysergide either failed to contract the vessels or
contracted them to less than 5% of the maximum KPSS
contraction (see Table 2 and Figures 3 and 4).

Phasic contractions induced by agonists

In most rings of artery that did not develop phasic activity
after normalization, 5-HT and the less efficacious agonists
like sumatriptan, ergometrine and methysergide were able to
cause marked contraction of the coronary artery due to their
induction of phasic activity. For example, 5-HT and sumat-
riptan generated peak phasic responses of 82 ± 7% KPSS (12
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Figure 3 Concentration-contraction curves to 5-hydroxytryptamine
(5-HT, 0, n = 7), sumatriptan (V, n = 7), methysergide (0, n = 5),
ergometrine (V, n = 7) and noradrenaline (0, n = 4) in isolated
rings of human coronary artery that did not develop phasic contrac-
tile activity either spontaneously or in response to the added
agonists. Values are mean ± 1 s.e.mean and are normalized to the
maximal contraction to KPSS.

rings, 6 patients) and 71 ± 18% KPSS (6 rings, 3 patients)
respectively (see Figure 2). In one patient, methysergide and
ergometrine caused maximum phasic contractions of 75%
and 78% KPSS respectively and in a further two patients,
noradrenaline generated maximal phasic contractions of 42%
and 75% KPSS.

Nifedipine abolished the phasic contractions that devel-
oped following normalization (data not shown) and in res-
ponse to exogenously applied constrictor agonists. Thus, in
the presence of nifedipine, agonists like 5-HT always caused
concentration-dependent contractions with maintained plat-
eaus.
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cumulative concentrations (- log M) of 5-hydroxytryptamine (5-HT) (a and b) and sumatriptan (c and d). Traces on the right (b
and d) developed phasic contractile activity during the addition of each agonist.
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Agonist responses in the presence of U46619

U46619 (1 nM) caused a contraction of 3.8 ± 1.1% KPSS (24
rings from 12 patients) in arteries that did not develop phasic
contractile activity in response to constrictor agonists. Under
these conditions, the maximal contraction responses to 5-HT,
sumatriptan, ergometrine and methysergide were markedly
increased (Figure 4). A quantitative comparative study was
conducted to examine the effect of U46619 on responses to
5-HT and sumatriptan in these rings without phasic activity.
U46619 (1 nM) generated a contraction of 6.6 ± 2.4% KPSS
(6 rings, 3 patients) and caused a significant increase (P<
0.05, Student's unpaired t test) in the maximum contraction
response to 5-HT from 40.2 ± 10% KPSS (7 rings, 3 pa-
tients) to 92.3 ± 4% KPSS (3 rings, 3 patients; see Figure 5
and Table 2). The maximum response to sumatriptan was
also significantly increased from 4.6 ± 1.9% KPSS (10 rings,
5 patients) to 48.5 ± 14% KPSS (3 rings, 3 patients) in the
presence of U46619 (Figure 5 and Table 2). Sensitivity to
5-HT was unaffected by U46619 (see Table 2).

In the presence of nifedipine (0.1ILM), U46619 (1.0 nM)
caused a contraction of 2.6 ± 0.7% KPSS (7 rings, 3 pa-
tients) that was not significantly different from the group not
treated with nifedipine (Table 2). Under these conditions
U46619 increased significantly the maximum contractions to
5-HT from 22.8 ± 6.4% KPSS (8 rings, 4 patients) to 49.0 ±
6.5% KPSS (3 rings, 3 patients) and sumatriptan from 2.5 ±
1.1% KPSS (6 rings, 3 patients) to 11.4± 3.5% KPSS (4
rings 3 patients; see Figure 5 and Table 2). No change in
sensitivity to either agonist was observed in the presence of
U46619 and nifedipine as compared with U46619 alone
(Table 2).

Discussion

The main finding from this study was that in the presence of
U46619, human epicardial coronary arteries in vitro showed a
marked increase in contractility to both 5-HT and the selec-
tive 5-HTI-like receptor agonist, sumatriptan. This synergistic
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Figure 4 Original chart recordings from rings of coronary artery from a single patient showing synergistic effects of U46619 (right
panels) on contractions to cumulative additions (- log M) of 5-hydroxytryptamine (5-HT), sumatriptan, ergometrine and methyser-
gide (left panels) in rings of artery without phasic activity (except note the one phasic contraction to ergometrine in the absence of
U46619). Maximal contractions to each agent were compared to the KPSS maximum in each case. Note the gain change in some of
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interaction did not appear to be specific for either sumatrip-
tan or 5-HTI-like receptors since contractions to 5-HT,
ergometrine, and methysergide were also potentiated by
U46619. Nor was the synergy likely to have been specific for
the thromboxane A2 analogue (U46619) as the agonist used
to induce threshold levels of active force, since Yang et al.
(1990) showed that threshold concentrations of endothelin-l
(Yanagisawa et al., 1988) enhanced the contractions to
noradrenaline and 5-HT in human isolated coronary and
internal mammary arteries. Indeed there are numerous re-
ports in the literature where subthreshold or threshold con-
centrations of one constrictor agonist can readily amplify the
response to a second agent. For example in rabbit femoral
artery, MacLennan & Martin (1992) reported anecdotally
that both histamine and angiotensin II amplified the contrac-
tion to 5-HT, and in rat mesenteric small arteries contraction
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Figure 5 Effects of nifedipine (0.1 jAM) on the synergism between
U46619 (U: 1 nM) and 5-hydroxytryptamine (5-HT) or sumatriptan
in isolated rings of human coronary artery: (0) absence and (@)
presence of U46619. Cumulative contraction curves to 5-HT and
sumatriptan were constructed in the absence (a, b) and presence (c,d)
of nifedipine. All contraction curves in the absence of nifedipine were
from artery rings without phasic activity. Values are means ± 1
s.e.mean and are normalized to the tissues' maximal contraction to
KPSS.

to sympathetic nerve stimulation was enhanced by as much
as 500% by threshold concentrations of vasopressin, neuro-
peptide Y, endothelin-1 and methoxamine (Lew & Angus,
1992).
In the absence of both U46619-induced tone and phasic

contractile activity (see below), we found similar results as
those reported by Connor et al. (1989b) and Chester et al.
(1990) who found 5-HT to be more potent and cause
significantly greater contractions compared with sumatriptan
in human, isolated, coronary arteries. Unlike these studies,
we did not attempt to determine the EC50 for sumatriptan in
vessels without any U46619-induced tone because of the poor
contractions generated under these conditions. With tone
increased with U46619, however, the potency of 5-HT was
unaltered and that to sumatriptan was approximately an
order of magnitude less than that for 5-HT in the presence of
U46619 which agrees with previous studies (Connor et al.,
1989b). Although our studies were not performed in the
presence of ketanserin, other studies have shown that 5-HT
activates both 5-HT2 and 5-HT,-like receptors (see Connor et
al., 1989b; Chester et al., 1990) and sumatriptan 5-HTI-like
receptors only (Chester et al., 1990).

Whilst the synergy observed between U46619 and 5-HT
receptor agonists may not be specific for these two classes of
constrictor agents, our results highlight the importance of
vascular tone when comparing absolute contractions to vaso-
constrictor agonists with apparently different efficacies. Mar-
tin et al. (1986) also pointed this out in the rabbit isolated
aorta where they showed that removal of the endothelium
resulted in a much greater enhancement of contractions to
partial as compared to full adrenoceptor agonists, presum-
ably due to removal of basal EDRF release (see Moncada et
al., 1991). We used the thromboxane A2-mimetic, U46619, to
increase the level of tone since not only is thromboxane A2
released together with 5-HT and other compounds upon
activation of platelets (Golino et al., 1989) but it has also
been reported to potentiate contractions to 5-HT in a variety
of isolated blood vessels including the rabbit femoral artery
(MacLennan & Martin, 1992), guinea-pig iliac artery (Sahin-
Erdemli et al., 1991) and human digital arteries (Young et
al., 1986). Also, thromboxane A2 and 5-HT have been pos-
tulated to be the mediators of coronary vasoconstriction
triggered by local platelet activation in the dog in vivo
(Golino et al., 1989) and in man (Zeiher et al., 1991b).
Furthermore, Ashton et al. (1987) found that thromboxane
A2 and 5-HT acted cooperatively to induce cyclic flow varia-
tions in anaesthetized dogs with severe coronary artery steno-
sis and Quillen et al. (1991) found that long-term cholesterol
feeding in adult cynomolgus monkeys caused coronary artery
hyperreactivity to both U46619 and 5-HT. Therefore, the in
vitro conditions of assay used in our study may represent
conditions that in part occur within the artery wall in vivo.

Table 2 Sensitivity and maximum contractions to 5-hydroxytryptamine (5-HT) and sumatriptan in human coronary artery in the
absence and presence of U46619

U46619 A U46619
(nM) (% KPSS)

5-HT

5-HT +
nifedipine (0.1 pM)
Sumatriptan

Sumatriptan +
nifedipine (0.1 ptM)

0

1

0

1
1°

6.8 ± 4.6

3.8 ± 0.4

6.3± 1.8

1.7 ± 0.9

EC50 value Maximum response
n (- log M) (% KPSS)

7 6.80 ± 0.17
3 7.41 ± 0.26
8 6.67±0.10
3 7.08±0.16
10 t
3 6.51±0.09
6 t
4 6.65±0.11

40.2± 10.1
92.3 ± 4.0*
22.8 ± 6.4
49.0 ± 6.5*
4.6± 1.9

48.5 ± 13.9*
2.5± 1.1
11.4±3.5*

n = number of rings; values are given as mean ± s.e.mean.
*Mean significantly different from control (P<0.05, Student's unpaired t test)
tThe ECn0 value for sumatriptan was not calculated in the absence of U46619 as the maximum contraction to the agonist was less than
5% KPSS.
AU46619: increase in force to U46619 (I nM) expressed as a % of the contraction to KPSS.

Agonist
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Other local and circulating substances may also contribute to
the synergy observed here between 5-HT receptor agonists
and U46619. These include endothelin-l, vasopressin, angio-
tensin II, kinins and the level of neuronal activity, which for
large arteries as those considered here, would be expected to
be minimal. Also, the endothelium's ability to release endo-
thelium-derived relaxing factors like prostacyclin and nitric
oxide (see Moncada et al., 1991) is another important con-
sideration not only in terms of the inhibitory effects of these
dilators on constrictor activity, but also in terms of their
antithrombotic effects since both factors themselves synergize
to inhibit platelet aggregation (see Moncada et al., 1991).
Conditions that have been reported to enhance reactivity of
human coronary arteries both in vitro and in vivo include the
presence and location of atherosclerotic lesions (Golino et al.,
1991; McFadden et al., 1991), intracoronary thrombus for-
mation (Zeiher et al., 1991b) and endothelial cell dysfunction
(Berkenboom et al., 1991; Drexler & Zeiher, 1991; Zeiher et
al., 1990a).

The human coronary artery exhibited a tendency to devel-
op large all-or-none type phasic contractions either spon-
taneously or in response to vasoconstrictors such as U46619,
5-HT and sumatriptan (see also Golenhofen, 1978; Ross et
al., 1980; Kalsner, 1985; Kimura et al., 1989) although Con-
nor et al. (1989b) and Chester et al. (1990) did not report this
type of activity. Whilst the reasons for the discrepancy
between the studies is unclear, the type and duration of the
patients' drug therapy prior to transplantation may be im-
portant. Drugs prescribed to patients in this study included
diuretics, anticoagulants, cardiac glycosides, angiotensin con-
verting enzyme inhibitors and antiarrhythmic drugs. It was
noted, however, that the cardiomyopathic, ischaemic and
unused donor hearts exhibited the same trends and degree of
reactivity and were therefore comparable.
The inhibition of phasic contractile activity by nifedipine

in this study suggests voltage-operated Ca2" channels may be
involved both in the spontaneous and agonist-induced phasic
activity. Nifedipine also reduced the tonic maximum contrac-
tions to 5-HT and sumatriptan. Sumner et al. (1992) also
showed a similar depression of maximum contractions to
5-HT and sumatriptan in the dog isolated saphenous vein, a
tissue that is known to contract sensitively and maximally to
sumatriptan (Humphrey et al., 1988). Interestingly, the tonic
contractions to other constrictor agonists like U46619 and
endothelin-1 in the human coronary artery were unaffected
by nifedipine (Cocks & Stork, unpublished data). This is an
important point, given that the ability to demonstrate syner-
gy between U46619 and 5-HT in the presence of nifedipine
relied on the tonic response to U46619 being unaffected.
A possible explanation for the synergy between 5-HT

receptor agonists and U46619 may be due to the absence or
dysfunction of the endothelium, since earlier studies in pig
and dog coronary arteries indicated that contractile responses
to 5-HT and noradrenaline are enhanced in the absence of
endothelium (Cocks & Angus, 1983; Cohen et al., 1983). This
is unlikely, however, as histological examination of selected
vessels revealed no disruption of endothelium integrity and
endothelium-dependent vasodilators such as substance P and
histamine caused potent relaxation (Cocks & Kemp, unpub-
lished data). A more likely explanation is that U46619
facilitates the transducer mechanisms of these agonists. An-
gus & Brazenor (1983) found that the constrictor response to
U46619 in dog isolated coronary arteries, were not altered by
the Ca2'-entry blockers, nifedipine, D600 and verapamil,
therefore suggesting that the contractions generated by
U46619 are largely dependent on release of intracellular cal-
cium. In addition, Young et al. (1986), have shown that the
potentiation of the contractile effect of 5-HT by U46619 in
human digital arteries was a result of increased mobilization

of intracellular calcium stores. In the present study, low
concentrations of U46619 did not always cause contraction
yet in all cases contractions to other agonists were poten-
tiated. Release of intracellular calcium may account for these
observations. Thus, in the human coronary artery there may
be a threshold level of calcium at which contractions are
triggered. Pretreatment with concentrations of U46619 that
failed to cause contraction, could bring the cellular levels of
calcium closer to threshold, such that other agonists now
cause release of more intracellular Ca2" from the same or
different stores or influx of extracellular Ca2" through recep-
tor or voltage-operated channels. Even with concentrations
of U46619 that caused significant contractions, the increase
in reactivity to 5-HT and sumatriptan probably reflected
sensitization to further increases in intracellular calcium.
Thus, in the rabbit femoral artery, MacLennan & Martin
(1992) showed marked potentiation of the contractions to
5-HT in the presence of 5-HT2 receptor blockade even when
U46619 itself caused a large contraction.
An important question that arises from the present study

relates to the possible clinical relevance of coronary 5-HT,-
like receptors, particularly in instances of advanced athero-
sclerosis and vasospastic disease. McFadden et al. (1992)
showed that in patients with variant angina where 5-HT
induced spasm at the sites of stenoses as well as in patients
with stable angina where 5-HT constricted the distal epicar-
dial coronary arteries, these responses to 5-HT were resis-
tance to ketanserin. While McFadden et al. (1992) discussed
the limitations of their study, they speculated that more
direct evidence for a role of 5-HT,-like receptors in coronary
vasospasm may be determined by the use of selective 5-HTI-
like agonists such as sumatriptan. In fact, a recent study in
man found that intravenous infusion of sumatriptan
significantly reduced coronary artery diameter (MacIntyre et
al., 1992). This issue, however, will be more convincingly
resolved with the development of a selective 5-HTI-like
antagonist. Nevertheless, there is a case report of a patient
with migraine who, in response to subcutaneous sumatriptan,
developed severe chest pain and ECG changes (marked ST
elevation) characteristic of coronary vasospasm (Willett et
al., 1992). In addition, there have been two case reports of
ventricular arrhythmias (Curtin et al., 1992) associated with
subcutaneous sumatriptan. These isolated reports, however,
should be considered against the international post marketing
experience of treating 3 million attacks of migraine. Never-
theless, in their replies to these case reports, the company has
acknowledged that there are circumstances where sumatrip-
tan should be avoided (Castle & Simmons, 1992) and
emphasised that sumatriptan should be contraindicated in
patients with ischaemic heart disease and related cardiac
disorders (Pilgrim et al., 1992).

In conclusion, our study demonstrates that inherent active
force or tone as well as receptor populations are crucial in
determining the reactivity to vasoconstrictor agents in human
coronary artery in vitro. It also highlights the importance of
in vitro assay conditions when comparing contractile activi-
ties of agonists with different apparent efficacies (see also
Martin et al., 1986; MacLennaFn & Martin, 1992). Thus,
given appropriate conditions, 5-HTI-like receptor agonists
like sumatriptan can cause relatively potent and powerful
contractions in human large coronary arteries in vitro.
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Calcium antagonist and antiperoxidant properties of some
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1 The calcium antagonist and antioxidant activities of certain synthetic and natural phenols, related to
BHA (2-t-butyl-4-methoxyphenol), were evaluated in rat ileal longitudinal muscle and in lipid peroxida-
tion models respectively.
2 Compounds with a phenol or a phenol derivative moiety, with the exception of 2,2'-dihydroxy-3,-
3'-di-t-butyl-5,5'-dimethoxydiphenyl (di-BHA), inhibited in a concentration-dependent manner the
BaCl2-induced contraction of muscle incubated in a Ca2+-free medium. Calculated pIC50 (M) values
ranged between 3.32 (probucol) and 4.96 [3,5-di-t-butyl-4-hydroxyanisole (di-t-BHA)], with intermediate
activity shown by khellin <gossypol <quercetin <3-t-butylanisole<BHA <nordihydroguaiaretic acid
(NDGA)<2,6-di-t-butyl-4-methylphenol (BHT) and papaverine.
3 The Ca2" channel activator Bay K 8644 overcame the inhibition sustained by nifedipine, BHA and
BHT, while only partially reversing that of papaverine.
4 BHA, BHT, nifedipine and papaverine also inhibited in a concentration-dependent fashion CaCl2
contractions of muscle depolarized by a K+-rich medium. This inhibition appeared to be inversely
affected by the Ca2'-concentration used.
5 The inhibitory effects of nifedipine, papaverine, BHA and BHT were no longer present when muscle
contraction was elicited in skinned fibres by 5LM Ca2+ or 500 gM Ba2 , suggesting a plasmalemmal
involvement of target sites in spasmolysis.
6 Comparative antioxidant capability was assessed in two peroxyl radical scavenging assay systems.
These were based either on the oxidation of linoleic acid initiated by a heat labile azo compound or on
lipid peroxidation of rat liver microsomes promoted by Fe2+ ions. Across both model systems,
di-t-BHA, NDGA, BHT, di-BHA, BHA and quercetin ranked as the most potent inhibitors of lipid
oxidation, with calculated pICso (M) values ranging between 7.4 and 5.7.
7 Of the 32 compounds studied only 15 phenolic derivatives exhibited both antispasmogenic and
antioxidant activity. Within this subgroup a linear and significant correlation was found between
antispasmogenic activity and antioxidation. These bifunctional compounds were characterized by the
presence of at least one hydroxyl group on the aromatic ring and a highly lipophilic area in the
molecule.
8 Di-t-BHA is proposed as a lead reference compound for future synthesis of new antioxidants
combining two potentially useful properties in the prevention of tissue damage after ischaemia-
reperfusion injury.

Keywords: Phenol derivatives; calcium antagonist; antioxidant; 2-t-butyl-4-methoxyphenol (BHA); 2,6-di-t-butyl-4-methyl-
phenol (BHT)

Introduction

Superoxide formation (02') appears central to the patho-
logical process attendant on ischaemia-reperfusion injury. In
experimental animals, free radicals are generated in two main
ways during ischaemia: when xanthine oxidase is formed
subsequent to a calcium-triggered proteolytic attack on xan-
thine dehydrogenase (Battelli et al., 1972; Della Corte &
Stirpe, 1972) and during disorders of electron transport in
anoxic-reoxygenated mitochondria (Boveris & Turrens, 1981;
Naqui et al., 1986). The direct effects of 02- include mem-
brane de-esterification of the apolar regions, lipid peroxida-
tion after Fe2+ release (Deby & Goutier, 1990) and a redox
cycle when hydrogen peroxide is converted to the reactive
hydroxyl radical. This circular process perpetuates the forma-
tion of 02v and an increased release of non-esterified fatty
acids. This, in turn, may promote intracellular increase in
calcium concentration due to anoxia. The formation of
hypochlorous acid from reactive oxygen species may also
contribute to tissue damage.

It is now recognized that disturbances in the homeostasis
of intracellular Ca2+ may underlie a variety of toxicological
and pathological processes. Several potential mechanisms
have been identified whereby changes in intracellular free

' Author for correspondence.

calcium trigger cytotoxic processes. Calcium ions activate
phospholipase A2 (PLA2) and a number of proteinases and
nucleases. The observation that sustained increase of intracel-
lular Ca2+ causes membrane breakdown and subsequent cell
damage is supported by the fact that PLA2 inhibitors prevent
ischaemic cell damage in liver and heart and by the finding
that phospholipid hydrolysis is enhanced during tissue injury.
Evidence that calcium ions mediate or propagate ischaemic
cell damage (Nayler et al., 1979; Katz & Reuter, 1979) is
borne out by reports that Ca2+ increases the damage caused
by oxygen free radicals to the mitochondrial electron trans-
port chain (Malis & Bonventre, 1986). All these observations
suggest that reperfusion or post-ischaemic tissue injury is a
complex phenomenon to which several interrelated factors
may contribute.

Different protective strategies might be envisaged to curtail
tissue damage. There is some evidence for the clinical
effectiveness of the enzyme superoxide dismutase, which
catalyzes the dismutation of 02- to form hydrogen peroxide
and oxygen (Fridovich, 1986; Michelson, 1986; Marklund,
1986). This would not eliminate the noxious effects of hydro-
gen peroxide, itself a source of oxygen-derived radicals, in the
presence of transition metals, though supplement with
catalase might regress this problem. Tissue integrity is also
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challenged by the hypochlorous acid released by reactive
oxygen species. Though xanthine oxidase inhibitors such as
allopurinol and oxypurinol may be of value in certain cases,
their applicability to man is still unclear (McCord, 1985).
From a strictly pharmacological point of view, tissue

damage may be countered either upstream by compopnds
that scavenge the free radicals or downstream by limiting the
increase of free intracellular calcium.
The effectiveness of hydroxyl or peroxyl radical scavengers

has been established in animal models by the novel butylated
hydroxytoluene (BHT) derivatives, such as the thiazolidinone
derivative LY256548 (Ruterbories & Lindstrom, 1990),
p-(pyrrolidinylmethylene)butylated hydroxytoluene (E-5110)
(Shirota et al., 1987) and 2-(allyl-l-piperazinyl)-4-n-amyl-
oxyquinazoline fumarate (KB-5666) (Hara & Kogure, 1990).
Downstream protection may be afforded by calcium chan-

nel blockers such as verapamil and nifedipine which reduce
calcium uptake from the extracellular space during or after
ischaemia. Though some evidence has been marshalled for
the clinical effectiveness of calcium antagonists (the Danish
Study Group on Verapamil in Myocardial Infarction, 1990;
the Multicenter Diltiazem Postinfarction Trial Research
Group, 1988), the precise means by which they prevent
ischaemia-reperfusion damage remains a matter for further
elucidation (Cheung et al., 1986; Nayler, 1992).

Results obtained in this laboratory (Sgaragli et al., 1989)
indicate that 2-t-butyl-4-methoxyphenol (BHA), besides its
well-known antioxidant effect may also exhibit nifedipine-like
spasmolytic activity. Molecules which combine both scaveng-
ing and calcium antagonist properties may be of particular
value in protecting against ischaemia-reperfusion tissue
damage. The focus of this paper is directed at identifying
such dual-purpose molecules and comparing their perform-
ance against those that act simply as either calcium channel
blockers or radical scavengers.

Methods

Animals

Male Sprague-Dawley rats (200-370 g body weight) were
purchased from Societa S. Morini S.p.a., S. Polo d'Enza,
Italy. They were housed in a normal environmentally con-
trolled animal room (20-22°C) with a 12 h alternating light/
dark cycle, and had free access to food pellets and water.
One kg of rat pellets contained: vitamin A 15,000 iu; vitamin
D3 1,500 iu; vitamin K3 2 mg; vitamin E 30 mg; vitamin B1
3 mg; vitamin B2 5 mg; vitamin C 40 mg; vitamin B6 3 mg;
B12 0.03 mg; D-pantothenic acid 15 mg; folic acid 1 mg;
vitamin PP 30 mg; choline chloride 400 mg; manganese
60 mg; iron 150 mg; copper 5 mg; zinc 30 mg; iodine 1 mg;
cobalt 0.2 mg; BHT 10 mg (Societa S. Morini S.p.a., S. Polo
d'Enza, Italy).

Assays on intact rat ileum longitudinal muscle
preparations

These preparations were used in two distinct series of con-

tractility experiments under isometric conditions (Basile,
Comerio, Italy). In the first series, segments of longitudinal
muscle (1.5-2.0 cm, in length; 60-80 mg, weight) were

suspended under 500 mg tension in a 6 ml chamber filled
with a modified Krebs-Henseleit solution containing (mM
final concentration): NaCl 118, KCI 4.7, MgCl2 1.2, NaHCO3
25, glucose 5, CaCl2 2.5 and gassed with a 95% 02:5% CO2
mixture at 37°C. After 30 min equilibration, contractility was

tested by stimulating the tissue electrically or chemically with
acetylcholine (ACh). Five s train stimuli (60 V at 10 Hz for
2 ms) were delivered through two silver electrodes placed at
the top and bottom of the bath chamber. After washing with
the incubation solution, ACh was added at three different
final concentrations (0.2, 1.6 and 10 pM). Muscle contraction

was then elicited by the addition of BaCl2 at different final
concentrations. The subsequent assays were performed in the
same medium deprived of CaC12. The omission of CaC12
from the bathing solution abolished any spontaneous activity
as well as any electrically stimulated muscle contractions.
Muscle contraction was elicited by the addition of BaC12 at
different final concentrations every 15 min; between each
addition extensive washing reduced tissue tension to base-
line values. BaCI2-induced responses were concentration-
dependent and rapid in onset, an initial peak (phasic) being
followed by a more sustained contraction (tonic).

The addition of Ba2' to both incubation solutions, whether
free or supplemented by Ca2, caused a concentration-
dependent contraction of muscle tissue. ED50 (phasic phase)
was 1.71 ±0.14mM (n=6) in the presence of Ca2+ and
5.34 ± 0.06 mM (n = 7) in its absence. The synergistic action
of Ca2+, however, disappeared at the highest concentration
of Ba2+ leaving the maximal tension unaltered. The presence
of Ca2+ affected the constancy of response over time.
Contractility with 2.5 mM Ca2" decreased in a steady, and
progressive manner in response to Ba2", dropping by approx-
imately 40% over 4 h of incubation. In the absence of Ca2 ,
this decrease took place in the first 90 min and stabilized
thereafter.

In a separate series of experiments, the addition of 35 mM
dimethylsulphoxide (DMSO) for up to 4 h had no effect on
Ba2+-elicited responses in a Ca2'-deprived medium.

In the second experimental series, segments of longitudinal
muscle were initially subjected to 500 mg tension and bathed
by a MOPS-buffered physiological salt solution (MOPS-PSS)
composed as follows (mM final concentration): NaCl 129.7,
KCl 5.9, CaCl2 2.54, MgCl2 1.19, MOPS 10 and glucose 11.1.
The pH of the solution was adjusted to 7.4 with NaOH.
After equilibration the bath fluid was changed to a K+-rich,
Ca2'-free MOPS-PSS which contained K+ at 40 mM,
sufficient to depolarize intestinal smooth muscle (Spedding,
1982). This produced a spasm which was dissipated by
regular changes of the K+-rich, Ca2+-free bath fluid. The
spasmogenic response to CaCl2 was studied by constructing
cumulative concentration-effect curves. The 15 min contact
time for each concentration of CaCl2 was sufficient to attain
optimal isometric tension.
An initial concentration-effect curve was derived for CaCl2

followed by two others. In test tissues, calcium antagonists
were present for 30min before and throughout the second
and the third concentration-effect curves and increased
30min before the third curve. Control tissues were treated
similarly, without exposure to calcium antagonists. The
inhibitory effect of all antagonists at the two concentrations
was measured as the reduction (%) of the initial spasmogenic
effect of CaC12 0.1- 10mM.

Assays on skinned rat ileum longitudinal muscle
preparations

Segments of rat ileum longitudinal muscle were skinned of
their plasmalemma according to a procedure prescribed for
vascular smooth muscle from rabbit renal arteries (Kreye et
al., 1983). Pieces of tissue (0.5 mm wide, 3-5 mm length)
were attached with acrylate glue (Loctite) by both ends to the
small part of two L-shaped stainless steel rods and kept in a
vertical position under 200 mg tension. The skinning proce-
dure consisted of an initial 30 min incubation in an aqueous
solution (pH 7.4) containing 5 mM EGTA, 20 mM imidazole,
50 mM KCI, and 150 mM sucrose at 4°C, and a subsequent
1 h incubation in the same solution with the addition of 1%
Triton X-100 and 0.5 mM dithioerythritol at 4°C, and fol-
lowed by a final 30 min incubation in a solution containing
50% glycerol (v/v), 10 mM imidazole, 2 mM EGTA, 5 mM
MgC92, 0.5 mM NaN3, 3.75 mM ATP, 5 mM creatine phos-
phate and 0.5 mM dithioerythritol at - 20°C. The prepara-
tions were stored in the latter solution at - 20°C for up to 6
weeks. For the isometric contraction and relaxation studies,
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the preparations, still attached to the rods, were transferred
into 10 ml thermostatted organ bath chambers and connected
to high sensitivity isometric transducers (Basile, Comerio,
Varese, Italy). Contractile change was induced by alternating
the 'relaxing' and 'contracting solution'. The relaxing solu-
tion (pCa> 8, pH 6.7) contained 20 mM imidazole, 4 mM
EGTA, 10mM MgCl2, 1 mM NaN3, 2 mM dithioerythritol,
7.5 mM ATP, 10 mM creatine phosphate and 10 units ml-' of
creatine kinase. The contracting solution, containing 5 gM
CaCl2, was a Krebs-Henseleit solution. For Ba2+-induced
contractions the contracting solution was nominally Ca2+-
and phosphate-free but contained 500 t4M BaC12. The elec-
trical transduction signals were amplified and displayed on a
Basile strip recorder (Mod. Gemini). All contraction studies
were performed at room temperature.

Comparative assessment of the antioxidant properties of
phenol compounds: inhibition of lipid peroxidation
Phenol derivatives were assessed for their capacity to prevent
lipid peroxidation by two experimental model systems. The
first was based on the oxidation of linoleic acid initiated
by 2,2'-azobis-2-amidinopropane hydrochloride (ABAP), a
thermolabile azo compound which, on decomposition, forms
radicals that abstract hydrogen atoms from linoleic acid.
ABAP (11 mM) was added to a suspension of linoleic acid
(33 mM) in 50 mM Na phosphate buffer pH 7.4, in the
chamber of an 02 electrode (Model 5300 Biological Oxygen
monitor, Yellow Spring Instrument Co., Inc. Yellow Spring,
Ohio, U.S.A.) thermostatted at 37°C (Wayner et al., 1987).
02 consumption was monitored for approximately 6 min
before adding the antioxidant at different concentrations. 02
consumption due to ABAP decomposition was determined
separately and subtracted from the peroxidation rate of
linoleic acid. In the second model, peroxidation of rat liver
microsomes, by a peroxidizing mixture of 100 gM Fe2+/Fe3+
and 100IM ascorbic acid, was measured at 37°C as 02
consumption. Reaction mixtures in a final volume of 3 ml
contained 0.5 mg microsomal protein, with 57 mM ethanol or
47 mM DMSO vehicle and 20 mM KH2PO4-KOH buffer,
pH 6.0.

Drugs: commercial sources and synthetic procedures

Phenol from Merk (Darmstadt, Germany) and phenol
derivatives 3,5-di-t-butyl-4-hydroxyanisole (di-t-BHA) and
2,4,6-tri-t-butylphenol (TTP) from Aldrich-Chemie (Stein-
heim, Germany) were recrystallized once prior to use
from ethanol. BHA and BHT from Fluka Chemie AG
(Buchs, Switzerland) were recrystallized once prior to study
from petroleum ether and ethanol respectively. 2,2'-Di-
hydroxy-3,3'-di-t-butyl-5,5'-dimethoxydiphenyl (di-BHA, dimer
of BHA) was synthesized by direct oxidation of BHA as
described elsewhere (Sgaragli et al., 1980). 3-t-Butylanisole
was synthesized from 3-t-butylphenol by methylation with
diazomethane. After 24 h incubation at room temperature
and normal pressure the mixture was washed with 2 N NaOH
to remove the unreacted phenol. 3-t-Butylanisole was con-
sequently purified by vacuum distillation. 1,4-Dimethoxy-2-t-
butylbenzene was synthesized from BHA by methylation with
CH3I in the presence of Na methanolate. After 24 h incuba-
tion at room temperature and normal pressure the mixture
was washed with 2 N NaOH to remove unreacted BHA.
1,4-Dimethoxy-2-t-butylbenzene was subsequently purified
by vacuum distillation. Nifedipine, nordihydroguaiaretic
acid (NDGA), gossypol and linoleic acid were purchased
from Sigma Chemical Company (U.S.A.). Aldrich-Chemie
(Steinheim, Germany) supplied 2,6-di-t-butyl-p-benzoquin-
one, 3,5-di-t-butyl-1,2-benzoquinone, 2-t-butylphenol, 3-t-
butylphenol, 4-t-butylphenol, 4-t-butylphenyl-2,3-epoxypro-
pylether, quercetin, khellin, eugenol, 2,4-di-t-butyl-6-(4-meth-
oxybenzil) phenol, 3-hydroxyanisole, 1,8-dihydroxyanthra-
quinone, caffeic acid, trolox, anthraquinone, 4-t-butylbenzoic

acid, 4-t-butylpyridine, t-butylbenzene and t-butylcyclo-
hexane. Papaverine was purchased from Merk (Darmstadt,
Germany). ABAP was purchased from Polysciences Inc.
(U.S.A.). Silymarin, a mixture of three isomers (silybin,
silidianin and silicristin) was a generous gift of Istituto
Biochimico Italiano 'Giovanni Lorenzini' S.p.a. (Milan,
Italy). Probucol was obtained from Lepetit S.p.a. (Milan,
Italy). Bay K 8644 (methyl-1,4-dihydro-2,6-dimethyl-3-nitro-
4-(2-trifluoromethylphenyl)-pyridine-5-carboxylate) was a gen-
erous gift of Dr Franckoviack. All other compounds were
of analytical grade and were used without further purific-
ation.
Compounds were diluted in DMSO or ethanol or water to

give stock solutions stored at 4°C until use. All stock solu-
tions were shielded from light with aluminium foil. Because
of the known photosensitivity of the dihydropyridines, the
experiments with nifedipine and Bay K 8644 were performed
in the dark. The water used to prepare the calcium- and
phosphate-free Krebs-Henseleit solution was first distilled
and then passed through a NANOpure II deionization
system (Barnstead-Sybron, Boston, U.S.A.), to obtain Type I
Reagent Grade water (resistivity 18 Ma).

Statistical analyses

Data are presented as means ± s.e.mean; n is the number of
independent experiments. Statistical analysis was performed
by Student's t test (paired to compare drug effects at different
Ba2" concentrations). P values < 0.05 were considered
significant. The pharmacological response to each substance
was described, where possible, by the pIC50 value (the
negative log10 of the molar concentration at which the sub-
stance inhibits 50% of the maximum response). pIC50 values
were estimated by linear regression analysis.

Results

Inhibiting effects of hindered phenols in ileal smooth
muscle: structure-activity

In a structure-activity relation study various model phenol
compounds (see Table 1) were assessed to ascertain the
requirements for inhibiting Ba2+-induced muscle contraction
in a nominally Ca2"-free solution.

Table 2 shows pIC50 (M) values for some of the tested
compounds (less than 10% inhibition was considered mean-
ingless). Compounds which exhibited antispasmogenic act-
ivity were, at least, three orders of magnitude less potent
than nifedipine (pIC5o = 8.02 ± 0.01; n = 5). When either the
hydroxyl- and t-butyl-moieties were present on the aromatic
ring, compounds showed antispasmogenic properties, with
pIC50 values ranging between 4.56 (2-t-butylphenol) and 4.08
(4-t-butylphenol). Compounds with only one of these groups
on the ring were ineffective (phenol, t-butylcyclohexane, t-
butylbenzene and 4-t-butylpyridine). This demonstrates that
the presence of both groups is essential for activity. Addi-
tional tests included the study of the three different series of
phenol derivatives obtained by substitution in the o-, m- and
p-position. Among the p-substituted compounds, activity in-
creased when the hydroxyl group was derivatized, even with
a bulky moiety such as 2,3-epoxypropyl, but disappeared
when the hydroxyl group was replaced by a carboxyl one as
in the case of 4-t-butylbenzoic acid. Other carboxylic com-
pounds, such as caffeic acid and trolox, were shown to be
inactive. In the m-substituted series, activity was still main-
tained after derivatization of the hydroxyl group (3-t-
butylanisole), while the substitution of the t-butyl moiety
with a methoxy one made the 3-hydroxyanisole compound
inactive. Finally, in the o-substituted derivatives (the closest
series to our lead compounds BHA and BHT), the introduc-
tion of a p-methoxyl moiety into 2-t-butylphenol did not
appreciably change the activity of the resulting BHA with
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Table 1 General structures of phenol derivatives studied
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Table 2 Inhibition of Ba2l-induced contractions in rat
ileum longitudinal muscle preparations

Compounds

Mono substituted hydrocarbons
4-t-Butylpyridine
t-Butylcyclohexane
t-Butylbenzene
Phenols
Phenol
o-Substituted
2-t-Butylphenol
BHA
1,4-Dimethoxy-2-t-butylbenzene
Khellin
m-Substituted
3-t-Butylanisole
3-t-Butylphenol
3-Hydroxyanisole
p-Substituted
4-t-Butylphenyl-2,3-epoxypropylether
4-t-Butylphenol
4-t-Butylbenzoic acid
o-di-Substituted
di-t-BHA
BHT
2,4-di-t-Butyl-6-(4-methoxybenzil)phenol
TTP
Probucol
di-BHA
poly-Substituted
Trolox
Natural polyphenol derivatives
Papaverine
NDGA
Quercetin
Gossypol
Eugenol
Silymarin
Caffeic acid
Quinones
2,6-di-t-Butyl-p-benzoquinone
3,5-di-t-Butyl-1,2-benzoquinone
1,8-Dihydroxyanthraquinone
Anthraquinone

pIC50
(M)

Inactive at 100IM
Inactive at 200 LM
Inactive at 200 1M

Inactive at 400 pLM
4.56 ± 0.07
4.34 ± 0.05
4.30 + 0.08
4.03 + 0.06

4.29 0.14
4.24 0.12

Inactive at 100IM

4.39 0.01
4.08 ± 0.01

Inactive at 200 jLM
4.96 ± 0.06
4.68 0.05
3.64 0.31
3.34 0.24
3.32 ± 0.03

Inactive at 200 pM
Inactive at 1 mM

4.78 0.08
4.57 ± 0.03
4.26 ± 0.08
4.24 ± 0.08
3.87±0.04
3.74 ± 0.13

Inactive at 5 mM

4.67 0.01
4.66 ± 0.01
3.40 0.68

Inactive at 2001AM

BaCl2-induced contractions were developed at 37C in a
CaCl2-free, modified Krebs-Henseleit solution gassed with a
95% 02:5% CO2 mixture. The various agents were added
5 min before BaCI2 (6.25 mM). For further details see
Methods section. Figures represent mean values ± s.e.mean
(n = 3- 12).

respect to the parent compound. Similarly little change
occurred when the phenolic hydroxyl moiety was derivatized,
giving rise to I,4-dimethoxy-2-t-butylbenzene. Though lack-
ing a t-butyl group, we considered khellin a lipophilic p-
dimethoxy-benzene derivative of 1,4-dimethoxy-2-t-butyl-
benzene which showed a comparable pIC50 value to its parent
compound. Compounds of a broader hindrance than BHA,
namely BHT and di-t-BHA, characterized by the presence of
2,6-di-t-butyl groups, were among the most effective spas-
molytics. Though diminished activity was still present when
the p-methyl group was substituted by a t-butyl one (TTP) or
by another BHT-analogue attached via an isopropylidene-
dithio bridge (probucol). This loss of activity might be a
consequence of increased molecular size. In fact when di-t-
BHA was substituted by a BHA radical in 2-position, the
enlarged di-BHA molecule proved devoid of activity. How-
ever, molecular size alone could not account for suppression
of activity as could be seen when the 2-t-butyl group of TTP
was replaced by a 4-methoxybenzil radical, giving a 2,4-di-t-
butyl-6-(4-methoxybenzil)phenol of greater efficacy than the
parent compound.
Among the quinone derivatives, only those with two t-

butyl groups were effective. The other test compounds were a
series of natural polyphenolic derivatives. Of these the
catechol-derivatizated papaverine and the catechol derivative
NDGA were the most potent antispasmogenics and per-
formed equivalently to BHT.

Mechanism of the antispasmogenic action ofBHA, BHT
and papaverine: reversal of the inhibition by Bay K 8644

As summarized in Figure 1, nifedipine, papaverine, BHA and
BHT markedly inhibited in decreasing order of potency the
Ba2+-induced contraction of ileal preparations. Nifedipine
was the strongest suppressor at concentrations three orders
of magnitude lower than that of the other compounds.
When the same test was performed after addition of 1 g.M

Bay K 8644 there was an approximate 50% increase over
control conditions in responsiveness to Ba2". The addition of
Bay K 8644 to the preparations pre-incubated with BHA,
BHT and nifedipine, abolished any inhibition except in the
case of papaverine where inhibition was only partially
reversed.

Studies with depolarized muscles

In K+-depolarized tissues, CaC12 caused concentration-
dependent contraction which became maximal at 10 mM. In
control tissues the CaCl2 concentration-effect curve showed
no appreciable changes when repeated over time. The effects
of BHA, BHT, papaverine and nifedipine are depicted in
Figure 2. DMSO and ethanol, used to dissolve the drugs, had
different effects on the preparations (data not shown). While
DMSO, at 14.1 mM concentration had no effect, ethanol at
17.1 mM concentration increased the sensitivity of the
preparation to CaCl2 as could be seen in the leftward and
upward shift of the loglo concentration-response curve. BHA
(17.5 and 35pM), BHT (10 and 20 tM), papaverine (8 and
25 gM) and nifedipine (5 and 10 nM) each antagonized CaCl2
in a concentration-dependent manner. Figure 2 (a-d) shows
that this antagonism comprised both a shift to the right of
the log concentration-effect curve for CaCl2 and a depression
of the maximal response. The calculated mean pIC50 values
were 4.47, 4.94, 4.84 and 9.01 for BHA, BHT, papaverine
and nifedipine, respectively.

200

150

0
u ICID 1

C E C BHA BHT P N
+ BayK8644 1 M

Figure 1 Inhibition of Ba2l-induced contractions in rat ileum long-
itudinal muscle preparations and its reversal by Bay K 8644. Res-
ponses (%) were calculated with respect to paired controls (C).
Columns represent mean values with s.e.mean (n = 4-15). BHA
501AM, BHT 251AM, papaverine 251AM (P) (in 35 mM DMSO, final
concentration) and nifedipine 50 nm (N; in 29 mm ethanol) were
always present in the physiological solution, while Bay K 8644 was
added 5 min before BaCl2 (6.25 mM). For Methods see Table 2. The
significance of differences was calculated by use of Student's t test.
For abbreviations, see text. *P <0.05; **P< 0.01. Tension dev-
eloped in control + Bay K 8644 (1.01 ± 0.11 g) was significantly
different (P<0.01; n = 15) from that developed in control alone
(0.65 ±0.09g).
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Figure 2 The effect of BHA, BHT, papaverine and nifedipine on the
response to CaC12 of rat ileum longitudinal muscle in K+-rich
(40mM), Ca2'-free, MOPS-PSS. The abscissae indicate the concen-
tration of CaCI2 (M) on a log,0 scale. The ordinates indicate spasm as
a % of the maximal response to CaCI2 in the absence of antagonists.
Points represent mean values ± s.e.mean, (n = 4-8): (l) initial log,0
concentration-effect curve for CaC12 in the presence of vehicles
(DMSO for BHA, BHT and papaverine; ethanol for nifedipine),
control; (U) second log,0 concentration-effect curve for CaCl2
obtained after tissue equilibration for 30 min in (a) BHA 17.5 gM, (b)
BHT 10 gM, (c) papaverine 8 tM, (d) nifedipine 5 nM; (V) third log,0
concentration-effect curve for CaC12 obtained after an additional
30 min period of equilibration in (a) BHA 35 gM, (b) BHT 20 pM, (c)
papaverine 25 jLM, (d) nifedipine 10 nm. The significance of
differences was calculated by use of Student's t test. *P< 0.05;
**P<0.01; ***P<0.001.
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Figure 3 Effects of various agents on (a) Ba2 - and (b) Ca2+-
induced contractions of rat ileum longitudinal skinned muscle. Con-
tractions were developed at room temperature in a Krebs-Henseleit
solution containing 0.5mm Ba2+ or 5 LM Ca2l gassed with 95%
02:5% C02 mixture. Columns represent mean values with s.e.mean
(n = 4-14). BHA 10 jM, BHT 50 jM, papaverine 50 jM (P) [in
140 mm DMSO (D) final concentration] and nifedipine 50 nM (N) [in
172 mm ethanol (E)] were added S min before BaCI2 or CaC12 (C).
The significance of differences was calculated by use of Student's t
test.

Studies with skinned ileal preparations

Segments of skinned longitudinal ileum contracted in res-
ponse to low concentrations of both Ba2 + and Ca2 .

Under the experimental conditions, maximal contractile
response was obtained with 500 tLM Ba2+ or 5 ;LM Ca2 .

The effects of BHA (100 tLM), BHT (50 pM), papaverine
(50 jM) and nifedipine (50 nM) on skinned preparations
challenged with Ca2' or Ba2+, are summarized in Figure 3.
As may be seen, the compounds were without inhibitory
effects at concentrations greater than the ICos in intact
preparations.

Antioxidant properties of hindered phenols: inhibition of
lipid peroxidation
Among the group of antispasmogenic phenols, 27 com-
pounds were assessed for their prevention of lipid peroxida-
tion. Two model systems were employed as described
previously (see Methods). Almost all compounds showed
some degree of inhibition of lipid peroxidation as seen in
Table 3. The degree of inhibition in linoleic acid was greater
than that in the microsomal system. Ranking of inhibition
according to potency was almost the same in both model
systems, and with a wide range of potency (IC5,s 0.04-120
and 0.13-933 jAM, respectively).

t-Butylbenzene, 1,8-dihydroxyanthraquinone, 4-t-butylphen-
yl-2,3-epoxypropylether, papaverine, khellin, 2,6-di-t-butyl-p-

benzoquinone, 3-t-butylanisole and 1,4-dimethoxy-2-t-butyl-
benzene were inactive at concentrations >i 100 tLM. The
vehicle, whether DMSO or ethanol, exerted no significant
effect (data not shown) at the concentrations used.

Di-t-BHA, the most potent of the compounds tested, with
antiperoxidant IC50 values of 0.04 and 0.13 IM in the
linoleate and microsome system respectively, showed 100%
inhibition at concentrations of 0.56 and 10lM, respectively.
BHA and BHT displayed IC" values of 0.45 and 2.30 and
0.17 and 1.50I1M in the two model systems, respectively.
Fifty percent inhibition of peroxidation by di-BHA required
0.22 and 1.0 0lM concentration in both models. This indicates
that the dimer maintains the antiperoxidant activity of the
parent BHA. Quercetin and gossypol also exhibited remark-
able antiperoxidant activity. The other compounds, in partic-
ular eugenol, silymarin, trolox and probucol showed IC5o
values approximately two orders of magnitude higher than
di-t-BHA.
The dihydropyridine derivative, nifedipine, protected the

lipids against oxidation, but only at very high concentrations.

Discussion

This work demonstrates the dual action of some phenol
derivatives - namely their antispasmogenic activity on lon-
gitudinal ileum musculature and their antioxidant property
on microsomal and linoleate systems.

I
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Table 3 Inhibition of lipid peroxidation (peroxyl radical scavenging property)

Antioxidant

Radical generating system/substrate
ABAP/linoleic acid Fe-ascorbic acid/microsomes

pIC5o (M) pICm0 (M)

di-t-BHA
NDGA
BHT
di-BHA
3,5-di-t-Butyl- 1,2-benzoquinone
BHA
Quercetin
TTP
2,4-di-t-Butyl-6-(4-methoxy-

benzil)phenol
Gossypol
2-t-Butylphenol
3-t-Butylphenol
Eugenol
Trolox
4-t-Butylphenol
Probucol
Silymarin
Nifedipine
Caffeic acid
t-Butylbenzene
Papaverine
1,8-Dihydroxyanthraquinone
Khellin
2,6-di-t-Butyl-p-benzoquinone
4-t-Butylphenyl-2,3-epoxy-

propylether
3-t-Butylanisole
1 ,4-Dimethoxy-2-t-butylbenzene

7.38
6.80
6.77
6.66

6.35
6.30

5.96

5.59
5.31

5.09
5.03
3.92

Inactive at 100 JiM
Inactive at 1I00 jM
Inactive at 1I00 JM
Inactive at 150 JiM
Inactive at 313 JAM

Inactive at 1 mM

Inactive at 1 mM
Inactive at 1 mM

In the ABAP/linoleic acid assay samples containing a suspension of linoleic acid (33 mM) were incubated in 50 mm phosphate buffer
pH 7.4 at 3TC. Peroxidation was initiated by 11 mM ABAP and the 02 consumption was monitored by an 02 electrode. After 6 min
antioxidant was added at different concentrations.

In the Fe-ascorbic acid/microsomes assay samples containing rat liver microsomes (0.5 mg microsomal proteins) were incubated in
20 mm phosphate buffer pH 6.0 at 37°C. Peroxidation was started by adding 100 gM Fe2+-Fe3" and 100 JAM ascorbic acid. After 6 min
antioxidant was added at different concentrations.

Whereas previous research has focused on these two pro-
perties in isolation, our study points to a correlation between
the two activites. It has been suggested that some phenol
derivatives possess calcium antagonistic properties and other
authors have shown how this restricts Ca2" availability both
in smooth muscle contraction (khellin, Ubeda et al., 1991;
quercetin, Abdalla et al., 1989) and in immune response
regulation (quercetin, kaempferol, myricetin and silymarin,
Middleton & Kandaswami, 1992). Recent electrophysio-
logical research provides evidence of some effects of NDGA
on calcium channels. This compound, in fact, was shown to
produce a reversible, concentration-dependent inhibition of
Ca2+ channel currents with a pIC50 of 4.73 on two clonal
anterior pituitary cell lines (Korn & Horn, 1990). The
authors suggested that NDGA blocked Ca2+ currents by
simply partitioning into the plasmalemma and interacting
either directly with channel proteins, or with other mem-
brane-bound Ca2+ channel modulators.

In the present study, muscle contraction was elicited by
Ba2+ in a Ca2+-free incubation medium and less, system-
atically, by Ca2+ in a K+-rich medium.

Ba2+ induces phasic contraction via passage through
voltage-operated Ca2+ channels of plasma membranes
(Bulbring & Tomita, 1969; Inomata & Kao, 1985; Benham et
al., 1985) and/or by releasing Ca2+ from sarcoplasmic store
sites (Northover, 1968; Somlyo et al., 1974; Chi-Ming &
Murphy, 1987). Phenol derivatives may exert anti-
spasmogenic effects by inhibiting either or both of these
mechanisms. Alternatively, phenols may inhibit the direct
action of Ba2'/Ca2+ on the contractile machinery. These
possible loci of antispasmogenic action were examined by
studying the effects of BHA, BHT and nifedipine on skinned
fibres. The skinning procedure we adopted, based on Triton

X-100, not only disrupts the plasma membrane (Cortijo et
al., 1987) but has also been found to destroy the functional
integrity of both the sarcoplasmic reticulum and the
mitochondria (Meisheri & Riiegg, 1983).

Failure to inhibit contraction in skinned fibres demonstates
that an intact cell membrane or sarcoplasmic reticulum, or
indeed both, are functional prerequisites for BHA and BHT
action. Ca2" and Ba2" induce contractions by initially bin-
ding to calmodulin (Satoh et al., 1987); the Ba2+/Ca2" thus
complexed activates the contractile proteins (Ruegg et al.,
1984), so by-passing the binding sites seemingly required by
BHA and BHT. Consequently, our results suggest that BHA
and BHT act at the sarcoplasmic reticulum or certain plas-
malemma components in close structural association with the
voltage-operated Ca2" channels.

Experiments with the Ca2" channel activator, Bay K 8644
further narrowed the target site options for BHA and BHT
to the plasmalemma alone. Bay K 8644 was found to reverse
completely inhibition caused by the antioxidants and by
nifedipine. It is now established that Bay K 8644 binds to the
same pore site as nifedipine, but acts in an opposite fashion,
that is, Bay K 8644 promotes the opening of the voltage-
operated Ca2" channels (Schramm et al., 1983), thus pin-
pointing the plasmalemma as the main target site for the two
antioxidants.
Though plasmalemma calcium channels seem therefore to

be the main target sites of BHA and BHT antispasmogenic
action, they seem less likely to be the unique means whereby
papaverine exerts its effects. Bay K 8644, in fact, only partly
reverses the antispasmogenic action, in support of the pro-
posal that papaverine acts by a combination of phos-
phodiesterase inhibition (as with methylxanthines) and block
of calcium channels.

6.89
6.01
5.82
6.00
5.98
5.64
5.66
5.63

5.43
5.70
4.91
4.23
4.17
4.17
4.15
3.51
4.43
3.19
3.03
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Within the framework of spasmolytic function, it is well to
remember that at concentrations one order of magnitude
greater than those used here, BHA and BHT were shown to
disrupt membrane structure (Sgaragli et al., 1977). Among
their pleiotypic effects on mitochondria we found that BHA
increases the proton leak through the mitochondrial inner
membrane and weakens the Ap generating system (proton
motive force across the mitochondrial inner membrane), but
has no effect on phosphorylation (Fusi et al., 1992). The
disruption of biomembranes or the inhibition of mitochon-
drial respiration (Fusi et al., 1991) does not seem to occur at
the antispasmogenic concentrations described here. In closing
the discussion on BHA and BHT we suggest that spasmolytic
action is a common feature of phenol derivatives and that
this pharmacological property is exerted via the inhibition of
Ca2" influx into the cells through the voltage-operated Ca2"
channels. This mechanism, however, requires clarification.

Aside from their effects on contractility, the phenolic com-
pounds also exhibited their more familiar distinctive
antiperoxidant property. It is well established that phenols, in
their capacity as hydrogen donors (Burton & Ingold, 1981),
form stable phenoxy radicals and are therefore effective
antioxidants (Valoti et al., 1989). Experiments using the two
model systems of lipid peroxidation, gave comparable results
despite the higher complexity of the microsomal system as
compared to the linoleate. In the microsomal system, the
greater the degree of lipophilicity, the more effective the
antioxidant agent was shown to be. Therefore it is con-
ceivable that the compounds behaved in an equivalent phar-
macokinetic manner in both model systems and that the
differences in potency observed are a real reflection of their
intrinsic antiperoxidant capability. While di-t-BHA, NDGA,
BHT and di-BHA were the most potent, nifedipine and
caffeic acid were the least effective scavengers of peroxyl
radicals. Though the antiperoxidant action of nifedipine, des-
cribed elsewhere (Janero et al., 1988; Janero & Burghardt,
1989), is difficult to interpret because it was used only at
stronger concentrations than those required for effective cal-
cium antagonism, caffeic acid might be of more than
theoretical interest as an antioxidizing agent. In mammals, in
fact, caffeic acid might be found in sufficient concentrations
as a metabolite of chlorogenic and neochlorogenic acid,
abundant components of many foodstuffs, to be a reliable
and readily forming antioxidant resource, though devoid of
spasmolytic activity.
A highly significant (P <0.01) linear correlation was found

when plotting the antispasmogenic versus antioxidant activity
of the fifteen phenolic derivatives showing dual activity
(Figure 4). The fifteen effective 'dual action' compounds all
presented at least one hydroxyl group on the aromatic ring
and a highly lipophilic area on the molecule. The compounds
which exhibited only spasmolytic effects or only antioxidant
effects did not and were therefore excluded from the correla-
tion. Of the excluded compounds, those with no phenol
moiety were bereft of antioxidant capability, whereas the
highly polar phenol derivatives (e.g. caffeic acid and trolox)
were devoid of antispasmogenic capacity. Di-BHA, though
possessing both structural requirements for the dual activity,
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Figure 4 Comparison of pICm values for certain phenol derivatives.
Antispasmogenic activity (intact musculature) versus peroxidation
blockade (rat liver microsomal system). See Table 1 for key to
compound numbers. Dashed lines represent 95% confidence inter-
vals. Regression and correlation analysis showed P<0.01 and
r = 0.62323.

constitutes the exception i.e. though having lipophilic t-butyl
and phenol moieties, this compound preserved the antiox-
idant capability of the parent without BHA's attendant anti-
spasmogenic feature. This would seem to suggest that the
phenol function, sterically hindered by a lipophilic moiety, is
a necessary but insufficient condition for conferring dual
action.
As to the linear correlation between the two activities in

Figure 4, though significance was high the coefficient was low
and the antispasmogenic property, though in an orderly rela-
tionship, consistently was less than the antioxidant behaviour
of the compounds. Nevertheless, this suggests that some
distinguishing structural feature determines dual behaviour
and that di-t-BHA - structurally the simplest of all the
bi-functional compounds - is of especial interest. This lead
compound provides a fruitful starting point in the design of
new drugs of high antioxidant and Ca2"-blocking
capabilities, thus potentially offering dual protection against
tissue damage in ischaemia-reperfusion injury.
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Involvement of cholecystokinin receptor types in pathways
controlling oxytocin secretion
'Simon M. Luckman, Mitsuko Hamamura, Irina Antonijevic, Sandra Dye & Gareth Leng

Department of Neurobiology, AFRC Babraham Institute, Babraham, Cambridge CB2 4AT

1 Intravenous administration of cholecystokinin (CCK) results in a transient activation of oxytocin
neurones in the rat, and hence to oxytocin secretion: this activation is followed by expression of c-fos
mRNA and of Fos-like immunoreactivity (Fos-LI) in magnocellular oxytocin neurones. Fos-like
immunoreactivity is also induced in the regions of the brainstem that are thought to relay information
from the periphery to the hypothalamus.
2 Administration of the selective CCKA receptor antagonist MK-329, but not the CCKB receptor
antagonist L-365,260, prior to CCK injection, prevented oxytocin release as measured by radioim-
munoassay and oxytocin neuronal activation as measured by electrophysiology and by the lack of
induction of c-fos mRNA.
3 MK-329 abolished the release of adrenocorticotrophic hormone (ACTH) following injection of
CCK.
4 MK-329 prevented the expression of Fos-LI in the hypothalamic magnocellular nuclei and in the
area postrema and dorsal vagal complex of the brainstem.
5 L-365,260 had no effect on the expression of Fos-LI in the brainstem, but attenuated that seen in the
hypothalamic magnocellular nuclei.
6 We conclude that CCK acts on CCKA receptors, either in the area postrema or on peripheral
endings of the vagus nerve, to cause the release of hypothalamic oxytocin and ACTH. Information may
be carried to the hypothalamus in part by CCK acting at CCKB receptors.

Keywords: Adrenocorticotrophic hormone; CCKA receptors; c-fos; cholecystokinin; oxytocin

Introduction

The magnocellular oxytocin neurones of the rat supraoptic
and paraventricular nuclei respond to intravenous adminis-
tration of cholecystokinin octapeptide (CCK) with a highly
reproducible excitation, lasting 10-15 min and with a mean
peak response of about 2 spikes s'- above basal firing rates.
The neuronal excitation (see Renaud et al., 1987; Leng &
Dyball, 1991) results in an elevation of plasma oxytocin
concentrations, rising 5 min after CCK injection to about
50 pg ml-' above basal levels (Verbalis et al., 1986a,b; Black-
burn & Leng, 1990). Systemically administered CCK also
activates centrally-projecting oxytocin neurones, which form
one limb of a gastric reflex arc, and also corticotrophin-
releasing factor (CRF) neurones, that results in the release of
ACTH (Verbalis et al., 1991b; Kamilaris et al., 1992). The
profile of neuronal activation in the hypothalamus following
systemic administration of CCK has been studied using prod-
ucts of the immediate-early gene c-fos as a marker. Within
10 min of CCK injection, c-fos mRNA is expressed in
neurones of the supraoptic and paraventricular nuclei (Ham-
amura et al., 1991). In the supraoptic nucleus, Fos-like
immunoreactivity (Fos-LI) is found exclusively in magnocel-
lular oxytocin neurones following CCK injection, while in the
paraventricular nucleus at least three neuronal populations
express Fos-LI: the CRF neurones, and both magnocellular
and parvocellular oxytocin neurones (Verbalis et al., 1991b).

There are two distinct CCK receptor types that are present
in both the central nervous system and peripheral tissues
(Hill et al., 1987). In the periphery, CCKA receptors pre-
dominate, though they are also present in the medial nucleus
tractus solitarii (NTS) and the area postrema of the brain-
stem. The brain possesses mainly the CCKB type of receptor.
Though the supraoptic and paraventricular nuclei themselves
possess CCK receptors (Day et al., 1989; Blackburn et al.,

1990), systemically administered CCK is unlikely to access
them directly, since these sites are within the blood-brain
barrier. Instead CCK probably influences hormone secretion
by a primary action at one of the circumventricular sites
which lack an effective blood-brain barrier, or at the peri-
pheral endings of the afferent vagus (Verbalis et al., 1986b;
Carter & Lightman, 1987). Thus, it has been possible to
show the induction of Fos-LI in the area postrema, a cir-
cumventricular organ, and in the dorsal vagal complex, that
contains the NTS, following administration of CCK (Luck-
man, 1992). The afferent pathway to the hypothalamus has
been proposed to involve a direct vagal projection to nora-

drenergic neurones within the NTS, and thence either directly
to the hypothalamus or indirectly via, for example, the
parabrachial nucleus. CCK and CCK receptors are present in
neurones throughout this proposed pathway, and it has
therefore been suggested that CCK activates a chain of
CCK-coding neurones, which may utilize CCK as a central
neurotransmitter.
The present study employed two potent CCK receptor

antagonists, one selective for CCKA receptors and one for
CCKB receptors, to establish which receptor type was in-
volved in neuroendocrine activation following systemic ad-
ministration of CCK. We measured plasma concentrations of
oxytocin and of ACTH, the electrical activity of magnocel-
lular oxytocin neurones and the expression of c-fos mRNA in
the hypothalamus after CCK following receptor antagonism.
To determine possible sites of action of the antagonists, the
expression of Fos-LI was examined throughout the brain.
Preliminary results have been published in abstract form
(Leng et al., 1992; Luckman et al., 1993).

Methods

Rats from the AFRC Babraham Wistar colony (body weight
250-300 g) were used in all studies. CCK-8 (CCK26-33,' Author for correspondence.
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sulphated; Sigma, UK) was dissolved in isotonic saline (1 mg
ml-'). MK-329 (3S(-)-N-(2,3-dihydro-1-methyl-2-oxo-5-phen-
yl-1H-1,4-benzodiazepine-3-yl)-1H-indole-2-carboxyamide; also
known as L-364,718 or devazepide) and L-365,260 (3R(+)-N-
(2,3-dihydro-1-methyl-2-oxo-5-phenyl-1H-1 ,4-benzodiazepine-
3-yl)-N'-(3-methylphenyl)urea) (both Merck Sharp & Dohme,
UK), selective antagonists for the CCKA and CCKB receptor
types, were dissolved in 20% absolute ethanol/80% propan-
1,2-diol.
For the electrophysiological study, female rats were anaes-

thetized with urethane (ethyl carbamate; 1.25 g kg-', i.p.).
The supraoptic nucleus and the neural stalk were exposed by
ventral surgery (Leng & Dyball, 1991); a bipolar stimulating
electrode was placed upon the neural stalk and a microelec-
trode introduced into the nucleus by direct visual control.
Single neurones, recorded extracellularly from the supraoptic
nucleus region were identified antidromically as projecting to
the neural lobe and as putative oxytocin neurones by their
continuous pattern of discharge activity, and by their lack of
response to i.v. injection of phenylephrine (10 pg; Sigma,
UK): phenylephrine injections result in a selective transient
inhibition of vasopressin neurones mediated by baroreceptor
activation (see Leng & Dyball, 1991). Three injections of
CCK-8 were given (20 pg kg-', i.v.), which were separated by
injections of L-365,260 (1 mg kg-', i.v.) and MK-329 (1 mg
kg-'). Only one neurone was tested for these effects in each
rat.
To assess the effects of the antagonists on the release of

oxytocin induced by CCK, female rats were anaesthetized
with urethane to allow cannulation of jugular and femoral
veins. Two hours after surgery, rats were given two injections
of CCK-8 (20 iLg kg-', i.v.) 40 min apart; 30 min after the
first CCK injection MK-329 or L-365,260 were administered
at doses of 0.001, 0.01, 0.1 or 1 mg kg-'. Blood samples of
0.3 ml, replaced with an equal volume of heparinized saline,
were taken immediately before and 5, 10 and 30 min after
each CCK injection. Oxytocin in the plasma was measured
by specific radioimmunoassay (Higuchi et al., 1985).

For the in situ hybridization study, male rats had a jugular
vein cannulated with polyethylene tubing under brief tribro-
moethanol (10 ml kg-', i.p.) anaesthesia. The following day
the conscious, freely-moving rats were injected with MK-329
(1 mg kg-', i.v.) or vehicle; 15 min later CCK-8 was injected
(50 iLg kg-', i.v.) and the rats were subsequently decapitated
at 0, 10, 30 and 240 min. Two control groups were killed
30 min after injection of the antagonist or vehicle without
injection of CCK. Oxytocin was measured as described by
Higuchi et al. (1985) and ACTH was determined by kits
derived from Diagnostic Corp (DPC, Los Angeles CA,
U.S.A.) in a single assay.
The in situ hybridization technique for measurement of

c-fos mRNA has been described in full elsewhere (Hamamura
et al., 1991; 1992). The probe was a synthetic oligonucleotide
(48-mer) complementary to rat c-fos mRNA (Curran et al.,
1987), 3' end-labelled using a[35S]-dATP (New England Nu-
clear, UK) and terminal deoxynucleotidyl transferase (Phar-
macia, UK). Northern analysis has confirmed that probe
binding is specifically to mRNA corresponding in size to that
reported for rat c-fos mRNA (Wisden et al., 1990). Hyb-
ridization in the hypothalamus is localized to neuronal cell
bodies, and is blocked in the presence of an excess of cold
oligonucleotide and by RNase A pretreatment of tissue sec-
tions (Hamamura et al., 1991; 1992). Coronal sections of the
hypothalamus (20pm) were fixed, prehybridized and hybri-
dized overnight with the probe, and treated sections were
apposed to autoradiographic film (Amersham, UK) for 3
weeks. The apposition time was selected so that the optical
density of film images did not exceed 0.7, as above this level
the film response deviates from linearity. For quantification
of the c-fos mRNA signal, the optical density of the auto-
radiographic film image was measured by a Magiscan Image
Analysis System (Joyce-Loebl, UK). The autoradiographic
film was viewed under a microscope, and a circular-counting

frame (125 jLm diameter) was centred on the region of most
intense signal. The mean optical density within each such
counting frame, after subtraction of the background optical
density, was calculated for each paraventricular and supraop-
tic nucleus on each section, and the mean values calculated
for each animal.
For the functional mapping study using Fos-LI as an

activity marker, male rats had a jugular vein cannulated
under tribromoethanol anaesthesia 2 days prior to experi-
mentation. On the day of experimentation the conscious,
freely-moving rats were injected i.v. with either MK-329,
L-365,260 (each at 100 #ig kg-') or vehicle (100 Iul kg-');
20 min later rats were injected with CCK-8 (20 jig kg-', i.v.)
or isotonic saline. After a further 90 min the rats were anaes-
thetized with sodium pentobarbitone (50 mg kg', i.v.) and
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Figure 1 (a) Electrical activity of a single oxytocin neurone recorded
from the supraoptic nucleus of a urethane-anaesthetized rat, showing
responses to three injections of CCK-8 (201g kg-', i.v.), separated
by i.v. injection of the CCKB receptor antagonist L-365,260 and the
CCKA receptor antagonist MK-329 (1 mg kg-', i.v.). The CCKB
receptor antagonist was ineffective, while the CCKA receptor antag-
onist abolished CCK-induced excitation. (b) Mean responses of four
oxytocin neurones, each recorded from the supraoptic nucleus of
different urethane-anaesthetized rats. Each neurone was tested as in
(a). The data for each cell was first expressed as total spikes in each
minute of recording. Firing rates were then normalized by subtrac-
tion of the mean basal firing rate, calculated separately for each test
exposure as the mean firing rate in the Omin prior to CCK injec-
tion. The figure gives the mean ± s.e.mean of the normalized counts,
to show the mean neuronal activation following CCK in each of the
three tests. The CCKA receptor antagonist virtually eliminated the
neuronal response to CCK, whereas the CCKB receptor antagonist at
the same dose was ineffective. The inset gives the mean neuronal
response, calculated as the mean additional number of spikes re-
corded in the 10 min following each CCK injection compared to the
control period, for the initial injection of CCK (C); CCK injection
following the CCKB receptor antagonist (+ B); and CCK injection
following the CCKA receptor antagonist (+ A).
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perfused with fixative for standard immunocytochemistry
using a polyclonal antibody raised against the N-terminal
amino acids 2-17 of the Fos protein, as previously described
(Luckman, 1992). The mean number of Fos-LI nuclear
profiles per 30 1m section was counted in a variety of brain
regions. These figures were then further meaned to give a
value for each experimental group.
The Mann Whitney U-test (two tailed) was used for all

statistical comparisons.

Results

Effects ofCCK antagonists on the electrical activity of
supraoptic neurones

The electrical activity of supraoptic neurones, identified
antidromically as projecting to the posterior pituitary, was
recorded from four urethane-anaesthetized rats. In each
experiment, we selected a single supraoptic neurone which
showed a continuous firing pattern, excitation after injection
of CCK-8 (20 jLg kg-', i.v.), and a lack of response to injec-
tion of phenylephrine (10 Lg, i.v.).
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Injection of CCK-8 (20 fg kg-', i.v.) transiently and
significantly increased the firing rate of each of the oxytocin
neurones (Figure la; P<0.01 comparison of pre- and post-
injection firing rates). Injection of L-365,260 had no signifi-
cant effect either on the basal firing rate or on the excitatory
response to CCK. On the other hand, MK-329 clearly
suppressed the excitatory response in each neurone without
affecting spontaneous discharge rate. Figure lb shows the
averaged response to CCK with or without prior injection of
MK-329 or L-365,260. For each cell the CCK-induced excita-
tion after injection of MK-329 was significantly smaller than
the responses observed before and after injection of L-
365,260 (P<0.01).

Effects of CCK receptor antagonist on plasma
concentrations of oxytocin

In 39 urethane-anaethetized female rats, injection of CCK
(201 gkg-1, i.v.) increased significantly (P<0.001) the im-
munoreactive oxytocin concentration in the plasma (Figure
la). This initial injection of CCK was followed by the CCKA
antagonist MK-329 i.v. at doses of 0.001, 0.01, 0.1 or
lmgkg-' (Figure 2a). Injection of MK-329 itself had no
effect on the plasma oxytocin concentration at any dose used.
The oxytocin release in response to a subsequent injection of
CCK was attenuated in a dose-dependent manner by MK-
329; the attenuation was significant at a dose of 0.01 mg kg-'
(P<0.01), and higher doses (P<0.001) abolished the re-
sponse.
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Figure 2 Oxytocin release following i.v. injections of CCK-8 (20 Jig
kg-') in anaesthetized rats, measured following administration of
CCKA receptor antagonist MK-329 (a) and the CCKB receptor
antagonist L-364,260 (b) at various concentrations. In (a) concentra-
tion of receptor antagonist; LI; 0; M 0.001; M 0.01; E 0.1;
_ 1 mg kg-', in (b): = , 0; M 0.01; M 0.1; _1 mg kg-'.

Columns are means ± s.e.mean plasma oxytocin at 0, 5, 10 and
30 min after CCK injection, n > 9 for each group of rats (numbers in
each group is in parentheses). CCK-induced oxytocin release was
unaffected by the CCKB receptor antagonist but blocked in a dose-
related manner by the CCKA receptor antagonist at similar concen-
trations. The open columns show oxytocin release in response to the
first (control) CCK injection given to all rats. Attenuation of CCK-
evoked release is significant (P<0.01) at all doses of the CCKA
receptor antagonist above 0.001mgkg-'.
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Figure 3 Mean concentrations of oxytocin (a) and ACTH (b) in
trunk blood of rats killed for analysis of c-fos mRNA expression in
the hypothalamus. Rats were given an i.v. injection of either the
CCKA receptor antagonist, MK-329 (1 mg kg-', open columns) or
vehicle (solid columns), followed 30min later by i.p. injection of
CCK-8 (50 Agkg-'). Rats were killed 10, 30 or 240min later, or
were killed without CCK injection; n = 5 or 6 in each group. CCK
induced significant increases in oxytocin and ACTH in rats killed
10 min after injection in the vehicle pretreated, but not the antag-
onist pretreated group. *P<0.05, **P<0.01 compared to rats killed
immediately after CCK.
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Figure 4 Photomicrographs showing Fos-LI before (a,c,e) and 90 min after (b,d,f) injection of CCK-8 (20 fig kg- , i.v.). (a and b)
Brainstem at level of area postrema (ap); the NTS lies between the area postrema and the central canal. (c and d) Supraoptic
nucleus; Fos-LI nuclear profiles are in the dorsal region of the supraoptic nucleus of the stimulated brain, the area in which
oxytocin neurones predominate; oc = optic chiasm. (e and f) Paraventricular nuclei on either side of the third ventricle (3v). Bars
represent 10 jim.

A second group of 25 female rats similarly showed a
significant increase in plasma oxytocin concentration follow-
ing an initial injection of CCK (20 jig kg-', i.v.). Thirty
minutes after the first injection, the CCKB receptor antag-
onist L-365,260 was administered i.v. at doses of 0.01, 0.1 or
1 mg kg-'. L-365,260 had no significant effect either upon
basal oxytocin release or upon the oxytocin release in re-
sponse to CCK at any dose (Figure 2b).

Effects ofCCK, receptor antagonism on c-fos mRNA
expression in the hypothalamus
Radioimmunoassay of the trunk blood samples confirmed
significant elevation of both oxytocin (P<0.01) and ACTH

(P<0.05) plasma concentrations Omin after CCK in the
vehicle pre-treated rats, but not in the MK-329 pre-treated
rats (Figure 3).

In the two control groups not injected with CCK, no c-fos
mRNA signal was detected in any of 6 rats pretreated with
MK-329, but measurable signal was present in two of six rats
pre-treated with vehicle. In these two rats, the relative optical
densities ( x 100) of the c-fos mRNA signal in the supraoptic
nucleus were 21.8 and 17.5 respectively and in the paraven-
tricular nucleus were 19.7 and 24.6 respectively. These two
rats had elevated concentrations of oxytocin in the circula-
tion at the time of killing (39.5 and 53.4 pg ml-' respectively,
the highest values of this group and higher than any rat in
the vehicle pretreated group killed 30 min or 4 h after CCK
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injection). One of these rats also had markedly elevated
plasma ACTH concentration (249.4ngml-'), although one
rat in this group showed a still higher plasma ACTH level
(638 ng ml-') not accompanied by any detected signal in the
paraventricular nucleus.

In rats killed 10 or 30 min after CCK injection, c-fos
mRNA was measurable on the film images corresponding to
the paraventricular nuclei of every rat in the vehicle pre-
treated group, but of no rat in the MK-329 pretreated group.
The mean relative optical density ( x 100) of the c-fos mRNA
signal in the paraventricular nucleus was 21.0 ± 1.9 (n = 5
rats) and 20.2 ± 2.4 (n = 5) in rats killed 10 and 30 min after
CCK in vehicle pretreated rats (values not significantly differ-
ent between these two time points). In the supraoptic
nucleus, again c-fos mRNA signal was detected in every rat
killed 10 or 30 min after CCK injection in the vehicle-
pretreated group: the mean relative optical density ( x 100)
of the c-fos mRNA signal being 12.4 ± 2.6 (n = 5) and
16.1 ± 1.8 (n = 5) at 10 and 30 min respectively. In MK-329
pretreated rats, measurable c-fos mRNA signal was detected
in the supraoptic nucleus of only two of 12 rats (relative
O.D. x 100, 14.0 and 16.8), both at 30 min after CCK injec-
tion. These two rats had elevated plasma oxytocin levels at
the time of killing (67 and 50.9 pg ml-I respectively, higher
than in any of the other 18 antagonist-pretreated rats), but
ACTH levels in the normal range for this experiment (40 and
63.7 ng ml-' respectively). No c-fos mRNA signal was detec-
ted in any of the rats killed 4 h after injection of CCK,
whether in rats pretreated with vehicle (n = 5) or antagonist
(n = 5).

Effect of receptor antagonists on Fos-LI in the brain
following CCK

Systemic injection of CCK-8 caused significant increases in
the number of Fos-LI nuclear profiles in the dorsal vagal
complex and the area postrema of the brainstem and the
supraoptic and paraventricular nuclei of the hypothalamus
(Figure 4). In each of these instances, the increase in Fos-LI
was abolished by pretreatment with the CCKA receptor anta-
gonist MK-329 (Figure 5). The CCKB receptor antagonist,
L-365,260 did not affect staining in the dorsal vagal complex
or the area postrema, but severely attenuated the response in
the supraoptic and paraventricular nuclei. The effect of L-
365,260 was only statistically significant in the case of the
supraoptic nucleus. CCK did not significantly alter the
amount of Fos-LI in the ventrolateral medulla, the region of
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Figure 5 Number of Fos-LI nuclear profiles in four brain areas
following injections of isotonic saline, CCK-8 alone (20 )g kg-',
i.v.), or CCK with prior injection of MK-329 or L-365,260 (100 lg
kg-', i.v.). Columns represent means ± s.e.mean, n = 5-6. OII
Saline; - CCK; 0 MK-329; M L-365,260. DVC, dorsal
vagal complex; AP, area postrema; SON, supraoptic nucleus; PVN,
paraventricular nucleus. *P<0.05; **P<0.01, ***P< 0.005 com-
pared to isotonic saline; tP<0.05 compared to CCK only.

the locus coeruleus or the parabrachial nucleus (results not
shown).

Discussion

The oxytocin response to i.v. injection of CCK-8 is abolished
in the presence of the specific CCKA receptor antagonist
MK-329 (100l ig g-g, i.v.) but unaffected in the presence of
the CCKB receptor antagonist L-365,260 at a higher concen-
tration. The two antagonists are chemically related (Evans et
al., 1986), but binding studies indicate that their relative
affinities for CCKA and CCKB receptors differ by over two
orders of magnitude (Lotti & Chang, 1989). The effect of
CCKA receptor antagonism in blocking oxytocin secretion
following intraperitoneal CCK has been recently reported by
others (Miller et al., 1993). In the present study, neither
antagonist produced a significant change in the basal firing
rate of oxytocin neurones, or in the basal plasma concentra-
tions of oxytocin, hence it appears that the pathway activated
by CCK may not be tonically active. The measurements of
ACTH and of the hypothalamic profile of c-fos mRNA
expression indicate that CCKA receptors are also involved in
activation of parvocellular neurosecretory neurones in the
paraventricular nucleus.

Selective gastric vagotomy eliminates the oxytocin response
to CCK (Verbalis et al., 1986b) and lesions of the NTS
abolish the behavioural effects of CCK on food intake
(Crawley & Schwaber, 1984). Thus, peripherally administered
CCK may act via the ascending gastric vagus, and influence
the magnocellular oxytocin system via a direct projection
from the region of the NTS. Alternatively, peripheral CCK
may be acting at a circumventricular organ that lies outside
the blood-brain barrier. Lesions of the organum vasculosum
of the lamina terminalis, a forebrain structure that has a
strong neuronal input to the supraoptic and paraventricular
nuclei, do not impair the oxytocin release following CCK
injection (Blackburn & Leng, 1990). However, lesions of the
area postrema do attenuate the effects of CCK on oxytocin
release and behaviour (Van der Kooy, 1984; Carter & Light-
man, 1987). The NTS and the area postrema are heavily
interconnected, and both areas are activated by peripheral
administration of CCK (Luckman, 1992). Unlike the area
postrema, the NTS is the source of a direct afferent input to
the magnocellular oxytocin neurones (Day & Sibbald, 1988a,
b; Raby & Renaud, 1989), part of which comprises nora-
drenergic neurones of the A2 cell group. Peripheral adminis-
tration of CCK has been shown to activate catecholaminergic
neurones in the A2 group and to result in noradrenaline
release in both the paraventricular nucleus and in the dorsal
region of the supraoptic nucleus (Kendrick et al., 1991; Luck-
man, 1992). In the present study, no increase in Fos-LI was
seen in the ventrolateral medulla, the region of the locus
coeruleus or parabrachial nucleus, all of which are possible
relay sites on the pathway between the brainstem and the
hypothalamus. However, Fos-LI is present in these areas in
all animals and therefore it is possible that changes in the
activation of specific neuronal populations, for example
noradrenergic neurones in the ventrolateral medulla or locus
coeruleus, may be masked by absolute cell counts. It should
also be noted that many of the neurones activated in the
NTS are non-catecholaminergic (Luckman, 1992), and thus a
recently described peptidergic innervation of oxytocin neur-
ones from the NTS (Sawchenko et al., 1988) may also be
involved.
An additional target for peripheral CCK is believed to be

the neural lobe of the pituitary, since CCK induces oxytocin
and vasopressin release from the neural lobe in vitro (Bondy
et al., 1989). This in vitro finding has many unusual and
intriguing aspects. The release occurs only after a long
latency, and is independent of extracellular calcium entry. As
yet, it appears to have no parallel in vivo, where observed
release is immediate and selective for oxytocin.
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Since CCK is present in afferent vagal neurones, in
neurones of the NTS, and in magnocellular oxytocin neur-
ones (Vanderhaeghen et al., 1980), it is possible that centrally
released CCK participates in coding the neuronal responses
to peripheral CCK injection. The apparent effect of the
CCKB receptor antagonist (1001tgkg-') on Fos-LI in the
hypothalamus would suggest a role for central CCK recep-
tors in the mediation of the effects of CCK. This is surprising
since this and higher concentrations of the CCKB antagonist
were ineffective at inhibiting the electrical and secretory
activity of oxytocin neurones. It remains possible that several
neurotransmitters are involved in these central pathways, and
that the expression of Fos in these neurones is more sensitive
to antagonism than is their electrical activity.
The physiological role of the pathway activated by CCK is

not known. One of the postulated functions of oxytocin in
the rat is to promote sodium excretion (Balment et al., 1986;
Verbalis et al., 1991a), hence the pathway may initiate a
reflex natriuresis following feeding. Since there is little evi-
dence of significant oxytocin release following feeding, this

hypothesis is so far unsupported. An alternative interpreta-
tion comes from the evidence that in the rat, oxytocin release
is activated by diverse acute stressors, including immobiliza-
tion, ether inhalation and fear-related emotional stress (Lang
et al., 1983; Gibbs, 1986; Onaka & Yagi, 1990). Link et al.
(1992) have shown a synergistic effect of oxytocin and CRF
on the release of ACTH at the level of the pituitary, though
it is more likely that oxytocin released from the median
eminence is involved, rather than that released by the mag-
nocellular system into the general circulation. It is clearly
possible, however, that the activation of oxytocin and CRF
neurones following CCK administration may be via a com-
mon 'stress' pathway.

The authors would like to thank Merck Sharp and Dohme for their
kind gift of the specific CCK receptor antagonists, and Drs Takashi
Higuchi and Gerard Evan for their gifts of oxytocin and Fos
antisera, respectively.
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The interaction of the NK1 receptor antagonist CP-96,345 with
L-type calcium channels and its functional consequences
IS. Guard, S.J. Boyle, K.-W. Tang, K.J. Watling, A.T McKnight & G.N. Woodruff

Parke-Davis Neuroscience Research Centre, Addenbrookes Hospital Site, Hills Road, Cambridge, CB2 2QB

1 We investigated the effects of the non-peptide NK1 receptor antagonist, CP-96,345, its inactive
enantiomer CP-96,344, and the racemic mixture ( ± )-CP-96,345, on the binding of [3H]-nimodipine and
[3H]-diltiazem to L-type calcium channels in rat cerebral cortex membranes. In isolated peripheral tissues
containing tachykinin receptors, the effects of (± )-CP-96,345 have been compared with those of
diltiazem.
2 In guinea-pig trachea, (± )-CP-96,345 produced antagonism of responses to the selective NK,
agonists [Sar9, Met(02)"]SP and substance P-methyl ester that was apparently competitive in nature
(pKB 7.0-7.5), while in guinea-pig ileum the antagonism was not surmountable.
3 The reduction of maximum responses by ( ± )-CP-96,345 in the guinea-pig ileum was not selective; it
was obtained with muscarinic agonists and other agents, and was also observed in the portal vein of the
rat where NK, receptors are not present.
4 The tissue-specific reduction of maximum responses by ( )-CP-96,345 in ileum was reproduced by
diltiazem.
5 ( ± )-CP-96,345 produced a concentration-dependent enhancement of [3H]-nimodipine binding to rat
cerebral cortex membranes with a maximal stimulation of 186 ± 29% above control (EC50 83.2 nM).
Scatchard analysis revealed that ( ± )-CP-96,345 increased the affinity of [3H]-nimodipine for its binding
sites without affecting Bma (control: KD = 0.32 nM; with 100 nM ( ± )-CP-96,345: KD = 0.074 nM).
6 CP-96,345, CP-96,344, and the racemate all inhibited [3H]-diltiazem binding in rat cerebral cortex
membranes with Ki values of 22.5 nM, 34.5 nM and 29.9 nM respectively; a similar value was obtained
for diltiazem itself (33.6 nM). In comparison, CP-96,345 and ( ± )-CP-96,345 inhibited the binding of
[251I]-Bolton-Hunter-conjugated substance P in this tissue with Ki values of 59.6 nM and 82.0 nM
respectively, while CP-96,344 had no measurable affinity (IC5> 10 gM).
7 Substance P and a range of ligands selective for NKI, NK2, or NK3 receptors had no significant
effect at 10tlM on either [3H]-diltiazem or [3H]-nimodipine binding.
8 The results indicate that in addition to possessing affinity for the NK, receptor, the non-peptide
antagonist, CP-96,345, displays high affinity for [3H]-diltiazem binding sites on L-type calcium channels.
The functional effect that may be observed in integrated models will be a consequence of either
property, or be a composite effect of NK, receptor antagonism and L-channel blockade.

Keywords: Tachykinin receptors; NK1 receptor antagonists; L-type calcium channels; CP-96,345

Introduction

Substance P (SP) and the structurally-related mammalian
peptides neurokinin A (NKA), neurokinin B (NKB), neuro-

peptide K (NPK) and neuropeptide-y (NP-y), belong to the
tachykinin family of neuropeptides and are believed to
mediate a variety of physiological processes, both centrally
and in the periphery (see Pernow, 1983; Maggio 1988). It is
now widely accepted that these neuropeptides interact with at
least three types of tachykinin receptor, termed NKI, NK2
and NK3 (see Guard & Watson, 1991).

Earlier studies on the biological effects of these peptides
relied on the use of the naturally occurring agonists SP,
NKA and NKB, although more recently receptor-selective
synthetic agonists have been employed. Nonetheless, the
elucidation of the precise role(s) of tachykinins in physio-
logical and pathological processes has been hindered by the
lack of high affinity, receptor-selective and metabolically
stable antagonists. The recent discovery of CP-96,345, a

selective non-peptide antagonist with high affinity for the
NK, receptor (Snider et al., 1991), thus represents a major
advance towards this end. However, while CP-96,345 has
been reported in functional and binding studies to possess
high selectivity for the NK, receptor (Beresford et al., 1991;
Lecci et al., 1991; Rouissi et al., 1991; Snider et al., 1991), on
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closer examination its pharmacological profile, both in vitro
and in vivo, appears to be more complicated than originally
suggested. Thus, non-specific depression of NK3 receptor-
mediated contraction of the rat portal vein in vitro was
reported initially by Snider and co-workers (1991) for both
CP-96,345 and its inactive (2R,3R) enantiomer, CP-96,344.
This observation was confirmed by us using the racemic
mixture ( ± )-CP-96,345, and extended to other tissues in a
preliminary study (Boyle et al., 1991). Similarly 'unspecific'
effects with ( ± )-CP-96,345 in several in vitro smooth muscles
have been reported (Lecci et al., 1991; Wang & Hakanson,
1991; Legat et al., 1992). Furthermore, both CP-96,345 and
CP-96,344 have been reported to be equally effective in pro-
ducing a marked transient hypotensive response when
administered in vivo to anaesthetized dogs (Constantine et al.,
1991), rats (Donnerer et al., 1992), and rabbits (Griesbacher
et al., 1992).

These observations, with the findings that ( )-CP-96,345
depresses smooth muscle contraction to a variety of non-
tachykinin agonists, suggested a non-specific action of this
compound, possibly via an interaction with depolarization-
contraction coupling processes. In this study we describe our
findings with ( ± )-CP-96,345 in peripheral tissues. We have
also investigated whether these non-specific properties may
be due to an interaction with voltage-sensitive calcium chan-
nels by examining the effects of CP-96,345, CP-96,344 and

Br. J. Pharmacol. (1993), 110, 385-391 '." Macmillan Press Ltd, 1993
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the racemic mixture, (± )-CP-96,345, on the binding of the
1,4-dihydropyridine radioligand [3H]-nimodipine and the ben-
zothiazepine radioligand [3H]-diltiazem to L-type calcium
channels in cerebral cortex membranes. Finally we have com-
pared the actions of (± )-CP-96,345 and diltiazem in the
functional studies.

Preliminary accounts of this work have been presented to
the British Pharmacological Society (Boyle et al., 1991;
Guard & Watling, 1992).

Methods

Functional studies

Tissue preparation Adult male Dunkin-Hartley guinea-pigs
(330-400 g, B & K Universal), with free access to food and
water, were killed by cervical dislocation and the ileum and
trachea rapidly removed. The distal ileum was discarded and
sections of longitudinal muscle from remaining sections were
mounted in siliconized 3 ml organ baths containing Krebs-
Henseleit solution of the following composition (mM): NaCl
118, KCI 5.9, MgSO4 1.2, CaC12 2.5, NaH2PO4 1.2, NaHCO3
25.5 and glucose 11.1. The solution was maintained at 37°C
and was gassed continuously with a mixture of 95% 02/5%
CO2. For studies with NK, receptor-selective agonists the
solution included indomethacin 5 FM, and atropine, mepyra-
mine and methysergide all at 1 JLM; with other agonists only
indomethacin was present. Spiral strips of trachea were
mounted in 3 ml baths containing Krebs-Henseleit solution
to which was added indomethacin 5 ItM and phosphoramidon
10 .LM. Isometric contractile responses were measured with
Grass FT.03 force-displacement transducers and recorded on
Graphtec Linearcorders (Mark VII).

Adult male Wistar rats (200-400 g, B & K Universal),
with free access to food and water, were killed and the portal
vein rapidly removed, cleared of connective tissue and
mounted in 3 ml baths containing Krebs-Henseleit solution
as above, for isometric recording of myogenic activity.

Experimental procedure Tissues were placed under 1 g ten-
sion and allowed to equilibrate for 30 min after which time
they were contracted with a submaximal concentration of
agonist. For the guinea-pig ileum a 12-min dose cycle was

employed and concentration-response curves were generated
for a range of agonists that included substance P-methyl ester
(SPOMe), [Sar9, Met(02)"]SP, senktide, histamine and car-
bachol. For the guinea-pig trachea concentration-response
curves to tachykinin agonists were constructed cumulatively.
In rat portal vein, a 10-min dose cycle was used in concen-
tration-response work with senktide, carbachol or noradrena-
line.

Drugs were added in volumes not exceeding 101.l. For
antagonism studies, tissues were exposed to antagonists for
15 min before re-exposure to agonists.

Analysis of results Contractile responses to exogenously
applied agonists were expressed as absolute changes in ten-
sion and then transformed to a percentage of the maximal
response achieved for that agonist. Responses obtained to
agonists in the presence of antagonists were expressed as a
percentage of the control maximum response obtained in the
same tissue preparation. Agonist concentration-response cur-
ves in the absence and presence of increasing concentrations
of antagonists were obtained from the best fit to the function
f(x) = b.xn/(xn + cn), where b is the maximal asymptote, n is
the slope factor ('Hill slope') and c is the location parameter
(EC50). Where appropriate, the method of Arunlakshana &
Schild (1959) was used to derive affinity constants for the
agonist-antagonist interaction; where this analysis indicated a
competitive nature for the antagonism, values for pKB were
obtained by constraining the slope of the Schild plot to unity.

Binding studies

Membrane preparation Cerebral cortices from male Spra-
gue-Dawley rats (200-250 g B & K Universal), and from
300- 500 g male guinea-pigs (B & K Universal) were
dissected on ice and placed in ice-cold 10% (w/v) sucrose
solution. Pooled tissues were homogenized in 10 volumes of
10% sucrose with a teflon glass homogenizer (10-12 strokes,
800 r.p.m.). The homogenate was centrifuged at 1,600 g for
O min and the resulting supernatant centrifuged at 48,000 g

for 30 min. The crude synaptosomal pellet was resuspended
in 10 volumes of ice-cold 50 mM Tris-HCl solution, pH 7.4
(Tris-buffer), by Polytron (position 6 for 5 s) and centrifuged
for a further 30 min. The resulting pellet was washed once
more with Tris-buffer, and centrifuged as above. The final
pellet was resuspended in a small volume (5-10 ml) of Tris-
buffer to give a final protein concentration of 3-5 mg ml-1.
Protein concentration was determined by the method of
Bradford (1976) using bovine serum albumin (BSA) as a
standard.

[3H]-nimodipine binding assays [3H]-nimodipine binding as-
says were performed essentially as described for [3H]-nitren-
dipine binding by Bolger et al. (1983). Rat cerebral cortex
membranes (a 200 L aliquot of membrane suspension equi-
valent to 75 gg protein) were incubated in a final volume of
4 ml of Tris-buffer, with 0.1 nM [3H]-nimodipine in the pre-
sence or absence of various test substances for 60min at
room temperature (22-25°C). Where appropriate, 0.01%
(w/v) BSA and a mixture of peptidase inhibitors (bacitracin
40 g ml-', leupeptin 4pg ml-', chymostatin 2JAg ml-',
phosphoramidon 2 ;M) were added to the incubation buffer.
The incubation was terminated by rapid filtration over What-
man GF/C filters (presoaked in an aqueous solution of 0.3%
(v/v) polyethylenimine/0.5% (v/v) Triton X-100) using a
Brandel Cell Harvester, and the filters washed three times
with 5 ml of ice-cold Tris-buffer. [3H]-nimodipine specific
binding was defined by use of 1 I.M nifedipine or 1 ZtM
nimodipine (both gave similar values for non-specific bind-
ing). Bound radioactivity was determined by liquid scintilla-
tion spectrometry.

[3H]-diltiazem binding assays [3H]-diltiazem binding assays
were performed essentially as described by Schoemaker &
Langer (1989), with minor modifications. Rat or guinea-pig
cerebral cortex membranes (a 200 sl aliquot of 1 mg ml-'
suspension) were incubated in a final volume of 1 ml in
Tris-buffer, with 4 nM [3H]-diltiazem in the presence or
absence of various test substances for 120 min under condi-
tions identical to those for [3H]-nimodipine binding. The
incubation was similarly terminated by rapid filtration th-
rough GF/C filters and the bound radioactivity determined
by liquid scintillation spectrometry. [3H]-diltiazem specific
binding was defined by use of 10 lM unlabelled diltiazem.

[1'25I]-Bolton Hunter-substance P binding assays The binding
of ['25I]-Bolton Hunter-conjugated substance P ([I251]-BHSP)
to rat cerebral cortex membranes was performed essentially
as described by Lee et al. (1986). Briefly, rat cerebral cortex
membranes (a 150 LI aliquot corresponding to approximately
50 fg protein) were incubated with 0.1 nM ['25I]-BHSP for
60 min at room temperature in a final volume of 0.3 ml in
Tris-buffer, containing 2mM MnC12, 0.01% BSA and pep-
tidase inhibitors (as before) in the presence or absence of test
substances. Non-specific binding was defined by use of 1 tIM
SP. Incubations were terminated by rapid filtration through
GF/C filters and bound radioactivity measured in a Hewlett-
Packard gamma counter.

Data analysis The ability of compounds to inhibit or en-
hance radioligand binding was determined by use of at least
9 test concentrations (3 pM- 1O gsM), assayed in duplicate.
Drug effects on radioligand binding were analysed using a
non-linear least-squares iterative curve fitting programme
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(RS1 Bolt, Beranek & Newman Inc.). Data were expressed as
the maximal effect observed as a percentage of control
specific binding (100%), and the concentration at which a
half-maximal effect was observed (IC50 or EC50 for inhibition
or enhancement of radioligand binding, respectively).

Ki values were calculated according to the Cheng &
Prussoff (1973) relationship. Data are expressed as geometric
mean (- s.e.mean, + s.e.mean) for Ki values, or otherwise as
arithmetic means ± s.e.mean.
The affinity of [3H]-nimodipine for rat cerebral cortex

dihydropyridine binding sites was determined by saturation
analysis of [3H]-nimodipine binding over a concentration
range of 0.01-1.5nm. The KD was determined by using a
non-linear regression programme on RS1. The affinity (KD)
of [H]-diltiazem binding to rat cerebral cortex membranes
was determined by Scatchard transformation of data ob-
tained for the displacement of [3H]-diltiazem specific binding
by diltiazem.

Materials

CP-96,345 ((2S,3S)-[cis-2-(diphenylmethyl)-N-[(2-methoxyph-
enyl)-methyl]-l-azabicyclo[2.2.2.]octan-3-amine]) was supplied
by Dr R.M. Snider, Pfizer Central Research, Groton, CT,
U.S.A. The (2R,3R)-enantiomer, CP-96,344, and the racemic
mixture were synthesized in the Medicinal Chemistry Depart-
ment of the Parke-Davis Neuroscience Research Centre,
Cambridge. Diltiazem and nifedipine were obtained from
Research Biochemicals Inc., Natick, MA, U.S.A. Nimodipine
was obtained from Bayer AG, Germany. Substance P,
SPOMe, [Sar9, Met(02)"]SP, [Glp6, L-ProlSP(6- 11), senktide
and L-659,877 (cyclo(Gln-Trp-Phe-Gly-Leu-Met)) were pur-
chased from Bachem U.K. Ltd. [P-Ala8]NKA(4- 10) was pur-
chased from Novabiochem, Switzerland. L-668,169 (cyclo
(Gln-D-Trp-N-Me-Phe-(R)-Gly[ANC-2]Leu-Met)2) was obtai-
ned from Cambridge Research Biochemicals, U.K. GR64349
([Lys3, Gly8-R-y-lactam-LeujNKA(3-10)) and GR82334 ([D-
Pro9{spiro-ly-lactam)Leu'0,Trp"l]-physalemin(l- 1)) were ob-
tained from Neosystem Laboratoire, Strasbourg, France.
Carbachol, indomethacin, atropine, noradrenaline, histamine,
bacitracin, chymostatin, leupeptin and BSA were from the
Sigma Chemical Co. Phosphoramidon was from the Peptide
Research Foundation (Osaka).

D-cis[Methyl-3H]-diltiazem (162-166 Ci mmol ') and [125I]
Bolton Hunter substance P (2,000 Ci mmolh') were purchased
from Amersham International plc, U.K. [Isopropyl-1,3-3H]-
nimodipine (126-157 Ci mmol-') was obtained from New
England Nuclear, Boston, MA, U.S.A.

Results

Effects of ( ± )-CP-96,345 at NK, receptors

In the guinea-pig isolated trachea the response to the selec-
tive NKI-receptor agonist [Sar9, Met(02)"JSP was blocked by
( ± )-CP-96,345, with the antagonism appearing competitive
(Figure la). The slope of the Schild plot for the interaction
was not significantly different from unity (1.14, s.d. 0.15),
and the pKB was 7.10 (95% c.l. 6.97, 7.24). Qualitatively
similar observations were made in a less extensive study with
the agonist SPOMe (mean apparent pKB = 7.39 ± 0.17, n = 8);
against the NK2 receptor-selective agonist [P-Ala8]NKA
(4-10), (± )-CP-96,345 was a weak antagonist (mean appar-
ent pKB = 5.35 ± 0.13, n = 4).

In contrast to the findings in the guinea-pig trachea, in-
creasing concentrations of ( ± )-CP-96,345 produced a non-
competitive antagonism of responses to the NKI-selective
agonists in the longitudinal muscle of the ileum of the same
species (Figure lb). At the lower concentrations of ( ± )-CP-
96,345 (< 100 nM) in the ileum the maximum response to the
agonists was largely unaffected, and rightward shifts in the
concentration-response curve to the NK, agonist were ob-
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Figure 1 (a) Inhibitory effect of ( ± )-CP-96,345 on control concen-
tration-response curves to the NK, receptor agonist [Sar9, Met(02)1']
SP in guinea-pig isolated trachea. Increasing concentrations of ( ± )-
CP-96,345 0.3 lM (0), 1 lrm (A) and 3 ltM (A) resulted in a
concentration-dependent rightward shift of the [Sar9, Met(02)"]SP
concentration-response curve. Data are expressed as percentage of
control (O) maximum response to [Sar9, Met(02)"]SP and each
point represents the mean ± s.e.mean of not less than 4 observations.
(b) Non-competitive blockade of [Sar9, Met(02)"]SP concentration-
response curve by increasing concentrations of ( ± )-CP-96,345 in
guinea-pig ileum longitudinal muscle. The maximum response was
reduced in a concentration-dependent manner by 30 nM (0), 100 nM
(A), 300gM (A), 1 gM (*) and 3 gM (O) ( ± )-CP-96,345. Data are
expressed as percentage of control (-) maximum response to [Sar9,
Met(02)"]SP and each point represents the mean of not less than 4
observations. Vertical bars represent s.e.mean.

served, consistent with an apparent pKB for ( ± )-CP-96,345
of around 8. If concentrations greater than 100 nM ( ± )-CP-
96,345 were used a concentration-dependent reduction in the
maximum response to [Sar9, Met(02)"JSP or SPOMe was
observed, along with further rightward shifts in the concen-
tration-response curve.
The ability of ( ± )-CP-96,345 to affect the responses to

other agonists was examined. In the ileum the racemate
reduced the maximum response to the NK3 receptor-selective
agonist senktide (to 58 ± 12% of control at 0.1 M, and
23 ± 8.1% at 1 tLM, n = 4), apparently without affecting the
sensitivity of the preparation to this agonist (values for pEC50
(95% c.l.) 8.41 (8.24, 8.59) and 8.60 (8.07, 9.26) in control
preparations, and in the presence of 1 gM (± )-CP-96,345
respectively). Similarly with the cholinoceptor agonist, car-
bachol (Figure 2a), or with histamine (not shown) the effect
in the guinea-pig ileum longitudinal muscle was to produce a
concentration-related reduction in the maximum response to
either agonist, without affecting significantly the location
parameter for the log concentration-response curve (Figure
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Figure 2 (a) Non-competitive blockade of carbachol concentration-
response curve in guinea-pig ileum longitudinal muscle by ( ± )-CP-
96,345, 300 nM (0) and 3 jLM (A). Data are expressed as percentage
of control (0) maximum response to carbachol and each point
represents the mean ± s.e.mean of not less than 4 observations. (b)
Non-competitive blockade of carbachol concentration-response curve
in guinea-pig ileum longitudinal muscle by diltiazem, 300 nM (0)
and 3 tLM (A). Data are expressed as percentage of control (0)
maximum response to carbachol and each point represents the
mean ± s.e.mean of not less than 4 observations.

2a). In the rat portal vein a reduction in the maximum res-

ponse to senktide by ( ± )-CP-96,345 was again obtained, with-
out an effect on the sensitivity of the preparation to the
agonist (maximum response reduced to 23.3 ± 4.3% of control
by 0.3 gM ( ± )-CP-96,345, pECm values 8.56 (8.45, 8.68) and
8.26 (7.91, 8.63) in control, and in the presence of 0.3 tLM
( ± )-CP-96,345 respectively). Qualitatively similar effects ag-
ainst the response to noradrenaline were seen in this prepara-
tion (maximum response reduced to 14.4 ± 3.9% of control
by 3 l.M ( ± )-CP-96,345, pECm values 6.53 (6.43, 6.63) and
6.82 (6.78, 6.86) in control, and in the presence of ( )-CP-
96,345).

[3H]-nimodipine binding

Both unlabelled nimodipine and nifedipine inhibited the
specific binding of [3H]-nimodipine with Ki values of 0.33 nM
(-0.03, + 0.03) and 1.03 nM (-0.16, + 0.17), respectively
(n = 3; Figure 3), confirming that the [3H]-nimodipine bin-
ding was a dihydropyridine binding site on L-type calcium
channels. In contrast, (± )-CP-96,345 produced a concen-

tration-dependent enhancement of [3H]-nimodipine binding in

this tissue with a maximal potentiation of 186 ± 29% above
basal and an EC50 value for this effect of 83.2 nM (- 22.9,

M.---- + 31.6; n = 4; Figure 3). Scatchard analysis of [3H]-nimodi-
pine binding to rat cerebral cortex membranes in the absence
and presence of 100 nM ( ± )-CP-96,345 revealed that (± )-
CP-96,345 increased the affinity of [3H1-nimodipine for its
binding sites (control: KD = 0.32 nM; in the presence of (± )-
CP-96,345: KD = 0.074 nM) while the number of [3H]-nimodi-
pine binding sites was not significantly altered (control:
Bmax = 5 1 fmol mg-I protein; in the presence of (± )-CP-
96,345: B,.,. = 498 fmol mg-I protein, n = 2, Figure 4). A
range of tachykinin receptor ligands including NK1- and
NK2-selective agonists and antagonists, and the NK3-selective
agonist senktide, did not produce any appreciable effect on
[3H]-nimodipine specific binding (data not shown).

[3H]-diltiazem binding

Unlabelled diltiazem, CP-96,345, CP-96,344 and (± )-CP-
96,345 inhibited the binding of [3H]-diltiazem in rat cerebral
cortex membranes with Ki values around 30 nM (Table 1).
Similar affinities were obtained for the inhibition of [3H]-
diltiazem binding to guinea-pig cerebral cortex membranes
(not shown). As with [3H]-nimodipine binding, NKI, NK2
and NK3 receptor-selective ligands did not produce any

T significant inhibition of [3H]-diltiazem binding in rat cerebral
o cortex membranes (Table 1).

T

['25Il-BHSP binding

In agreement with previous findings, CP-96,345 and the
racemate, (± )-CP-96,345, inhibited the binding of [1251]_
Bolton-Hunter-labelled substance P to NK, binding sites in

A rat cortex membranes with Ki values of 59.6 nM (- 5.0,
+ 5.5; n = 3) and 82.0 nM (- 9.4, + 11.5; n = 4), respectively,
while 10 tLM CP-96,344 was without effect (Table 1). In addi-
tion, 1 I1M diltiazem had no significant effect on ['25I]-BHSP

-5 -4 binding to rat cortex membranes (Table 1).
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Figure 3 The effect of nimodipine (U), nifedipine (A) and (± )-CP-
96,345 (0) on [3H]-nimodipine specific binding to rat cerebral cortex
membranes. Curves were fitted by non-linear regression using RSI.
Each point represents the mean ± s.e.mean of 3-4 separate experi-
ments performed in duplicate. Where no vertical lines are shown the
s.e.mean is contained within the symbol.
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Effects of diltiazem in functional assays

The maximum response of the muscarinic agonist carbachol
in longitudinal muscle from guinea-pig ileum was reduced in
a concentration-dependent manner by diltiazem (Figure 2b).
As with (± )-CP-96,345 a 70% reduction in the maximum
response to carbachol was observed with 3 tLM diltiazem.
When diltiazem was examined against the NK, receptor
selective agonist SPOMe in guinea-pig ileum longitudinal
muscle (Figure 5a) it was found to reduce the maximum
response of the agonist in a concentration-dependent manner
without any apparent effect on the affinity of the agonist.
Diltiazem was without effect on the NK, receptor in the
guinea-pig trachea; 10 ytM diltiazem affected neither the max-
imum response nor the affinity of SPOMe in this preparation
(Figure 5b).
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Figure 4 Effect of 100 nm (± )-CP-96,345 on the specific binding of
[3H]-nimodipine to rat cerebral cortex membranes. Membranes were
incubated in the absence (0) or presence (0) of 100 nM (± )-CP-
96,345 with increasing concentrations of [3H]-nimodipine (0.01-
1.5 nM). Data are shown as a Scatchard plot and values represent the
means of duplicate determinations from a single representative
experiment that was repeated once with similar results. Best-fit lines
were calculated by linear regression using RSI. See text for mean KD
and B. values.
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Figure 5 (a) Non-competitive blockade of the response to the NK1
receptor agonist substance P-methyl ester (SPOMe) in guinea-pig
ileum longitudinal muscle by diltiazem, 100 nM (0), 1 iLM (A) and
10 tM (A). Data are expressed as percentage of control (0) max-
imum response to SPOMe and each point represents the mean +
s.e.mean of not less than 4 observations. (b) Lack of effect of
diltiazem on the response of the guinea-pig isolated trachea to
SPOMe. 10 tsM diltiazem (0) did not affect the ability of the trachea
to contract on exposure to the agonist. Data are expressed as percen-
tage of control (0) maximum response to SPOMe and each point
represents the mean ± s.e.mean of not less than 4 obervations.

Table 1 Kj values for the inhibition of [3H]-diltiazem and ['l25]-Bolton-Hunter-conjugated substance P (['25IJ-BHSP) specific binding to
rat cerebral cortex membranes

Compound

Diltiazem
Substance P
CP-96,345
CP-96,344
( ± )-CP-96,345
[Sar9, Met(02)"]SP
GR82334
L-668,169
LB-Ala8]NKA(4- 10)
GR64349
L-659,877
Senktide

[3H]-diltiazem
Ki (nM)

33.6 (- 4, + 4.7)
> 10,000
22.5 (-2.2, + 2.4)
37.3 (- 0.7, + 0.7)
29.2 (-2.3, + 2.4)
>10,000
> 10,000
> 10,000
> 10,000
> 10,000
> 10,000
> 10,000

['25I1-BHSP
Ki (nM)

> 1,000
0.07 (- 0.01, + 0.01)
59.6 (- 5.0, + 5.5)
> 10,000
82.0 (-9.4, + 11.5)
0.23 (- 0.04, + 0.06)
3978 (- 563, + 656)
1125 (- 161, + 187)
> 10,000
> 10,000
> 10,000
> 10,000

Data are expressed as Kj values (nM) and are the geometric means (- s.e.mean, + s.e.mean) of 3-6 separate experiments. IC5o values
were converted to Kj using the Cheng & Prussoff relationship; apparent Hill slopes were not significantly different from unity.

WUL
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Discussion

The results of this study demonstrate that the non-peptide
NK, receptor antagonist (± )-CP-96,345 interacts with L-
type calcium channels in rat cerebral cortex membranes in
agreement with the findings of Schmidt et al. (1992).

In competition experiments against the binding of the 1,4-
dihydropyridine radioligand [3H]-nimodipine (0.1 nM), (± )-
CP-96,345 produced almost a 200% increase in binding, and
saturation analysis of [3H]-nimodipine binding to rat cortex
membranes in the absence or presence of ( ± )-CP-96,345 indi-
cated that the racemate increased the affinity of [3H]-nimo-
dipine, rather than affecting the maximum number of sites.
This potentiation of [3H]-nimodipine binding by (± )-CP-
96,345 is characteristic of the positive allosteric modulation
by compounds such as diltiazem that interact with the ben-
zothiazepine site on L-type calcium channels (Depover et al.,
1982; Boles et al., 1984).
When the affinities at [3H]-diltiazem binding sites in rat

cortex were determined for CP-96,345, the (2R,3R) enan-
tiomer CP-96,344 and the racemate, all had appreciable
affinity with Ki values comparable to that obtained for
unlabelled diltiazem itself. The potentiation by (± )-CP-
96,345 of [3H]-nimodipine binding can be presumed to be a
result of a direct action at the diltiazem site on the calcium
channel. CP-96,345 and CP-96,344 have also recently been
reported to interact with [3H]-diltiazem binding sites in rat
heart membranes and to produce a concentration-dependent
enhancement of [3H]-nimodipine binding to rat cerebral cor-
tex membranes (Schmidt et al., 1992).
Although the interaction of CP-96,345 with the NK, recep-

tor is stereoselective, the ability of the racemate to displace
[3H]-diltiazem binding is not, since both CP-96,345 and CP-
96,344 possess similar affinities for the latter site. The lack of
an involvement of tachykinin receptors in the modulation of
calcium channel binding by CP-96,345 is shown by the lack
of an effect on the binding of either [3H]-nimodipine or
[3H]-diltiazem by a range of NKI-selective ligands, both
agonists and antagonists. Furthermore, nifedipine, nimodi-
pine and diltiazem did not produce any significant inhibition
of ['25I]-BHSP binding to NK, receptor sites in rat cortex
membranes.
The affinity of CP-96,345 for NK, receptors exhibits

marked differences between species (Beresford et al., 1991;
Gitter et al., 1991; Snider et al., 1991; Watling et al., 1991).
Thus, CP-96,345 displays approximately 100 fold higher
affinity for NK1 receptor sites in bovine, guinea-pig and
human brain tissue, compared to rat or mouse. However, the
affinities of CP-96,345, CP-96,344 and (± )-CP-96,345 for

[3H]-diltiazem binding sites in guinea-pig cerebral cortex were
comparable to those observed in the rat. Similar observations
have recently been reported by Schmidt et al. (1992) who
have shown that CP-96,345 and CP-96,344 possess similar
affinities for [3H]-desmethoxyverapamil binding sites in rat
and guinea-pig heart.
The finding that CP-96,345 possesses (presumed) calcium

channel binding properties in addition to NK, receptor
antagonist activity will account for many of the apparently
non-specific effects observed e.g. on smooth muscle contrac-
tion in vitro. Thus while the rightward shifts in the concen-
tration-response curves to selective NK1-receptor agonists are
explained as a consequence of the affinity of the active isomer
CP-96,345 at the NK, receptor, the reduction in maximum
response may be associated with the blockade of the L-type
calcium.channel. It may be concluded that the effect of dil-
tiazem in the ileum, being only to reduce the maximum
response to the NK1 agonist, is analogous to the effect of
( ± )-CP-96,345 in reducing the maximum responses to senk-
tide and carbachol in this tissue (and in the rat portal vein)
without affecting the potency of these agonists. Consequently
in the trachea where the antagonism by ( ± )-CP-96,345 of
the response to the NK, agonist appears competitive, and is
surmountable, there was no effect of the racemate ( ± )-CP-
96,345 on the response to other agonists, and diltiazem had
no effect on the response to the NK1 agonist.
These findings are pertinent to the interpretation of data

obtained with CP-96,345 in vitro and in vivo studies on NK1
receptors. Accordingly, caution should be exercised in studies
of NK, receptor function in the rat or mouse where the
affinities of CP-96,345 for NK, receptors and calcium chan-
nels are very similar. Thus the recent report that ( ± )-CP-
96,345 blocked the hyperalgesia and cedema caused by intra-
plantar injection of carrageenin in the rat, and was active in
blocking the nociceptive response in the formalin test (Birch
et al., 1992), cannot now be taken as evidence that activation
of the NK, receptor occurred in these tests, with the subse-
quent report that these actions were obtained with both of
the separate enantiomers CP-96,345 and CP-96,344
(Nagahisha et al., 1992). Similarly the conclusion that sub-
stance P acting via the NK1 receptor mediates thermal
nociception, based on the observation that ( ± )-CP-96,345 is
antinociceptive after intrathecal administration in the mouse
hot-plate test (Lecci et al., 1991), must be reconsidered.
Particularly pertinent to such uses of this compound, in tests
for antinociceptive activity after local administration, is the
recent report that ( ± )-CP-96,345 blocks voltage-dependent
sodium currents, and is 50 times more active than lignocaine
in this respect (Caesar et al., 1993).
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Endothelin-induced contraction and mediator release in human
bronchus
'Douglas W.P. Hay, *Walter C. Hubbard & *Bradley J. Undem

Department of Inflammation & Respiratory Pharmacology, SmithKline Beecham Pharmaceuticals, P.O. Box 1539, King of
Prussia, PA 19406, U.S.A. and *Division of Allergy and Clinical Immunology, Johns Hopkins Asthma & Allergy Center, 301
Bayview Boulevard, Baltimore, MD 21224, U.S.A.

1 To elucidate the role of acetylcholine and various autacoids in endothelin-I (ET-l)-induced contrac-
tion in human bronchus, the effects of various receptor antagonists were examined. In addition, the
ability of ET-1 to stimulate the release of histamine, peptidoleukotrienes and prostanoids was deter-
mined.
2 ET-1 was a potent and effective contractile agonist in human bronchus, possessing similar potency
and efficacy to leukotriene D4 (LTD4); EC50 (- log M): ET-1 = 7.76 ± 0.09, n = 7; LTD4 = 8.46 ± 0.53,
n = 7; P>0.2; maximum response (% 10PiM pre-carbachol): ET-1 = 103.8 ± 17.4, n = 7;
LTD4=95.5±9.3, n=7; P>0.6.
3 The cyclo-oxygenase inhibitor, sodium meclofenamate (1 pM) or the potent and selective thrombox-
ane receptor antagonist, SQ 29,548 (1 pLM) were without significant effect on ET-1 concentration-
response curves.

4 In the presence of sodium meclofenamate (1 I1M), the muscarinic receptor antagonist, atropine
(1 fLM), the platelet activating factor (PAF) receptor antagonist, WEB 2086 (1 jiM) or the combination of
the Hi-histamine receptor antagonist, mepyramine (10#iM) and the leukotriene receptor antagonist,
SK&F 104353 (10 pM), were without marked effect on ET-1 concentration-response curves. In addition,
the combination of all four receptor antagonists did not antagonize ET-1-induced contraction.
5 ET-1 (0.3 pM) did not stimulate the release of histamine or immunoreactive leukotrienes from human
bronchus.
6 ET-1 (0.3 f4M) significantly stimulated the release of prostaglandin D2 (PGD2), 9a, 11p PGF2 (PGD2
metabolite), PGE2, 6-keto PGF1, (PGI2 metabolite), PGF2,, and thromboxane B2 (TxB2) a lower
concentration, 10 nM, was without effect on prostanoid release. The production of PGD2 was increased
7.5 fold, whereas the release of the other prostanoids was stimulated only about 1.6 to 2.7 fold.
7 These data provide evidence that ET-1 elicits contraction of human isolated bronchus predominantly
via a direct mechanism with no significant involvement of the release of acetylcholine, leukotrienes,
histamine or PAF. Although ET-1 increased the release of several prostanoids they did not have a

significant modulatory effect on the smooth muscle contraction.
Keywords: Endothelin-1; human bronchus; SK&F 104353; mepyramine; WEB 2086; SQ 29,548; peptidoleukotriene release;

histamine release; sodium meclofenamate; prostanoid release

Introduction

Yanagisawa and co-workers described the isolation, puri-
fication, cloning and pharmacological characterization of a
potent vasoconstrictor peptide, designated endothelin, which
was released from porcine aortic endothelial cells
(Yanagisawa et al., 1988). Endothelin is a 21-amino acid
peptide, with two sets of intrachain disulphide bridges, which
bears a close structural homology with the sarafotoxins, a
group of snake venom toxins (Lee & Chiappinelli, 1988;
Kloog et al., 1988). Subsequent research indicated that
endothelin, named endothelin-1 (ET-1), is only one member
of a family of mammalian endothelins; Thus, Inoue and
co-workers cloned three distinct ET-related genes by screen-
ing a human genomic DNA library (Inoue et al., 1989).
These three 21-amino acid peptides, which have only minor
differences in amino acid sequence, were designated ET-1 (the
orginal porcine/human ET), ET-2 (two amino acid substitu-
tion from ET-1) and ET-3 (six amino acid substitution from
ET-1) (Yanagisawa & Masaki, 1989a,b).
Although the focus of the research to date on the

endothelins has been on their effects and potential patho-
physiological relevance in the cardiovascular system, they
produce an array of activities in a variety of other systems

' Author for correspondence.

(Yanagisawa & Masaki, 1989a,b). For example, shortly after
its discovery, ET-1 was reported to be a potent contractile
agonist of guinea-pig trachea (Uchida et al., 1988). This
observation has been confirmed (Hay, 1989; Maggi et al.,
1989; Henry et al., 1990) and extended to isolated airway
tissues from a variety of species including rat (Turner et al.,
1989), ferret (Lee et al., 1990), rabbit (Grunstein et al., 1991)
and man (Henry et al., 1990; Hemsen et al., 1990; Advenier
et al., 1990; Brink et al., 1991; McKay et al., 1991). In fact, it
has been proposed that the endothelins play a role in the
pathophysiology of pulmonary disorders including asthma
and pulmonary hypertension (Cernacek & Stewart, 1989;
Mattoli et al., 1991a; Springall et al., 1991; Hay et al.,
1993).
By use of ['251]-ET-l, specific binding sites of high density

were detected in smooth muscle of human isolated trachea
(Power et al., 1989) and bronchus (Henry et al., 1990;
McKay et al., 1991), in human cultured bronchial smooth
muscle cells (Mattoli et al., 1990) and in human lung mem-
branes (Brink et al., 1991). The ET-1 EC-% in human bron-
chus is generally in the 10-30 nM range (Henry et al., 1990;
Hemsen et al., 1990; Advenier et al., 1990; Brink et al., 1991;
McKay et al., 1991).
The role of indirect mechanisms in endothelin-induced air-

way smooth muscle contraction is controversial. In vivo
studies have indicated that endothelin-induced bronchocon-
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striction in guinea-pigs can be substantially inhibited by
cyclo-oxygenase or thromboxane synthase inhibitors (Payne
& Whittle, 19B88; Nambu et al., 1990). However, there is
conflicting information on the effects of cyclo-oxygenase
inhibitors (Maggi et al., 1989; Sarria et al., 1990; Henry et
al., 1990; Hay, 1990) or thromboxane receptor antagonists
(Filep et al., 1990; Hay, 1990) on endothelin-induced contrac-
tion of guinea-pig isolated trachea. ET-1 elicits histamine
release from guinea-pig isolated lung parenchymal mast cells
(Uchida et al., 1992), and in preliminary reports it was

proposed that the mast-cell derived products, histamine and
the peptidoleukotrienes, played a role in endothelin-induced
responses in guinea-pig isolated trachea (Ninomiya et al.,
1989; Nomura et al., 1990). However, a later study, which
included direct measurement of the release of these mediators
from the trachea, failed to corrobate this hypothesis (Hay &
Undem, 1993). There is little information about potential
indirect mechanisms in endothelin-induced contraction of
human airways. Several investigations, however, have dem-
onstrated that indomethacin is without effect on contraction
elicited by ET-1 in human bronchus (Henry et al., 1990;
Advenier et al., 1990; McKay et al., 1991). The purpose of
this study was to examine further the potential role of secon-

dary mediators in ET-1-induced contraction in human bron-
chus. This was conducted by evaluating the effects of various
potent and selective receptor antagonists for inflammatory
mediators on the contractile response to ET-1 and also by
measuring directly the effect of ET-1 on the release of hista-
mine, the leukotrienes and various prostanoids. A pre-

liminary account of the results has been presented by Hay et
al. (1992).

Methods

Tissue preparation for contraction studies

Human lung tissue from organ donors was obtained from the
International Institute for the Advancement of Medicine
(IIAM, Exton, PA, U.S.A.) and the National Disease
Research Interchange (NDRI, Philadelphia, PA, U.S.A.).
Lungs were received within 24 h of removal. The donors had
no known respiratory disorders. The bronchi were removed
from the lung by carefully placing a glass probe within
individual segments and dissecting away lung parenchymal
and vascular tissue. First- and fifth-generation bronchial
strips (4-15 mm diameter) were prepared and each one was

placed in a 10 ml water-jacketed tissue bath containing
modified Krebs-Henseleit solution which was maintained at
37°C and continuously aerated with 95% 02/5% C02; ac-

cording to this classification, the main bronchus is regarded
as the first generation airway. The composition of the Krebs-
Henseleit solution was (mM): NaCl 113, KCI 4.8, MgSO4 1.2,
CaCl2 2.5, NaHCO3 25, KH2PO4 1.2 and glucose 5.5. One
end of each preparation was attached with a silk suture to a

glass tissue holder and the other end was tied to a Grass
model FT03C force-displacement transducer (Grass Instru-
ment Co., Quincy, MA, U.S.A.) for the recording of isomet-
ric tension on multichannel Grass polygraphs. The tissues
were then placed under about 2g of passive tension and
equilibrated for 60 min, during which they were washed every
15 min with fresh physiological solution, before the start of
each experiment.

Concentration-response curves

After the equilibration period, and before construction of
ET-1 concentration-response curves, tissues were exposed to
10 lM carbachol. After this reference contraction had
reached a plateau, which in preliminary experiments was

shown to represent 89.0 ± 4.6% (n =4) of the maximum
contractile response to carbachol (100 ytM), tissues were

washed several times over 15-30 min until the tension

returned to baseline level. The preparations were then left for
at least 30 min before the start of the experiment. Agonist
concentration-response curves were obtained by their cum-
ulative addition to the organ bath in 3 fold increments
according to the technique of Van Rossum (1963). Each drug
concentration was left in contact with the preparation until
the response reached a plateau before addition of the subse-
quent agonist concentration. In most experiments examining
the effects of drugs, tissues were exposed to these agents for
30 min before addition of ET-1. ET-1 concentration-response
curves were generally conducted in the presence of 1 FLM
sodium meclofenamate, the cyclo-oxygenase inhibitor, which
was added 45 min before initiation of the curves. Only one
agonist concentration-response curve was generated per tis-
sue. The receptor antagonists, and their concentrations,
employed in this study were 10 LM SK&F 104353 (a pep-
tidoleukotriene receptor antagonist; Hay et al., 1987), 10 IM
mepyramine (an HI-histamine receptor antagonist), 1 gM
atropine (a muscarinic receptor antagonist), 1 JM SQ 29,548
(a thromboxane receptor antagonist; Ogletree et al., 1985)
and 1O iM WEB 2086 (a PAF receptor antagonist; Casals-
Stenzel, 1987a,b). The concentration of SK&F 104353 used
has been observed previously to produce marked, competitive
antagonism of leukotriene-induced contraction in human
bronchus (pKB>8), and, in combination with 1OiLM
mepyramine, to abolish antigen-induced contraction in this
tissue (Hay et al., 1987). SQ 29,548 has been shown to be a
potent antagonist of contractions in guinea-pig trachea
elicited by U-46619, the thromboxane-mimetic, or PGD2
(PA2= 8.2 and 8.3, respectively; Ogletree et al., 1985). WEB
2086 (1 gM) was reported to inhibit substantially contractions
elicited by PAF in human bronchus (Johnson et al., 1990).
Furthermore, in the present series of experiments, in four
human bronchi, mepyramine (10 gM) and atropine (1 gM)
produced marked inhibition of contractions produced by
histamine or carbachol, respectively (data not shown); the
estimated pKBs were 8.5 for mepyramine and 9.3 for
atropine.

Tissue preparation for mediator release studies

Human lung tissue was obtained from organ donors as des-
cribed above. In addition, tissues were obtained from lung
resections of anonymous lung cancer patients. The lungs
were immediately placed in RPMI 1640 (4'C) solution (Gibco
Co., Grand Isle, NY, U.S.A.) and transported to the
laboratory. Within 24h the bronchi (2-12mm inner
diameter) were dissected free of parenchymal tissue with the
aid of a dissecting microscope. The bronchi were cut into
small pieces and divided into aliquots each containing ap-
proximately 175 mg (wet weight). The bronchial tissues were
incubated in 2 ml of Krebs-Henseleit solution, which was

gassed with 95% 02/5% CO2 and maintained at 37°C. The
physiological buffer was replaced at 15 min intervals for
90 min. Following this equilibration period, 2 ml of Krebs-
Henseleit, containing or lacking ET-1 (10 nM or 0.3 gM), was
added for 15 min. After this time the supernatant was taken
to assay histamine and eicosanoid release. In addition, to
determine the total tissue content of histamine, 2 ml of 0.4 N
perchloric acid was added to the tissue, which was then
placed in a hot water bath for 15 min. The supernatant fluid
was assayed to measure the total histamine content.

Measurement of mediator release

Histamine was assayed by the automated fluorometric tech-
nique described by Siraganian (1974). Histamine release is
expressed as a percentage of the total histamine content.

Leukotrienes released from bronchi were assayed by the
radioimmunoassay previously described by Undem et al.
(1987). Aliquots (100 tl) were stored at 4°C and assayed
without prior purification within 48 h of each experiment.
The limit of sensitivity of this assay was approximately
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0.03 pmol, as defined by that amount required to inhibit
[3H]-LTC4 binding by 10%. The anti-peptidoleukotriene
antibody is highly selective with little affinity (cross-
reactivity< 1%) for a variety of heterologous eicosanoids.
The antibody does not, however, distinguish markedly
between LTC4, LTD4 and LTE4; accordingly the data
indicate the levels of immunoreactive LTs (i-LTs). Standard
curves with authentic LTC4, LTD4 and LTE4 were parallel;
the amounts of LTC4, LTD4 and LTE4 required to inhibit
[3H]-LTC4 binding by 50% were found to be approximately
0.4, 0.5 and 0.6 pmol/0. ml, respectively.

Prostanoid release into the supernatant fluid was assayed
by combined gas chromatography (negative ion chemical
ionization) mass spectrophotometry (GC/MS) as previously
described (Hubbard et al., 1986). Briefly, a 100IIL aliquot of
the supernatant was added to 250 tl of acetone in a silanized
vial. A mixture containing a known quantity (about 1 ng) of
3,3,4,4-tetradeuterated PGE2, PGD2, PGF2., TxB2 and 6-keto
PGFIc. was added to provide internal standards for the
identification and quantification of these prostanoids. In
addition, the identification of 9a, 1 1P-PGF2, was based on its
retention to the tetradeuterated PGFu. Samples were then
dried down under a stream of nitrogen and the residue was
treated with 2% methoxymine hydrochloride dissolved in
pyridine. Excess pyridine was evaporated under nitrogen and
the residue was subjected to sequential procedures for the
synthesis of pentafluorobenzyl ester and trimethylsilyl ether
derivatives as previously described (Hubbard et al., 1986).
CG/MS analysis of the derivatized samples (1 jll volume) was
performed with a Finnigan Model 9611 gas chromatograph
interfaced with a Finnigan MAT 4610B EI/CI mass spectro-
photometer (Finnigan MAT Corp., San Jose, CA, U.S.A.)
supplied with a Superincos data system. The sensitivity of
this technique is <0.1 fmol/injection for each of the six
prostanoids assayed.

Analysis of data

Agonist-induced responses for each tissue were expressed as a
percentage of the reference carbachol-induced contraction
added at the beginning of the experiment ('pre-carbachol').
Geometric mean ECm values were calculated from linear
regression analyses of data. In some tissues, due to
insufficient supply of ET-1 because of cost constraints, a true
maximum response could not be obtained. In these instances
the contractile response to the maximum concentration of
ET-1 used, 0.3 jAM, was regarded as the maximum response
for data analyses. Results for control- and treated-tissues
were analysed for differences in both the ECss and also the
maximum contractile response produced by ET-1. Mediator
release is expressed as a function of the wet weight of tissues.
In addition, histamine release is expressed as a percentage of
total content. All data are given as the mean ± s.e.mean.
Statistical analysis was conducted by ANOVA or two-tailed
Student's t test for paired or unpaired samples where appro-
priate; a probability value less than 0.05 was regarded as
significant.

Drugs

The following drugs were used: endothelin-I (human, por-
cine) was purchased from Peninsula Laboratories (Belmont,
CA, U.S.A.) or Sigma Chemical Co. (St. Louis, MO,
U.S.A.). SK&F 104353 (2(S)-hydroxy-3(R)-(2-carboxyethyl-
thio)-3-[2-(8-phenyloctyl)phenyl]-propanoic acid) was syn-
thesized at SmithKline Beecham Pharmaceuticals (King of
Prussia, PA, U.S.A.). Carbachol and mepyramine were
obtained from Sigma Chemical Co. and WEB 2086 (3-(4-(2-
chlorophenyl)-9-methyl-6H-thieno-(3,2-f) (1,2,4)-triazolo-(4,3-
a) (1,4)-diazepine-2-yl)-1-(4-morpholinyl)-1-propanone), SQ
29,548 ([1S-[1a,2p(5Z),3p,4a]]-7-[3-[[2-[(phenylamino) car-
bonyl]hydrazino]methyl]-7-oxabicyclo[2.2. l]hept-2-yl]-5-hep-
tenoic acid), sodium meclofenamate and zileuton were

generous gifts from Boehringer Ingelheim (Richfield, CT,
U.S.A.), Squibb Institute of Medical Research (Princeton,
NJ, U.S.A.), Warner Lambert (Ann Arbor, MI, U.S.A.) and
Abbott Laboratories (Chicago, IL, U.S.A.), respectively.

Results

Contractile studies

As shown in Figure 1, ET- 1 was a potent and effective
contractile agonist in human bronchus with an ECm =
17.4 nM. In some tissues, due to insufficient supply of ET-1, a
true maximum contractile response could not be obtained.
Notwithstanding this caveat, and based on the contraction to
0.3 fLM ET-1, the highest concentration used, representing the
maximum response for data analyses, ET-1 possessed a
similar potency and efficacy as LTD4; EC50 (-log M): ET-
1 = 7.76± 0.09, n = 7; LTD4= 8.46 ± 0.53, n 7; P>0.05;
maximum response (% 1O LM pre-carbachol): ET-l =
10.38 ± 17.4, n = 7; LTD4 = 95.5 ± 9.3, n = 7; P>0.05. Both
ET-1 and LTD4 were less efficacious agonists than carbachol:
carbachol contraction at the end of the experiment ('post-
carbachol') = 166 ± 8.4% of pre-carbachol (P<0.05, com-
pared to ET-1 or LTD4).
Sodium meclofenamate (1 gM), the cyclo-oxygenase in-

hibitor, although it increased the contractile response
to 1O nM and 30 nM ET-1, was without significant effect on
the ET-1 EC50 or maximum contractile response; ECm
(- log M): control = 7.35 ± 0.09, n = 7; + sodium meclofena-
mate = 7.59 ± 0.05, n = 7; P>0.05; maximum contractile
response (% 10 jAM pre-carbachol): control = 99.2 ± 25.8,
n = 7; + sodium meclofenamate = 98.7 ± 12.4, n = 7; P>
0.05 (Figure 2a). Furthermore, in the absence of sodium
meclofenamate, the potent and selective thromboxane recep-
tor antagonist, SQ 29,548 (1 jAM), had no effect on ET-1
concentration-responses curves (Figure 2b).
A series of studies, conducted in the presence of sodium

meclofenamate, was performed to examine the effects of
various receptor antagonists on ET-1-induced contraction.
Previous studies in our laboratory have indicated that SK&F
104353 or mepyramine generally had minor effects on
antigen-induced contraction of guinea-pig trachea or human
bronchus, whereas the combination of the antagonists essen-
tially abolished the response (Hay et al., 1987). In this experi-
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Figure 1 Comparison of endothelin-l (ET-1) and leukotriene D4
(LTD4) concentration-response curves in human isolated bronchus.
Results are expressed as a percentage of the response to 10 iM
pre-carbachol and are the mean ± s.e.mean of 4 experiments. (0)
ET-1; (0) LTD4. Studies were conducted in the presence of 1 pM
sodium meclofenamate.
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Figure 2 Effects of (a) the cyclo-oxygenase inhibitor, sodium meclo-
fenamate (1 PM), or (b) the thromboxane receptor antagonist, SQ
29,548 (1 JLM) on endothelin-1 (ET-1) concentration-response curves
in human isolated bronchus. Results are expressed as a percentage of
the response to 10 JLM pre-carbachol and are the mean ± s.e.mean of
(a) 7 or (b) 6 experiments; (a) (0) control; (0) + 1 um sodium
meclofenamate; (b) (0) control; (0) + 1 tLM SQ 29,548.

ment the combination of SK&F 104353 (10 gLM) and
mepyramine (10 gM) had no effect on contraction elicited by
ET-1 (Figure 3a). In addition, WEB 2086 (10 f4M) or atropine
(1 pM) had no significant effect on ET-1 concentration-
response curves (Figures 3b and c). Furthermore, the com-
bination of SK&F 104353 (10 pM), mepyramine (10 gM),
WEB 2086 (1 jLM) and atropine (1 tLM) also was without
effect on ET-1-induced contractions (Figure 4).

Mediator release

The ability of 0.3 ZlM ET-1, the highest concentration of ET-1
used in contractile studies, to elicit the release of leukotrienes
(measured by RIA), histamine (measured fluorometrically)
and six prostanoids (measured by GC/MS methods) from
human bronchus was examined. All the mediators were
found to be released under basal conditions (Table 1). The
two major prostanoids released under basal conditions were
PGE2 and the prostacyclin metabolite, 6-keto PGFI,. The
spontaneous release of immunoreactive LTs (i-LTs) was
relatively high, averaging 14 ng g- tissue. The immunoreac-
tivity was not further evaluated regarding the authenticity of
the reactant; however, in a separate series of 9 experiments
the spontaneous release of i-LT was only marginally
inhibited by 10 t1M zileuton, the 5-lipoxygenase inhibitor
(Carter et al., 1989); control = 8.6 ± 2.0 ng g- tissue; + zil-
euton = 6.5 ± 1.8 ng g-I tissue (P = 0.053). The spontaneous
release of histamine was less than 1% of total histamine
content.
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Figure 3 Effects of (a) the combination of the leukotriene receptor
antagonist, SK&F 104353 (10 1M) and the HI-histamine receptor
antagonist, mepyramine (10 LM); (b) the PAF receptor antagonist,
WEB 2086 (1 9iM), or (c) the muscarinic receptor antagonist, atropine
(1 gM) on endothelin-l (ET-1) concentration-response curves in
human isolated bronchus. Results are expressed as a percentage of
the response to 10 pLM pre-carbachol and are the mean ± s.e.mean of
(a) 8, (b) 7 and (c) 8 experiments; (a) (0) control; (0) + 1OJM
SK&F 104353 and 10 tiM mepyramine; (b) (-) control; (0) + 1 laM
WEB 2086; (c) (0) control; (0) + 1 liM atropine. Studies were
conducted in the presence of 1 pM sodium meclofenamate.
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Figure 4 Effects of the combination of the leukotriene receptor
antagonist, SK&F 104353 (10I1M), the HI-histamine receptor
antagonist, mepyramine (10 pM), the PAF receptor antagonist, WEB
2086 (I p1M) and the muscarinic receptor antagonist, atropine (I AM)
on endothelin-I (ET-1) concentration-response curves in human
isolated bronchus. Results are expressed as a percentage of the
response to 10 jM pre-carbachol and are the mean ± s.e.mean of 5
experiments. (@) control; (0) + receptor antagonists. Studies were
conducted in the presence of I jAM sodium meclofenamate.

ET-1 (0.3 jiM; 15 min exposure) had no significant effect on
the release of histamine or i-LT from the bronchi. In con-
trast, ET-1 produced a marked increase in the production of
each of the six prostanoids analysed. The most robust effect
was on the production of PGD2 where a 7.5 fold increase
was observed. Approximately 10% of the PGD2 was released
from the tissue as its metabolite 9m, 1IP PGF2. The increase
in the other prostanoids averaged about 1.6 to 2.7 fold over
spontaneous release levels. These data are summarized in
Table 1. Note, a lower concentration of ET-1, 10 nM, did not
elicit a significant increase in the release of any of the prosta-

-

V -
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Table 1 Endothelin-l (ET-l)-induced autacoid release from
human isolated bronchusa

Autacoid

Eicosanoids (ng g -')
PGD2
9g, 11p PGF2
TxB2
PGE2
6-keto PGFIm
PGF2

i-LT

Histamine (%)

Release
Spontaneous ET-I (0.3 t±M)

0.73 ± 0.31
0.09 ± 0.03
0.17 ± 0.07
3.11 ± 0.87
2.26 ± 0.81
0.60 ± 0.17

5.51 ± 2.11**b
0.56 ± 0.19**
0.45 ± 0.17**
6.07 ± 1.20**
3.77 ± 0.90**
0.94 ± 0.22*

14.1 ± 9.3 10.4 ± 3.7 NS

0.76±0.12 1.32±0.21 NS

aThe release of various autacoids during a 15 min period,
from human isolated bronchial tissue in the absence or

presence of ET-1 (0.3 pM) was quantified as outlined in
Methods. Briefly, human bronchi were cut into small
fragments and equilibrated at 37C in 2 ml of buffer
solution, which was replaced at 15 min intervals. After
60 min vehicle was added for a 15 min period and the
solution was analysed for 'spontaneous' mediator release.
The buffer was again replaced and ET-1 or vehicle was

added for 15 min and the supematant fluids analysed for
ET-1-induced mediator release values or time-control values,
respectively. There was no significant difference between two
consecutive 15 min spontaneous release values for any

mediator except prostaglandin E2 (PGE2), PGFu, and 6-keto
PGFIa. With respect to these mediators the increase in
release over time averaged 1.4, 1.2 and 1.3 fold, respectively.
The release of the prostanoids and i-LT are expressed as

ng g1 tissue wet weight. The release of histamine is
expressed as a percentage of total histamine content which
averaged 4.1 fig g'l (n = 7).
bDenotes a statistically significant difference (*P<0.05;
**P<0.01) between the amount of autacoid released in the
absence (spontaneous release) and presence of ET-1, based
on Student's t test for paired observations. For PGE2,
PGF2a and 6-keto PGFIa (prostanoids whose release was

found to increase with the 15 min incubation time used, see

above), the asterisk denotes that the mediator release after
ET-1 was significantly greater than that observed with time
alone (Student's t test for unpaired data). NS denotes no

significant increase.
Cn indicates the number of experiments (each lung provided
tissue for a single experiment).

noids (n = 4, data not shown). In two separate experiments
1 jAM sodium meclofenamate abolished ET-1-induced release
of all the prostanoids (data not shown).

Discussion

The results confirmed that ET-1 is a potent contractile
agonist of human bronchus with an EC50 of approximately
17 nM, which is in agreement with values reported previously
(Advenier et al., 1990; Hemsen et al., 1990; Henry et al.,
1990; Brink et al., 1991; McKay et al., 1991). The potency of
ET-1 observed in this study is similar to that which has been
reported generally for guinea-pig isolated trachea (Hay, 1989;
1990; Maggi et al., 1989; Henry et al., 1990).
The functional data from the present study also demon-

strate that the contractile response to ET-1 in human bron-
chus does not appear to involve the release of significant
amounts of acetylcholine, histamine, leukotrienes, PAF or
thromboxane. Thus, atropine, the classical muscarinic recep-
tor antagonist, WEB 2086, the PAF receptor antagonist
(Casals-Stenzel, 1987a,b), SQ 29,548, the thromboxane recep-
tor antagonist (Ogletree et al., 1985), or the combination of
mepyramine, the HI-histamine receptor antagonist, and
SK&F 104353, the leukotriene receptor antagonist (Hay et
al., 1987), were without marked effect on ET-1 concen-
tration-response curves. The concentrations of these receptor

antagonists employed in this study were those which had
been observed to inhibit markedly contractions produced by
the natural ligands in human bronchus and/or guinea-pig
trachea (see above). It has been demonstrated previously that
the combination of mepyramine and SK&F 104353 was
much more effective than either agent alone at inhibiting
antigen-induced, mast cell-dependent contraction of human
bronchus or guinea-pig trachea, suggesting that in the
presence of the antagonist of one mediator, there is a
sufficient quantity of the other mediator released to elicit the
maximum, or close to the maximum, contractile response
(Hay et al., 1987). It is possible that a similar, or even more
complex, scenario may occur with ET-1-induced contraction
of human bronchus, such that ET-1 may stimulate the release
of multiple mediators which contribute to the contractile
response. However, this does not appear to be the case, as
the combination of atropine, mepyramine, SK&F 104353 and
WEB 2086, in the presence of sodium meclofenamate, the
cyclo-oxygenase inhibitor, was without marked effect on
ET-1 concentration-response curves. In agreement with func-
tional studies, 0.3 gM ET-1, which is close to the maximally
effective concentration, did not stimulate the release of his-
tamine or i-LTs from human bronchus. In contrast to these
findings it has been reported recently that ET-1 potently
stimulates histamine release from guinea-pig lung paren-
chymal, but not peritoneal mast cells (Uchida et al., 1992).
We have previously reported that ET-1 did not stimulate

the release of histamine and various potent and selective
receptor antagonists were without effect on contraction
elicited by ET-1 in guinea-pig trachea (Hay & Undem, 1983).
These and the present data suggest that ET-1 contracts
human isolated bronchus and guinea-pig trachea by a
similar, direct mechanism(s) which does not involve the
release of secondary mediators. However, other studies have
provided evidence that ET-1-induced contraction of guinea-
pig trachea is in part mediated via the release of histamine,
PAF and/or thromboxane (Ninomiya et al., 1989; Nomura et
al., 1990; Battistini et al., 1990; Filep et al., 1990; Uchida et
al., 1992).

Contractile responses to ET-1 in human bronchus and
guinea-pig trachea have a similar resistance to inhibition by
voltage-dependent calcium channel inhibitors and appear to
involve comparable calcium translocation mechanisms, i.e.
predominantly the release of intracellular calcium (Maggi et
al., 1989; Hay, 1990; Sarri'a et al., 1990; Advenier et al., 1990;
McKay et al., 1991). Thus, in both tissues ET-1-induced
contraction appears to be mediated via an interaction with
specific ET receptors and subsequent stimulation of the phos-
phatidylinositol pathway (Hay, 1990; Mattoli et al., 1991b).
Collectively, the above data indicate that the guinea-pig
trachea is a good in vitro model tissue for human isolated
airways to examine the bronchoconstrictor effects of ET-1.
Sodium meclofenamate, a cyclo-oxygenase inhibitor was

without marked effect on ET- 1 concentration-response
curves. This finding is similar to those of previous studies
which indicated that indomethacin had no effect on ET-1-
induced contraction of human bronchi (Henry et al., 1990;
Advenier et al., 1990; McKay et al., 1991) and suggests that
cyclo-oxygenase products do not significantly modulate ET-
1-induced contraction in human bronchus.
Despite cyclo-oxygenase inhibitors exerting no effect on the

ET-l-induced contractile responses. ET-1, albeit in a high
concentration of 0.3 LM, was an effective stimulant of prosta-
glandin production in the human bronchus, enhancing the
release of all six prostanoids measured. ET-1 caused a 7.5
fold increase in the production of PGD2 in human isolated
bronchus. The cellular source of the PGD2 or the other
prostanoids cannot be discerned from our results. Mast cells

F and macrophages are two types of cell capable of producing
PGD2 in the human airways (Lewis et al., 1981; Balter et al.,
1988; Yoss et al., 1990). The fact that ET-1 failed to enhance
significantly histamine or i-LT production suggests either
mast cells were not stimulated, or they were stimulated in a
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unique manner such that only cyclo-oxygenase metabolites
were formed. ET-l-induced PGD2 production, in the absence
of histamine release, is consistent with its effect on guinea-pig
isolated trachea (Hay, Hubbard & Undem, unpublished
observations), and canine bronchoalveolar lavage prepara-
tions (Ninomiya et al., 1992). Although the human lung
macrophages produce PGD2, the major prostanoid produced
upon stimulation of this cell is thromboxane A2 (Balter et al.,
1988; Yoss et al., 1990). In contrast, ET-1 in the present
study stimulated the release of about 17 times more PGD2
than thromboxane. The microvasculature may be a source
for some of the ET-1 induced prostanoid production in the
airway. Thus, ET-1 has been found to stimulate the produc-
tion of prostacyclin from bovine cultured aortic endothelial
cells (Filep et al., 1991). In guinea-pig trachea experiments
using epithelium-containing and epithelium-denuded tissues
provided evidence to suggest that the epithelium is not the
source of the prostanoids released by ET-1 (Hay, Hubbard &
Undem, unpublished observations).

In summary, the present data provide evidence that ET-1
produces potent contraction of human bronchus predom-

inantly via a direct action, which does not involve a
significant contribution of the release of acetylcholine, his-
tamine, leukotrienes or PAF. ET-1 does not evoke the release
of histamine or i-LT from the human bronchus, but is an
effective stimulus for prostanoid production. However, the
released prostanoids exert no significant modulatory influence
on ET-1-induced contraction in human bronchus, although
the possibility remains that these autacoids may play a
significant role in mediating or modulating other effects of
ET-1 in the respiratory system.
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Effect of trimebutine on voltage-activated calcium current in
rabbit ileal smooth muscle cells
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1 The effect of trimebutine on the voltage-dependent inward Ca2l current was investigated by the
whole-cell voltage-clamp technique in single smooth muscle cells from rabbit ileum.
2 Trimebutine (3-100 1M) reduced the Ca2+ current in a concentration-dependent manner. The
inhibitory effect on the Ca2+ current was also dependent on the holding potential. The Ca2+ current
after a low holding potential was inhibited to a greater extent than that after a high membrane
potential: the IC50 values were 7 tAM and 36gM at holding potentials of -40 mV and - 60 mV,
respectively. The Ca2+ current elicited from a holding potential of - 80 mV could not be reduced by as
much as 50% of the control by trimebutine at concentrations as high as 100 AM.
3 Trimebutine (30 AM) shifted the voltage-dependent inactivation curve for the Ca2+ current by 18 mV
in the negative direction. The affinity of the drug for Ca2+ channels was calculated to be 36 times higher
in the inactivated state than in the closed-available state.
4 Blockade of the Ca2+ current by trimebutine, unlike verapamil, was not use-dependent.
5 The results suggest that trimebutine inhibits the voltage-dependent inward Ca2+ current through a
preferential binding to Ca2+ channels in the inactivated state in the smooth muscle cell from rabbit
ileum. The inhibitory effect of trimebutine on gastrointestinal motility is discussed in the light of the
present findings.

Keywords: Trimebutine; Ca2+ current; ileal smooth muscle cells; whole-cell voltage-clamp

Introduction Methods

Trimebutine has been used for treatment of both hyper-
motility and hypomotility disorders of the gastrointestinal
tract including irritable bowel syndrome, gastritis and dys-
pepsia (Abei et al., 1977; Moshal & Herron, 1979; Mazzone
et al., 1980; Luttecke, 1980). Trimebutine has been demon-
strated to stimulate and inhibit the spontaneous contractions
during respective low and high contractile activities in the
isolated intestine from the guinea-pig and rabbit (Takenaga
et al., 1984; 1986). The mechanism underlying the duality of
the action of trimebutine is not clear.
Our recent studies on single voltage-clamped smooth mus-

cle cells of the rabbit intestine revealed that trimebutine
inhibits both Ca2"-dependent and independent K+ currents
evoked upon depolarization, with little selectivity for them,
and there is neither voltage- nor use-dependence in the cur-

rent inhibition (Nagasaki et al., 1993). The inhibition of K+
current could lead to stimulation of contractile activity. In
intestinal smooth muscles, trimebutine possesses a Ca2"
antagonist-like action which contributes to the inhibitory
effect on contractile activity: trimebutine interacts in a nega-
tive allosteric manner with 1,4-dihydropyridine ([3H]-nitrendi-
pine) binding sites (Nagasaki et al., 1990), and inhibits both
cytosolic Ca2" elevation and tension development produced
by high K+ solution (Nagasaki et al., 1991). Further, whole-
cell voltage-clamp experiments revealed that trimebutine in-
hibits the voltage-dependent Ba2+ current through Ca2"
channels in rabbit ileal smooth muscle cells (Shimada et al.,
1990).

In the present study, we have investigated the effect of
trimebutine on the voltage-dependent Ca2" inward current
which sustains generation and conduction of the smooth
muscle action potential in single smooth muscle cells from
rabbit ileum, using the whole-cell voltage-clamp technique.

Male rabbits (Japanese White; 1.5-2.5 kg) were killed by
injecting an overdose of sodium pentobarbitone into the ear

vein. A segment of the ileum was removed and some pieces
of the longitudinal muscle layer were peeled from the under-
lying circular muscle. They were cut into smaller pieces of
(2 x 2 mm) and incubated in a low-Ca2" (30 gM) physio-
logical salt solution (PSS; composition given below) at 37°C
for 10 min, and then incubated in a mixture of collagenase
(0.5-0.8mgm.1', Amano), papain (12-15uml-1, Sigma
type III) and bovine serum albumin (2 mg ml1, Wako) in
the low-Ca2l PSS at 37C for 30-40 min. After the enzy-
matic digestion, tissue fragments were suspended in a fresh
120gIM Ca2-containing PSS and gently agitated. The result-
ing suspension was centrifuged at 100 g for 2 min and the
cells were resuspended in a 0.8 mM Ca2"-containing PSS.
Small aliquots of cell suspension were placed on glass cover-

slips and stored in a moist atmosphere at 4°C.
Whole-cell Ca2" current was recorded at room temperature

by the whole-cell voltage-clamp technique (Hamill et al.,
1981). Patch pipettes had a resistance of 4-7 MQ when filled
with pipette solution. Current recordings were made through
a patch-clamp amplifier (Nihon Khoden; CEZ-2300). Voltage
command pulses were delivered through this amplifier, and
the recorded currents were stored on a digital audio tape and
replayed onto a thermal array recoder (Nihon Khoden;
RTA-1100) for analysis and illustration. Measurements of
the amplitude of Ca2` currents were corrected for back-
ground membrane current by subtraction of currents ob-
tained when voltage command pulses were applied to the
cells in the extracellular presence of Cd2" (100 gM) (Lang et
al., 1991).

The experimental values obtained were expressed as means
s.e.mean. IC50 values were determined by a probit method

from cumulative dose-response relationships. Statistical
significance was tested by Student's t test and differences
considered significant when P <0.05.
PSS used for the bath solution had the following composi-

tion (mM): NaCl 126, KCl 6, CaCl2 2, MgCl2 1.2, glucose 14

1 Author for correspondence at present address: Pharmacological
Research Laboratory, Tanabe Seiyaku Co., Ltd., 2-2-50, Kawagishi,
Toda, Saitama 335, Japan.
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and HEPES 10.5 (titrated to pH 7.2 with NaOH). The patch
pipette solution had the following composition (mM): CsCl
134, MgCI2 1.2, ATP 1, GTP 0.1, EGTA 0.05, glucose 14 and
HEPES 10.5 (titrated to pH 7.2 with NaOH).
Drugs and chemicals used were trimebutine maleate (Tan-

abe) and verapamil hydrochloride (Nacalai tesque). All other
chemicals used were of reagent grade.

Results

In cells held by voltage-clamp at a potential of - 80 to
-40 mV with inclusion of CsCl-rich solution in the pipette
(see Methods), depolarization by command pulses (300 ms in
duration) to - 30 mV or more positive, elicited a transient
inward current carried by Ca2 . The inward current was
completely abolished after external application of Cd24 (100
pM) (see Figure 2).

Figure 1 shows current traces obtained by command pulses
from - 60 mV holding potential to - 20 to + 60 mV in
20 mV increments before and after application of trimebutine
(30 JAM). Trimebutine reduced the amplitude of the Ca24
current evoked at every command potential, but did not
change the time course of its time-dependent inactivation
(Figure 1). The inhibitory effect of trimebutine was readily
reversible. When the holding potential was - 40 mV, com-
mand pulses with the same parameters as at - 60 mV elicited
smaller Ca2" currents. The Ca24 current evoked from a
depolarized holding potential was preferentially reduced by
trimebutine, as shown in Figure 2. In Figure 3, the current-
voltage relationships for the peak Ca2" current before and
after application of trimebutine (10 gM) obtained at a hol-
ding potential of - 40 mV are illustrated to compare with
those before and after application of trimebutine (30,UM),
obtained at a holding potential of - 60 mV. A greater reduc-
tion of the current amplitude at - 40 mV can be seen over a
wide range of command potentials. Indeed, the peak current
evoked by a depolarizing pulse from - 40 mV to + 10 mV
was decreased by 68% and the peak current evoked by a
depolarizing pulse from - 60 mV to + 10 mV was decreased
by 36%. It can be also seen in Figure 3 that regardless of the
holding potential, the apparent reversal potential of the Ca2+
current remained unchanged after application of trimebutine.
Dose-response curves for the inhibitory action of trime-

butine on the Ca2+ current evoked by a command pulse
(200ms in duration) to OmV from three different holding

,60mV
- 60 mV _=p==_-20 mV

Control Tr

-20 mV4 j

potentials of - 40, - 60 and - 80 mV are shown in Figure
4. At -40 mV and - 60 mV, trimebutine (3-100 gAM) reduc-
ed the peak current in a concentration-dependent manner

+60 mV

-40 mV 2 0-r2 mV
Control Trimebutine

10 PM
-20 mV 2

CdC12 100 PM

I
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20 mV

40 mV

60 mV

4-
1200 pA
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Figure 2 The effect of trimebutine on inward Ca24 currents elicited
by stepping from a holding potential of -40 mV to test potentials of
- 20 to + 60 mV in 20 mV increments for 300 ms. Current traces
before and after addition of trimebutine (10 gM) are shown (left and
middle rows). Addition of CdCl2 (100I1M) abolished the inward
currents (right row).
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Figure 1 The effect of trimebutine on inward Ca2" currents elicited
by stepping from a holding potential of - 60 mV to test potentials of
- 20 to + 60 mV in 20 mV increments for 300 ms in a single Cs-
filled cell bathed in physiological salt solution. Current traces before
and after addition of trimebutine (30 jAM) and after its washout are

shown from left to right.

(pA)

Figure 3 Current-voltage relationships for the peak inward Ca2l
current activated from holding potentials of -60mV (a) and
- 40 mV (b). The peak amplitude of the Ca24 current evoked by
stepping to different potentials from the holding potential is plotted
against the potential. Control (0) and in the presence of trimebutine
(10 iM, *; 309M, 0).
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Figure 4 Relationships between the concentration of trimebutine
(3-100I1M) and the relative amplitude of the Ca2+ current activated
from three different holding potentials (-40 mV, 0; - 60 mV, 0;
- 80 mV, A). The Ca2+ current was evoked by stepping from the
holding potentials to 0 mV for 200 ms and the amplitude of the
current before cumulative application of the drug was normalized as
1.0. Each point indicates the mean ± s.e.mean of 6-7 experiments.
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with respective ICo values of 7.3 ± 1.2 gM (n = 6) and
35.8 ± 6.2 gM (n = 7). However, at - 80 mV, 50% inhibition
of the peak current could not be obtained even by 100 gM
trimebutine (the highest concentration used in the present
study). In fact, 100 iLM trimebutine reduced the current amp-
litude only by 35.5 ± 6.7% (n = 6) (Figure 4). These results
indicate a strong dependence of the inhibitory action of
trimebutine on the membrane potential at which the cell is
held before eliciting the current.
To clarify the voltage-dependent inhibitory action of trime-

butine, steady-state inactivation curves of the Ca2+ current
were obtained before and after application of 30 ylM trime-
butine by means of a conventional double-pulse protocol.
Application of a 3 s conditioning pulse, varying from - 90
mV to - 20 mV in 10 mV increments, was followed by a
constant test pulse (200 ms in duration) to 0 mV. The Ca2"
current evoked by the test pulse was decreased in amplitude
as the potential of the conditioning pulses was increased. No
inward current was evoked by the test pulse when the condi-
tioning potential was - 20 mV (Figure 5a). The voltage-
dependent inactivation of the Ca2+ current was quantified as
follows. The amplitude of the current (I) evoked by the test
pulse was normalized by taking the amplitude of the current
(m..) evoked by the test pulse with a conditioning pulse of
- 90 mV as 1.0. Figure Sb shows a plot of the ratio of I to
Imax against the conditioning potential (V). The data could be
fitted by a least squares method with a Boltzmann equation
of the form: III.ax = 1/1( + exp[(V - VO.5)/V5J), where V0.5 is
the conditioning potential at which the ratio of I/Imax was 0.5
and V, the slope factor. The sigmoid inactivation curve was
shifted by about 18 mV in the negative direction without any
appreciable change in the slope after application of trimebu-
tine (30 fLM). Four experiments gave mean values for Vo.5 and
for V, in the absence of trimebutine as - 33.8 ± 1.8 mV and
7.1 ± 0.6 mV, respectively, and corresponding mean values in
the presence of trimebutine (30 tM) as - 52.0 ± 3.2 mV and
6.5 ± 0.5 mV, respectively. The difference between the V0.5
values was statistically significant (P<0.01).

In cells held at - 60 mV, the Ca2+ current was repeatedly
evoked at 30s intervals by a 100 ms pulse to 0 mV. Pulse
application was interrupted and trimebutine (30 gLM) or ver-
apamil (3 jiM) applied. Three minutes after the drug applica-
tion, pulses were restarted for 2 min to evoke the first series
of Ca2` currents, interrupted for 3 min, and restarted again
to evoke the second series of Ca2` currents. As shown in
Figure 6, reduction of the current amplitude reached about

^90.8\
00

' 0.6
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0.4

~j0.2-

0.0
-100 -80 -60 -40 -20

mV

Figure 5 The effect of trimebutine on the voltage-dependent inac-
tivation of the Ca2l current. (a) Current traces recorded from a cell
of which the membrane potential was held at different levels (- 90 to
- 20 mV) during a 3 s conditioning pulse and then stepped to 0 mV
for 200 ms. Left row, the control; right row, in the presence of
trimebutine (30 PM). (b) The relationships between the relative peak
amplitude of the Ca2l current and the membrane potential attained
by the conditioning pulse in the absence (0) and presence of
trimebutine (30 gM, *). The peak amplitudes of the Ca2l current
evoked by stepping to 0 mV from - 90 mV in the absence and
presence of the drug were normalized as 1.0, respectively. Points
were fitted by the Boltzmann equation (see text). The inward current
was 50% inactivated at - 34 mV in the control and at - 52 mV in
the presence of 30 tM trimebutine.

50% during the early 3 min of exposure to trimebutine and
was only slightly reduced by repeated application of pulses
(ten times with a 3 min interruption). In contrast, during
exposure to verapamil, the extent of current reduction was
small for the first pulse (7%), but increased progressively on
repetition of the pulse (five times) and reached about 40%
for the 5th Ca2" current. The current reduction in the second
series of the Ca2+ currents during the exposure to verapamil
developed to a greater extent than, but in a similar manner
to, that in the first series of the Ca2+ currents. Similar effects
were obtained in four other cells with trimebutine and two
cells with verapamil. These results suggest that the inhibitory
action of trimebutine on the Ca2+ current is not conspic-
uously use-dependent.
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Figure 6 Comparison of the time courses of the inhibition of Ca2l
current by trimebutine and verapamil. Control (0) and in the
presence of trimebutine (30 JLM, *) and verapamil (3 luM, A). The
drug was added at time 0 in the horizontal scale and removed at
10 min. A depolarizing pulse (100 ms in duration) to 0 mV from the
holding potential of - 60 mV was applied at 30 s intervals for 2 min
and then the drug was added without application of the pulses.
Three minutes later, a train of pulses was applied twice with a 3 min
quiescent period. The amplitude of the Ca2" current evoked by the
pulse immediately before application of the drug was normalized as
1.0.

Discussion

The present results show that trimebutine dose-dependently
inhibits whole-cell Ca2+ current evoked by depolarization in
single smooth muscle cells isolated from rabbit ileum. Trime-
butine exerted a stronger inhibitory effect on the Ca2+ cur-
rents elicited from lower holding potentials and caused a
parallel shift in the voltage-dependent inactivation curve for
the Ca2+ current in the negative direction. These characteris-
tics of the action of trimebutine may be attributed to varying
affinities of the drug for the Ca2+ channels in different chan-
nel states. Membrane depolarization induces an inactivated
state of the Ca2+ channels in which trimebutine binding is
favoured. According to Bean et al. (1983) and Sanguinetti &
Kass (1984), the dissociation constant for trimebutine bin-
ding to the Ca2+ channels in the inactivated state (Ki) can be
calculated from the equation: A V0.5 = Vs x ln(I + [D]/K1)/
(1 + [D]/Kr), where A Vo.5 and Vs are the shifted amplitude by
trimebutine in the voltage-dependent inactivation curve and
the slope factor of the inactivation curve, respectively, [D] is
the concentration of trimebutine and K, is the dissociation
constant for trimebutine binding to the Ca2+ channels in the
close-available state. Using the values of 18.2 mV for A Vo.5
and 6.5 mV for V, obtained with 30 gLM trimebutine (Figure
5b) and 35.8 9AM for Kr (IC" of trimebutine for the Ca2`
current at a holding potential of - 60 mV which can be used,
assuming that the Ca2" channels are all in the closed-
available state at the holding potential of - 60 mV (Figure
Sb)), a value for Ki is calculated to be 1.0 9iM, suggesting
about 36 times higher affinity of trimebutine for the inac-
tivated than the closed-available state of the Ca2" channels.

However, trimebutine was much less effective in reducing the
current amplitude at the holding potential of - 80 mV than
at - 60 mV. This cannot be simply explained by a possible
underestimate caused by assuming that the channels are all in
the closed-available state at - 60 mV. The channels might be
in another state at - 80 mV in which trimebutine could not
readily bind to them.
The lack of use-dependence of the inhibition of the Ca2"

current by trimebutine suggests that the drug may hardly
enter the Ca2" channels in the open state. In contrast,
verapamil enters the open-state Ca2" channels since blockade
of the channels by the drug was use-dependent, as previously
described (Terada et al., 1987a). Furthermore, the use-depen-
dent inhibition of ion channel current is suggested to be
related to the pKa value for drugs: a drug in charged form
can enter ion channels in their open state in which it acts
(Sanguinetti & Kass, 1984; Terada et al., 1987a). According
to this view, as the pKa value for trimebutine is 6.2, the drug
is almost unionized at pH 7.2 in PSS and expected to exhibit
no use-dependent block of the Ca2" current. The prediction
is consistent with the present result.
On the basis of a comparison of IC50 values for the Ca2+

current and Ca2+-independent K+ current, Terada et al.
(1987a,b) assessed the selectivity of various Ca2+ antagonists
for the voltage-dependent Ca2+ channel in smooth muscle
cells of rabbit small intestine. The ratio of the ICs for the
K+ current to that for the Ca2+ current was 190 for nicar-
dipine, 21 for diltiazem and 11 for verapamil. The ratio of
the ICo of trimebutine for Ca2"-independent K+ current
(7.6JM) (Nagasaki et al., 1993) to that for the Ca2" current
(35.8 JFM) was 0.2, and in addition the ratio of the ICm for
Ca2+-dependent K+ current (23.5 gM) (Nagasaki et al., 1993)
to that for the Ca2` current was 0.7. Thus, trimebutine may
be considered as a member of a family of non-specific
organic Ca2` antagonists (Godfraind et al., 1986).
The voltage-dependent Ca2` current and K+ current in

smooth muscles are responsible for the upstroke and repolar-
ization phases of the action potential, respectively, and the
K+ current also may participate in determination of the
resting membrane potential. Our present and previous (Naga-
saki et al., 1993) results, that trimebutine inhibits both Ca2"
current and K+ current evoked by depolarization with little
selectivity for them, provide some insight into the mechanism
by which trimebutine stimulates or inhibits the mechanical
activity in the isolated stomach and intestine over the same
concentration-range, and exerts the dual action dependent on
the level of the mechanical activity (Takenage et al., 1982;
1984; 1986). The stimulation of the mechanical activity, when
it is low, may be due in part to block of the K+ current
leading to the membrane depolarization which allows an
increased discharge rate of action potentials, and the inhibi-
tion of the mechanical activity, when it is high, may be due
in part to block of the Ca2` current leading to suppression of
generation and conduction of the action potential accom-
panied by reduction of tension. The membrane potential-
dependent inhibition of the Ca2+ current by trimebutine
would support this idea. Thus the stimulatory effect on the
hypomotile gastrointestinal tract and the inhibitory effect in
hypermotility could be explained.
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1 Calcitonin gene-related peptide (CGRP) potently enhances mucosal blood flow in the rat stomach.
The aim of this study was to examine whether CGRP also dilates extramural arteries supplying the
stomach and whether the vasodilator action of CGRP involves nitric oxide (NO).
2 Rat CGRP-x (0.03-1 nmol kg-', i.v.) produced a dose-dependent increase in blood flow through the
left gastric artery (LGA) as determined by an ultrasonic transit time technique in urethane-anaesthetized
rats. Blockade of NO synthesis by NG-nitro-L-arginine methyl ester (L-NAME, 20 and 60ymol kg-',
i.v.) significantly reduced basal blood flow (BF) in the LGA and attenuated the hyperaemic activity of
CGRP by a factor of 2.8-4. D-NAME tended to enhance basal BF in the LGA but had no influence on
the dilator activity of CGRP. The ability of vasoactive intestinal polypeptide to increase left gastric
arterial blood flow remained unaltered by L-NAME.
3 L-NAME (20 and 60ymol kg-', i.v.) evoked a prompt and sustained rise of mean arterial blood
pressure (MAP) and caused a slight decrease in the hypotensive activity of CGRP. In contrast,
D-NAME induced a delayed and moderate increase in MAP and did not influence the hypotensive
activity of CGRP.
4 Rat CGRP-o dilated the isolated perfused bed of the rat LGA precontracted with methoxamine and
was 3 times more potent in this respect than rat CGRP-P. The dilator action of rat CGRP-x in this
preparation was not affected by L-NAME or D-NAME (40 pM).
5 L-NAME (601tmol kg-', i.v.) reduced gastric mucosal blood flow as assessed by laser Doppler
flowmetry and diminished the hyperaemic activity of rat CGRP-a in the gastric mucosa by a factor of
4.5, whereas D-NAME was without effect.
6 These data show that CGRP is a potent dilator of mucosal and extramural resistance vessels in the
rat stomach. Its dilator action involves both NO-dependent and NO-independent mechanisms.

Keywords: Calcitonin gene-related peptide (CGRP); vasoactive intestinal polypeptide; blood flow; rat stomach; gastric mucosa;
left gastric artery; vasodilatation; hypotension; nitric oxide; N0-nitro-L-arginine methyl ester (L-NAME); D-NAME;
inhibition of nitric oxide synthase

Introduction

Calcitonin gene-related peptide (CGRP) is a potent dilator of
submucosal arterioles in the rat stomach (Chen et al., 1992),
an action by which it augments gastric mucosal blood flow
(MBF) (Holzer & Guth, 1991). This and other findings sug-
gest that CGRP plays a regulatory role in the gastric mucosal
microcirculation. Arteries and arterioles in the rat stomach
are surrounded by a dense plexus of primary afferent nerve
fibres containing CGRP (Green & Dockray 1988; Sternini &
Anderson, 1992). Activation of these neurones causes release
of CGRP into the vascular bed of the stomach (Holzer et al.,
1990), and there is pharmacological evidence that CGRP
participates in the gastric hyperaemic response to sensory
nerve stimulation with capsaicin (Li et al., 1991). The first
objective of the present study was to investigate whether the
vasodilator action of CGRP in the rat stomach is confined to
the mucosal microvessels or whether CGRP also dilates
extramural resistance vessels. This question was addressed by
measuring blood flow in the gastric mucosa and in the left
gastric artery (LGA) of anaesthetized rats and by use of the
isolated perfused bed of the LGA.
The second objective was to inquire into the mechanism of

the vasodilator action of CGRP in the rat stomach. In
addition to a direct action on vascular smooth muscle, trans-
mitter substances can regulate blood flow via release of
vasodilator mediators such as nitric oxide (NO) (Moncada et
al., 1991). There is evidence that NO plays an important role
in the regulation of gastric MBF (Walder et al., 1990; Pique
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et al., 1992; Lippe & Holzer, 1992; Tepperman & Whittle,
1992). CGRP-evoked dilatation of various extragastric vas-
cular beds differs with regard to the involvement of NO and
the endothelium, an important source of NO (Gardiner et al.,
1991; Abdelrahman et al., 1992; Gray & Marshall, 1992), and
there is a preliminary report suggesting that the hyperaemic
action of CGRP in the rat gastric mucosa depends to some
extent on NO (Whittle et al., 1992). The question whether the
vasodilator action of CGRP in the rat stomach involves NO
was examined by the use of N0-nitro-L-arginine methyl ester
(L-NAME), a specific blocker of the constitutive NO syn-
thase (Moore et al., 1990; Rees et al., 1990).

Methods

Surgical preparation of the animals for the in vivo
experiments
All experiments were performed on female Sprague-Dawley
rats, weighing 190-220 g. They were fasted for about 20 h
before experimentation but allowed free access to water.
After the induction of anaesthesia with urethane (1.5 g kg-',
s.c.) the rats were fitted with a tracheal cannula to facilitate
spontaneous respiration. The body temperature was kept at
36-37°C by means of a water-perfused heating pad. Mean
arterial blood pressure (MAP) was recorded from a cannula
in the right carotid artery. In many experiments the MAP
signal was fed into a heart ratemeter and the heart rate (HR)
and MAP were displayed on a chart recorder. For the i.v.
administration of drugs a catheter was placed in a jugular
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vein through which saline (0.9% NaCl, wt/wt) was con-

tinuously infused at a rate of 1.5mlh-' to avoid dehydra-
tion. In some experiments the drugs were administered close
arterially to the stomach, in which case the abdominal aorta
was cannulated with a catheter (PE-20) in a retrograde direc-
tion so that the tip of the catheter lay just above the branch-
ing of the coeliac artery (Lippe et al., 1989). After completion
of surgery a period of at least 30 min was allowed for
equilibration until the experiments were started.

Measurement of bloodflow in the LGA

Blood flow in the LGA was determined by the ultrasonic
transit time shift technique. This method involves a flow
sensor, which contains two ultrasonic transducers passing a
plane wave of ultrasound back and forth over the full width
of the vessel alternately intersecting the flowing blood in
upstream and downstream directions (Burton & Gorewit,
1984; Wang et al., 1989). The shift in transit time which
results from the flow of blood is integrated over the full
width of the vessel and used to calculate the volume of blood
flow (pA min-'). After a midline laparotomy the LGA was

separated from the surrounding tissue over a length of
4-5 mm under a binocular microscope. Care was taken to
remove any fat tissue from the vessel. Blood flow was
measured by an ultrasonic flow sensor (model 1RB, Tran-
sonic, Ithaca, New York, U.S.A.) which was placed around
the LGA and connected to a small animal flowmeter (model
T106, Transonic).
The experiments were started by priming the animals with

i.v. injections of rat CGRP-x (100pmolkg-') or vasoactive
intestinal polypeptide (VIP, 300 pmol kg-') at 15 min intervals.
Once the hyperaemic actions of these peptides were stable,
saline (1 ml kg-'), D-NAME (20 or 60 iLmol kg-') or L-NAME
(20 or 60 g.mol kg-') was injected into the jugular vein. After a
wait of 30 min, dose-response curves for the hyperaemic actions
of CGRP and/or VIP were recorded. This was done by injecting
increasing doses of CGRP (0.03-1 nmol kg-') and VIP
(0.3-1 nmol kg-') at 15 min intervals. All peptide doses were
injected at a volume of 1 ml kg-', the vehicle being saline.

Measurement of gastric mucosal bloodflow with laser
Dopplerflowmetry
The stomach was exposed by a midline laparotomy, and a
small bore (4 mm o.d.) plastic cannula was inserted via a
small incision in the forestomach and tied in place, to allow
free access to the gastric lumen (Tepperman & Whittle,
1992). Gastric MBF was recorded continuously with a laser
Doppler flow monitor (model MBF3D, Moor Instruments,
Devon) and an endoscopic laser optic probe (model P6B,
1.25 mm o.d.; Moor Instruments) which was inserted into the
gastric lumen via the plastic cannula and allowed to rest
gently on the gastric corpus mucosa (Tepperman & Whittle,
1992). Drug-induced changes in the laser Doppler flux rea-

dings were expressed as a percentage of the average flux
recorded over a 3 min period immediately before administra-
tion of the drug. The experimental protocol was identical
with that used for the measurement of blood flow in the
LGA.

Measurement ofgastric mucosal bloodflow with the
hydrogen gas clearance technique
The clearance of hydrogen from the gastric tissue was mea-
sured by a platinum needle electrode which, after a midline
laparotomy, was inserted from the serosa into the basal
portion of the gastric corpus mucosa and positioned at the
submucosal border of the muscularis mucosae (Lippe &
Holzer, 1992). MBF was estimated by computer-assisted
analysis of the hydrogen clearance curves and expressed as

1A min'I g- (Lippe & Holzer, 1992). The experimental pro-
tocol involved alternating 15 min periods of saturation, and

desaturation, of the tissue with hydrogen gas. Measurements
of MBF were taken during the periods of 45-60 min, 75-
90 min, 105-120 min, 135-150 min, and 165-180 min after
the start of the experiments. Since MBF measured by the
hydrogen clearance technique represents flow averaged over a
period of 15 min, only prolonged changes in blood flow can
be measured. CGRP was infused, therefore, close arterially to
the stomach via a catheter in the abdominal aorta. This
catheter was continuously perfused with Krebs buffer pH 7.4
containing 0.2 mM acetic acid (i.e., the vehicle for CGRP) at
a rate of 1.5 ml min-' to keep the catheter patent and to
avoid dehydration of the rat (no infusion of saline via a
jugular vein was carried out in these experiments). At 60 min,
D-NAME or L-NAME (20 pmol kg-', 1 ml kg-') was admin-
istered to the stomach by slow injection into the aortic
catheter. Rat CGRP-o (60 pmol minm ', 0.03 ml min-') was
infused via the same route during the period of 160-180 min.

Perfusion of the isolated bed of the LGA

Twenty minutes after the induction of anaesthesia with pen-
tobarbitone (50 mg kg-', i.p.) the rats were laparotomized to
expose the stomach. After cannulation of the LGA with a
catheter (PE-20) the preparation was slowly flushed with
20 ml of Krebs buffer pH 7.4 containing heparin (20 iu ml-').
The perfused stomach was excised and cut open along the
greater curvature. The preparation thus was drained via the
plexus of submucosal arterioles that had been cut during
dissection. The preparation was transferred to a perfusion
apparatus which consisted of an inclined pad maintained at
37°C. The stomach was placed on the pad with the mucosal
side downwards and covered with parafilm to avoid dehydra-
tion. Oxygenated Krebs buffer pH 7.4 enriched with dextran
F70 (3%, wt/wt) (Kwok et al., 1988) was perfused through
the preparation by means of a peristaltic pump at a rate of
1.35 ml min-'. Proper perfusion of the preparation was chec-
ked visually by injecting 0.05 ml of Evans blue (10 mg ml-').
The perfusion pressure was measured by way of a pressure
transducer connected to the inflow cannula and displayed on
a chart recorder.

After an initial equilibration period of 20 min the a-
adrenoceptor agonist, methoxamine, was added to the per-
fusion solution to enhance perfusion pressure and thereby
facilitate the study of dilator responses (Kawasaki et al.,
1990). The concentration of methoxamine (25-90 M) was
such that perfusion pressure rose by about 80-100 mmHg.
After allowing a further 20 min for equilibration in the
presence of methoxamine, two sets of experiments were car-
ried out. In the first set of experiments the dilator responses
to rat CGRP-a and CGRP-P were compared. To this end,
increasing doses of the two peptides (3-100 pmol) were
injected at volumes of 0.1 ml at 20 min intervals. The dilator
response to 100 pmol CGRP-ao was used to standardize the
preparations at the end of each experiment and all other
dilator responses were expressed as a percentage of that
response. In the second set of experiments the effect of
D-NAME and L-NAME on the dilator response to rat
CGRP-a was investigated. For this purpose, a dose of CGRP
(usually 10 pmol) causing approximately half-maximal relax-
ation of the methoxamine-contracted preparations was cho-
sen as test dose and administered at 20 min intervals. After
reproducible dilator responses to the test dose of CGRP had
been obtained (usually after 3 dosings), D-NAME (40 iM)
was added to the perfusion medium. Following 3 applica-
tions of the test dose of CGRP, D-NAME was replaced with
L-NAME (40 tM), and CGRP was tested 3 times in the
presence of L-NAME.

Substances and solutions

Rat CGRP-a, rat CGRP-p, and rat VIP (Peninsula, Heidel-
berg, Germany) were dissolved in 0.02 M acetic acid to give
stock solutions of 0.1 mm. For intravascular administration,
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the stock solutions were diluted with Krebs buffer pH 7.4
(i.a. infusion) or saline (i.v. injection). D-NAME (N0-nitro-D-
arginine methyl ester) and L-NAME (N0-nitro-L-arginine
methyl ester) came from Bachem (Bubendorf, Switzerland)
and were dissolved (20 or 60 mM) in saline. Methoxamine
(Sigma, Deisenhofen, Germany) was dissolved (0.7 M) in
saline. Heparin was provided by Sandoz (Vienna, Austria)
and dextran F70 was obtained from Serva (Heidelberg, Ger-
many).

Calculation of data and statistics

Since D-NAME and L-NAME caused changes in gastric
blood flow and MAP, all actions of CGRP and VIP on
these parameters were expressed as percentage changes in
order to account for the change in the baseline values
(Abdelrahman et al., 1992). All data are presented as
mean ± s.e.mean. Statistical evaluation of the results was
performed with the Mann-Whitney U test, Kruskal-Wallis H
test or Wilcoxon test for pair differences as appropriate.
Probability values of P<0.05 were regarded as significant.

Results

Effect ofL-NAME and D-NAME on bloodflow in the
LGA, MAP and HR

The basal levels of blood flow in the LGA and gastric
mucosa, MAP and HR as measured before administration of
saline, L-NAME or D-NAME are given in Table 1. There
were no significnat differences in these parameters between
the different groups of rats used in the present study.
L-NAME (20 and 60 pmol kg-', i.v.) led to an immediate

and sustained increase in MAP, which was accompanied by a
significant decrease in HR and blood flow through the LGA
(Table 2). The dose of 20 jimol kg-' L-NAME appeared to
be maximally effective, because the effects of a 3 times higher
dose of the drug (60 pmol kg-') were not different from those
of 20 ytmol kg-' L-NAME (Table 2). The vehicle (saline,

1 ml kg-') had no influence on MAP, HR and blood flow
through the LGA (Table 2).
D-NAME (20 and 60 tsmol kg-', i.v.) caused a delayed and

moderate increase in MAP but failed to change HR (Table
2). Whilst the hypertensive effect of L-NAME was fully
developed within 5-O min after injection of the drug, it
took more than 15 min until the hypertensive effect of D-
NAME reached the level of statistical significance. The in-
crease in MAP caused by 20 JAmol kg' D-NAME did not
differ from that caused by 60 ymol kg-' D-NAME (Table 2).
Unlike L-NAME, D-NAME tended to increase blood flow
through the LGA, but this effect reached statistical
significance only in the experiments involving 20 imol kg-'
D-NAME (Table 2).

Effect ofL-NAME and D-NAME on the hyperaemic
action ofCGRP in the LGA

Intravenous injection of rat CGRP-a (0.03 to 1 nmol kg-'),
but not of the vehicle (saline, 1 ml kg-1), evoked an immed-
iate and transient increase in blood flow through the LGA
(Figure la). This action of CGRP was dose-dependent (Fig-
ure 2).
L-NAME (20 and 60 jAmol kg-', i.v.) reduced the potency

of CGRP in augmenting blood flow through the LGA when
compared with the activity of CGRP in rats treated with
saline (1 ml kg-'), whereas D-NAME (20 and 60 ytmol kg-')
had no effect (Figure 2). Following injection of L-NAME the
CGRP dose-response curve was shifted to the right in a
parallel manner, with no depression of the maximal hyper-
aemic response to CGRP (Figure 2). The doses of 20 and
60 pmol kg-' L-NAME did not differ in their ability to
attenuate the hyperaemic activity of CGRP (Figure 2).
Graphical extrapolation at the level of 140% increase in
LGA blood flow showed that 20 timol kg-' L-NAME shifted
the CGRP dose-response curve by a factor of 4 (Figure 2a)
compared with a shift of 2.8 caused by 60 ytmol kg-' L-
NAME (Figure 2b). This observation indicates that the dose
of 20 itmol kg-' L-NAME is maximally effective in antago-
nizing the dilator action of CGRP in the LGA.

Table 1 Basal values of mean arteri
(MAP), heart rate (HR), blood flow in the
(BF/LGA), gastric MBF measured b
flowmetry (LDF Flux/GM) and gastric I
the hydrogen gas clearance technique (
measured before administration of D
methyl ester (L-NAME), D-NAME or thi

Parameter

MAP
HR
BF/LGA
LDF Flux/GM
Gastric MBF

Unit

mmHg
min-'
tll min'l
arbitrary units
jil min-Ig-

The values shown are mean ± s.e.mean.

al blood pressure
e left gastric artery

Effect ofL-NAME and D-NAME on the hypotensive
action ofCGRP

)y laser Doppler Intravenous injection of rat CGRP-x (0.03 to 1 nmol kg-')
WBF measured by induced an immediate and transient fall in MAP which was
'Gastric MBF) as
40-nitro-L-arglnine accompanied by a transient increase in the heart rate (HR)
eir vehicle (saline) (Figure la). The hypotensive (Figure 2) and tachycardiac

(data not shown) actions of CGRP were dose-dependent; the
Value n vehicle (saline, 1 ml kg-') was devoid of any effect (data not

90± 1.1 81 shown).
90+1±5.7 81 L-NAME (20 and 601mol kg-', i.v.) diminished the hypo-

431 ± 5.7 58 tensive potency of CGRP when compared with the activity of
985 7.1 21 CGRP in rats treated with saline (1 ml kg-') (Figure 2). The
546 ± 35 14 effect of L-NAME consisted of a parallel rightward shift of

the CGRP dose-response curve, the magnitude of the shift
(1.8-2 fold) being independent of whether 20 or 60 pmol

Table 2 Effect of i.v. injected saline (1 ml kg-), NG-nitro-L-arginine methyl ester (L-NAME) and D-NAME (20 and 60 pmol kg-') on
mean arterial blood pressure (MAP), heart rate (HR), blood flow in the left gastric artery (BF/LGA), and laser Doppler flux readings
in the gastric mucosa (LDF Flux/GM) as measured 30 min post-drug injection

L-NAME
(20 ymol kg- ')

160±4% (13)**
93 ± 3% (13)**
67±5% (13)**
ND

L-NAME
(60 jtmol kg- )

169±5% (17)**
94 ± 3% (8)*
65 ± 7% (8)**
76 ± 7% (7)**

D-NAME
(20 ftmol kg- )

116± 3% (13)**
102± 1% (13)
128 ± 12% (13)*
ND

D-NAME
(60 timol kg- )

120± 3% (16)**
100± 1% (9)
120±13% (9)
106 ± 4% (7)

The values shown are expressed as a percentage of the values recorded immediately before administration of saline, L-NAME or

D-NAME and are mean ± s.e.mean. The number of observations (animals) is given in parentheses.
*P<0.05, **P<0.01 versus saline. ND, not determined.

Parameter

MAP
HR
BF/LGA
LDF Flux/GM

Saline
(I ml kg-')

102 ± 1% (21)
103 ± 1% (14)
100±4% (15)
104±7% (7)
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Figure 1 (a) Recordings of the actions of rat calcitonin gene-related
peptide-a (CGRP) and vasoactive intestinal polypeptide (VIP),
injected i.v., on heart rate (HR), mean arterial blood pressure (MAP)
and blood flow in the left gastric artery (BF/LGA). (b) Recording of
the action of rat CGRP, injected i.v., on blood flow in the gastric
mucosa as determined by laser Doppler flowmetry (LDF flux/GM).
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Figure 2 Dose-response relationship for the ability of i.v. injected
rat calcitonin gene-related peptide-x (CGRP) to increase blood flow
in the left gastric artery (BF/LGA) and to decrease mean arterial
blood pressure (MAP) in rats pretreated with (a) saline (NaCl,
I ml kg-' 0), N0-nitro-D-arginine methyl ester (D-NAME, (20 t&mol
kg-' *) or L-NAME 20 pmol kg-' *) or (b) with saline (NaCI,
I ml kg-' 0), D-NAME (60 1tmol kg- 0) or L-NAME (60 pmol kg-'
*). These drugs were injected i.v. 30 min before the recording of the
dose-response curve to CGRP was begun. The ordinate scale shows
the percentage changes in BF/LGA and MAP. Results are mean
with s.e.mean shown by vertical bars; n=7-9. *P<0.05, **P<
0.01 versus respective values recorded in rats treated with saline.

kg-' L-NAME had been administered (Figure 2). The tachy-
cardiac action of CGRP was not altered by L-NAME in any
consistent manner (data not shown).
D-NAME (20 and 60 timol kg-', i.v.) failed to influence the

hypotensive potency of CGRP (Figure 2), with the only
exception that the fall in MAP evoked by 0.1 nmol kg-'
CGRP was significantly inhibited by 20 gamol kg-' D-NAME
(Figure 2a). The tachycardic response to CGRP was un-
changed by D-NAME (data not shown).

Effect ofL-NAME on the hyperaemic action of VIP in
the LGA

Experiments involving VIP were carried out to test whether
or not the action of a vasodilator peptide other than CGRP
is changed by L-NAME as compared with the action of the
peptide in the presence of D-NAME. Like CGRP, i.v. injec-
tion of VIP (0.3 to 1 nmol kg-') caused an immediate fall in
MAP associated with an increase in HR and blood flow
through the LGA (Figure la). The potency of VIP in dilating
the LGA was lower than that of CGRP (compare Figure 2
with Figure 3), and the duration of the actions of VIP on the
cardiovascular system was shorter than that of the actions of
CGRP (Figure la). The ability of VIP to augment blood flow
through the LGA did not differ between rats treated with
D-NAME or L-NAME (20 ymol kg-', i.v.) as was the case
for the tachycardic action of VIP (data not shown). How-
ever, L-NAME tended to reduce the hypotensive action of
VIP when compared with the hypotensive responses to VIP
in rats treated with D-NAME, although this effect of L-
NAME did not consistently reach the level of statistical
significance (Figure 3).

Effect ofL-NAME and D-NAME on the hyperaemic
action ofCGRP in the gastric mucosa

Intravenous injection of rat CGRP-o (0.1 to 1 nmol kg-')
caused an immediate and transient increase in blood flow
through the gastric mucosa as measured by laser Doppler
flowmetry (LDF) (Figure lb). The hyperaemic action of
CGRP in the gastric mucosa was dose-dependent (Figure 4)
but the amplitude of the CGRP-evoked hyperaemia in the
gastric mucosa was considerably smaller than that in the
LGA (Figure 2). Injection of the vehicle (saline, 1 ml kg-',
i.v.) was devoid of any effect (data not shown).
L-NAME (60 gAmol kg-', i.v.) led to a sustained decrease in

blood flow through the gastric mucosa as measured by LDF
whereas the same dose of D-NAME or the vehicle (saline,
1 ml kg-') did not alter the LDF signal (Table 2). The

0
0.3 1

v 0.3
VIP (nmol kg-1)

Figure 3 (a) Dose-dependent increase in blood flow in the left
gastric artery (BF/LGA) and (b) decrease in mean arterial blood
pressure (MAP) in response to i.v. injection of vasoactive intestinal
polypeptide (VIP) in rats treated with NG-nitro-D-arginine methyl
ester (D-NAME, 20 itmol kg-', open columns) or L-NAME (20 1tmol
kg- ', solid columns). These drugs were injected i.v. 30 min before the
recording of the actions of VIP was begun. The ordinate scale shows
the percentage changes in BF/LGA and MAP. Results are mean
with s.e.mean shown by vertical bars; n = 8. *P<0.05 versus respec-
tive values recorded in rats treated with D-NAME.
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Increase in LDF/GM

** 4
* ~ ~ ~ *

0.1 0.3
CGRP (nmol kg-1)

1

Effect ofL-NAME and D-NAME on the dilator action
of CGRP in the isolated bed of the LGA

Injection of rat CGRP-o reduced the perfusion pressure in
the left gastric arterial bed precontracted with methoxamine
(Figure 5a). The CGRP-induced decline in the perfusion

120

cm
I

E
E
0

0

0

0.

C

0

0

0~

Figure 4 Dose-response relationship for the ability of i.v. injected
rat calcitonin gene-related peptide-z (CGRP) to increase blood flow
in the gastric mucosa as measured by laser Doppler flowmetry
(LDF/GM) in rats pretreated with saline (NaCl, I ml kg-' 0),
NG-nitro-D-arginine methyl ester (D-NAME, 60 lumol kg-' 0) or

L-NAME (60 pmol kg-' *). These drugs were injected i.v. 30 min
before the recording of the dose-response curve to CGRP was begun.
The ordinate scale shows the percentage changes in BF/LGA.
Results are mean with s.e.mean; n = 7. **P< 0.01 versus respective
values recorded in rats treated with saline.

a L-NAME (40 FLM)

80 [

401
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I >
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b

potency of CGRP in augmenting blood flow through the
gastric mucosa was reduced by L-NAME when compared
with the activity of CGRP in rats treated with saline (Figure
4). Graphical extrapolation at the level of 40% increase in
the LDF signal showed that L-NAME caused a 4.5 fold shift
of the CGRP dose-response curve to the right, with no
apparent depression of the maximal action of the peptide
(Figure 4). In contrast, D-NAME failed to affect the hyper-
aemic activity of CGRP in the gastric mucosa (Figure 4).
The inhibitory effect of L-NAME on the CGRP-evoked

hyperaemia in the gastric mucosa was confirmed in experi-
ments in which gastric MBF was measured by the hydrogen
gas clearance technique (Table 3). Close arterial injection of
L-NAME (20 tmol kg-1) to the stomach reduced gastric
MBF by about 40%, whereas the same dose of D-NAME
had no influence on MBF (Table 3). L-NAME prevented the
gastric hyperaemia evoked by close arterial infusion of
CGRP (60pmolmin-') to the stomach, which resulted in a
70% increase in gastric MBF in rats treated with D-NAME
(Table 3). Saline-treated rats were not used in these experi-
ments which were conducted solely to confirm that L-NAME,
relative to D-NAME, inhibits the vasodilator action of
CGRP in the gastric mucosa.

Table 3 Effect of NG-nitro-D-arginine methyl ester
(D-NAME) and L-NAME (20 1tmol kg-', i.a.) on basal
blood flow (Basal MBF) and calcitonin gene-related peptide
(CGRP)-evoked hyperaemia (CGRP hyperaemia) in the
gastric mucosa as measured by the hydrogen gas clearance
technique

Parameter

Basal GMBF
CGRP hyperaemia

D-NAME

94 ± 14% (7)
173 ±25% (7)

L-NAME

59 ± 4% (7)*
103±11% (7)*

D-NAME and L-NAME (201mol kg-') were injected close
arterially to the stomach 100 min before close arterial
infusion of CGRP (60 pmol min-') to the stomach. The
values shown are expressed as a percentage of the values
recorded immediately before administration of L-NAME or
D-NAME (Basal MBF) or immediately before
administration of CGRP (CGRP hyperaemia) and are
mean ± s.e.mean. The number of observations (animals) is
given in parentheses.
*P<0.05 versus D-NAME.
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Figure 5 (a) Recording of the action of rat calcitonin gene-related
peptide-a (CGRP) on the perfusion pressure in the isolated bed of
the rat left gastric artery in the presence of NG-nitro-D-arginine
methyl ester (D-NAME, 40 lm; first injection of CGRP) and L-
NAME (40 pm; second injection of CGRP). Ordinate scale: perfusion
pressure generated by the addition of methoxamine (50 M). (b)
Dose-dependent actions of rat CGRP-x (0) and rat CGRP-I (0),
given as bolus injections, on the perfusion pressure in the isolated
bed of the left gastric artery precontracted with methoxamine
(25-90 gM). Ordinate scale: reduction of the perfusion pressure,
expressed as a percentage of the perfusion pressure generated by
methoxamine. Results are mean ± s.e.mean; n = 8.

Table 4 Effect of saline, NG-nitro-i-arginine methyl ester
(D-NAME) and L-NAME on the perfusion pressure and the
relaxant action of calcitonin gene-related peptide (CGRP) in
the isolated bed of the rat left gastric artery precontracted
with methoxamine

Treatment

Saline
D-NAME
L-NAME

Perfusion
pressure
(mmHg)

92 ± 9
99 ± 11
115 ± 11

Hypotension
induced

by CGRP (%)

47± 3
47±4
43±6

Results are mean ± s.e.mean; n = 7. No significant
differences. The preparations were continuously perfused
with saline containing methoxamine. D-NAME and
L-NAME (40 LM) were administered by perfusion, the
perfusion pressure being measured 20 min after their
infusion was started and immediately before a bolus
injection of rat CGRP-a (10-30 pmol) was performed. The
relaxant action of CGRP is expressed relative to the
perfusion pressure generated by methoxamine.
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pressure, i.e. vasodilatation, was reproducible for up to 5 h
when successive injections of rat CGRP-a (10-30 pmol) were
carried out at 20 min intervals. The dilator responses to rat
CGRP-a and rat CGRP-P were dose-dependent, rat CGRP-a
being at least 3 times more potent than rat CGRP-P (Figure
5b). Perfusion of D-NAME (40 pM) did not significantly alter
the perfusion pressure and failed to influence the vasodilator
action of rat CGRP-a (Table 4). Perfusion of L-NAME
(40 gM) increased the perfusion pressure (Figure 5a), an effect
that slowly waned with time (Table 4). The vasodilator
action of CGRP was not significantly changed in the pre-
sence of L-NAME (Table 4).

Discussion

The present data confirm that pmol doses of CGRP increase
blood flow in the rat gastric mucosa (Holzer & Guth, 1991)
and, in addition, show that CGRP is at least as potent in
dilating extramural arterial vessels of the rat stomach as it is
in dilating mucosal microvessels. The gastric hyperaemic
action of CGRP was demonstrated both in vivo and in the
isolated perfused bed of the LGA in vitro. This isolated
preparation, which is drained via submucosal arterioles that
have been cut during dissection, was used to measure the
resistance of extramucosal arterial vessels in the stomach.
Rat CGRP-a was chosen as the molecular form of CGRP to
be tested in the in vivo experiments, since this variant of
CGRP prevails in the primary afferent nerve fibres that
supply the splanchnic arterial bed (Mulderry et al., 1988;
Sternini & Anderson, 1992). Additional experiments revealed
that rat CGRP-a is about 3 times more potent than rat
CGRP-P in reducing the resistance of the left gastric arterial
bed in vitro, which is consistent with the finding that human
CGRP-a is more active in increasing blood flow in the rabbit
stomach than human CGRP-P (Bauerfeind et al., 1989).
L-NAME and D-NAME were employed to examine wheth-

er the CGRP-evoked hyperaemia in the LGA and gastric
mucosa of the rat involves NO as a secondary vasodilator
mediator. As shown previously, inhibition of NO synthesis
by L-NAME resulted in hypertension and bradycardia (Gar-
diner et al., 1990; Rees et al., 1990) and in a decline of gastric
blood flow (Lippe & Holzer, 1992; Tepperman & Whittle,
1992; Whittle et al., 1992). In contrast, D-NAME was with-
out influence on HR and tended to increase blood flow in the
LGA rather than to decrease it. D-NAME, though, enhanced
MAP albeit this effect of D-NAME was delayed and less
pronounced than that of L-NAME. The present finding of a
hypertensive effect of D-NAME corroborates the study of
Abdelrahman et al. (1992) but is at odds with the negative
findings of Gardiner et al. (1990) and Rees et al. (1990).
Although D-NAME, the enantiomer believed to be inactive

on the NO synthase (Gardiner et al., 1990; Rees et al., 1990;
Moncada et al., 1991), changed MAP and blood flow in the
LGA to some extent, it did not alter the action of CGRP in
inducing hypotension and increasing gastric blood flow. In
contrast, L-NAME caused a small reduction of the CGRP-
evoked fall in MAP, as has been reported previously (Abdel-
rahman et al., 1992), and a more pronounced inhibition of
the CGRP-induced hyperaemia in the LGA and gastric
mucosa. The enantiomer specificity of the effect of L-NAME
in inhibiting the vasodilator activity of CGRP indicates that
L-NAME interfered with CGRP-evoked hyperaemia by way
of inhibition of NO formation and not by way of its
vasoconstrictor effect. The validity of this conclusion is sup-
ported by a number of other findings. (i) The hypotensive
action of CGRP is not blunted when the a-adrenoceptor
agonist phenylephrine is used to augment MAP (Abdelrah-
man et al., 1992). (ii) The antagonistic effect of L-NAME on
the CGRP-induced gastric hyperaemia in vivo was overcome
by increasing the dose of CGRP. (iii) The dilator action of
VIP on the LGA in vivo was left unaltered by L-NAME. VIP

is present in nerve fibres around splanchnic blood vessels
(Della et al., 1983), and the present results show that, as in
other vascular beds (Burnstock, 1990), VIP dilates the LGA
in a NO-independent manner. (iv) Hyperaemia in the gastric
mucosa evoked by glyceryl trinitrate remains unaltered by
blockade of NO formation (Walder et al., 1990). Thus,
inhibition of the L-arginine:NO system does not cause
general suppression of the dilator capacity of gastric resis-
tance vessels but counteracts the hyperaemic responses to
CGRP (this study) and pentagastrin (Walder et al., 1990;
Pique et al., 1992) in a selective manner.
The data obtained with L-NAME signify, therefore, that

the dilator action of CGRP on the gastric circulation in vivo
involves two mechanisms, a NO-dependent process that is
activated by low doses of the peptide and a NO-independent
process that becomes apparent with higher doses of CGRP.
This inference is affirmed by the fact that the doses of
L-NAME used here (20 and 60 itmol kg-') appeared to be
maximally effective. The contribution of NO to the hyper-
aemic action of CGRP was similar in the LGA and gastric
mucosa, as in both tissues L-NAME caused a parallel right-
ward shift of the CGRP dose-response curves by a factor of
2.8-4.5, abolishing the dilator action of low doses of CGRP.
This means that, if the low levels of circulating CGRP (Diez
Guerra et al., 1988) were to regulate blood flow through the
stomach, they would do so in a primarily NO-dependent
manner. Further evidence for a contribution of NO to the
hyperaemic action of CGRP in the gastric mucosa comes
from a study in which a low dose of L-NAME (8 tmol kg-')
was found to attenuate the vasodilator action of CGRP
(Whittle et al., 1992) and from the present experiments in
which gastric MBF was measured by the hydrogen gas
clearance technique.

Unlike in vivo, L-NAME failed to inhibit significantly the
dilator action of CGRP in the isolated bed of the LGA in
vitro, an observation that is in line with a report that the
relaxant action of the peptide on LGA strips does not require
the presence of the endothelium, an important source of NO
(Bratveit et al., 1991). Although the discrepancy between the
in vivo and in vitro observations cannot yet be explained
conclusively, it is conceivable that the system which forms
NO in response to CGRP either is no longer present or is
functionally damaged in the in vitro preparations. Whatever
the reason, our findings point to a potential limitation in the
use of isolated perfused vascular preparations for the study
of the L-arginine:NO system.

In conclusion, the hyperaemic action of CGRP in the rat
gastric circulation involves both NO-dependent and NO-
independent mechanisms. This dual mode of action is in
keeping with the dual distribution of CGRP receptors to
both endothelium and smooth muscle of gastrointestinal
arteries and arterioles in the rat (Sternini et al., 1991). CGRP
released from sensory nerve endings participates in the rise of
MBF caused by capsaicin-induced sensory nerve stimulation
(Li et al., 1991), hyperaemia strengthening the resistance of
the gastric mucosa to experimental injury (Lippe et al., 1989;
Holzer et al., 1991). The mucosal hyperaemic responses to
CGRP (this study) and sensory nerve stimulation by cap-
saicin (Whittle et al., 1992) or acid back-diffusion (Lippe &
Holzer, 1992) as well as the gastric mucosal protective
actions of CGRP (Lambrecht & Peskar, 1992) and capsaicin-
induced sensory nerve stimulation (Peskar et al., 1991) all
depend on NO. These findings indicate that NO is a major
secondary mediator of the hyperaemic and protective actions
of CGRP released from sensory nerve endings in the stom-
ach.
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Bradykinin-induced release of PG12 from aortic endothelial cell
lines: responses mediated selectively by Ca2+ ions or a

staurosporine-sensitive kinase

'Heydar Parsaee, 2Jean R. McEwan & 3John MacDermot

Department of Clinical Pharmacology, Royal Postgraduate Medical School, Du Cane Road, London W12 ONN

1 Bradykinin (100 nM) triggers release of nitric oxide and prostacyclin from both AG07680A and
AG04762 bovine cultured aortic endothelial cells. The exposure of these cells to bradykinin is in each
case associated with a striking rise in intracellular calcium ion concentration.
2 Exposure of AG07680A cells to 250 nM ionomycin was followed also by a significant release of
prostacyclin, whereas 250 nM ionomycin had no capacity to stimulate release of prostacyclin from
AG04762 cells.
3 There was a similar concentration-dependent increase in intracellular calcium ion concentration on

exposure of AG07680A and AG04762 cells to ionomycin.
4 Exposure of AG04762 cells for 10 min to staurosporine produced a concentration-dependent inhibi-
tion (IC5o = 107 ± 14 nM) in bradykinin-stimulated prostacyclin release. There was no similar inhibitory
effect of staurosporine in AG07680A cells.
5 Bradykinin (10 nM) triggered release of nitric oxide from both AG07680A and AG04762 cells, and
the effect was not inhibited by 500 nM staurosporine. There was a similar ionomycin-dependent release
of nitric oxide from both cell types.
6 These results identify a common pathway for bradykinin-dependent nitric oxide release from both
AG07680A and AG04762 cells, involving increases in intracellular calcium ion concentration. In
contrast, the bradykinin-dependent release of prostacyclin may involve one of two pathways (involving
an increase in intracellular calcium or activation of a staurosporine-sensitive kinase), and the two
pathways are selectively exploited in AG07680A and AG04762 cells, respectively.

Keywords: Endothelial cells; prostacyclin; bradykinin; calcium; protein kinase C; nitric oxide; endothelium-derived relaxing
factor

Introduction

A monolayer of endothelial cells lines the luminal surface of
blood vessels and provides a physical barrier between the
circulating blood and underlying vascular smooth muscle.
Endothelial cells also serve a role in regulating vascular
smooth muscle tone by release of dilator substances such as
prostacyclin (epoprostenol, PGI2; Moncada et al., 1976) and
nitric oxide (endothelium-derived relaxing factor, NO; Fur-
chgott & Zawadzki, 1980; Palmer et al., 1987; Ignarro, 1991),
or constrictor substances such as endothelin (Yanagisawa et
al., 1988). The release of PGI2 and NO from endothelial cells
may be triggered by hormones or vasoactive mediators
whose receptors are coupled to phospholipase C (PLC).
Examples include bradykinin, angiotensin II and acetyl-
choline (reviewed in Jacob et al., 1990). Receptor-dependent
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) by
PLC yields inositol 1,4,5-trisphosphate and diacylglycerol
which are implicated in release of Ca2+ from endoplasmic
reticulum to the cytosol, and activation of protein kinase C
(PKC) respectively (Berridge, 1987). The receptor-dependent
release of NO involves activation of the constitutively ex-
pressed NO synthase, an effect which is mediated by in-
creases in intracellular Ca2+ concentration, [Ca2+], (Moncada
et al., 1991). In contrast, the release of PGI2 may involve
more than one pathway of transduction, with complex pat-
terns of interaction between these pathways (reviewed in

Jacob et al., 1990). PGI2 release may be triggered by Ca2+-
dependent activation of PLA2 (with subsequent release of
arachidonic acid) (Hallam et al., 1988). Alternatively, PGI2
release may involve activation of PKC, with little or no
significant rise in [Ca2+]i (Carter et al., 1989). The mechanism
of PKC-dependent release of PGI2 appears to involve altered
sensitivity to [Ca2+]i, mediated by phosphorylation of an
unidentified substrate, which (it has been proposed) might be
PLA2 itself, or perhaps a G protein that couples activated
cell-surface receptors to PLC (Carter et al., 1989).

In primary human endothelial cultures, the release of PGI2
appears to be mediated by a variable contribution from both
signalling pathways, although the consensus view suggests a
primary role for receptor-dependent elevations in [Ca2+],
(Hallam et al., 1988). However, we have now identified two
related bovine aortic endothelial lines, which are available
from the Institute of Aging Cell Repository (U.S.A.), in
which the two pathways involved in receptor-dependent
release of PGI2 segregate between the two cell lines. These
cell lines provide a unique resource for further examination
of the complex signalling pathways involved in release of
PGI2 from endothelium.

Methods

Present addresses: 'Department of Pharmacology, Ghaem Hospital,
Ahmad Abad St., Mashad, Iran 91375.
2Hatter Institute for Cardiovascular Studies, University College
London Medical School, University College Hospital, London
WC1E 6AU.
'Author for correspondence.

Cells

Bovine aortic endothelial cells were obtained from the
National Institute of Aging Cell Repository (Institute for
Medical Research, Copewood and Davis Streets, Camden,
NJ 08103, U.S.A.). Two cell lines were obtained, namely
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AG04762 (previously listed as AG4762) and AG07680A
(previously listed as AG7680). These cells were obtained
originally by collagenase digestion of a bovine thoracic aortic
segment (Holstein breed), and they are known to express
factor VIII immunoreactivity and angiotensin converting
enzyme. AG04762 is reported to be a later passage of the
AG07680A cell line.
The cells were cultured in 75 cm2 flasks or 3.5 cm

(diameter) wells in Dulbecco's modified Eagle's medium
(DMEM, Gibco) containing 15% (v/v) foetal calf serum
(Gibco), 1.5mM glutamine, 60uml-' penicillin, 50 gml-l
streptomycin and 251g ml-' gentamicin. The culture medium
in each flask was changed twice a week.

Confluent cells were divided in a ratio 1:4. The medium
was aspirated and the cells washed once with Dulbecco's
phosphate-buffered saline (without Ca2+ or Mg2' ions,
Gibco). Thereafter the cells were exposed to 0.05% (w/v)
trypsin and 0.02% (w/v) EDTA in PBS (Flow Laboratories)
for 1-2min at 37°C. The detached cells were pelleted by
centrifugation at 150 g for 3 min, resuspended in culture
medium and plated into new flasks or dishes, or on to cover
slips for fluorescence measurements.
For some experiments, cells were sub-cultured on to micro-

carrier beads which were then loaded on to 2 ml columns
(described fully in Parsaee et al., 1992). This arrangement
allowed perfusion of the cells on the column with Krebs-
Henseleit buffer (gassed with 5% CO2 and 95% air) at
2 ml min-'. The eluate from these columns was then analysed
for its content of PGI2 and NO. Although it was not possible
to measure exactly the cell number on each column, similar
numbers of confluent beads were loaded on to all columns,
and the cell number approximated 2 x 107. The release of
PGI2 was also measured from endothelial cells cultured in
3.5cm plates as described previously (Carter et al., 1988;
Parsaee et al., 1992).

Bioassay for NO

NO was measured by a modification (described fully in Par-
saee et al., 1992) of the method of Furchgott & Zawadzki
(1980). Briefly, eluate from the columns was allowed to
superfuse a rat aortic ring, preconstricted with 1 ftM
phenylephrine. Measurements were then made of the relaxa-
tion of the ring. In pilot experiments, endothelial cell-
dependent relaxation of the aortic ring was shown to be
inhibited by prior perfusion of the column with N0-mono-
methyl-L-arginine (L-NMMA), or simultaneous superfusion
of the aortic ring with haemoglobin. These findings
confirmed the identity of NO in the column eluate.

Prostacyclin determination

Prostacyclin was measured as its stable hydrolysis product
6-oxo-prostaglandin F,, (PGF1.) in 50 gl fractions taken from
the column eluate. The analysis was by radioimmunoassay,
and the antibody was a generous gift from Dr Susan Barrow
(UMDS, University of London).

Measurement offree intracellular calcium ion
concentration [Ca"i1
The method employed was a modification (Parsaee et al.,
1992) of that described by Hallam et al. (1988). Briefly,
fluorescence intensity was measured in Fura 2-loaded
endothelial cells cultured on 10 mm glass cover slips (Chance
Proper). Recordings were made at 37°C in a Shimadzu
RF5000 spectrophotofluorimeter, with excitation at 340 nm
and 380 rum, and emission measured at 500 nm. The value of
[Ca2J]i was calculated from the ratio of the two fluorescence
signals according to the equation of Grynkiewicz et al.
(1985).
The results were analysed with GraphPAD InPlot com-

puter software, and curves were fitted to a simple one-site

model, assuming Michaelis-Menton kinetics. [3H]-6-oxo-
PGFI, was obtained from Amersham International (UK);
Fura 2-AM was obtained from Calbiochem (UK). 6-Oxo-
prostaglandin Flr (free acid), ionomycin (Ca2" salt),
bradykinin (triacetate salt), phenylephrine (free base) and
staurosporine were obtained from Sigma (UK). General
reagents were also obtained from Sigma (UK) except where
indicated.

Results

The release of 6-oxo-PGF1. from AG07680A cells was
measured. Figure la shows that exposure of these cells to a
saturating (100 nM) concentration of bradykinin was fol-
lowed by a rapid release of 6-oxo-PGF,r which was sustained
for about 5-10min. In similar experiments, AG04762 cells
were also shown to release 6-oxo-PGF,a following exposure
to 100 nM bradykinin (Figure lb). Figure la and b is
representative of three similar experiments. Basal release
from AG07680A and AG04762 cells was 6.0 ± 3.6 and
10.4 ± 3.0 pg 6-oxo-PGF,I 50 fil-', and stimulated release
reached a maximum of 1698 ± 87 and 523 ± 112 pg 6-oxo-
PGF,I 50 ILI-I respectively (n =3).

In contrast to the effect of bradykinin on the two
endothelial cell lines, there was a striking difference in their
sensitivity to ionomycin. In separate experiments (n = 3 for
each cell line) AG07680A or AG04762 cells were exposed to
250 nM ionomycin, and measurements made of the release of
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Figure 1 Release of prostacyclin (PGI2) (measured as 6-oxo-PGFI,)
from cultured endothelial cells. AG07680A cells (a and c) or
AG04762 cells (b and d) were subcultured on to microcarrier beads
and perfused on columns with Krebs-Henseleit buffer. Prior to any
measurements or stimulation of the cells, the system was allowed to
settle at a perfusion rate of 2 ml min ' for at least 30 min.The cells
were then exposed to 100 nM bradykinin (a and b) or 250 nM
ionomycin (c and d) in the perfusate during the interval of collection
of fractions 2-4 (3 min). Eluate factions (2 ml) from the columns
were collected and analysed for their content of 6-oxo-PGF,I/50 Ill.
The results are representative of 3 similar experiments.
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6-oxo-PGF1.. Figure Ic and d shows representative examples
of the responsiveness of AG07680A cells to ionomycin, with
absolutely no response seen in AG04762 cells.

These results prompted further experiments in which the
capacity of bradykinin or ionomycin to trigger rises in [Ca2+]i
was measured. The resting [Ca2+], levels in AG07680A and
AG04762 cells were 141 ± 12 nM (n = 1 1) and 172 ± 26 nM
(n = 6), and increased on exposure to 500 nM bradykinin to
517 ± 56 nM (n = 9) and 548 ± 41 nM (n = 6) respectively.
The response to bradykinin is concentration-dependent in
AG07680A cells, and the bradykinin concentration (ECm)
required for the half-maximum increase in [Ca2+]i has been
reported previously by us as 4.8 nM (Parsaee et al., 1992). A
similar result was obtained with AG04762 (data not present-
ed).

In later experiments, cells of both endothelial cell lines
were exposed to ionomycin at concentrations between 10 nM
and 500 nM, and the results are shown in Figure 2. There was
no difference between the two cell lines in the rise in [Ca2]i
with increasing ionomycin concentrations, notwithstanding
their striking difference in sensitivity to ionomycin in terms
of 6-oxo-PGFI,, release.

These findings prompted us to compare the effect of
staurosporine on bradykinin-dependent release of 6-oxo-
PGFi,, in the two cell lines. Exposure of AG04762 cells for
10 min to 500 nM staurosporine attenuated by about 55% the
increase in 6-oxo-PGFI,j triggered by 100 nM bradykinin
(Figure 3b). In contrast, the same concentration of stauro-
sporine had no capacity to reduce bradykinin-dependent
release of 6-oxo-PGFI. from AG07680A cells (Figure 3a).
Exposure of AG04762 cells to selected concentrations of
staurosporine revealed a concentration-dependent inhibition
of 6-oxo-PGF1. release triggered by bradykinin, and the IC50
value for this effect was 107 ± 14 nM (Figure 4). Analysis of
the data in Figure 4 revealed that the bradykinin-dependent
effect could only be inhibited by staurosporine under these
experimental conditions by 65.2%.

Finally, measurements were made of the capacity of
bradykinin or ionomycin to release NO. In these experiments
no differences were observed between NO release from
AG07680 or AG04762 cells. The bradykinin-dependent re-
lease of NO is shown in Figure 5, and the effect was
unaltered by the prior exposure of these cells to 500nM
staurosporine. Exposure of AG07680A cells to selected con-
centrations of bradykinin revealed a concentration-dependent
response, with an EC50 value reported previously by us (Par-
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Figure 2 Concentration-response relationships of ionomycin-depen-
dent increases in [Ca2+], in cultured endothelial cells. AG07680A cells
(a) or AG04762 cells (b) were subcultured on to glass cover slips and
loaded with Fura-2. The cells were then exposed to selected concen-
trations of ionomycin, and fluorescence intensity measured in a

spectrophotofluorimeter. The results show mean values for increases
in [Ca2i], (n = 3-6, ± s.e.mean. When omitted, the error bars are
incorporated into the symbol).

saee et al., 1992) of 0.70 ± 0.14 nM (n = 3). Similar results
were obtained with AG04762 cells (data not presented).
Ionomycin has been reported previously by us to trigger
release of NO from AG07680A cells (Parsaee et al., 1992),
and once again similar results were obtained with AG{4762
cells (data not presented).
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legend to Figure 1. Prior to exposure of the cells to 100 nM
bradykinin (during collection of fractions 2-4), the column was
perfused for 10 min with Krebs-Henseleit buffer containing 500 nM
staurosporine (0), or Krebs-Henseleit buffer alone (@). Individual
2 ml fractions from the columns were analysed for their content of
6-oxo-PGF1a. The results are typical of 3 similar experiments.
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Figure 4 Concentration-response relationship for staurosporine-
dependent inhibition of 6-oxo-PGF1,, release from AG04762 cells
following exposure to bradykinin. Cells were cultured in 3.5 cm
(i'Aam.) dishes, and, then epsdto- selected conenprtratio%ns of
staurosporine (or culture medium control) for 10 min. Thereafter, the
medium was changed, the cells washed, and the cells then exposed to
100 nm bradykinin for 5 min. The culture medium was then analysed
for its content of 6-oxo-PGFI,, and the results are expressed as the
mean staurosporine-dependent inhibition of the bradykinin-depen-
dent increase in 6-oxo-PGFI. release (n = 4; values given ± s.e.mean).
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Figure 5 The release of nitric oxide from cultured endothelial cells. AG04762 cells (a) or AG07680A cells (b) were perfused on
columns as described in the legend to Figure 1. The column eluates were superfused on to rat aortic rings, which had been
pre-constricted with 1 gLM phenylephrine. The results show the relaxation mediated by repeated exposure to 10 nM bradykinin for
45 s. At a point shown on the curve, the eluate from the column was temporarily diverted, and the ring allowed to relax. The
endothelial cells were then exposed to 500 nM staurosporine for 10 min. The ring then contracted again with 1 gm phenylephrine,
and the eluate from the column used to superfuse the ring. The results show the nitric oxide-dependent relaxations of the rings
mediated by subsequent exposure of the endothelial cells to 10 nM bradykinin. The relaxations produced by 10 nm bradykinin were
19.2 ± 1.7 before, and 18.3 ± 3.0mm (n = 3) after exposure of AG04762 cells to staurosporine. The bradykinin-dependent
relaxations were 12.8 ± 0.6 before, and 13.7 ± 2.0 mm (n = 3) after exposure of AG07680A cells to staurosporine (results are
means ± s.e.mean).

Discussion

Results published previously have suggested that the release
of PGI2 from endothelial cells may be triggered either by
increases in [Ca2+]J (Hallam et al., 1988), or by a complex
pathway involving reduced sensitivity to [Ca2+], mediated by
activation of PKC (Carter et al., 1989). Either (or both)
pathways might be activated by receptor-dependent activa-
tion of PLC (reviewed in Jacob et al., 1990), and results are
now presented which show that two closely related endo-
thelial cell lines exploit selectively a rise in [Ca2+], or
activation of a staurosporine-sensitive kinase in bradykinin-
dependent release of PGI2. In contrast, we confirm earlier
reports that the release of NO from endothelial cells appears
to be coupled in all cases to rises in [Ca2+]j, most probably
by direct activation of NO synthase (Moncada et al., 1991).
Intriguingly, the threshold of [Ca2+]i required for activation
of NO synthase is substantially lower than that involved in
activation of PLA2 and release of PGI2 (Parsaee et al., 1992).

Bradykinin triggers a rapid and significant rise in [Ca2+], in
both AG07680A and AG04762 cells, and these changes in
[Ca2J]i are accompanied by a very striking increase in the
release PGI2. Ionomycin also increased [Ca2+]j, and to very
high levels when the cells were exposed to ionomycin at
concentrations above lOOnM. However, despite [Ca2+]i at
concentrations above 2 tM in both cell types, ionomycin
triggered release of PGI2 from only AG07680A cells and not
from AG04762 cells.

It followed that bradykinin-dependent release of 6-oxo-
PGFI. from AG04762 cells was not simply dependent on

increases in [Ca2+]j. Further experiments revealed that the
bradykinin-dependent release of 6-oxo-PGFI, from these cells
was inhibited by staurosporine, which suggests the involve-
ment of a staurosporine-sensitive kinase. In view of the
previous work on endothelial cell signalling, this kinase is
identified most probably as one of the many PKC isoforms.
The finding that staurosporine inhibited bradykinin-de-
pendent release of PGI2 only partially (about 60%) also
suggests the possibility that other signalling pathways may be
involved (perhaps in a cascade of protein phosphorylation).
Further extensive studies will be required to identify with
confidence the individual kinase(s), and these are not
included in the present report. There are now upwards of 11
PKC isoenzymes that have been identified or sequenced,
some of which are insensitive to phorbol ester, and for many
of which no specific inhibitors are currently available. The
published evidence to date suggests, at least in the rat, that
the most abundant PKC isoenzyme in endothelial cells is
PKC, (Mattila, 1991).

Details of the pathways implicated in receptor-dependent
release of PGI2 have proved very difficult to examine experi-
mentally in endothelial cells, most particularly because of the
variable involvement of [Ca2+]j. Exploitation of these two cell
lines in further studies may permit more precise assignment
of the biochemical pathways involved.

This work was supported in part by a Programme Grant from the
Wellcome Trust. H.P. was in receipt of a scholarship from the
Ministry of Health and Medical Education, Iran.
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E-type prostaglandins enhance local oedema formation and
neutrophil accumulation but suppress eosinophil accumulation
in guinea-pig skin
'M.M. Teixeira, T.J. Williams & P.G. Hellewell

Department of Applied Pharmacology, National Heart and Lung Institute, Dovehouse Street, London SW3 6LY

1 Prostaglandins possess both pro- and anti-inflammatory actions depending on their route of admini-
stration and the experimental model used. In this study, we have investigated the effect of locally
injected prostaglandins on oedema formation, neutrophil accumulation and eosinophil accumulation in
inflammatory responses in guinea-pig skin.
2 Prostaglandin El (PGE,) significantly enhanced local oedema formation induced by zymosan-
activated plasma (ZAP), bradykinin and in a passive cutaneous anaphylatic (PCA) reaction. The
accumulation of ZAP-induced "'In-labelled neutrophils was also significantly enhanced by PGE,. In
addition, the prostacyclin analogue, iloprost, enhanced ZAP-induced responses.
3 In contrast PGE, decreased the accumulation of "'In-labelled eosinophils in skin sites. This was
demonstrated on eosinophil accumulation and local eodema formation induced by PAF, compound
48/80 and in the PCA reaction. PGE2 also suppressed eosinophil accumulation while iloprost had no
detectable effect.
4 Isoprenaline inhibited eosinophil accumulation in a dose-dependent manner with no effect on local
oedema formation, except in the case of responses to ZAP where suppression was observed.
5 The vasodilator neuropeptide, calcitonin gene-related peptide (CGRP), enhanced local oedema
formation but had no detectable effect on eosinophil accumulation.
6 In conclusion, the magnitude of a given response to an inflammatory mediator in vivo depends on
the net effect of stimulation of several cell types e.g. arteriolar smooth muscle cells, microvascular
endothelial cells, mast cells and accumulating leukocytes. In this study, we have demonstrated that
different components of the inflammatory response in guinea-pig skin can be differentially modulated by
E-type prostaglandins and isoprenaline, suggesting that cyclic AMP has an important regulatory role.

Keywords: Prostaglandins; eosinophils; neutrophils, inflammation; isoprenaline; oedema

Introduction

Chemical signals are generated in tissues in response to an
inflammatory stimulus and these mediators induce the
features of the inflammatory process. One such group of
mediators are the prostaglandins, which have been shown to
mimic some of the features of inflammation when admini-
stered in vivo (Williams & Peck, 1977; Salmon & Higgs, 1987)
and have been shown to be present in various experimental
models of inflammation (Salmon & Higgs, 1987). The inhibi-
tion of prostaglandin synthesis by aspirin-like drugs is widely
and effectively used for the treatment of some of the symp-
toms of inflammation, further substantiating the importance
of prostaglandins as mediators of the inflammatory process
(Vane, 1971; Insel, 1990).

Intradermal (i.d.) injection of prostaglandins potentiates
the oedema-inducing activity of other mediators (Moncada et
al., 1973; Williams & Morley, 1973; Williams & Peck, 1977;
Wedmore & Williams, 1981). This effect is thought to be
related to the action of prostaglandins on the arterial side of
the microcirculation where they cause vasodilatation and
increase local blood flow. This leads to an elevated hydro-
static pressure in the post-capillary venules and it is from
these vessels that the leakage of plasma protein occurs
(Majno & Palade, 1961). In rabbit skin, i.d. injection of
prostaglandin E2 (PGE2) also potentiates the rate of
accumulation of "'In-labelled neutrophils induced by N-
formyl-methionyl-leucyl-phenylalanine or zymosan activated

' Author for correspondence.

plasma (ZAP) (Issekutz, 1981). This effect is also thought to
be due to a local increase in blood flow which would enhance
the delivery of cells available for accumulation at the site of
inflammation (Issekutz, 1981).

Prostaglandins have also been shown to have anti-
inflammatory effects both in vivo and in vitro (Morikawa et
al., 1992; Anastassiou et al., 1992). For example, it has been
shown that PGE2 can inhibit eosinophil degranulation, an
effect which is enhanced by co-incubation with a phospho-
diesterase inhibitor (Kita et al., 1991). Neutrophil function is
also inhibited by prostaglandins of the E series (Takenawa et
al., 1986; Chopra & Webster, 1988). Interestingly, the
systemic administration of a stable PGE, analogue was able
to suppress inflammation in a model of cutaneous vasculitis
and to other mediators (Kunkel et al., 1979; Fantone et al.,
1980). These inhibitory effects were related to the capacity of
a PGE, analogue to inhibit neutrophil activation. In a model
of inflammation in rabbit skin, Rampart & Williams (1986)
have shown that prostaglandins can either enhance (when
given locally) or inhibit (when given sytemically) neutrophil-
dependent oedema. Thus, it seems that prostaglandins can
possess either inflammatory or anti-inflammatory properties
depending on the route of administration.

In this study, we have investigated the effect of locally
injected prostaglandins on oedema formation and leukocyte
(neutrophils and eosinophils) accumulation in inflammatory
responses in guinea-pig skin. We have found that locally-
injected prostaglandins of the E series, whilst enhancing
oedema formation and neutrophil accumulation induced by
different mediators, unexpectedly suppress the accumulation
of eosinophils in response to the same mediators.

Br. J. Pharmacol. (1993), 110, 416-422 '." Macmillan Press Ltd, 1993
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Methods

Preparation of zymosan-activated plasma

Zymosan-activated plasma (ZAP) was used as a source of
guinea-pig C5a des-Arg. ZAP was prepared by incubating
guinea-pig heparinized (10 u ml ') plasma with zymosan
(5mgml1') for 30min at 37C. Zymosan was removed by
centrifugation (2 x 10 min at 3000 g). The activated plasma
was desalted on a PD-10 sephadex G-25M column and
stored in aliquots at - 20°C.

Preparation ofpassive cutaneous anaphylaxis sera and
reactions

Details of the preparation of IgG,-rich sera are described
elsewhere (Weg et al., 1991). Briefly, male guinea-pigs (Har-
lan Porcellus, 350-400 g) were immunized with bovine
gamma-globulin (BGG) in Freund's complete adjuvant
(0.2 mg BGG 0.2 ml-' of adjuvant s.c.). These animals
received a boost of antigen in Freund's incomplete adjuvant
on day 21 and the serum was prepared on day 30. Recipient
animals received an injection of 50yl of a 1/50 dilution of
the anti-sera i.d., followed 16-20 h later by the i.d. injection
of antigen (BGG).

Induction, purification and radiolabelling ofguinea-pig
eosinophils
The method is described in detail elsewhere (Faccioli et al.,
1991). Briefly, horse serum (1 ml) was injected i.p. in ex-
breeder female guinea-pigs (Harlan Porcellus, Oxon; 700-
800 g) every other day for two weeks and a boost was given
the day prior to collection of the cells. The animals were
killed by exposure to CO2 and their peritoneal cavities
washed with heparinized saline (10 u ml-'). These cells were
layered onto a discontinuous percoll-HBSS (calcium and
magnesium-free) gradient prepared on the day of the pro-
cedure and the eosinophils collected from the 1.085/1.090 and
1.090/1.095 interfaces. The purity of the cells used was
always greater than 95%. The main contaminating cells were
mononuclear cells and the presence of neutrophils (>1%
contamination) was a major exclusion criterion for the use of
the preparation. Viability, assessed by trypan blue exclusion,
was greater than 98%. The purified eosinophils (2-3 x 107
cells) were incubated with "'Indium (100 pCi in 10 1)
chelated to 2-mercaptopyridine-N-oxide (40 fig in 0.1 ml of
50 mM PBS, pH 7.4) for 15 min at room temperature. The
cells were then washed twice in HBSS (Ca2+ and Mg2+-free)
containing 10% guinea-pig platelet poor plasma and re-
suspended at a final concentration of 107 cells ml-' prior to
injection.

Induction, purification and radiolabelling ofguinea-pig
neutrophils

Neutrophils were elicited in the peritoneal cavity of naive
ex-breeder guinea-pigs by the i.p. injection of 20 ml of 0.2%
(w/v) glycogen. After 8-12 h, the animals were killed and the
peritoneal cavity washed with heparinized saline. (1O u ml-').
The rest of the procedure was as described for the
eosinophils. The cells were also collected from the 1.085/
1.090 and 1.090/1.095 interfaces and were used only if over
95% pure. The major contaminants were eosinophils (3-4%)
and mononuclear cells (2-3%). Viability tested by trypan
blue exclusion was greater than 98%.

Measurements of local oedema formation and leukocyte
accumulation in guinea-pig skin

Radiolabelled leukocyte infiltration and oedema formation
were measured simultaneously. '251-human serum albumin
(- 5 pCi) was added to the "'In-labelled eosinophils or neut-

rophils and these were injected intravenously (5 x 106 cells
per animal) into recipient guinea-pigs (350-400 g) anaes-
thetized with Hypnorm (0.15 ml, i.m.). After 5 min,
inflammatory mediators or antigen were injected i.d. into the
dorsal skin of shaved animals with or without prostaglan-
dins, calcitonin-gene related peptide or isoprenfaline. All
drugs were mixed before the injection. Each animal received
a duplicate of each treatment following a randomized injec-
tion plan and the inflammatory response ("'In-labelled cell
accumulation and oedema formation) was assessed after 2 h.
This time point was chosen based on previous experiments
showing that most of the "'In-labelled leukocyte accumula-
tion occurred during the first 2 h (Faccioli et al., 1991; Teix-
eira et al., unpublished observations). At this time, a blood
sample was obtained by cardiac puncture, the animals were
killed by an overdose of sodium pentobarbitone, the dorsal
skin was removed, cleaned free of excess blood and the skin
sites punched out with a 17 mm punch. The samples were
counted in an automatic 5-head gamma-counter (Canberra
Packard Ltd, Pangbourne, Berks) and the counts were cross-
channel corrected for the two isotopes.

Leukocyte numbers are expressed as the number of "'In-
labelled cells per skin site and oedema formation as the ratio
of 1251I counts of the skin sample divided by the 1251 counts in
1 l of plasma.

Reagents

The following compounds were purchased from Sigma
Chemical Company (Poole, Dorset): bradykinin, glycogen,
bovine gamma globulin, compounds 48/80, (-)-isoprenaline,
zymosan. Hanks solutions, HEPES and horse serum were
purchased from Gibco Limited (Paisley, Renfrewshire). Per-
coll was purchased from Pharmacia (Milton Keynes, Bucks),
PAF and calcitonin-gene related peptide (CGRP) from
Bachem (Saffron Walden, Essex) and prostaglandins El and
E2 from Janssen Pharmaceuticals (Belgium). Iloprost was a
gift from Dr F. McDonald (Schering AG, Berlin, Germany).

Statistics

Data were analysed by Student's paired t test. Multiple com-
parisons were evaluated by two-way analysis of variance on
normally distributed data. Values of P <0.05 were con-
sidered significant.

Results

The percentages of "'In-labelled neutrophils and eosinophils
circulating 2 h after i.v. injection were 5.8 ± 1.9 (n = 9) and
7.8 ± 0.7% (n = 31), respectively. At 2 h, over 95% of the
total plasma "'In was bound to the infused circulating
leukocytes. Previous studies have shown that the
radiolabelled leukocytes accumulated extravascularly at sites
of cutaneous inflammation (Faccioli et al., 1991; Weg et al.,
unpublished observations). Each recipient animal received an
i.v. injection of 5 x 106 "'In-eosinophils or "'In-neutrophils.
Thus, approximately 60% of the total circulating eosinophil
population was radiolabelled after the i.v. injection while the
"'In-neutrophils represented about 6% of the total.

Effect of PGE, on neutrophil accumulation

The coinjection of PGE1 (3 x 10"- and 3 x 10'0mol per
site) significantly enhanced the oedema formation induced by
10% ZAP and bradykinin (BK 10- 'mol per site) (Figure
lb). These doses of PGEI, which have been previously shown
to potentiate oedema formation in guinea-pig skin (Williams
& Morley, 1973), had no effect when injected alone (Figure
lb). The accumulation of "'In-labelled neutrophils measured
in the same sites was slightly, but significantly, enhanced by
PGE, (Figure la). BK did not induce a significant accumula-
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tion of neutrophils above saline background (Figure la). In
the same experiments, PGE, had no effect on PCA (1 fig of
BGG per site)-induced neutrophil accumulation, but
significantly enhanced PCA-induced oedema formation (data
not shown). The prostacyclin analogue, iloprost (10-9mol
per site), also enhanced the accumulation of neutrophils
induced by ZAP by 55.7 ± 14.2% (n = 6, P<0.01). Oedema
responses in the same sites were enhanced by 254 ± 92%
(n = 6, P< 0.01). Iloprost did not alter the accumulation of
neutrophils induced by PCA (BGG, 1 fig per site,
4321 ± 1644 "'In-neutrophils; BGG + iloprost, 4472 + 1847
"'In-neutrophils, n = 6).

Effect of PGE, on eosinophil accumulation

Surprisingly, while PGE, (3 x 10- "'mol per site) enhanced
ZAP-induced oedema formation, it significantly inhibited in
the same sites ZAP-induced eosinophil accumulation (Figure
2). Further analysis of the effects of PGE, (10-12 to
3 x 10-8 mol per site) on ZAP-induced responses is shown in
Figure 3. PGE, dose-dependently inhibited ZAP-induced
eosinophil accumulation whilst potentiating oedema forma-
tion in the same sites. The ED50 values for PGE,-mediated
inhibition of eosinophil accumulation and potentiation of
oedema formation were approximately 3 x 10-" mol per site
and 2 x 10- " mol per site, respectively.
PGE, (3 x 10`0 mol per site) also potentiated oedema for-

mation while suppressing eosinophil accumulation induced
by other mediators of inflammatory stimuli (Table 1). For
example, PGE, suppressed eosinophil accumulation induced
in the PCA reaction (1 ltg of BGG per site) and PAF
(10-9 mol per site) by 35% and 48%, while oedema forma-
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tion in the same sites was potentiated by 49% and 64%,
respectively (Table 1). In addition, PGE, significantly
inhibited eosinophil accumulation induced by compound
48/80 (3-30 iLg per site) while potentiating oedema formation
in the same sites (Table 1).

Effect ofPGE2 and iloprost on eosinophil accumulation
and oedema formation

Another E-type prostaglandin, PGE2 (3 x 10`' mol per site)
had similar effects to PGEI. Coinjection of PGE2 with ZAP,
enhanced oedema formation (29.4 ± 4.7 fil without PGE2 and
36.6 ± 4.3 lAl with PGE2, n = 6, P<0.05) and suppressed
eosinophil accumulation (2507 ± 218 "'In-eosinophils with-
out PGE2 and 1312 ± 147 "'In-eosinophils with PGE2, n = 6,
P<0.01). Nevertheless, it was without effect against PCA
(1 fg of BGG per site)-induced eosinophil accumulation or
oedema formation (data not shown).
The stable prostacyclin analogue, iloprost (10-9mol per

site), was capable of potentiating oedema formation induced
by ZAP and BK (10-mol per site) but it had no effect on
ZAP-induced eosinophil accumulation (Figure 4). PCA-
induced oedema formation appeared to be enhanced by ilop-
rost, but this did not reach significance (P = 0.06) (Figure
4b). Iloprost had no effect on PCA-induced eosinophil
accumulation (Figure 4a).

Effect of isoprenaline on eosinophil accumulation and
oedema formation
Since some of the effects of E-series prostaglandins are
thought to occur through a G-protein linked receptor leading
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Figure 1 Effect of prostaglandin El (PGE,) on the accumulation of
"'In-labelled neutrophils (a) and local oedema formation (b) induced
by zymosan-activated plasma (ZAP, 10% in saline) and bradykinin
(BK, 10-'Omol per site). "'In-neutrophil accumulation and oedema
formation were assessed over a 2 h period. Results are expressed as
the mean ± s.e.mean of 4-8 animals in control sites (open columns),
sites injected with PGE, 3 x 10-11 mol per site (solid columns) or
PGE, 3 x 10-10 mol per site (cross-hatched columns). The dashed
lines represent the background values in sites injected with saline
alone. *P< 0.05.
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Figure 2 Effect of prostaglandin El (PGEI) on the accumulation of
"'In-labelled eosinophils (a) and oedema formation (b) induced by
zymosan-activated plasma (ZAP, 10% in saline). "'In-eosinophil
accumulation and oedema formation were assessed over a 2 h period.
Results are expressed as the mean ± s.e.mean of 9 animals in control
sites (open columns) or sites injected with PGE, 3 x 10- '0mol per
site (solid columns). The dashed lines represent the background
values in sites injected with saline alone. *P<0.05.
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to an increase in the adenosine 3': 5'-cyclic monophosphate
(cyclic AMP) content of cells (Coleman & Humphrey, 1993),
we used the a-agonist isoprenaline which also increases intra-
cellular cyclic AMP (Goldie et al., 1991). Isoprenaline (10-10
to 10-8 mol per site) caused a dose-dependent inhibition of
ZAP-, PCA- and PAF-induced eosinophil accumulation, but
also inhibited ZAP-induced oedema formation (Table 2);
PCA- and PAF-induced oedema formation were not
significantly affected. ZAP-induced "'In-neutrophil
accumulation was not significantly altered by isoprenaline
(ZAP alone, 6386 ± 2532 "'In-neutrophils; ZAP + 10-9 mol
isoprenaline per site, 6729 ± 2511; ZAP + 10-1 mol isopren-
aline per site, 7133 ± 2693, n = 6).

-

c
0
C.)
Co0-11

n

0.
0
c

* _

0a)
C

C
0
4 ,0

I-,

E
a)
a1)
0

a

120 -

100-

80-

60-

40-

20-

Effect of calcitonin gene-related peptide (CGRP) on
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Neuropeptides have been shown to be potent vasodilators in
animal and human skin (Brain et al., 1985). Since these
peptides may also act through an increase in cyclic AMP in
different cell types (Goldie et al., 1991), we tested the effect of
CGRP on ZAP- and PCA-induced eosinophil accumulation
and oedema formation. CGRP caused a dose-dependent inc-
rease in oedema formation in these reactions (Figure 5b),
while eosinophil accumulation was unaltered (Figure 5a).
CGRP also effectively potentiated oedema formation induced
by BK (Figure 5b).
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Figure 3 Dose-dependent effect of prostaglandin El (PGEI) on the
eosinophil accumulation (a) and oedema formation (b) induced by
zymosan-activated plasma (ZAP 10% in saline). "'In-eosinophil
accumulation and oedema formation were assessed over a 2 h period.
Results are expressed as a percentage of the control response to
ZAP. Responses in control sites were 2840 ± 223 "'In-labelled
neutrophils per site and 28.2 ± 3.5 jd of plasma per site. Values are
means ± s.e.mean of 4-6 animals.
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Figure 4 Effect of iloprost on the accumulation of "'In-labelled
eosinophils (a) and oedema formation (b) induced by zymosan-
activated plasma (ZAP, 10% in saline), the passive cutaneous
anaphylaxis (PCA) reaction (0.1 jg of BGG per site) and bradykinin
(BK, 10"' mol per site). "'In-eosinophil accumulation and oedema
formation were assessed over a 2 h period. Results are expressed as
the mean ± s.e.mean of 4-7 animals in control sites (open columns)
or sites injected with iloprost 10-9 mol per site (solid columns). The
dashed lines represent the background values in sites injected with
saline alone. *P< 0.05.

Table 1 Effect of prostaglandin E, (PGEI, 3 x 10-1 mol per site) on the eosinophil accumulation and oedema formation induced by
the passive cutaneous anaphylaxis reaction (PCA), platelet-activating factor (PAF) and compound 48/80 (C48/80) in guinea-pig skin

"'In-eosinophils
Control

Oedema ("l of plasma)
+ PGE, Control + PGE,

PCA 0.1 lg
1.0 jug

PAF 10-10 moles
3 x 100"moles

10-9 moles

C48/80 3 1Ag
10 1tg
30 fig

Saline

2049 ± 170 1334 ± 427*
4353 ± 712 2969± 512

1535 ± 239
2498 ± 670
3590 ± 583

3797 ± 920
5693 ± 810
8589 ± 1505

866 ± 189*
1655 ± 471*
2071 ± 241*

1648±866*
2933 ± 722*
5486 ± 835*

441 ±65 418±55

21.1 ± 1.0 25.0± 2.9
26.1 ± 2.3 33.9 ± 2.9*

35.6 ± 3.8
45.8 ± 4.7
53.1 ± 4.4

42.7 ± 3.6
50.6 ± 2.6
55.2 ± 2.6

64.1 ± 5.3*
72.1 ± 5.8*
82.2 ± 7.6*

49.4 ± 4.2*
64.7 ± 3.5*
72.3 ± 3.6*

13.1±1.4 14.6±1.3

The PCA reaction was induced by 0.1 or 1.0 fig BGG per site. "'In-eosinophil accumulation and oedema formation were assessed over
a 2 h period. Results are expressed as the mean ± s.e.mean, n = 5-7 experiments.
*P<0.05.
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Table 2 Effect of isoprenaline (10-10 to 10-8 mol per site) on the eosinophil accumulation and oedema formation induced by
zymosan-activated plasma (ZAP), passive cutaneous anaphylaxis reaction (PCA) and platelet-activating factor (PAF) in guinea-pig
skin

"'In-eosinophils per site
Isoprenaline (mol per site)

110 io0-9

1781 ± 528
2452 ± 445
884 ± 164*
461 ± 21

1597 ± 211*
1701 ± 212*
740 ± 92*
412 ± 64

10-8

1221 ± 142*
1548 ± 346*
692 ± 30*
440 ± 38

Control

30.5 ± 4.6
27.1 ± 2.7
38.9± 11.1
15.5 ± 1.5

Oedema (IlI of plasma per site)
Isoprenaline (mol per site)

1010 10-9

23.1 ± 2.5*
22.8 ± 3.5
31.1 ± 5.2
12.8 ± 3.0

25.2 ± 5.3*
28.1 ± 3.3
30.4 ± 5.8
16.3 ± 0.92

ZAP was diluted 10% in saline, the PCA reaction induced by 1 jig BGG per site and PAF used at 10-9 mol per site. "'In-eosinophil
accumulation and oedema formation were assessed over a 2 h period. Results are expressed as the mean ± s.e.mean, n = 4-6
experiments.
*P<0.05.
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Figure 5 Effect of calcitonin gene-related peptide (CGRP) on the
accumulation of "'In-labelled eosinophils (a) and oedema formation
(b) induced by zymosan-activated plasma (ZAP 10% in saline),
passive cutaneous anaphylaxis (PCA) reaction (0.1 jig of BGG per
site) and bradykinin (BK, 10-10 mol per site). "'In-eosinophil
accumulation and oedema formation were assessed over a 2 h period.
Results are expressed as the mean ± s.e.mean of 4 animals in control
sites (open columns) and sites injected with CGRP 10-" mol per site
(solid solumns). The dashed lines represent the background values in
sites injected with saline alone. *P<0.05.

Discussion

The capacity of different vasodilator prostaglandins to poten-
tiate cutaneous oedema formation induced by different
mediators of inflammation has been demonstrated extensively
in vivo (Williams & Morley, 1973; Williams & Peck, 1977).
This synergism is explained by a local increase in blood flow
which is thought to enhance hydrostatic pressure in post-
capillary venules, thus facilitating the extravasation of plasma
proteins leading to oedema formation. Neutrophil accumula-
tion at local sites of inflammation in skin is also enhanced by
intradermal administration of vasodilators such as PGE2 and
CGRP and this has been attributed to increased delivery of

inflammatory cells to the lesion (Issekutz, 1981; Issekutz &
Movat, 1982; Buckley et al., 1991).

In the present study, local administration of PGE, with
various stimuli (ZAP, PCA, compound 48/80 and PAF)
potentiated oedema formation and neutrophil accumulation
in guinea-pig skin. However, eosinophil accumulation was

suppressed by PGE1 in sites at which local oedema formation
was enhanced. The capacity of PGE, to inhibit eosinophil
accumulation was partially mimicked by PGE2. The lower
efficacy of PGE2 at inhibiting the PCA-induced eosinophil
accumulation may be at least partially explained by its lesser
potency in vivo to potentiate oedema formation in guinea-pig
skin (Williams & Morley, 1973). PGE2 has also been shown
to be less effective than PGE, as an inhibitor of leukocyte
function (Zurier, 1982). In contrast to the effects of PGEI,
the prostacyclin analogue, iloprost, while potentiating
oedema formation and neutrophil accumulation, did not
inhibit eosinophil accumulation. Since some of the biological
effects of prostaglandin El and E2 are thought to be mediated
by an increase of cyclic AMP within the target cell (Coleman
& Humphrey, 1993), we used a P-adrenoceptor agonist,
which also increases cyclic AMP within cells through a G-
protein linked receptor (Goldie et al., 1991), to test if this
pathway was important. Interestingly, the P-agonist,
isoprenaline, dose-depedently inhibited the accumulation of
eosinophils induced by ZAP, PAF and in the PCA reaction.
ZAP-induced oedema formation was also partially reduced
by isoprenaline. The inhibition of oedema by isoprenaline has
been previously shown, and is thought to be related to its
action on endothelial cells (Beets & Paul, 1980). Indeed,
isoprenaline acts on cultured endothelial cells to increase the
levels of intracellular cyclic AMP (McEwan et al., 1990).
Prostaglandins of the E-series also increase cyclic AMP levels
in endothelial cells (Hopkins & Gorman, 1981; Allison et al.,
1986), however, their effect on vascular smooth muscle cell
cyclic AMP may be greater and the net effect is to increase
local blood flow. We have also found that certain phos-
phodiesterase inhibitors suppress eosinophil accumulation
in the guinea-pig skin, providing additional support for a
role of cyclic AMP in the inhibitory effect of prostaglandins
and isoprenaline (Teixeira et al., unpublished observations).
If elevation of cyclic AMP does have a role in the inhibitory
effects of PGEI, the receptor most likely to be involved is the
EP2 receptor (Coleman & Humphrey, 1993). Nevertheless,
further studies are necessary to define unequivocally the pros-
tanoid receptor(s) involved.

There are several possible cell targets on which prostaglan-
dins and isoprenaline may be acting to inhibit the accumula-
tion of eosinophils in vivo. Eosinophil function has been
shown to be directly inhibited in vitro by prostaglandins
(Giembycz et al., 1990; Kita et al., 1991), an effect which
appears to be mediated by an increase in cyclic AMP, and
this may explain the inhibitory effects that we observe in vivo.
However, the fact that neutrophil functions (including
chemotaxis) are also inhibited by different prostaglandins or

Control

ZAP
PCA
PAF
Saline

2006 ± 248
2309 ± 313
1395 ± 120
496 ± 47

10-8

24.9 ± 2.0*
28.3 ± 3.8
31.0 ± 5.9
15.6± 1.7
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prostaglandin analogues in vitro (Takenawa et al., 1986;
Chopra & Webster, 1988) argues against a direct effect of
prostaglandins on either the eosinophil or the neutrophil in
our experimental model. It has been reported that, compared
with other leukocytes, neutrophils are less responsive to
agonists that activate adenylate cyclase (Plaut et al., 1980)
but whether this is true and relevant in vivo for the accumula-
tion of guinea-pig neutrophils is not known. The mast cell is
another possible cellular target particularly if one considers
the inhibition of compound 48/80- and PCA-induced
eosinophil accumulation by PGEI. However, one would
expect an inhibition of both eosinophil accumulation and
oedema formation if the mast cell were a target for the
inhibitory effects of PGE, since, at least for the PCA and
compound 48/80, both functions are thought to be related to
the activation of the mast cell.

Platelets have been shown to release eosinophil chemoatt-
ractants (Kameyoshi et al., 1992; Burgers et al., 1993) and
they may also have a role in allergic states in guinea-pig lung
(Lellouch-Tubiana et al., 1988). If platelets are important in
eosinophil accumulation in our skin model, then inhibition of
platelet secretion by prostaglandins may explain the
inhibitory effect on eosinophil accumulation.

Leukocytes express different adhesion molecules which are
thought to be important for regulating their influx into the
tissue (Williams & Hellewell, 1992). The integrin VLA-4 is
expressed on the cell surface of the eosinophil, but not the
neutrophil, and its presence appears to be important for
eosinophil migration into sites of cutaneous inflammation
(Weg et al., 1993). VCAM-1, one of the ligands for VLA-4, is
expressed after several hours on the surface of activated
endothelial cells in vitro (Williams & Hellewell, 1992). Inter-
estingly, the expression of endothelial cell VCAM-1 in vitro is
inhibited by agents which elevate cyclic AMP (Pober et al.,
1992). However, it is not known whether VCAM-1 is expres-
sed on venular endothelial cells in skin under our acute
experimental procedure, or if prostaglandins of the E series
and isoprenaline can inhibit this expression through an in-
crease in cyclic AMP.
CGRP, a neuropeptide which has been shown to be a

potent vasodilator in the microcirculation (Brain et al., 1985),
significantly enhanced oedema formation induced by ZAP,
the PCA reaction and bradykinin. Nevertheless, it had no

effect on ZAP- or PCA-induced eosinophil accumulation.
Since CGRP may ultimately lead to an increase of cyclic
AMP within various cells (Goltzman & Mitchell, 1985;
McEwan et al., 1991), it was surprising that it did not inhibit
the accumulation of eosinophils. Neuropeptides, such as
CGRP and substance P, have been recently shown to
modulate chemotaxis of eosinophils from allergic subjects
(Numao & Agrawal, 1992). Nevertheless the mechanism of
modulation was not investigated in that study. It is possible
that the receptor for CGRP may be lacking on the cells
responsible for the inhibitory effects on eosinophil accumula-
tion, eg. venular endothelial cells.
Human airways have been shown to release eicosanoids

both in vitro (Schulman et al., 1982) and in vivo (Wenzel et
al., 1989). It is suggested that asthmatic subjects produce
relatively few 'bronchoprotective' eicosanoids as opposed to
bronchoconstrictors and that the generation of prostaglan-
dins may help preserve patency of the airways (Wenzel et al.,
1989). In animal models, a decrease in the production of
PGE2 has been suggested to be responsible for airways hyper-
reactivity (Folkert et al., 1989; Gray et al., 1992). PGE2 is
also partially responsible for the beneficial effects of
frusemide against exercise-induced asthma (Pavord et al.,
1992). These data support a role for prostaglandin synthesis
and protection in asthma. Eosinophils have been identified as
important effector cells in allergic diseases such as asthma
(Djukanovic et al., 1990). If prostaglandins also inhibit the
accumulation of eosinophils in the lungs of asthmatic sub-
jects, this may prove to be another possible protective
mechanism exerted by prostaglandins. It also implies that
drugs which act similarly, such as the phosphodiesterase
inhibitors, may have a role as anti-inflammatory drugs in
asthma (Kuehl et al., 1987; Torphy & Undem, 1991).

In summary, we have shown that prostaglandins of the E
series enhance oedema formation and neutrophil accumula-
tion, but significantly inhibit eosinophil accumulation into
inflammatory sites. Isoprenaline partially mimics these effects
suggesting that the inhibitory actions of both P-agonist and
prostaglandins may be through an increase of cyclic AMP
within the target tissue.

We thank the National Asthma Campaign and Sandoz, Switzerland
for support.
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Specific inhibition of leukotriene B4 (LTB4)-induced neutrophil
emigration by 20-hydroxy LTB4: implications for the regulation
of inflammatory responses

'E.R. Pettipher, E.D. Salter, R. Breslow, L. Raycroft & H.J. Showell

Department of Immunology and Infectious Diseases, Central Research Division, Pfizer Inc., Groton, CT 06340, U.S.A.

1 The interaction between leukotriene B4 (LTB4) and its metabolite, 20-hydroxy LTB4 in the control of
neutrophil emigration was examined in guinea-pig skin.
2 Leukotriene B4 (10-300 ng) elicited a dose-dependent increase in neutrophil infiltration (as measured
by myeloperoxidase activity) 4 h after injection into guinea-pig skin. In contrast, 20-hydroxy LTB4
(30-I000 ng) displayed only weak inflammatory activity in this assay.
3 Although 20-hydroxy LTB4 had low agonist activity, this metabolite caused a potent dose-dependent
inhibition of responses to LTB4 (100 ng), when administered systemically (ED50 =1.3 tg kg-', s.c.)
without significantly affecting neutrophil infiltration in response to C5a (2 gg). Systemic administration
of 20-carboxy LTB4 (10 jg) did not affect neutrophil accumulation in response to LTB4 or C5a. In
addition, neither 15(S)-hydroxy 5(S)-HPETE(1I0 jg) nor lipoxin A4 (1O fig) inhibited responses to LTB4.
4 Addition of 20-hydroxy LTB4 (1O-"-IO- M) to human blood prior to isolation of the neutrophils
led to concentration-dependent decrease in the number of LTB4 receptors and decreased chemotactic
responsiveness to LTB4 without affecting responses to C5a. Incubation of blood with 20-carboxy LTB4
(10-8 M) did not reduce LTB4 receptor number of chemotactic responsivness to LTB4.
5 These data indicate that although 20-hydroxy LTB4 is a weak agonist at LTB4 receptors, it can
desensitize neutrophils to the effects of LTB4 via down-regulation of the high affinity receptor and thus
provides evidence for a mechanism whereby inflammatory responses may be regulated.
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Introduction

Leukocyte adhesion and emigration are cellular hallmarks of
acute inflammation which can be elicited by a variety of
neutrophil chemotactic factors. One such factor is leukotriene
B4 (LTB4), an arachidonic acid metabolite of the 5-lipoxy-
genase pathway (Borgeat & Samuelsson, 1979). In vitro,
LTB4 causes neutropil adhesion to endothelial cells (Gim-
brone et al., 1984; Hoover et al., 1984) and stimulates neu-
trophil chemotaxis (Ford-Hutchinson et al., 1980). In vivo,
application of LTB4 stimulates neutrophil adhesion in post-
capillary venules (Dahlen et al., 1981), emigration of neu-
trophils into tissues (Bray et al., 1981; Higgs et al., 1981;
Movat et al., 1984) and increased vascular permeability
(Wedmore & Williams, 1981; Bjork et al., 1982). LTB4 is
produced by PMN and other cell-types and has been detected
at sites of experimentally-induced inflammation (Simmons et
al., 1983; Ford-Hutchinson et al., 1984) and in several
inflammatory disease states including psoriasis (Brain et al.,
1984), gout (Rae et al., 1982), rheumatoid arthritis (Davidson
et al., 1983) and inflammatory bowel disease (Sharon &
Stenson, 1984). The reduction in neutrophil infiltration by
agents which inhibit the production of or antagonize the
action of LTB4 suggest that this mediator can play a central
role in the recruitment of leukocytes to sites of inflammation
(Salmon et al., 1983; Foster et al., 1990; Fretland et al., 1990;
Carter et al., 1991).

Neutrophils also have the unique capacity to metabolize
LTB4 via w-oxidation to 20-hydroxy LTB4 and further to
20-carboxy LTB4 (Hansson et al., 1981). 20-carboxy LTB4 is
essentially biologically inactive while 20-hydroxy LTB4 is
reported to bind to the LTB4 receptor and possess limited
biological activity (Ford-Hutchinson et al., 1983; Clancy et
al., 1984). Nanomolar concentrations of these w-oxidation
products have been detected in patients with conditions such
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as purulent peritonitis and acute respiratory distress syn-
drome (Kikawa et al., 1986; Seeger et al., 1991), suggesting
that this may be an important pathway of LTB4 inactivation
at sites of inflammation in vivo.

In the present study we have compared the inflammatory
activities of 20-hydroxy LTB4 with those of LTB4 after injec-
tion into guinea-pig skin. We have also investigated the
possibility that 20-hydroxy LTB4 may desensitize responses
to LTB4 in vivo.

Methods

Induction of inflammatory responses in guinea-pig skin

Male Hartley guinea-pigs (400-450 g) were anaesthetized in
an atmosphere of Metofane (methoxyflurane) and their backs
shaved. Leukotriene B4, 20-hydroxy LTB4, 20-carboxy LTB4
(all from Biomol, Plymouth Meeting, PA, U.S.A.) and hu-
man recombinant C5a (Franke et al., 1988) were dissolved in
saline containing 0.25% bovine serum albumin (BSA). Dup-
licate intradermal injections of saline or mediators were given
in a volume of 0.1 ml in a randomized fashion such that
there were a maximum of 6 sites per guinea-pig. Four hours
after injection animals were killed, skin removed and sites
punched out with a 13 mm gasket punch. 20-Hydroxy LTB4
or 20-carboxy LTB4 were either co-injected with LTB4 or C5a
or given subcutaneously in the nape of the neck.

Extraction and assay of myeloperoxidase activity in skin
samples
Skin sites were homogenized and assayed for myeloperoxi-
dase by a modification of the method described by Lundberg
& Arfors (1983). Skin samples were homogenized in phosph-
ate-buffered saline (pH 7.2), containing 0.5% hexadecyltri-
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methylammonium bromide with a Polytron homogenizer
(Brinkman, New York, U.S.A.). After homogenization, and
2 freeze/thaw cycles, the homogenates were centrifuged at
2,500 g for 30 min. Myeloperoxidase activity was then
assayed in the supernatant by incubating 50 p1 of diluted
sample with 150 jil potassium phosphate buffer (pH 6.0) con-
taining 0-dianisidine (0.2 mg ml-') and hydrogen peroxide
(0.001%) at 37°C for 15 min. The reaction was terminated by
the addition of 100 pl 0.4 M glycine (pH 10) and the absor-
bance read at 450 nm using a 96-well plate reader (Molecular
Devices, Menlo Park, CA, U.S.A.). Known numbers of
guinea-pig neutrophils (harvested from the peritoneal cavity
after injection of casein) were included in each assay as a
standard curve and the data expressed as numbers of neut-
rophils per skin site.

In vitro desensitization (chemotaxis and [3H]-LTB4
binding) experiments using neutrophils isolatedfrom
whole blood
Aliquots (10 ml) of heparinized human blood were incubated
with log dilutions of 20-hydroxy LTB4 (1O- 1O-8 M final
concentrations) for 5 min at 37°C. Neutrophils were then
isolated as described below and the capacity to respond in
the chemotaxis assay to either LTB4 (5 nM) or C5a (5 nM)
was evaluated (see below). In parallel, the ability of neutro-
phils to bind specifically [3H]-LTB4 was evaluated according
to a method adapted from Lin et al. (1984). Briefly, neutro-
phils at a density of 2.5 x 106 cells per ml were incubated
with 0.25-0.75 nM [3HJ-LTB4 (195 Ci mmol-1, DuPont/NEN,
Boston, MA, U.S.A.) in Hanks buffered saline (containing
Ca2" and Mg2", 10 mM HEPES pH 7.25, 0.04% sodium bicar-
bonate) in the absence and presence of 1 gM unlabelled LTB4
at 4°C for 30 min. The assay was performed in triplicate in
microtiter plates (Costar, Cambridge, MA, U.S.A.) with a
total volume of 200 gAl and bound ligand was separated from
free ligand using the betaplate apparatus (Pharmacia LKB,
Piscataway, NJ, U.S.A.). The wash buffer was the same
buffer as used for the incubation. Specific binding represents
the value obtained when non-specific binding is subtracted
from total binding.

Measurement of human neutrophil chemotaxis in vitro

Neutrophils were isolated from anticoagulated (heparin,
Squibb-Monsam, Inc., Cherry Hill, N.J., U.S.A., 30
units ml-' final concentration) human blood obtained from
normal donors according to the method of Ferrante &
Thong (1978). Isolated neutrophils were resuspended
(2.5 x 101 cells ml-') in HBSS (supplemented with 10 mM
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Figure 1 Increase in neutrophil infiltration (as measured by myelo-
peroxidase activity) after injection of leukotriene B4 (LTB4, open
columns bars) or 20-hydroxy LTB4 (solid columns) into the skin of
separate groups of guinea-pigs. Results are expressed as the mean
± s.e.mean of data derived from 5 animals.

Dose of 20-OH LTB4 (9g)
Figure 2 Inhibition of leukotriene B4 (LTB4, 100 ng)-induced neu-
trophil accumulation in guinea-pig skin by systemic (subcutaneous)
administration of 20-hydroxy LTB4. Each point represents the mean
± s.e.mean of data from 5-10 animals.

HEPES) containing 0.7 mM Mg2" and 1.6 mM Ca2" and
recrystallized bovine serum albumin (BSA; 2 mg ml-'
Sigma) and adjusted to pH 7.2. The chemotaxis assay was
performed in a 48 well chamber apparatus (Neuroprobe,
Cabin John, MD, U.S.A.) with cellulose nitrate filters (pore
size, 3.0 gm) as described (Harvath et al., 1987). The total
number of cells (observed at x 400 magnification) migrating
from 20 ptm from beneath the surface monolayer to the
leading front (usually - 100- 120 gAm per 45 min at optimal
chemotactic factor concentration) in response to various con-
centrations of LTB4, 20-hydroxy LTB4 or 20-carboxy LTB4
were summed with the aid of an Optimax image analyzer
(Optimax, Hollis, N.H., U.S.A.) and provided an index of
the chemotactic response. Each experimental condition was
performed in duplicate and three to five fields were assessed
for cell migration. Results are expressed as the percentage
maximum response where 100 per cent was equal to the peak
response seen in the presence of the most efficacious concen-
tration of LTB4. The number of cells migrating spon-
taneously (i.e. negative controls) was subtracted from all
measurements prior to data transformation.

Results

LTB4 (10-300 ng) caused a dose-dependent increase in neu-
trophil infiltration 4 h after injection into guinea-pig skin
(Figure 1). In contrast, 20-hydroxy LTB4 was much less
active, producing inflammatory responses of similar mag-
nitude to the saline controls. 20-carboxy LTB4 also showed
very little inflammatory activity when injected in vivo. In the
experiments shown in Figure 1, the LTB4 and 20-hydroxy
LTB4 were injected in separate groups of animals. Initially,
LTB4 and 20-hydroxy LTB4 were injected at different sites in
the same animals and we observed unexpectedly low control
responses to LTB4. These results prompted us to determine
whether systemic injection of 20-hydroxy LTB4 (injected sub-
cutaneously at a distant site from the LTB4 injections) could
suppress the responses to LTB4.
The results shown in Figure 2 indicate that 20-hydroxy

LTB4 inhibited neutrophil responses to LTB4 (100 ng) in vivo
at extremely low doses (ED50 = 1.3 gAg kg-1, s.c.). However,
20-hydroxy LTB4 did not significantly affect neutrophil emi-
gration in response to C5a (2 jig) in animals where responses
to LTB4 were inhibited (Figure 3). This dose of CSa was
submaximal and chosen because it gave a similar magnitude
of response as 100 ng LTB4. The inhibitory property of
20-hydroxy LTB4 was not shared with 20-carboxy LTB4
which did not affect responses to LTB4 or C5a (Figure 4).

In addition, neither 15(S)-hydroxy (5(S)-HPETE nor lipoxin
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Figure 3 Effect of systemic administration of 20-hydroxy leuko-
triene B4 (20-OH-LTB4) (3 jAg) on accumulation of neutrophils in
guinea-pig skin in response to LTB4 (100 ng, open columns) or C5a
(2 pg, solid columns) in the same animals. Each point represents the
mean ± s.e.mean of data from 5 animals per group. *P< 0.01 vs.
control.
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Figure 4 Effect of systemic administration of 20-carboxy leukotriene
B4 (20-COOH LTB4) on accumulation of neutrophils in guinea-pig
skin in response to LTB4 (100 ng, open columns) or C5a (2 fig, solid
columns). Results are expressed as the mean ± s.e.mean of data from
5 animals per group.
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Figure 5 Inhibition of leukotriene B4 (LTB4)-induced inflammatory
responses by 20-hydroxy LTB4 (10 1tg) at various times after dosing.
Results are expressed as the mean ± s.e.mean of data from 5 animals
per group.

1- 12

I-
-J

C)

._

Q
ia
c
z

.5

co

C.2

i

-1 10 -10 10-9 10-8 10-7

b
160 -

140 -

120 -

100 -

80 -

60 -

40 -

20 -

n
lo-12 o-01 1010 io-9 10 i-7

20-OH-LTB4 preincubation concentration [Ml

Figure 6 Inhibition of leukotriene B4 (LTB4)-mediated neutrophil
chemotaxis (a) and specific [3H]-LTB4 binding to isolated neutrophils
(b) pre-exposed to 20-hydroxy LTB4 in whole blood. Log dilutions of
20-hydroxy LTB4 were added to whole human blood and incubated
at 37°C for 5 min. Neutrophils were then isolated as described in the
methods section and assayed for their ability to respond in the
chemotaxis assay to LTB4 (5 nM) (-) or C5a (5 nM) (U) (a) and to
bind specifically [3H]-LTB4 (b). The values shown represent the
mean ± s.e.mean for 3 independent experiments.

A4 inhibited responses to LTB4 when administered under the
same conditions as 20-hydroxy LTB4 at doses up to 10lig
(for 15(S)-hydroxy 5(S)-HPETE % control response = 88.3
+ 17.3, n = 5; for lipoxin A4, % control response = 102.7 +
10.6, n = 5). Figure 5 shows that the effect of 20-hydroxy
LTB4 was longlasting (responses still maximally inhibited at
2 h after dosing), but reversible (responses were not
significantly reduced at 4 h after dosing). When 20-hydroxy
LTB4 was coadministered locally with LTB4 no inhibition
was observed at doses which were devoid of systemic activity.

In vitro, pretreatment of human neutrophils in whole blood
with 20-hydroxy LTB4 led to a concentration-dependent and
specific inhibition of the chemotactic response to LTB4
(IC50 = 0.15 ± 0.07 nM) and loss of high affinity receptors for
[3H]-LTB4 (IC50 = 4.0 ± 1.8 mM) (Figure 6). No inhibition of
either chemotaxis (% control response = 101 ± 3.6) or recep-
tor expression (% control response = 93.0 ± 7.6) was noted
in response to 20-carboxy LTB4 (10-8 M). Moreover, pre-
exposure of neutrophils to 20-hydroxy LTB4 in blood did not
inhibit chemotaxis in response to the complement fragment,
C5a (Figure 6).

Discussion

There is increasing evidence that LTB4 plays a central role in
leukocyte recruitment and the ensuing tissue damage that
occurs in inflammatory diseases. Leukotriene B4 has been
detected at sites of inflammation, both in laboratory animals
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(Simmons et al., 1983; Ford-Hutchinson et al., 1984) and in
human diseases (Rae et al., 1982; Davidson et al., 1983;
Brain et al., 1984; Sharon & Stenson, 1984) and has been
shown to possess potent leukocyte chemotactic properties in
vitro and in vivo. Treatments which lower LTB4 pharma-
cologically (Foster et al., 1990; Carter et al., 1991; Salmon et
al., 1983) or by dietary means (Lefkowith, 1988) have been
demonstrated to diminish leukocyte recruitment in vivo. In
addition, agents which antagonize LTB4 at its receptor have
also displayed anti-inflammatory activity (Fretland et al.,
1990; 1991).

Further evidence to support a role for LTB4 in
inflammation can be inferred from the finding that an
effective mechanism exists for its inactivation at sites of
inflammation. Thus, LTB4 can be metabolized by neutrophils
and possibly other cell types via w-oxidation to products
which have much reduced biological activity (Hansson et al.,
1981; Ford-Hutchinson et al., 1983; O'Flaherty et al., 1986).
Furthermore, these products (20-hydroxy LTB4 and 20-
carboxy LTB4) have been detected in inflammatory exudates
(Kikawa et al., 1986; Seeger et al., 1991), suggesting that
w-oxidation is an important pathway of LTB4 inactivation in
vivo.

In the present study we have confirmed that 20-hydroxy
LTB4 and 20-carboxy LTB4 have significantly reduced
inflammatory activities compared to LTB4. As 20-hydroxy
LTB4 has been shown to bind to LTB4 receptors on neu-
trophils with 10-20 times less affinity than LTB4 (Clancy et
al., 1984; O'Flaherty et al., 1986; Jackson et al., 1992), we
also investigated the possibility that 20-hydroxy LTB4 may
antagonize the inflammatory effects of LTB4 in vivo. Surpris-
ingly, when 20-hydroxy LTB4 was co-injected with LTB4 in
guinea-pig skin, the LTB4 responses at distant control sites
were also diminished. Consequently, we found that systemic
(subcutaneous) administration of extremely low doses of 20-
hydroxy LTB4 can effectively block inflammatory responses
to LTB4. 20-Carboxy LTB4 did not possess this property of
20-hydroxy LTB4 and the effect was specific for LTB4 since
20-hydroxy LTB4 administration did not inhibit neutrophil
infiltration in response to C5a. However, 20-hydroxy LTB4
also caused a small (but nonsignificant) reduction in the
myeloperoxidase signal in response to C5a which we believe
reflects a LTB4-dependent component to the eosinophil infiltra-
tion that occurs in response to C5a. As eosinophils contain
myeloperoxidase-like activity the low numbers infiltrating the

skin sites may make a small contribution to the signal and
would account for the slight reduction caused by 20-hydroxy
LTB4 in response to C5a. Studies are underway to investigate
the LTB4-dependent component of C5a-induced eosinophil
infiltration using selective markers of eosinophil infiltration.
Doses of 20-hydroxy LTB4 which were devoid of systemic

activity did not inhibit responses to LTB4 when co-injected
locally. These data suggest that 20-hydroxy LTB4 acted by
desensitizing neutrophils to the action of LTB4 in the circula-
tion and did not inhibit responses to LTB4 by local antag-
onism. This concept is supported by in vitro data where
pre-exposure of neutrophils in whole blood to 20-hydroxy
LTB4 selectively inhibited neutrophil chemotaxis to LTB4 and
reduced the number of high affinity receptors for LTB4 which
have previously been shown to transduce the chemotactic
response and can be eliminated by chemotactic deactivation
of neutrophils to LTB4 (Goldman & Goetzl, 1984). In fact in
vitro it has already been shown that 20-hydroxy LTB4 can
desensitize neutrophil responses to LTB4 and vice versa
(O'Flaherty et al., 1986). However, 20-hydroxy LTB4 appears
to be more potent as an inhibitor in the functional chemo-
taxis assay than in inhibiting receptor expression which may
reflect a redistribution of receptors on the cell surface that
are functionally uncoupled for chemotaxis but are still cap-
able of binding ligand. A distribution of N-formyl peptide
receptors into specialised membrane domains has previously
been shown to occur upon ligand binding and may be
relevant to the above finding with LTB4 receptors (Jesaitis et
al., 1988). This selective desensitization of LTB4-mediated
function is similar to that which occurs in neutrophils from
patients with cystic fibrosis (Lawrence & Sorrell, 1992).

These data indicate that although 20-hydroxy LTB4 pos-
sesses only weak inflammatory activity it can cause specific
desensitization to the inflammatory effects of LTB4 and
therefore may serve as a probe to investigate the role of
LTB4 in animal models of inflammatory disease. A similar
proposal was recently put forward by Marleau et al. (1993)
where infusion of LTB4 itself was used to induce a state of
desensitization in the rabbit. Furthermore, as 20-hydroxy
LTB4 has been detected at sites of inflammation in concen-
trations sufficient to produce these inhibitory effects, this
process of desensitization may serve as a mechanism to
regulate inflammatory processes and a reduced capacity to
metabolize LTB4 via w-hydroxylation may predispose to
chronic inflammatory disease.
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Cerebral blood flow and cerebrovascular reactivity after
inhibition of nitric oxide synthesis in conscious goats
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1 The role of nitric oxide in the cerebral circulation under basal conditions and after vasodilator
stimulation was studied in instrumented, conscious goats, by examining the action of inhibiting
endogenous nitric oxide production with N0-nitro-L-arginine methyl ester (L-NAME).
2 In 6 unanaesthetized goats, blood flow to one brain hemisphere (electromagnetically measured),
systemic arterial blood pressure and heart rate were continuously recorded. L-NAME (35 mg kg-' by i.v.
bolus) decreased resting cerebral blood flow by 43 ± 3%, increased mean arterial pressure by 21 ± 2%,
and decreased heart rate by 41 ± 2%; cerebrovascular resistance increased by 114 ± 13% (P<0.01); the
immediate addition of i.v. infusion of L-NAME (0.15-0.20 mg kg-' during 60-80 min) did not
significantly modify these effects. Cerebral blood flow recovered at 72 h, arterial pressure and cere-
brovascular resistance at 48 h, and heart rate at 6 days after L-NAME treatment.
3 A second treatment with L-NAME scheduled as above reproduced the immediate haemodynamic
effects of the first treatment, which (except bradycardia) reversed with L-arginine (200-300 mg kg-' by
i.v. bolus).
4 Acetylcholine (0.01-0.3pg), sodium nitroprusside (3-100 g) and diazoxide (0.3-9mg), injected
into the cerebral circulation of 5 conscious goats, produced dose-dependent increases in cerebral blood
flow, and decreases in cerebrovascular resistance; sodium nitroprusside (30 and lOO1ig) also caused
hypotension and tachycardia.
5 The reduction in cerebrovascular resistance from resting levels (in absolute values) to lower doses,
but not to the highest dose, of acetylcholine was diminished, to sodium nitroprusside was increased, and
to diazoxide was unaffected after L-NAME, compared to control conditions. The effects on cerebrovas-
cular resistance to acetycholine normalized within 24 h and to sodium nitroprusside within 48 h after
L-NAME treatment.
6 This study provides information about the evolution of the changes in cerebral blood flow and
cerebrovascular reactivity after inhibition of endogenous nitric oxide in conscious animals. The results
suggest: (a) endogenous nitric oxide is involved in regulation of the cerebral circulation by producing a
resting vasodilator tone, (b) the cerebral vasodilatation to acetylcholine is mediated, at least in part, by
nitric oxide release, and (c) inhibition of nitric oxide production induces supersensitivity of cerebral
vasculature to nitrovasodilators.

Keywords: Endothelium; N0-nitro-L-arginine methyl ester (L-NAME); cerebral blood vessels; vasodilator tone; acetylcholine;
nitrovasodilators; supersensitivity

Introduction

Nitric oxide, or a closely related compound, seems to be at
least one type of endothelium-derived relaxing factor that
is synthesized from L-arginine and relaxes vascular smooth
musculature via the stimulation of guanylate cyclase
(Ignarro, 1990; Moncada et al., 1991a). The synthesis of
endothelial nitric oxide can be inhibited by several L-arginine
analogues and this inhibition induces vascular contraction in
vitro and in vivo (Moncada & Higgs, 1990), and increases
resistance in several vascular beds (Gardiner et al., 1990;
1991b). Thus, the basal release of nitric oxide (Martin et al.,
1986; Rees et al., 1989a) appears to be responsible for main-
taining a vasodilator tone in the cardiovascular system (Rees
et al., 1989b; Gardiner et al., 1990).

In the cerebral circulation, experimental observations sug-
gest that nitric oxide mediates the dilatation of cerebral
blood vessels to acetylcholine (Fujiwara et al., 1986; Faraci,
1990; Fischer-Nakielski et al., 1990; Rosenblum et al., 1990)
and could play a role in maintaining cerebrovascular tone in
vivo (Faraci, 1990; Fischer-Nakielski et al., 1990; Rosenblum
et al., 1990). Studies measuring cerebral blood flow have been
performed in anaesthetized animals and have produced con-
troversial results as inhibition of nitric oxide synthesis

' Author for correspondence.

decreases (Kovfach et al., 1992; Kozniewska et al., 1992;
Pellegrino et al., 1992) or does not change (Faraci & Heistad,
1992; ladecola, 1992) resting cerebral blood flow. Thus, more
studies are necessary to clarify the role of nitric oxide in the
regulation of basal cerebral blood flow, as well as in cerebro-
vascular reactivity. Since anaesthetics can modify cerebrovas-
cular response, the use of conscious animals could contribute
to the elucidation of this issue.
The present study was carried out to analyse the role of

endogenous nitric oxide in basal cerebral blood flow and in
dilatation of the cerebral circulation. The experiments were
performed by using an experimental model in goats that
permits the blood supply to one brain hemisphere to be
continuously measured on a beat-to-beat basis in the
unanaesthetized animal, a situation that is near to normal
conditions (Reimann et al., 1972; Gomez et al., 1977; Garcia
et al., 1991). Inhibition of endogenous nitric oxide produc-
tion was induced by i.v. administration of N0-nitro-L-
arginine methyl ester (Moore et al., 1990; Rees et al., 1990)
and acetylcholine, sodium nitroprusside and diazoxide were
used as vasodilators. This study allowed us to evaluate
throughout several days the time course of the effects of
inhibition of nitric oxide production on basal cerebral blood
flow, systemic arterial blood pressure and heart rate, as well
as on cerebral vasodilatation.

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 428-434
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Methods

The present experiments were performed in six female goats
(32 to 49 kg weight). In this species, each internal maxillary
artery, a branch of the external carotid artery, provides the
total blood flow to each cerebral hemisphere via the rete
mirabile; the vertebral arteries do not contribute to brain
blood flow, and the extracranial internal carotid artery is
absent (Daniel et al., 1953; Reimann et al., 1972). The circle
of Willis in the goat is similar to that in man except that the
blood flows in a caudal direction in the basilar artery (Daniel
et al., 1953; Reimann et al., 1972). Analysis of the distribu-
tion of radioactively labelled microspheres in the cerebral
circulation of the goat after the surgical procedure described
by Reimann et al. (1972) indicates that nearly all of the
blood carried by the internal maxillary artery passes directly
to cerebral tissue (Miletich et al., 1975). Extracerebral blood
flow is minimal, <5% of total flow.
The operative procedure has been described elsewhere

(Reimann et al., 1972). Briefly, the extracerebral vessels from
one of the internal maxillary arteries were ligated and throm-
bosed with 1 000 units of thrombin (Thrombostat, Parke
Davis, Morris Plains, NJ, U.S.A.) dissolved in 1 ml of
0.9% NaCl solution. This manoeuvre produces an almost
immediate obliteration of the ethmoidal, ophthalmic, and
buccinator arteries and thus eliminates blood flow to the eye
and other facial structures. This is confirmed on recovery

from surgery by the presence of ipsilateral blindness. How-
ever, obliteration of the extracerebral vessels from the inter-
nal maxillary artery does not cut off vascular supply to half
of the face. The areas supplied by the ethmoidal, buccinator,
dental, and temporal arteries are nourished by anastomotic
channels that are normally in a state of dynamic balance but
in which the direction of blood flow can be quickly changed,
depending on the pressure differential from one side of the
union to the other (Daniel et al., 1953; Reimann et al., 1972).
There is no necrosis, and the functions related to these areas

such as eating, drinking, and rumen are intact. Obliteration
and thrombosis of the ophthalmic artery permanently cuts
off vascular supply to the ipsilateral eye. This procedure
becomes necessary for the successful isolation of the cerebral
circulation (Reimann et al., 1972; Miletich et al., 1975). The
ipsilateral blindness that ensues does not seem to alter nor-

mal behaviour and the physical condition of the animals.
An electromagnetic flow transducer (Biotronex, Silver

Spring, MD, U.S.A.) was placed on the internal maxillary
artery to measure blood flow to the ipsilateral cerebral hemi-
sphere. A polyethylene catheter (PE-90) inserted in the tem-
poral artery permitted the injection of drugs directly into the
internal maxillary artery in the conscious goat; the same

catheter was used to measure arterial blood pressure with a

Statham P 23 ID transducer. A snare-type occluder was

placed on the external carotid, close to the temporal artery,
to obtain zero-flow base lines. The external connecting leads
from the flow transducer and occluder, and the temporal
artery catheter were led out subcutaneously and secured to
the horn of the goat.

Heart rate was measured from the arterial pressure pulse
with a ratemeter. Flow measurements were made with a

Biotronex electromagnetic flowmeter (model BL-610). Cere-
bral blood flow systemic arterial blood pressure, and heart
rate were recorded on a Dynograph Recorder (model R611,
Sensor Medics, Bilthoven, The Netherlands).
The experiments on the conscious goats were started 2-3

days after the operative procedure, at which time the goats
had fully recovered and were in good condition. The various
measurements were made with the goat unrestrained in a

large cage, except for a Lucite stock fitting loosely around
the neck that limited forward and backward motion. Once
placed in the cage the animal stood quietly during the
experiments and showed no signs of disturbance. However,
the experiments were stopped whenever the animals showed
signs of excitation or uneasiness as also evidenced by altera-

tions in the recordings of blood pressure and heart rate. In
this event, the goat was brought back to the animal quarters,
and a period of > 24 h was allowed before attempting a new
experiment. The administration of small amounts of drugs
into the internal maxillary artery can be carried out with
reproducible results on different days in the conscious state
without causing any discomfort to the animal (Lluch et al.,
1975; Garcia et al., 1991).

In this work the following experiments were performed: (1)
after resting control measurements were recorded, all the
animals received an i.v. bolus of N0-nitro-L-arginine methyl
ester (L-NAME, 35 mg kg-' during 15-18 min), and 5 min
after the haemodynamic variables had reached a new steady
state, animals received an i.v. infusion of L-NAME
(0.15-0.20mg kg-' during 60-80 min); the animals received
in total 47 mg kg- ' of this substance. The effects of L-NAME
were continuously recorded during about 2 h after stopping
the infusion, and periodically during the subsequent 6-8
days; (2) four of these animals received a second treatment
with L-NAME 8-10 days after the first treatment in the
same way and doses as indicated above; these four goats,
immediately after stopping the infusion of L-NAME, were
also treated with L-arginine by i.v. route (200-300mgkg-'
during 15-20 min), the haemodynamic variables being
recorded during about 2h. L-NAME and L-arginine were
dissolved in isotonic saline at 5 mg ml' and 40 mg m1',
respectively; and (3) the effects of acetylcholine (0.01, 0.03,
0.1 and 0.3 rg), sodium nitroprusside (3, 10, 30 and 100 1g)
and diazoxide (0.3, 1, 3 and 9 mg) were recorded in 5 goats.
These substances, dissolved in isotonic saline, were given in
volumes of 0.3 ml through the catheter placed into the tem-
poral artery, and their effects were evaluated under control
conditions, during the infusion and periodically after ad-
ministration of the first treatment of L-NAME.

Arterial blood Po2, Pco2 and pH were measured before
and after injection of L-NAME by standard electrometric
methods (Radiometer, ABL 300, Copenhagen, Denmark).
Cerebrovascular resistance was calculated as the mean
systemic arterial blood pressure (mmHg) divided by blood
flow to one brain hemisphere (ml min-'). In previous
experiments (unpublished observations) and in 2 animals of
the present study, we found that the goat intracranial pres-
sure (intracranial venous pressure) in the cisterna magna is
0-3 mmHg under control conditions. Also, as in the 2
animals of the present study intracranial pressure did not
appreciably change during the experimental conditions, we
considered cerebral venous pressure to be of minor relevance
for cerebrovascular resistance calculations.
Drugs used were: N0-nitro-L-arginine methyl ester (Sigma),

acetylcholine chloride (Sigma), sodium nitroprusside (Nitro-
prussiat Fides, Barcelona, Spain), and diazoxide (Hyperstat,
Schering Corporation, NJ, U.S.A.). Administration of
isotonic saline alone intravenously or into the internal maxil-
lary artery at the volumes employed in the present study had
no systemic or cerebrovascular effects.

Statistics

All haemodynamic measurements before and after L-NAME
treatment were compared using the same animal as its own
control. An analysis of variance for repeated measures, fol-
lowed by Dunnett's test was applied to the results with
L-NAME, acetylcholine, sodium nitroprusside, diazoxide and
L-arginine. Percentage changes in cerebral blood flow and
cerebrovascular resistance after L-NAME or L-arginine, and
decreases in cerebrovascular resistance from resting levels
taken in absolute values for the effects of acetylcholine,
sodium nitroprusside and diazoxide before and after L-
NAME were used. P <0.05 was considered statistically
significant.
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Figure 1 Actual recordings of the mean cerebral blood flow (CBF), systemic arterial blood pressure (AP) and heart rate (HR)
obtained before and during administration of NG-nitro-L-arginine methyl ester (L-NAME) in one conscious goat. Deflections of
CBF and AP records correspond to occlusions of external carotid artery to obtain zero flow.

Results Reactivity of the cerebral circulation

Effects ofL-NAME

With the first treatment, the i.v. bolus of L-NAME induced
arterial hypertension, bradycardia and decreases in cerebral
blood flow in all 6 goats. These effects began to be evident at
2-3 min after beginning the injection, the systemic and
cerebral blood flow changes being practically simultaneous
(Figure 1). The maximal effects of the i.v. bolus were reached
at about 3-5 min after ending the injection, and cerebral
blood flow decreased by 43 ± 3%, mean systemic arterial
blood pressure increased by 21 ± 2%, heart rate decreased by
41 ± 2%, and calculated cerebrovascular resistance increased
by 114 ± 13% (P<0.01). These effects were not significantly
modified by adding the i.v. infusion of L-NAME (cerebral
blood flow decreased by 48 ± 4%, mean arterial pressure
increased by 28 ± 3%, heart rate decreased by 37 ± 4% and
cerebrovascular resistance increased by 156 ± 27%) and
remained for at least 2 h after stopping the infusion. The
haemodynamic variables returned to control values after
treatment with L-NAME, arterial pressure was the first
variable to do so at about 48 h, cerebral blood flow at about
72 h, and heart rate at about 6 days (Figure 2).
The second treatment with L-NAME (i.v. bolus and

infusion) in 4 of the 6 goats produced immediate systemic
and cerebral blood flow effects comparable to those induced
by the first treatment. In these 4 animals, the administration
of L-arginine following infusion of L-NAME reversed the
effects of L-NAME on systemic arterial pressure and cerebral
blood flow, but not on heart rate (Table 1). The systemic
arterial pressure and cerebral blood flow normalized at
10-20 min after stopping the administration of L-arginine
and they remained within the control values during at least
4-6 days. Bradycardia persisted for this period in spite of
L-arginine treatment.
We also observed that the first or second treatment with

L-NAME produced clinical impairment in all the animals,
which were moderately obtunded and less responsive to
laboratory stimuli during 6-8 days after drug administration,
an effect that was not apparently affected by L-arginine.
Administration of L-NAME or L-arginine did not modify
significantly arterial blood gases and pH.

Figure 3 summarizes the absolute values for cerebrovascular
resistance obtained before and after administration of acetyl-
choline, sodium nitroprusside and diazoxide in the animals
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Table 1 Haemodynamic values (means ± s.e.mean) obtained before (control), immediately after the second NG-nitro-L-arginine
methyl ester (L-NAME) treatment (i.v. bolus + i.v. infusion) and after i.v. administration of L-arginine following L-NAME in 4
unanaesthetized goats

CBF
(ml min-')
CVR
(mmHg ml- ' min' l)
MAP
(mmHg)
HR
(beats min-')

66 ± 3.2

1.51 ± 0.12

101 ± 5.1

65 ± 3.8

L-NAME
(47 mg kg-')
39± 3.6 *

3.21 ± 0.20*

126± 7.3 t

45±2.7 *

L-Arginine
(200-300 mg kg-')

69 ± 3.4

1.61 ± 0.13

110± 3.6

51 ± 3.4t

CBF = cerebral blood flow; CVR = cerebrovascular resistance; MAP = mean systemic arterial blood pressure; HR = heart rate.
*P<0.01 and tP<0.05 compared to control.
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Figure 3 Values (mean ± s.e.mean) for cerebrovascular resistance
under resting conditions in control (C) and after effects of acetyl-
choline, sodium nitroprusside and diazoxide obtained before (0),
during treatment with NG-nitro-L-arginine methyl ester (L-NAME)
(0), at 24 h (0), and at 48 h (A) after L-NAME treatment.
*P< 0.05 and **P <0.01 for resting values before and after L-
NAME. tP<0.05 and ttP<0.01 for decreases in resistance from
resting values before and after L-NAME.

with and without L-NAME. Resting cerebrovascular resis-
tance under control (without any treatment) was about
1.55 ± 0.11 mmHg ml-' min-', and after L-NAME treatment
were 3.45 ± 0.35 (immediate, P< 0.01), 2.51 ± 0.30 (at 24 h,
P<0.5) and 2.15±0.25 (at 48h, P>0.05)mmHgml'
min-'.

Acetylcholine (0.01-0.3 pg), injected into the internal max-
illary artery, produced dose-dependent increases in cerebral
blood flow and decreases in cerebrovascular resistance, with-
out affecting systemic variables. However, the decreases in
cerebrovascular resistance (in absolute values) by the three
lower doses of acetylcholine were significantly lower during
the i.v. infusion of L-NAME; the reduction in cerebrovas-
cular resistance by the highest dose (0.3 jig) of acetylcholine
was comparable before and after L-NAME. At 24 h after
L-NAME, the effects of acetylcholine were not significantly
different from the control situation.
Sodium nitroprusside (3-1I00 g), injected into the internal

maxillary artery, produced marked, dose-dependent increases
in cerebral blood flow and decreases in cerebrovascular resis-
tance; and the doses of 30 and 100 jg also caused a small
hypotension and tachycardia. These effects of sodium nitro-
prusside, however, were significantly higher after than before
L-NAME. The decreases in cerebrovascular resistance (in
absolute values) induced by sodium nitroprusside were
significantly higher during and at 24 h after L-NAME than
under control conditions; at 48 h after L-NAME these
decreases were comparable to those obtained in controls.

Diazoxide (0.3-9 mg), injected into the internal maxillary
artery, caused dose-dependent increases in cerebral blood
flow and decreases in cerebrovascular resistance, without
affecting systemic arterial pressure or heart rate. The
decreases in cerebrovascular resistance (in absolute values)
produced by diazoxide were not significantly different before
and after treatment with L-NAME.

Discussion

The present study shows that i.v. administration of L-NAME
reduced considerably resting cerebral blood flow by increas-
ing cerebrovascular resistance in unanaesthetized animals,
and these effects were accompanied by systemic arterial
hypertension and bradycardia. The effects of L-NAME on

cerebral blood flow and systemic variables reversed spon-
taneously and were reproduced when a second treatment was
administered to the animals after recovery from the first
treatment. Also, the cerebrovascular effects and systemic
hypertension, but not bradycardia, induced by L-NAME
were reversed by L-arginine. As L-NAME has proved to be a

potent inhibitor of nitric oxide production (Moore et al.,
1990; Rees et al., 1990), and the observed effects of this

Control
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substance were reversed by L-arginine, precursor of endo-
thelial nitric oxide synthesis (Ignarro, 1990; Moncada et
al.,1991a), our results suggest that the reduction in cerebral
blood flow by L-NAME is due to decreases in basal nitric
oxide production and, consequently, to inhibition of nitric
oxide-mediated basal vasodilator tone in the cerebral vas-
culature under normal conditions. This is in line with obser-
vations by others in the cerebral blood flow of anaesthetized
animals (Gardiner et al., 1991b; Kovach et al.,1992; Koz-
niewska et al., 1992; Pellegrino et al., 1992) and supports the
idea that an important basal vasodilator tone mediated by
nitric oxide is present in the cerebral circulation as in other
vascular beds (Moncada et al., 1991a). Systemic hypertension
and bradycardia have been previously observed with nitric
oxide inhibitors (Moncada & Higgs, 1990). Results found in
anaesthetized animals suggest that bradycardia after adminis-
tration of inhibitors of nitric oxide synthesis is mainly caused
by an increased vagal efferent activity (Aisaka et al., 1989;
Rees et al., 1989b; Widdop et al., 1992), whereas data from
conscious rats suggest that it is related to inhibition of sym-
pathetic activity, rather than potentiation of parasympathetic
nerve activity (Wang & Pang, 1991). Widdop et al. (1992)
observed that in the presence of supramaximal doses of
atropine and atenolol, a small bradycardia persisted follow-
ing L-NAME administration in anaesthetized rats, and they
suggest that this persistent bradycardia could be due to
coronary vasoconstriction induced by L-NAME. Other
studies in conscious animals show that L-NAME (Gardiner
et al., 1991a) or N-nitro-L-arginine (L-NOARG) (Du et al.,
1992) did not affect the cardiac baroreflex sensitivities to
pressor or depressor stimuli. Interestingly, we found that
bradycardia remained for relatively longer periods than the
reduction in cerebral blood flow and hypertension after treat-
ment with L-NAME, and that it did not reverse with L-
arginine. Du et al. (1992) also observed in conscious rabbits
that bradycardia persisted for a longer period than hyperten-
sion after L-NOARG treatment. Although we have no
confident data for the observed clinical effects after L-
NAME, we can speculate that this substance may induce a
sedative effect by depressing the central nervous system, in-
cluding the basal nervous activity on the heart. This depres-
sion might account for the prolonged bradycardia found in
our experiments. Data from mice suggest that L-NAME
produces a long-lasting antinociception most probably by a
direct effect within the central nervous system (Moore et al.,
1991).
The reduction in resting cerebral blood flow by L-NAME

remained during 48 h and these effects were of longer dura-
tion than those on systemic arterial blood pressure, thus
suggesting that cerebral blood vessels are particularly sen-
sitive to the blockade of nitric oxide production, and that
this substance plays a major role in regulating cerebral blood
flow.

Therefore, the present experimental model permitted us to
evaluate the time course of the changes in cerebral blood
flow after inhibition of endogenous nitric oxide formation in
the animals without anaesthesia, in conditions near to the
normal situation. However, this model has potential limita-
tions. First, with respect to cerebrovascular resistance, we
cannot determine the vascular segments (arteries, micro-
vessels, veins) of the cerebral circulation where changes in
cerebrovascular resistance take place, as the changes in cere-
bral blood flow induced by L-NAME reflect the effects on the
cerebral circulation as a whole. Also, because we do not
consider outflow (venous) pressure, an error probably exists
in our calculations of cerebrovascular resistance. However,
this error should be small since in two animals we did not
find appreciable changes in intracranial pressure during the
experiments. In addition, it is accepted that changes in cere-
brovascular resistance occur mainly in the arterial side when
vasoactive stimuli are applied and that changes in cerebral
venous caliber affect cerebral blood volume rather than
cerebral blood flow (Auer & MacKenzie, 1984). Second, in

the goat an arterial rete (carotid rete mirabile) is interposed
between the internal maxillary artery and the circle of Willis.
Thus, the changes in cerebral blood flow after L-NAME
could reflect the overall effects of this substance on nitric
oxide synthesis in retial and cerebral vessels. In our
laboratory we have observed (unpublished observations) that
the i.v. administration of L-NAME also reduces resting blood
flow in the middle cerebral artery, thus suggesting that nitric
oxide produces a vasodilator tone in cerebral vessels under
basal conditions. Therefore, the reduction in cerebral blood
flow observed in the present study after L-NAME could be
due, at least in part, to the reduction of nitric oxide produc-
tion in the cerebral vasculature. Retial vessels, however,
could also contribute to these effects and this should be taken
into account. The last point is related to the interpretation of
the increase in cerebrovascular resistance after L-NAME.
One could argue that the increase in cerebrovascular resis-
tance represents an intrinsic vascular response to the simul-
taneous hypertension. However, if this were the case, cerebral
blood flow probably would remain at the same level as
before the raise in arterial pressure. On the other hand, if the
intrinsic vascular response were disturbed, then one would
expect an increase and not a decrease in cerebral blood flow.
Therefore, although we cannot exclude the possibility that
part of the increase in cerebrovascular resistance may be due
to an intrinsic cerebrovascular response to hypertension after
L-NAME, the decrease in cerebral blood flow found in the
present study is not.
With regard to the site(s) of the cerebral circulation where

synthesis of nitric oxide takes place, experimental data show
the cerebral microvessels do not release (Kontos et al., 1988)
or release a minimal amount (Rosenblum, 1986) of nitric
oxide, and that basal production of this substance seems to
be dependent on cerebral vessels size, being greater in large
than in small arteries (Faraci, 1991). Also, although the
endothelium appears to be a main source of nitric oxide,
other sources of this vasodilator such as cerebral arterial
nerves (Bredt et al., 1990) and cerebrovascular musculature
(Katusic, 1991) seem also to exist. Thus, the reduction in
cerebral blood flow by L-NAME in our study could be due
to inhibition of nitric oxide production in the different
sources of formation, the importance of which we cannot
determine. The reduction in brain metabolism during L-
NAME treatment might also be involved in the observed
changes in cerebral blood flow.

In evaluating the effects of the vasodilators acetylcholine,
sodium nitroprusside and diazoxide on cerebral circulation
before and after L-NAME administration, the fact that basal
haemodynamic conditions before and after L-NAME are
different, should be taken into account as this might influence
the subsequent responses to vasodilators. In Figure 3 we
present the values for cerebrovascular resistance obtained
before and after the vasodilators used, and the cerebrovas-
cular responses to these vasodilators can be evaluated as
follows: (1) by expressing the changes in cerebrovascular
resistance as a percentage of the immediately preceding basal
resistance; this approach could be questionable when changes
in vascular resistance are analysed, as it could lead to
underestimation of the effects of the vasodilators during L-
NAME administration, when vascular resistance is higher
than under control conditions; (2) by expressing the changes
as the level of resistance reached after each dose of the
vasodilators, and (3) by expressing the response as the resis-
tance changes in absolute values induced by vasodilators
from the preceding basal resistance level before and after
L-NAME. When the second approach (levels of resistance
reached) is considered, the comparison before and after L-
NAME could present a problem as cerebrovascular resis-
tance is considerably higher after L-NAME. In this case, it
may be reasonable to expect that the cerebrovascular resis-
tance reached after vasodilators frequently will remain more
elevated after than before L-NAME, and it would not mean
necessarily that vasodilator responses were lower after L-
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NAME. The third approach considered could be the least
dependent on the preceding basal resistance level of the three
approaches. In addition, it seems that increases in arterial
pressure would not, necessarily, enhance the response to
vasodilator agents (Gardiner et al., 1991b). Thus, evaluation
of reductions in cerebrovascular resistance from resting levels
in absolute values as in Figure 3 may be a more appropriate
approach to analyse specific interactions between the effects
of L-NAME and of vasodilators. Using this approach we
found that absolute reductions in cerebrovascular resistance
induced by diazoxide were comparable before and after L-
NAME, indicating that effects of this vasodilator are not
affected by the basal cerebrovascular resistance, and sugges-
ting that cerebral vasodilatation by diazoxide is not related
to nitric oxide. Diazoxide, a benzothiadiazine derivative,
seems to produce relaxation of the vascular smooth muscle
by hyperpolarizing arterial smooth muscle cells through
activation of ATP-sensitive K+ channels (Standen et al.,
1989). The results with acetylcholine and sodium nitroprus-
side, however, differed from those with diazoxide. The reduc-
tion of resistance caused by lower doses, but not by the
highest dose, of acetylcholine were attenuated after L-
NAME, suggesting that at least a component of the cerebral
vasodilatation to acetylcholine is mediated by nitric oxide.
This suggestion agrees with that previously proposed by
others (Fujiwara et al., 1986; Faraci, 1990; Fischer-Nakielski
et al., 1990; Rosenblum et al., 1990). Although basal release
of nitric oxide in the cerebral circulation could be greater in
large arteries than in small vessels, the role of nitric oxide in
mediating responses to acetylcholine in the cerebral circula-
tion seems to be similar in large arteries and the microcir-
culation (Faraci, 1991). However, other factors distinct to the
L-arginine-nitric oxide pathway could be involved because in
the present study, L-NAME did not affect the cerebral
vasodilatation to the highest dose of acetylcholine used. This
feature has also been observed by recording internal carotid
blood flow of rats, where L-NAME reduced the effects of
lower, but not of higher dose, of acetylcholine (Gardiner et
al., 1991b). Our data also indicate that the duration of the
changes in reactivity of the cerebral circulation to acetyl-
choline was shorter than that of the changes in cerebral
blood flow after L-NAME. Thus after inhibition of nitric
oxide synthesis, the ability of cerebral blood vessels to release

nitric oxide upon stimulation appears to normalize more
quickly than the capacity for nitric oxide release under basal
conditions.
The reductions in cerebrovascular resistance induced by

sodium nitroprusside were increased during and at 24 h, and
normalized at 48 h, after L-NAME treatment suggesting that
cerebral vasodilatation to sodium nitroprusside is increased
after inhibition of nitric oxide synthesis. Sodium nitroprus-
side, a nitrous compound used as a donor of exogenous nitric
oxide, produces vasodilatation in a similar way to nitric
oxide (Ignarro, 1990), and enhanced vasorelaxant responses
to sodium nitroprusside and other nitrous compounds have
been found in the absence of a functional endothelium or in
the presence of L-arginine analogues (Shirasaki & Su, 1985;
Luscher et al., 1989; Moncada et al., 1991b; Garcia et al.,
1992). This enhanced response has been related to an in-
creased sensitivity of guanylate cyclase in vascular smooth
muscle to exogenous nitric oxide when endogenous nitric
oxide production is reduced (Gardiner et al., 1991b; Mon-
cada et al., 1991b). Thus, it appears that the removal of
endogenous nitric oxide in the vasculature could lead to
supersensitivity to vasodilators that act by stimulating soluble
guanylate cyclase (Gardiner et al., 1991b; Moncada et al.,
1991b) and this phenomenon could also occur in the cerebral
circulation of the unanaesthetized animals as suggested from
our study. We also observed that supersensitivity of cerebral
vasculature to sodium nitroprusside remained for a shorter
period than that required for the cerebral blood flow to
recover.

In conclusion, the present study performed in the con-
scious goat suggests that endogenous nitric oxide plays an
important role in regulating cerebral blood flow by produc-
ing a basal vasodilator tone in the cerebral circulation under
normal conditions. It also suggests that the cerebral
vasodilatation to acetylcholine is mediated, at least in part,
by nitric oxide release, and that inhibition of endogenous
nitric oxide production induces supersensitivity of cerebral
vasculature to nitrovasodilators.

The authors are grateful to H. Fernandez-Lomana and E. Martinez
for technical assistance.

This work was supported, in part, by FIS (92/0289), DGICYT
(PM 91/0020) and CAM (C 109/91).

References

AISAKA, K., GROSS, S.S., GRIFFITH, O.W. & LEVI, R. (1989). N -
methylarginine, an inhibitor of endothelium-derived nitric oxide
synthesis, is a potent pressor agent in the guinea pig: does nitric
oxide regulate blood pressure in vivo? Biochem. Biophys. Res.
Commun., 160, 881-886.

AUER, L.M. & MACKENZIE, E.T. (1984). Physiology of the cerebral
venous system. In The Cerebral Venous System and Its Disorders.
ed. Kapp, J.P. & Shmidek, H.M. pp. 169-227. New York: Grune
& Stratton.

BREDT, D.S., HWANG, P.M. & SNYDER, S.H. (1990). Localization of
nitric oxide synthase indicating a neural role for nitric oxide.
Nature, 347, 768-770.

DANIEL, P.M., DAWES, J.D.K. & PRICHARD, M.M.L. (1953). Studies
of the carotid rete and its associated arteries. Phil. Trans. R. Soc.
B. Biol. Sci., 273, 173-208.

DU, Z.-Y., DUSTING, G.J. & WOODMAN, O.L. (1992). Baroreceptor
reflexes and vascular reactivity during inhibition of nitric oxide
synthesis in conscious rabbits. Eur. J. Pharmacol., 214, 21-26.

FARACI, F.M. (1990). Role of nitric oxide in regulation of basilar
artery tone in vivo. Am. J. Physiol., 259, H1216-H1221.

FARACI, F.M. (1991). Role of endothelium-derived relaxing factor in
cerebral circulation: large arteries vs. microcirculation. Am. J.
Physiol., 261, H1038-1042.

FARACI, F.M. & HEISTAD, D.D. (1992). Does basal production of
nitric oxide contribute to regulation of brain-fluid balance? Am.
J. Physiol., 262, H340-H344.

FISCHER-NAKIELSKI, H. & SCHROR, K. (1990). Nitric oxide is the
endothelium-derived relaxing factor in bovine pial arterioles.
Stroke, 21, IV-46-IV-48.

FUJIWARA, S., KASSELL, N.F., SASAKI, T., NAKAGOMI, T. & LEH-
MAN, R.M. (1986). Selective hemoglobin inhibition of endo-
thelium-dependent vasodilation of rabbit basilar artery. J.
Neurosurg., 64, 445-452.

GARCIA, J.L., FERNANDEZ, N., GARCIA-VILLAL6N, A.L., MONGE,
L., GOMEZ, B. & DItGUEZ, G. (1992). Effects of nitric oxide
synthesis inhibition on the goat coronary circulation under basal
conditions and after vasodilator stimulation. Br. J. Pharmacol.,
106, 563-567.

GARCIA, J.L., GOMEZ, B., MONGE, L., GARCIA-VILLAL6N, A.L. &
DIEGUEZ, G. (1991). Endothelin action on cerebral circulation in
unanesthetized goats. Am. J. Physiol., 261, R581-R587.

GARDINER, S.M., COMPTON, A.M., BENNETT, T., PALMER, R.M.J. &
MONCADA, S. (1990). Control of regional blood flow by
endothelium-derived nitric oxide. Hypertension, 15, 486-492.

GARDINER, S.M., COMPTON, A.M., KEMP, P.A. & BENNETT, T.
(1991a). Effects of N0-nitro-L-arginine methyl ester or indo-
methacin on differential regional and cardiac haemodynamic
actions of arginine vasopressin and lysine vasopressin in con-
scious rats. Br. J. Pharmacol., 102, 65-72.



434 N. FERNANDEZ et al.

GARDINER, S.M., KEMP, P.A. & BENNETT, T. (1991b). Effects of
N0-nitro-L-arginine methyl ester on vasodilator responses to
acetylcholine, 5'-N-ethylcarboxamidoadenosine or salbutamol in
conscious rats. Br. J. Pharmacol., 103, 1725-1732.

G6MEZ, B., VALLEJO, A.R., ALBORCH, E., DIEGUEZ, G. & LLUCH,
A. (1977). Cerebral blood flow during hemorrhagic hypotension
in the unanesthetized goat. Stroke, 4, 50-56.

IADECOLA, C. (1992). Does nitric oxide mediate the increases in
cerebral blood flow elicited by hypercapnia? Proc. Natl. Acad.
Sci. U.S.A., 89, 3913-3916.

IGNARRO, L.J. (1990). Biosynthesis and metabolism of endothelium-
derived nitric oxide. Annu. Rev. Pharmacol. Toxicol., 30,
535-560.

KATUSIC, Z.S. (1991). Basal activity of L-arginine nitric oxide path-
way in smooth muscle cells of canine basilar artery (Abstract).
FASEB J., 5, A399.

KONTOS, H.A., WEI, E.P. & MARSHALL, J.J. (1988). In vivo bioassay
of endothelium-derived relaxing factor. Am. J. Physiol., 255,
H1259-H1262.

KOVACH, R.G.B., SZAB6, C., BENY6, z., csAKI, C., GREENBERG,
J.H. & REIVICH, M. (1992). Effects of N0-nitro-L-arginine and
L-arginine on regional cerebral blood flow in the cat. J. Physiol.,
449, 183-196.

KOZNIEWSKA, E., OSEKA, M. & STYS, T. (1992). Effects of
endothelium-derived nitric oxide on cerebral circulation during
normoxia and hypoxia in the rat. J. Cereb. Blood Flow Metab.,
12, 311-317.

LLUCH, S., G6MEZ, B., ALBORCH, E. & URQUILLA, P.R. (1975).
Adrenergic mechanisms in cerebral circulation of the goat. Am. J.
Physiol., 228, 985-989.

LUSCHER, T.F., RICHARD, V. & YANG, Z. (1989). Interaction
between endothelium-derived nitric oxide and SIN-1 in human
and porcine blood vessels. J. Cardiovasc. Pharmacol., 14, Suppl.
11, S76-S80.

MARTIN, W., FURCHGOTT, R.F., VILLANI, G.M. & JOTHIANAN-
DAN, D. (1986). Depression of contractile responses in rat aorta
by spontaneously released endothelium-derived relaxing factor. J.
Pharmacol. Exp. Ther., 237, 529-538.

MILETICH, D.J., IVANKOVIC, A.D., ALBRECH, R.F. & TOYOOKA,
E.T. (1975). Cerebral hemodynamics following internal maxillary
artery ligation in the goat. J. Appl. Physiol., 38, 942-945.

MONCADA, S. & HIGGS, E.A. (1990). Nitric Oxide from L-Arginine:
A Bioregulatory System. Amsterdam: Excerpta Medica.

MONCADA, S., PALMER, R.M.J. & HIGGS, E.A. (1991a). Nitric oxide:
physiology, pathophysiology, and pharmacology. Pharmacol.
Rev., 43, 109-142.

MONCADA, S., REES, D.D., SCHULZ, R. & PALMER, R.M.J. (1991b).
Development and mechanism of a specific supersensitivity to
nitrovasodilators after inhibition of vascular nitric oxide synthesis
in vivo. Proc. Natl. Acad. Sci. U.S.A., 88, 2166-2170.

MOORE, P.K., AL-SWAYEH, O.A., CHONG, N.W.S., EVANS, R.A. &
GIBSON, A. (1990). L-NG-nitro arginine (L-NOARG), a novel
L-arginine-reversible inhibitor of endothelium-dependent vaso-
dilatation in vitro. Br. J. Pharmacol., 99, 408-412.

MOORE, P.K., OLUYOMI, A.O., BABBEDGE, R.C., WALLACE, P. &
HART, S.L. (1991). L-NG-nitro arginine methyl ester exhibits
antinociceptive activity in the mouse. Br. J. Pharmacol., 102,
198-202.

PELLIGRINO, D.A., MILETICH, D.J. & ALBRECHT, R.F. (1992).
Diminished muscarinic receptor-mediated cerebral blood flow res-
ponse in streptozotocin-treated rats. Am. J. Physiol., 262,
E447-E454.

REES, D.D., PALMER, R.M.J., HODSON, H.F. & MONCADA, S.
(1989a). A specific inhibitor of nitric oxide formation from L-
arginine attenuates endothelium-dependent relaxation., Br. J.
Pharmacol., 96, 418-424.

REES, D.D., PALMER, R.M.J. & MONCADA, S. (1989b). Role of
endothelium-derived nitric oxide in the regulation of blood pres-
sure. Proc. Natl. Acad. Sci. U.S.A., 86, 3375-3378.

REES, D.D., PALMER, R.M.J., SCHULZ, R., HODSON, H.R. & MON-
CADA, S. (1990). Characterization of three inhibitors of endo-
thelial nitric oxide synthase in vitro and in vivo. Br. J. Pharmacol.,
101, 746-752.

REIMANN, C., LLUCH, S. & GLICK, G. (1972). Development and
evaluation of an experimental model for the study of the cerebral
circulation in the unanesthetized goat. Stroke, 3, 322-328.

ROSENBLUM, W.I. (1986). Endothelial dependent relaxation demon-
strated in vivo in cerebral arterioles. Stroke, 17, 494-497.

ROSENBLUM, W.I., NISHIMURA, H. & NELSON, G.H. (1990).
Endothelium-dependent L-Arg- and L-NAME-sensitive mech-
anisms regulate tone of brain microvessels. Am. J. Physiol., 259,
H1396-H1401.

SHIRASAKI, Y. & SU, C. (1985). Endothelium removal augments
vasodilation by sodium nitroprusside and sodium nitrite. Eur. J.
Pharmacol., 114, 93-96.

STANDEN, N.B., QUAYLE, J.M., DAVIS, N.W., BRAYDEN, J.E.,
HUANG, Y. & NELSON, M.T. (1989). Hyperpolarizing vasodilators
activate ATP-sensitive K+ channels in arterial smooth muscle.
Science, 245, 177-180.

WANG, Y.-X. & PANG, C.C.Y. (1991). Possible dependence of pressor
and heart rate effects of N0-nitro-L-arginine on autonomic nerve
activity. Br. J. Pharmacol., 103, 2004-2008.

WIDOPP, R.E., GARDINER, S.M., KEMP, P.A. & BENNET, T. (1992).
The influence of atropine and atenolol on the cardiac haemo-
dynamic effects of NG-nitro-L-arginine methyl ester in conscious,
Long Evans rats. Br. J. Pharmacol., 105, 653-656.

(Received November 12, 1992
Revised April 5, 1993

Accepted May 4, 1993)



Br. J. Pharmacol. (1993), 110, 435-441 © Macmillan Press Ltd, 1993~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Endothelin-1 (ET-1)-induced contraction in rat isolated trachea:
involvement of ETA and ETB receptors and multiple signal
transduction systems

Peter J. Henry

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

1 Quantitative autoradiographic, biochemical and functional studies were performed to investigate the
endothelin receptor subtypes and signal transduction systems that mediate endothelin-I (ET-l)-induced
contraction in rat isolated tracheal smooth muscle.
2 Specific binding of 0.5 nM [251I]-ET-1 to tracheal smooth muscle was inhibited by at least 40% in the
presence of either the ETA receptor selective ligand BQ-123 (1 gLM) or the ETB receptor-selective ligand
sarafotoxin S6c (30 nM), indicating the presence of both ETA and ETB receptors in this tissue.
3 ET-1 and sarafotoxin S6c were both potent spasmogens of rat isolated tracheal smooth muscle
preparations. Sarafotoxin S6c-induced contractions were unaffected in the presence of the ETA receptor
antagonist BQ-123 (10 M), but were markedly attenuated in tissue previously exposed to lOOnM
sarafotoxin S6c to induce ETB receptor desensitization. ET-1-induced contractions were, at most, only
partially attenuated either by blocking the ETA receptor-effector system (with 10;LM BQ-123) or by
desensitizing the ETB receptor-effector system with sarafotoxin S6c. However, ET-l-induced contractions
were markedly attenuated by blocking both receptor-effector systems simultaneously. These findings
suggest that ET-1 could induce contraction by stimulating either ETA or ETB receptors.
4 ET-1 (10 riM) induced a 7 fold increase in intracellular [3H]-inositol phosphate accumulation over
basal levels in rat isolated tracheal smooth muscle. In contrast, sarafotoxin S6c (2.51tM) increased
intracellular [3H]-inositol phosphate accumulation by only 2 fold. ET-l-induced accumulation of [3H]-
inositol phosphates was abolished by 10 iM BQ-123.
5 In Ca2'-free Krebs bicarbonate solution, 100 nM ET-1 induced a significantly larger contraction than
that induced by 100 nM sarafotoxin S6c (46.6 ± 5.6% C,., versus 8.8 ± 2.8% Cmax, n = 5-7). This
presumed intracellular Ca2+-dependent phase of contraction induced by ET-1 was significantly inhibited
by 10 iLM BQ-123 (7.5 ± 1.0% C.). Subsequent addition of 2.5 mM Ca2+ induced a second phase of
contraction. The extracellular Ca2+-dependent phase of contraction induced by ET-1 was similar in
magnitude to that induced by sarafotoxin S6c (63.6 ± 4.5% C.. versus 58.0 ± 3.7% C.) and was not
inhibited by BQ-123. Sarafotoxin S6c-induced contractions were not inhibited by the L-type Ca2-
channel antagonists, nicardipine or verapamil.
6 In summary, ETA and ETB receptors coexist in rat isolated tracheal smooth muscle and stimulation
of both receptor subtypes contributes to ET-l-induced contraction in this tissue. However, stimulation
of these receptor subtypes appears to induce contraction by activating different second messenger
pathways; ETA receptor stimulation induces phosphoinositide turnover and subsequent release of
intracellular Ca2+ whereas stimulation of ETB receptors facilitates the influx of extracellular Ca2+.

Keywords: Endothelin-l; endothelin receptors; BQ-123; sarafotoxin S6c; airway smooth muscle; inositol phosphates; calcium

Introduction

Endothelin-l (ET-1) is a potent spasmogen of airway smooth
muscle (Uchida et al., 1988; Henry et al., 1990; Hay, 1992).
The mechanism of action of ET-1-induced contraction has
not been fully elucidated, but the initial step involves the
activation of specific receptors for endothelin located on the
plasma membrane of the airway smooth muscle cells (Mattoli
et al., 1990; 1991). Recent studies in a variety of cells and
tissues have provided evidence for the existence of two dis-
tinct endothelin receptors, designated ETA and ETB. Whereas
ET-1 has a similar affinity for both receptor subtypes, several
recently developed compounds show selectivity for ETA or
ETB receptors. For example, the ET receptor antagonist BQ-
123 is a cyclic pentapeptide [cyclo(D-Trp,D-Asp,L-Pro,D-Val,
L-Leu)] that shows a 33,000 fold selectivity for binding to
ETA receptors (Ihara et al., 1992a; Molenaar et al., 1992;
1993). On the other hand, sarafotoxin S6c, [Ala"31 1'15]ET-l and
BQ3020 are agonists that selectively stimulate ETB receptors
(Williams et al., 1991; Saeki et al., 1991; Ihara et al., 1992b).
Using this approach, Hay (1992) has recently shown that
ET-1-induced contraction in guinea-pig bronchus is predom-
inantly mediated via activation of the ETB receptor subtype.

Stimulation of ET receptors in airway smooth muscle
activates several signal transduction pathways which may
lead to the mobilization of intracellular Ca2" and also the
influx of extracellular Ca2" (Mattoli et al., 1991). Both of
these pathways may contribute to ET-l-induced contraction.
ET-1-induced mobilization of intracellular Ca2" occurs via a
cascade of events including the stimulation of phospholipase
C and the generation of the inositol 1,4,5-triphosphate, which
induces the release of Ca2" from the sarcoplasmic reticulum
into the cell cytosol (Mattoli et al., 1991; Henry et al., 1992).
ET-1-induced entry of extracellular Ca2" into airway smooth
muscle cells is poorly understood, but appears to occur
primarily through receptor-operated rather than voltage-
dependent Ca2" channels (Hay, 1990; Ninomiya et al., 1992).
Although it is likely that ET-1-induced contraction of airway
smooth muscle uses intracellular and extracellular Ca2+ , it is
not known whether both of these effects are mediated via a
single endothelin receptor subtype.

In the current study, selective ligands of ETA and ETB
receptors were used in a series of functional, biochemical and
autoradiographic studies designed to investigate the mechan-
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ism of ET- 1-induced contraction in rat isolated tracheal
smooth muscle. Results indicate that ETA and ETB receptors
coexist within rat isolated tracheal smooth muscle and that
these receptor subtypes mediate ET-1-induced contractions
by activating different signal transduction pathways.

Methods

Autoradiography

Autoradiographs of ['251]-ET-1 binding to rat tracheal sec-
tions were prepared as described previously (Henry et al.,
1990). Briefly, male Wistar rats (10-12 weeks) were stunned
and killed by cervical dislocation and exsanguination. The
trachea was excised and placed in Krebs bicarbonate solution
(KBS). The composition of the KBS was (in mM); NaCl 117,
KCI 5.36, NaHCO3 25.0, KH2PO4 1.03, MgSO4.7H20 0.57,
CaC12.H20 2.5 and glucose 11.1. Trachea were cleaned of
adhering connective tissue, submerged in Macrodex and
frozen by immersion in isopentane, quenched with liquid
nitrogen. Transverse sections (10 JAm) of trachea were cut at
- 20°C and thaw-mounted onto gelatin-chrome alum-coated
glass slides (four tracheal sections from different rats per
slide). Slide-mounted tracheal sections were incubated for
60 min with 0.5 nM 1'251I]-ET-1 in the presence and absence of
the competing ligands, 1 gLM BQ-123 (ETA receptor-selective)
or 30 nM sarafotoxin S6c (ETB receptor-selective). Non-
specific binding was determined in the presence of 1 JAM
unlabelled ET-l. Autoradiographic grain densities over the
tracheal smooth muscle band were determined with an
automated grain detection and counting system (Henry et al.,
1990). Five separate fields (4 over smooth muscle and one
over a non-tissue area) were viewed from each tracheal sec-
tion and duplicate slides were analysed. Thus, a total of 160
fields were analysed [(5 fields per section) x (4 rat tracheal
sections per slide) x (2 slides per treatment) x (4 treatments)].
Autoradiographic densities were expressed as grains per
1000ytm2.

Functional studies using tracheal segments

Trachea were excised and cleaned as described above. Six to
eight ring segments (2 mm long) were obtained from each
trachea and denuded of epithelium (Goldie et al., 1986).
Tracheal segments were suspended under a resting tension of
500 mg and placed in organ baths containing 3 ml of KBS at
37°C, bubbled continuously with 5% CO2 in°2- Changes in
isometric tension were recorded via FT03 force-displacement
transducers (Grass Instruments). Tracheal segments were
allowed to equilibrate for 45 min before exposure to the
cumulative addition of 0.3 and 10 JM carbachol. Upon
reaching contraction plateaus the preparations were washed
in drug-free KBS for 15 min. Concentration-effect curves
were constructed to ET-1 and sarafotoxin S6c in the presence
and absence of the ETA receptor antagonist BQ-123, and
various Ca2"-channel inhibitors (nicardipine and verapamil).
In these experiments, preparations were exposed for 20 min
to one of these agents or its solvent (paired control prepara-
tion) and then to cumulative additions (0.5 log-concentration
increments) of ET-1 or sarafotoxin S6c (1 nM to 300 nM).
Only one concentration-effect curve was constructed from
each preparation. ET-1- and sarafotoxin S6c-induced con-
tractions were plotted as a percentage of the initial contrac-
tion induced by 10 lAM carbachol (Cm..). The concentration of
ET-1 and sarafotoxin S6c that produced 50% Cm,x was
estimated by fitting the concentration-effect curve to a logis-
tic function by computer-assisted non-linear least squares
regression analysis.

In some experiments, preparations were exposed to 100 nM
sarafotoxin S6c for 45 min to desensitize the ETB receptor-
effector system (for protocol see also Figure 3a). Following
this desensitizing period, preparations were washed five times

over a 10 min period and rested for a further 20 min. Some
preparations were incubated with 1O JM BQ-123 during this
20 min rest period and for the remainder of the experiment.
Preparations were then exposed to either 100 nM ET-1 or
100 nM sarafotoxin S6c and contractile responses measured.
The relative contribution of intracellular and extracellular

Ca2+ to the contractions induced by ET-1 and sarafotoxin
S6c were determined in the following manner (see also Figure
4a). Firstly, extracellular Ca2+ was removed by washing the
preparations four times (over a 5 min period) with Ca2'-free
KBS containing 10 iAM EGTA and then for 20 min with
Ca2"-free KBS (no EGTA). The preparations were then
exposed to either 100 nM ET-1 or 100 nM sarafotoxin S6c,
and contractile responses measured. The first phase of con-
traction, obtained in the absence of extracellular Ca2", is
presumed to be due to the release of intracellular Ca2+
(Shimamoto et al., 1992). When the peptide-induced contrac-
tion had reached its plateau, calcium chloride was added to
the Ca2+-free KBS at a final concentration of 2.5 mM and a
second phase of contraction was observed. This response is
due to the influx of extracellular Ca2". In some additional
studies, the influence of BQ-123 on the intracellular and
extracellular Ca2"-dependent phases of ET-1 and sarafotoxin
S6c-induced contractions was determined. In these
experiments, preparations were exposed to 101JM BQ-123 at
the beginning of the 20 min equilibration period in Ca2+-free
KBS and for the remainder of the experiment.

[3H]-inositol phosphate generation

ET-1- and sarafotoxin S6c-induced generation of inositol
phosphates in rat tracheal smooth muscle was determined as
described previously (Henry et al., 1992). Briefly, the tracheal
smooth muscle band, which lies between the cartilage horns
along the posterior membrane of the trachea was dissected
from the trachea and cut transversely into 4 pieces of equiva-
lent size. The tracheal smooth muscle pieces from 7 rats were
pooled and randomly divided into 14 groups. Each tissue
group was weighed, preincubated for 30 min in 5 ml of KBS
at 37°C and then incubated with [3H]-myo-inositol (5 JACi) in
1 ml of carbogen-aerated KBS for 3 h at 37°C with gentle
shaking. Tissues were washed twice with 5 ml KBS for
15 min to remove excess [3H]-myo-inositol and a third time
for a further 15 min. After washing, the tissues were
incubated for a further 15 min in 1 ml KBS containing 5 mM
LiCl to inhibit the breakdown of inositol monophosphate to
inositol and thus enhance the accumulation of inositol phos-
phates. The tissues were stimulated for 15 min by the addi-
tion of 20 IlI ET-I (10 nM to 10 JAM) or sarafotoxin S6c
(100 nm to 2.5 JM) and the stimulation terminated by the
addition of 1.5 ml chloroform:methanol (1:2, v/v) with
vigorous shaking. After standing for 15 min, chloroform
(0.5 ml) and water (0.5 ml) were added sequentially. The
entire upper methanol/water phase was applied to an anion
exchange chromatography column (1 ml of Dowex AG1-X8
in formate form). Inositol was eluted with 10 ml of water and
glycerophosphoinositol with 15 ml of a buffer containing
5 mM sodium tetraborate and 60 mM sodium formate. [3H]-
inositol phosphates were eluted with a buffer containing
0.1 mM formic acid and 0.75M ammonium formate. Three
1 ml aliquots of the final fraction were mixed with 10 ml of
scintillant (5.8 g 1`, 2,5-diphenyloxazol (PPO) in
Triton x 10:toluene, 1:2) and radioactivity counted in a
Tricarb liquid scintillation counter (Packard, Model 1500).
Total [3H]-inositol phosphate accumulation was expressed as
d.p.m. mg' wet wt. tracheal smooth muscle.

Drugs

Drugs used were; ['25I]-ET-1, ET-1, sarafotoxin S6c, (Auspep,
Melbourne, Australia), carbamylcholine chloride (± )-
verapamil hydrochloride, nicardipine hydrochloride, EGTA
(Sigma Chemical Company, St Louis, U.S.A.), BQ-123
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(gift from Dr D.W.P. Hay of SmithKline Beecham Labora-
tories). Stock solutions of ET-1 and sarafotoxin S6c, both
50 gM, were prepared in 0.1 M acetic acid and dilutions made
in saline. BQ-123 was prepared in 100 mM Na2CO3. Nicar-
dipine hydrochloride and (±)-verapamil hydrochloride were
dissolved in water. All other drugs were dissolved in saline.
Drugs were kep on ice and protected from light. In Ca2+-free
KBS, CaCl2 was omitted.

Statistical analyses

In functional studies, contractile potency is expressed in
terms of the concentration of ET-1 or sarafotoxin S6c
required to produce 50% of the maximal response to 10 pM
carbachol (50% Cma.). For statistical comparisons, data were
transformed to mean [- log (concentration of drug produc-
ing 50% Cm)] ± s.e.mean from n different animals. In all
studies, differences between treatment means were assessed
by analysis of variance followed by a modified t statistic
(Wallenstein et al., 1980). P values less than 0.05 were con-
sidered to be statistically significant.

Results

Autoradiographic studies

Rat isolated tracheal smooth muscle contained specific bind-
ing sites for ['251]-ET-1 (total grain density, 135 ± 16 grains
per 1000 pm2, n = 4 versus nonspecific grain density, 12 ± I
grains per I000 pm2; n = 4; Figures la and ld). ['251]-ET-1
binding was inhibited by the ETA receptor-selective ligand
BQ-123 (1 pM; 81.9 ± 8.2 grains per 1000pm2, 43.2% inhibi-
tion of specific grain density; Figure lb) and by the ETB
receptor-selective ligand sarafotoxin S6c (30 nM; 84.1 + 6.4
grains per 1000 pm2, 41.4% inhibition of specific grain den-
sity; Figure lc), indicating the coexistence of ETA and ETB
receptors in rat tracheal smooth muscle.

Functional studies

Selective inhibition of ETA and ETB receptor function ET-1
and the ETB receptor-selective agonist, sarafotoxin S6c,
induced concentration-dependent contractions of rat isolated

i I

Figure 1 Density and distribution of [ 251J-endothelin-l(I'25I]-ET-1) binding sites in rat isolated trachea. The upper panel of the
montage is a lightfield photomicrograph of a transverse section of rat isolated trachea. E, epithelium; SM, smooth muscle; C,
cartilage. Panel (a) is a darkfield autoradiograph of this section and depicts total ['251]-ET-l binding to rat trachea. The majority of
binding sites was associated with the tracheal smooth muscle band. In serial sections, the binding of ['25I]-ET-1 was inhibited by
both BQ-123 (I gM, b) and sarafotoxin S6c (30 nM, c), indicating the presence of both ETA and ETB receptors. Panel (d) shows
nonspecific binding determined in the presence of 1 gM ET-1. The calibration bar is 100 Am long.
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tracheal smooth muscle (Figure 2a). Sarafotoxin S6c was
slightly more potent than ET-1 (concentrations producing
50% Cm.x (95% confidence limits) were 9.7 nM (3.4-27 nM)
and 18 nM (10-32 nM), respectively). However, ET-1 induced
a significantly greater maximal contraction than sarafotoxin
S6c. The ETA receptor antagonist, BQ-123 (10pM), had no
significant inhibitory effect on the contractile responses
induced by low concentrations of ET-1 (<1O nM) (Figure
2b). However, contractile responses to higher concentrations
of ET-1 (>10 nM) were clearly attenuated by 10 tM BQ-123.
In contrast, 1O 4M BQ-123 has no inhibitory effect on con-
tractile responses to sarafotoxin S6c (Figure 2c).
The functional experiments described above suggest that

ET-l-induced contractions of rat isolated tracheal smooth
muscle may involve activation of both ETA and ETB recep-
tors. Further evidence for the involvement of ETA receptors
in ET-1-induced contractions was obtained from studies in
which preparations were desensitized to the ETB receptor
agonist, sarafotoxin S6c (Figure 3). In these studies, rat
tracheal smooth muscle preparations were pretreated for
45 min to 100 nM sarafotoxin S6c or solvent (Figure 3a).
During this pretreatment period, a peak contractile response
to sarafotoxin S6c was observed after 5 to 10 min. However,
this peak response slowly waned and by the completion of
the pretreatment period the sarafotoxin S6c-induced contrac-
tion was not significantly different from the baseline level of
tone. After a 30 min washout period with KBS, the contrac-
tion induced by 100 nM sarafotoxin S6c was significantly less
in the sarafotoxin S6c-pretreated preparations than in control
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Figure 2 (a) Mean concentration-effect curves to endothelin-1 (ET-
1, 0) and sarafotoxin S6c (0) in rat tracheal smooth muscle. The
effects of the ETA receptor antagonist BQ123 (0I1gM, 0, *) on

contractile responses to ET-1 (0, control) and sarafotoxin S6c (0,
control) are shown in (b) and (c), respectively. Shown are the
mean ± s.e.mean values from 5-7 animals.

preparations (Figure 3b). In contrast, contractions observed
in response to 100 nM ET-1 were similar in control and
sarafotoxin S6c-pretreated preparations. However, as shown
in Figure 3c, ET-1-induced contractions were inhibited by
BQ-123 to a significantly greater extent in sarafotoxin S6c-
pretreated preparations than in control preparations. That is,
in the presence of 10 ALm BQ-123, the contraction induced by
100 nM ET-1 was reduced by 63.4 ± 8.2% Cm. in sarafotoxin
S6c-pretreated preparations, but by only 22.3 ± 8.8% C,,,L. in
control preparations.

Intracellular and extracellular Ca2+ pools

Experiments were performed in Ca2"-free KBS to examine
the relative contributions that intracellular and extracellular
Ca2" make to contractions induced by ET-1 and sarafotoxin
S6c (Figure 4a). In Ca2"-free KBS, 100 nM ET-1 induced a
contraction of 46.6 ± 5.6% Cm,, (Figure 4b). The subsequent
addition of 2.5 mM Ca2" induced a second phase of contrac-
tion of slightly greater magnitude (63.6 ± 4.5% C,., Figure
4b). Thus, ET-1-induced contractions appear to use both
intracellular and extracellular Ca2". The intracellular Ca2+-
dependent phase of contraction, produced in the Ca2"-free
KBS, was significantly inhibited by 10IM BQ-123 (Figure
4b). In contrast, the second, extracellular Ca2"-dependent
phase of contraction, produced after the addition of 2.5 mM
Ca +, was not attenuated by 10lUM BQ-123 (Figure 4b). In
Ca2'-free KBS, the magnitude of the contraction produced
by 100 nM sarafotoxin S6c was only 8.8 ± 2.8% Cm. (Figure
4c). However, the subsequent addition of 2.5 mM Ca2`
induced a second and significantly larger contraction
(58.0 ± 3.7% Cm.) which was similar in magnitude to the
second phase of contraction induced by ET-1 (63.6 ± 4.5%
C,,). Thus, compared with contractions induced by ET-1,
contractions induced by sarafotoxin S6c were more depen-
dent on the influx of extracellular Ca2` than on the release of
intracellular Ca2+. Neither the intracellular Ca2+-dependent
nor the extracellular Ca2+-dependent phase of sarafotoxin
S6c-induced contraction was inhibited by 10 1M BQ-123
(Figure 4c). In control experiments, the magnitude of the
contraction induced by the depolarizing spasmogen KCI
(60 mM) in Ca2+-free KBS was 12.6 ± 2.5% C,,, and addi-
tion of 2.5 mM Ca2+ induced a second contraction of
83.2 ± 4.7% Cmax (n = 6).
To examine further the type of plasma membrane Ca2+-

channels that are linked to the ETB receptor, the influence of
L-type Ca2+-channel inhibitors (nicardipine and verapamil)
on sarafotoxin S6c-induced contractions was investigated.
Despite significant inhibitory effects on KCl-induced contrac-
tions, neither 1 tLM nicardipine nor 10 iM verapamil had any
significant inhibitory effects on sarafotoxin S6c-induced con-
tractions (Figure 5).

[3H]-inositol phosphate generation

ET-1 caused a concentration-dependent accumulation of
[H]-inositol phosphates in rat isolated tracheal smooth
muscle (Figure 6a). At the highest concentration of ET-1
used (10 PM), the mean increase in [3H]-inositol phosphate
accumulation was 7.03 ± 0.55 fold above basal levels. In
comparison, sarafotoxin S6c was a weak stimulator of [3H]-
inositol phosphate accumulation and at a concentration of
2.5 tM produced a 2.05 ± 0.46 fold increase above basal
levels (Figure 6a). ET-1-induced accumulation of [3H]-inositol
phosphates was significantly attenuated by 1 and 10 AM BQ-
123 (Figure 6b). In the presence of 10 LM BQ-123, ET-1-
induced accumulation of [3H]-inositol phosphates
(1.37 ± 0.22 fold increase, n = 6) was not significantly above
basal levels. BQ-123 produced no significant inhibition of
sarafotoxin S6c-induced [3H]-inositol phosphate accumula-
tion (Figure 6b). BQ-123 (101aM) alone had no significant
effect on basal levels of [3HJ-inositol phosphate accumulation
(1.13 ± 0.18 fold increase, n = 3).
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Discussion

In the current investigation, quantitative autoradiographic
analyses of ['251]-ET-1 binding to rat tracheal smooth muscle
suggest the coexistence of ETA and ETB receptors in this
tissue. Furthermore, isometric tension recordings indicate
that ETA and ETB receptors are both linked to rat isolated
tracheal smooth muscle contraction. However, the contrac-
tions induced following stimulation of ETA and ETB recep-
tors appear to be mediated via different signal transduction
systems. Functional and biochemical data from the current
study suggest that stimulation of ETA receptors is associated
with the activation of phospholipase C, the generation of
inositol phosphates and the release of intracellular Ca2",
whereas stimulation of ETB receptors appears to be linked to
the influx of extracellular Ca2", via non-L-type Ca2+-
channels.
Although our group and others have previously reported

the presence of high densities of binding sites for ['251]-ET-1
in airway smooth muscle from many animal species including
man (Turner et al., 1989; Henry et al., 1990; McKay et al.,
1991), it was not possible in these previous studies to distin-
guish clearly between binding to ETA and ETB receptors.
However, with the recent introduction of highly selective
ligands for ETA and ETB receptors it is now possible to
investigate the presence of ET receptor subtypes in airway
smooth muscle. In the current study, ['l25]-ET-l binding to
rat isolated smooth muscle was partially inhibited by an ETA
receptor-selective ligand, BQ-123 and also by an ETB
receptor-selective ligand, sarafotoxin S6c, indicating the
presence of both ETA and ETB receptors in this tissue. These
findings are in agreement with recent studies which demon-
strated the presence of two endothelin receptor subtypes in
guinea-pig tracheal smooth muscle (Tschirhart et al., 1991)
and rat lung (Cioffi et al., 1992). Although from the current
study it is not possible to document accurately the relative
proportions of ETA and ETB receptors in rat tracheal smooth
muscle, both subtypes clearly coexist in this tissue.

This study also indicates that both ETA and ETB receptors
were functionally linked to the generation of tracheal smooth
muscle contraction. The findings that ET-1 and the ETB
receptor-selective agonist, sarafotoxin S6c, were both potent
spasmogens, either in the presence or absence of the ETA
receptor antagonist, BQ-123, was a clear indication of a
functional link between ETB receptor stimulation and smooth
muscle contraction in rat isolated tracheal smooth muscle.
These data are consistent with recent studies using
sarafotoxin S6c in guinea-pig isolated bronchi (Hay, 1992).
Furthermore, evidence for a functional link between ETA
receptor stimulation and smooth muscle contraction was pro-
vided by the findings that ET-l-induced contractions were
partially inhibited by the ETA receptor antagonist, BQ-123.
Although neither a selective ETA receptor agonist nor a
selective ETB receptor antagonist was available for the pres-
ent study, further evidence that the ETA receptor was linked
to contraction was obtained from a series of desensitization
studies. In these experiments, smooth muscle preparations
were pretreated for 45 min with 100 nM sarafotoxin S6c to
desensitize selectively the ETB receptor-effector system.
Desensitization was confirmed by the very low spasmogenic
activity of subsequently administered sarafotoxin S6c in these
preparations. In contrast, the spasmogenic activity of ET-1,
which stimulates both ETA and ETB receptors, was not
significantly attenuated by ETB receptor desensitization. The
additional findings that ET-l-induced contractions observed
in these sarafotoxin S6c desensitized preparations were
markedly attenuated by BQ-123 provides further confirma-
tory evidence that ETA receptors were predominantly mediat-
ing these ET-l-induced contractions.
The findings that ET-l-induced contractions in rat tracheal

smooth muscle can be mediated by the ETA receptors is
consistent with the preliminary in vitro and in vivo studies on
allergic sheep (Noguchi et al., 1992). Thus, in some species
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such as sheep, ET-1-induced contractions of airway smooth
muscle appear to be mediated primarily via the stimulation
of ETA receptors (Noguchi et al., 1992), but in other species
including the guinea-pig, via the stimulation of ETB receptors
(Hay, 1992). Functional studies performed in the current
investigation indicate that ET-l-induced contractions in rat
isolated tracheal smooth muscle can be induced by stimulat-
ing either ETA or ETB receptors.
Although stimulation of either ETA or ETB receptors will

produce smooth muscle contraction in rat trachea, the results
of the current study suggest that these receptor subtypes are
coupled to different signal transduction systems. Several lines
of evidence suggest that ETA receptors are coupled to phos-
phoinositide turnover and the release of Ca2" from intracel-
lular stores. Firstly, ET-1, but not the ETB receptor-selective
agonist sarafotoxin S6c, induced marked accumulation of
[3H]-inositol phosphates in rat tracheal smooth muscle.
Secondly, ET-1-induced accumulation of [3H]-inositol phos-
phates was inhibited by the ETA receptor antagonist, BQ-123.
Thirdly, ET-1, but not sarafotoxin S6c, induced significant
smooth muscle contractions in the absence of extracellular
Ca2". Fourthly, this intracellular Ca2+-dependent phase of
ET-1-induced contraction was inhibited by BQ-123. Further-
more, it is unlikely that ETB receptors are linked to inositol
(1,4,5)-trisphosphate-induced release of intracellular Ca2"
because sarafotoxin S6c was, at best, a very poor stimulant
of [3H]-inositol phosphate generation in this preparation.
Thus, the ETA receptor, but not the ETB receptor appears to
mediate the ET-l-induced generation of inositol phosphates
and release of intracellular Ca2" in rat tracheal smooth
muscle.

In contrast, ETB receptors in rat tracheal smooth muscle
seem to be linked to the influx of extracellular Ca2". Thus,
sarafotoxin S6c-induced contractions were almost entirely
dependent upon the presence of extracellular Ca2". Con-
versely, the ETA receptor was apparently not linked to the
influx of extracellular Ca2", because the extracellular-Ca2+-
dependent phase of ET- 1-induced contractions was not
attenuated by BQ-123. At present it is not clear which type
of Ca2'-channel is linked to ETB receptors and activated by
sarafotoxin S6c. However, as sarafotoxin S6c-induced con-
tractions were not inhibited by either verapamil or nicardi-
pine, the ETB receptor-linked Ca2'-channel cannot be of the
L-type. The results of these studies indicate that the ETB
receptor, but not the ETA receptor, mediates ET-1 and sara-
fotoxin S6c-induced influx of extracellular Ca2 .

In summary, ETA and ETB receptors coexist in rat tracheal
smooth muscle and are both functionally linked to smooth
muscle contraction. However, these receptor subtypes are
linked to different signal transduction systems. Whereas ETA
receptor-mediated contraction seems to involve activation of
the phosphoinositide pathway and utilization of intracellular
Ca2+, ETB receptor-mediated contractions appear to result
from the influx of extracellular Ca2" via non-L-type Ca2+-
channels. ET-1-induced contraction uses both receptor-
effector pathways.
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The 3-adrenoceptors mediating relaxation of rat oesophageal
muscularis mucosae are predominantly of the I3-, but also of
the 32-subtype
'Robert E.P. de Boer, Frans Brouwer & Johan Zaagsma

Department of Pharmacology and Therapeutics, University of Groningen, Antonius Deusinglaan 2, 9713 AW Groningen, The
Netherlands

1 P-Adrenoceptor-mediated relaxation of rat oesophageal smooth muscle was investigated by studying
the effects of Pl- and p2-selective antagonists on the relaxation induced by (-)-isoprenaline, the
p2-selective agonists fenoterol and clenbuterol and the P3-agonist, BRL 37344.
2 The highly pi-selective antagonist CGP 20712A did not antagonize (-)-isoprenaline- or BRL
37344-induced relaxations in concentrations up to 10 gM. Only at 100 iM of CGP 20712A were clear
rightward shifts of the agonist concentration-response curves (CRCs) observed, with pA2 values of 4.70
and 4.97 against (-)-isoprenaline and BRL 37344, respectively.
3 ICI 118,551, a potent and selective p2-antagonist, at 100 nm caused moderate rightward shifts of the
CRCs of (-)-isoprenaline, fenoterol and clenbuterol; with fenoterol and clenbuterol, this was accom-
panied by a clear steepehing of the curve. Only at the highest concentration (100IAM ICI 118,551) did
the shifts to the right further increase substantially. Resulting Schild-plots were clearly biphasic. BRL
37344-induced relaxations were only antagonized at 100 1M ICI 118,551, yielding a pA2 value of 5.48.
4 These results clearly demonstrate that the BRL 37344-induced relaxation of rat oesophageal mus-
cularis mucosae is mediated solely through P3-adrenoceptors, whereas (-)-isoprenaline-, fenoterol- and
clenbuterol-induced relaxations were shown to involve both P2- and, predominantly, P3-adrenoceptors.

Keywords: P3-Adrenoceptors; rat oesophagus; muscularis mucosae; BRL 37344; ICI 118,551; CGP 20712A

Introduction

During the past few years, both pharmacological and
molecular studies have revealed that P-adrenoceptors are
more heterogeneous than believed thus far. In a number of
tissues, especially adipose and gastrointestinal tissue, res-
ponses appeared to be mediated by a receptor with distinct
characteristics, different from classical Pi-and/or P2-adreno-
ceptors. Recently, a human gene was cloned that encoded for
a third (A-) adrenoceptor which, after transfection into
Chinese Hamster Ovary (CHO) cells, revealed similar proper-
ties (Emorine et al., 1989). Although this receptor was shown
to exhibit clear atypical characteristics, it did not completely
correspond to functional human and rat adipocyte 1-
adrenoceptors (Zaagsma & Nahorski, 1990). Furthermore,
cloning of the rat 133-adrenoceptor and subsequent expression
in CHO cells revealed a pharmacological profile different
from that reported for the human P3-receptor, but similar to
the properties exhibited by the atypical receptors in rat
adipocytes (Granneman et al., 1991). This would indicate
species differences and/or the existence of multiple atypical
receptor subtypes.

In addition to adipose tissue, atypical P-adrenoceptors
have been shown to exist in a number of gastrointestinal
smooth muscle preparations, for example guinea-pig ileum
(Bond & Clarke, 1988); rat proximal colon (Croci et al.,
1988); rat distal colon (McLaughlin & MacDonald, 1990); rat
jejunum (Van der Vliet et al., 1990); and rat gastric fundus
(McLaughlin & MacDonald, 1991). Also, the presence of
atypical 13-adrenoceptors has been indicated in other non-
gastrointestinal tissues, for example in skeletal muscle (Chal-
liss et al., 1988) and in tracheal epithelium (Webber & Stock,
1992).

In rat oesophageal smooth muscle, Buckner & Chris-
topherson (1974) have reported unusually low potencies of
P-adrenoceptor antagonists in antagonizing isoprenaline-
induced relaxations. Because this is now an established hall-

'Author for correspondence.

mark of an atypical, P3-type adrenoceptor (Zaagsma &
Nahorski, 1990), we decided to study the P-adrenoceptor-
mediated relaxation of rat oesophageal muscularis mucosae
in detail by comparing the potencies of (-)-isoprenaline, the
selective P3-adrenoceptor agonist BRL 37344 and the P2-
adrenoceptor agonists fenoterol and clenbuterol, using CGP
20712A and ICI 118,551 as selective Pl- and P2-adrenoceptor
antagonists, respectively. The results show that both P2- and
P3-adrenoceptors are involved in the relaxation of rat
oesophageal muscularis mucosae, the P3-adrenoceptor playing
the predominant role.

Methods

Tissue preparation

Male Wistar rats (250-300 g) were killed by a blow on the
head and exsanguinated. Oesophagi were rapidly removed
and placed in a water-jacketed preparation dish filled with
Krebs-Henseleit solution at 37°C, composed of (mM): NaCl
117.5, KCI 5.6, MgSO4 1.18, CaCl2 2.52, NaH2PO4 1.28,
NaHCO3 25.0, glucose 5.5, gassed with 95% 02 and 5% CO2,
pH 7.4. The preparation was divided into two parts, cervical
and thoracic, each with a length of 10-15 mm. Both parts
were cut longitudinally and pinned on a silicon mat with the
outer, striated muscle coat up. After dissection of the striated
muscle, the remaining muscularis mucosae was divided into 4
(5 x 2 mm, thoracic part) and 6 (5 x 1.5 mm, cervical part)
strips. Strips from different parts showed no differences in
pharmacological behaviour. The preparations were mounted
in 20 ml water-jacketed organ baths filled with Krebs-
Henseleit buffer solution, gassed with 95% 02/5% C02,
pH 7.4, 37°C, for isotonic recording under 0.2 g load. After
equilibration for a period of at least 30 min, tissues showed
neither resting tone nor spontaneous activity throughout the
experiments.
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Concentration-response curves

An initial methacholine concentration-response curve (CRC)
(0.1, 1, 10 LM) was constructed for each preparation which,
after a washing period of 30 min, was followed by a second
curve (0.1, 1, 10, 100 pM) to determine the maximal contrac-
tion. The preparations were then washed twice and, before
the cumulative addition of a P-adrenoceptor agonist, con-
tracted with methacholine in two concentration-steps, star-
ting with 0.1 j4M methacholine and supplemented to a final
concentration of 1 gAM, which induced approximately 50% of
the maximal contraction.
With each preparation, only single CRCs to each agonist

were constructed. When studying the effects of antagonists,
two untreated strips (i.e. without antagonist) always served as
controls. Antagonists were added 40 min prior to the begin-
ning of each agonist-CRC.

(-)-Isoprenaline and fenoterol were added in 0.5 log in-
crements. As relaxations by BRL 37344 and clenbuterol
developed more slowly, these compounds were added in log
intervals. At the end of each CRC, preparations were washed
twice to obtain basal tone again.

All experiments were performed in duplicate each day
using strips from the same animal, providing one data-set for
the mean results.

Data analysis

CRCs of all P-adrenoceptor agonists were expressed as a
percentage of the (1 ptM) methacholine-induced contraction.
Schild plots were constructed according to Arunlakshana &
Schild (1959) using the agonist-concentrations producing
half-maximal relaxation in the absence and the presence of
different concentrations of the antagonist. In cases where the
Schild plot was biphasic, the slope was calculated from the
steep part of the plot only, discounting the constant log
(DR-1) values obtained with low antagonist concentrations
(Bond & Clarke, 1988); if the slope was not significantly
different from unity (two-tailed Student's t test, aE<0.05),
pA2 values were calculated from each antagonist concentra-
tion, using the formula pA2 =- log{[antagonist]/(DR-1))
(MacKay, 1978). This formula was also used when the
Schild-plot consisted of only one data point.

All data are given as mean ± s.e.mean of (n) determina-
tions.

Drugs

(-)-Isoprenaline hydrochloride was purchased from Sigma
(St. Louis, U.S.A.). BRL 37344 (4-[2-[(2-hydroxy-2-(3-chlor-
phenyl)ethyl)amino]-propyl]-phenoxyacetic acid), ICI 118,551
(erythro-1-(7-methylindan-4-yloxy)-3-(isopropylamine)-butan-
2-ol), CGP 20712A (1-[2-((3-carbamoyl-4-hydroxy)-phenoxy)-
ethylamino] - 3 - [4 - (1 - methyl -4 - trifluoromethyl - 2 - imidazolyl)
phenoxy]-propan-2-ol), fenoterol and clenbuterol were kind
gifts from SmithKline Beecham (Epsom, U.K.), ICI (Mac-
clesfield, U.K.), Ciba-Geigy (Basel, Switzerland) and Boeh-
ringer Ingelheim (Ingelheim, Germany). Phentolamine was
donated by Ciba-Geigy (Arnhem, The Netherlands) and cor-
ticosterone was from Organon (Oss, The Netherlands). All
buffer salts were from Merck (Amsterdam, The Netherlands).

Results

All P-adrenoceptor agonists produced concentration-depen-
dent relaxations of oesophageal smooth muscle. Addition of
phentolamine (1 pM) or corticosterone (10 pM) to block clas-
sical a-adrenoceptor effects and extraneuronal uptake, respec-
tively, did not affect agonist-induced relaxations (data not
shown).

Relaxations to BRL 37344 were slow compared to (-)-
isoprenaline-induced relaxations (Figure 1). In addition, with
BRL 37344 a clear tachyphylaxis was observed, a second

CRC being shifted to the right 10-30 fold. Therefore, only
one CRC to each agonist was constructed per tissue.
With ICI 118,551 at the highest concentration (100ItM)

only, some depression of the methacholine-induced contrac-
tion was observed, which may indicate some antimuscarinic
effect; this depression amounted to 21.6 ± 1.3% (mean+
s.e.mean; n = 29) of the maximal (0.1 mM methacholine) con-

10 min

MeCh

Figure 1 Typical traces showing BRL 37344 (upper curve) and
(-)-isoprenaline (Iso) (lower curve)-induced relaxations of rat
oesophageal muscularis mucosae. Smooth muscle tone was elevated
by step-wise additions of 0.1 and 0.9 pM methacholine (MeCh)
(arrows).
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Figure 2 Correlation between methacholine-induced contraction
and pD2 values for BRL 37344 (U) (r = - 0.980, P<0.01) and
fenoterol (@) (r = - 0.996, P<0.01). Datapoints correspond to
methacholine-concentrations (in downward direction) of: 0.2, 0.4,
0.8, 1, and 3 FAM (BRL 37344) and 0.4, 0.8, 1, and 3 IM (fenoterol).
Data represent the mean from at least three observations.
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traction. Because lowering the tone induced by contractile
agonists can enhance the responsiveness of a smooth muscle
to a P-adrenoceptor. agonist, shifting the CRC to the left
(Van Amsterdam et al., 1989), the relationship between the
size of the methacholine-induced contraction and the pD2
(- log EC50) value for relaxation induced by the P3-
adrenoceptor agonist BRL 37344, and the P2-adrenoceptor
agonist fenoterol was established (Figure 2). For both
compounds linear relationships with identical slopes were
found. Hence, the spontaneous leftward-shift, due to the
decrease of the methacholine-induced contraction by 100 tM
ICI 118,551, could be corrected for. This procedure was
applied to all agonists to correct the individual log(DR-1)
values, obtained at 1OO1M ICI 118,551.
Antagonism of (-)-isoprenaline-induced relaxation by

CGP 20712A is shown in Figure 3a. Only at 100ZtM CGP
20712A was a clear rightward shift observed, from which a
pA2 value of 4.70 ± 0.16 (n = 5) was calculated.

ICI 118,551 at 10 nM caused a moderate shift to the right
of the (-)-isoprenaline CRC, which hardly increased at
100 nM to 10 gM. Only at 100 t4M did the shift increase
substantially (Figure 3b). The resulting Schild-plot (inset) was
clearly biphasic. From the steep part of this plot, having a
slope of 1.09 ± 0.09, which was not significantly different
from unity, a pA2 value of 5.31 ± 0.10 (n = 13) was cal-
culated.

Responses to BRL 37344 were not affected by CGP
20712A or ICI 118,551 in concentrations up to 10#M. Only
at 100 iM of both antagonists was the CRC to BRL 37344
clearly shifted (Figure 4). From the 100 iM data-points pA2

a

c
0

tU

0
IU0

values were calculated, yielding 4.97 ± 0.12 (n = 3) for CGP
20712A and 5.48 ±0.10 (n= 12) for ICI 118,551.
With fenoterol as the (p2-selective) agonist, a moderate

shift and clear steepening of the CRC was seen at 100 nM ICI
118,551 (Figure Sa). A marked further shift was observed
only at 100gLM ICI 118,551. From the steep part of the
biphasic Schild plot (inset), with a slope not significantly
different from unity (1.15 ± 0.05), a pA2 value of 5.30 ± 0.11
(n = 10) was calculated.

Clenbuterol, the least potent of the agonists used, showed
a markedly shallow CRC (Figure Sb). As with fenoterol, the
CRC to clenbuterol was shifted and clearly steepened at
100 nM ICI 118,551. Again, only at 100 tLM of the antagonist
was a substantial further shift to the right observed. The
inset shows the biphasic Schild plot, of which the steep part
has a slope of 1.02 ± 0.23, which was not significantly
different from unity, yielding an apparent pA2 value of
5.48±0.35 (n= 11).

Discussion

The existence of atypical or P3-adrenoceptors has now been
generally accepted. Although a selective P3-adrenoceptor
antagonist is still lacking, low potencies and stereoselectivities
of classical P-adrenoceptor antagonists (Harms et al., 1977;
Bojanic et al., 1985), together with the high potency of a
novel class of P-adrenoceptor agonists (Arch et al., 1984) has
provided strong support for the occurrence of atypical ,B-
adrenoceptors. These receptors were shown to be abundantly
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Figure 3 Antagonism of (-)-isoprenaline-induced relaxation by
CGP 20712A (a) and ICI 118,551 (b). Control (U), CGP 20712A/
ICI 118,551 10 nM (0), 100 nM (A), I11M (V), 10 11M (0), and
100ILM (+). Shown are the mean of five to eight experiments each
performed in duplicate. The inset shows the corresponding Schild
plot.
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Figure 4 Antagonism of BRL 37344-induced relaxation by CGP
20712A (a) and IC! 118,551 (b). Control (U), CGP 20712A/ICI
118,551 10 nM (0), 100 nM (A), I LM (V), 10 1AM (0), and 100 M

(+). Shown are the mean of three to five (CGP 20712A) and eight to
thirteen (ICI 118,551) experiments each performed in duplicate. The
inset shows the corresponding Schild plot.
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Figure 5 Antagonism of fenoterol- (a) and clenbuterol- (b) induced
relaxation by ICI 118,551. Control (U), ICI 118,551 100nM (A),
1 gAM (V), 1OgM (0) and 100gM (+). Shown are the mean of five
to seven experiments each performed in duplicate. The inset shows
the corresponding Schild plot.

present in adipose and gastrointestinal tissue (for a review,
see Zaagsma & Hollenga, 1991).
The present study was undertaken to characterize the f-

adrenoceptor(s) mediating relaxation of rat oesophageal
muscularis mucosae by performing complete concentration-
response curves with (-)-isoprenaline, BRL 37344, fenoterol
and clenbuterol. Isoprenaline was almost a full agonist with a
potency which was very similar to values reported for
lipolysis (Hollenga & Zaagsma, 1989) and colonic relaxation
(McLaughlin & MacDonald, 1990). The (-)-isoprenaline-
induced relaxation was not antagonized by low CGP 20712A
concentrations. Since CGP 20712A is a very potent and
highly PI-selective antagonist (Dooley et al., 1986), it can be
concluded that ,I-adrenoceptors are not involved in (-)-iso-
prenaline-induced relaxation of oesophageal smooth muscle.
The pA2 value of 4.70, derived from the highest CGP 20712A
concentration is similar to the value of 4.80 for anta-
gonizing (-)-isoprenaline-induced lipolysis in rat adipocytes
(Hollenga & Zaagsma, 1989), indicating the involvement of
similar atypical adrenoceptors as in rat adipocytes. With
100 nM ICI 118,551, some steepening and a small rightward
shift of the (-)-isoprenaline CRC indicates the involvement
of a P2-adrenoceptor population, particularly at the lower
concentrations of the agonist. With the marked rightward
shift at 1OOIAM ICI 118,551, the participation of atypical
receptors is clearly indicated as well. The pA2 value for ICI
118,551 calculated from the steep part of the Schild plot
(5.31) is similar to the value of 5.49 for antagonizing (-)-
isoprenaline-induced lipolysis in rat adipocytes (Hollenga &
Zaagsma, 1989).

BRL 37344-induced relaxation of oesophageal muscularis
mucosae was mediated almost exclusively by atypical recep-
tors. As shown in Figure 4, responses to BRL 37344 were not
antagonized by either CGP 20712A or ICI 118,551 at
concentrations up to 1O tM. Only at 100 tLM was a clear
rightward shift observed for both compounds. Again, pA2-
values (4.97 and 5.48, respectively) were similar to the pA2
values for CGP 20712A and ICI 118,551 obtained in rat
adipocytes (4.61 and 5.33; Hollenga & Zaagsma, 1989). The
relaxing potency of BRL 37344 was 6.5 fold higher than
(-)-isoprenaline, which is somewhat lower than the 10 fold
potency difference, reported for lipolysis in rat adipocytes
(Hollenga & Zaagsma, 1989). This may be explained by the
small, but significant contribution of P2-adrenoceptors in the
(-)-isoprenaline-induced relaxation of rat muscularis muc-
osae, in contrast to the mere subordinate role of the Pi-
adrenoceptor population in rat adipocytes.
As compared with the other agonists used, the relaxation

by BRL 37344 was less complete. The effects observed at the
highest concentrations of BRL 37344 (10 and 100 pM)
appeared to be non-specific and not due to a P2- (or P-)
adrenoceptor-mediated relaxation, as increasing concentra-
tions of the P2-antagonist ICI 118,551 were without any effect
on this part of the CRC.
BRL 37344-induced relaxations were slow, compared to

(-)-isoprenaline-induced relaxations. Complete CRCs to
BRL 37344 lasted about 2 times longer than comparable
CRCs with (-)-isoprenaline as the agonist. In addition, BRL
37344 caused tachyphylaxis. This phenomenon has also been
observed in other gastrointestinal tissues, like guinea-pig gas-
tric fundus with BRL 35135 (Coleman et al., 1987) and with
BRL 37344 in rat distal colon (McLaughlin & MacDonald,
1990) and rat gastric fundus (McLaughlin & MacDonald,
1991). The mechanism of this desensitization however, is
unclear.
As suggested recently for the cloned human P3-adreno-

ceptor (Emorine et al., 1991), agonist-induced regulation of
this receptor might be different from that of ,- and P2-
adrenoceptors, due to the absence of protein kinase A (PKA)
phosphorylation sites, together with the absence of several
serine and threonine-rich regions in the C-terminal region
involved in B-adrenoceptor kinase (PARK)-mediated desen-
sitization (Hausdorff et al., 1990). These structural differences
have also been reported for the rat P3-adrenoceptor (Gran-
neman et al., 1991). According to these findings, the observed
desensitization in our study would indicate a mechanism,
other than phosphorylation by PKA or PARK, or phos-
phorylation at different positions within the receptor.
With fenoterol and clenbuterol as p2-selective agonists, the

moderate rightward shifts and clear steepening of the CRCs
at 100 nM ICI 118,551 confirmed the presence of a functional
P2-adrenoceptor population, particularly at the lower concen-
trations of the agonists. This shift increased substantially
only at 100 ILM, indicating the contribution of a major,
atypical ,-adrenoceptor population. Interestingly, the pD2
values for fenoterol and clenbuterol are again very similar to
the values reported for rat adipocytes (6.95 and 5.40 for
fenoterol and clenbuterol, respectively; Hollenga et al., 1990),
suggesting that at concentrations producing half-maximal
relaxation, the atypical P-adrenoceptor already predominates.
This would be in line with the recent observation in
adipocytes that the transduction efficiency (i.e. the relation-
ship between cyclic AMP generation and cellular response) is
much higher for the atypical than for the typical P-
adrenoceptor (Hollenga et al., 1991). Therefore, it can be
predicted that selective blockade of the less efficient P2-
adrenoceptor (by low concentrations of ICI 118,551) in rat
oesophagus would steepen the CRCs of p2-selective agonists
like fenoterol and clenbuterol. Thus, although we realize that
the construction of Schild plots, in cases where steepening of
the CRCs is indicative for the involvement of more than one
receptor type, is questionable, it is evident from both the
CRCs and the Schild analyses, that P2-, and predominantly
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P3-adrenoceptors, are involved in the P-adrenoceptor-med-
iated relaxation of rat muscularis mucosae by fenoterol, clen-
buterol as well as (-)-isoprenaline. As expected, the BRL
37344-mediated relaxation was shown to be mediated solely
by P3-adrenoceptors.

Using CGP 20712A as the antagonist, no evidence for any
contribution of a PI-adrenoceptor was found. The pA2 values
of the antagonists as well as the pD2 values of the agonists
clearly indicate that the nature of the P3-adrenoceptor

population in rat oesophageal muscularis mucosae is iden-
tical to that of rat adipocytes.

BRL 37344 was kindly supplied by SmithKline Beecham Phar-
maceuticals (Epsom, U.K.). We are also grateful to ICI (Mac-
clesfield, U.K.) for ICI 118,551, to Ciba Geigy (Basel, Switzerland)
for CGP 20712A and to Boehringer Ingelheim (Ingelheim, Germany)
for fenoterol and clenbuterol.
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Suppression of inflammatory responses to 12-0-tetradecanoyl-
phorbol-13-acetate and carrageenin by YM-26734, a selective
inhibitor of extracellular group II phospholipase A2
'Akira Miyake, Hirokazu Yamamoto, Emi Kubota, Katsuhiko Hamaguchi, Akio Kouda,
Kazuo Honda & Hiroyuki Kawashima

Molecular and Cellular Pharmacology Dept., Central Research Laboratories, Yamanouchi Pharmaceutical Co. Ltd., 1-8
Azusawa 1-chome, Itabashi-ku, Tokyo 174, Japan

1 YM-26734 [4-(3,5-didodecanoyl-2,4,6-trihydroxyphenyl)-7-hydroxy-2-(4-hydroxyphenyl)chroman] dose-
dependently inhibited the activities of extracellular phospholipase A2 (PLA2): rabbit platelet-derived
group II and porcine pancreas-derived group I PLA2, with ICs values of 0.085 (0.056-0.129, n = 5) and
6.8 (5.0-9.6, n = 5) ylM, respectively.
2 In contrast, YM-26734 did not reduce the activity of intracellular PLA2 prepared from mouse
macrophages, which preferentially hydrolyzed arachidonoyl phospholipids at concentrations up to
50SAM. YM-26734 also showed no effect against either sheep seminal vesicle cyclo-oxygenase or rat
leukocyte 5-lipoxygenase.
3 Lineweaver-Burk analysis showed that YM-26567-1 behaved as a competitive inhibitor of group II
PLA2 derived from rabbit platelets, with a Ki value of 48 nM.
4 In mice, YM-26734 inhibited 12-O-tetradecanoylphorbol-13-acetate (TPA, 1 tg/ear)-induced ear
oedema in a dose-dependent manner, with ED50 values of 45 (30-67) pg/ear (n = 5) and 11
(4-32) mg kg-', i.v. (n = 5), but did not decrease arachidonic acid (4 mg/ear)-induced ear oedema at
1 mg/ear and 30 mg kg- , i.v.
5 In rats, the accumulation of exudate fluids and leukocytes in the pleural cavity in response to
carrageenin injection (2 mg) was significantly less in a group treated with YM-26734 (20 mg kg-', i.v.)
than in the control group (0.43 ± 0.02 vs 0.59 ± 0.03 g per cavity and 3.8 ± 0.2 vs 4.9 ± 0.3 x 107 cells
per cavity, respectively; n = 5).
6 These results suggest that YM-26734 is a potent and competitive inhibitor of extracellular PLA2 with
selectivity for group II PLA2, and that the inhibition of group II enzymes activity may cause the
suppression of inflammatory responses to TPA and carrageenin.

Keywords: YM-26734; phospholipase A2; mouse ear oedema; rat pleurisy

Introduction

Phospholipase A2 [EC3.1.1.4] (PLA2) catalyzes the hydrolysis
of the acyl-ester bound to the sn-2 position of membrane
phospholipids, resulting in the formation of fatty acids and
lysophospholipids. Arachidonic acid (AA) and 1-O-aklyl-2-
lyso-glycero-3-phosphorylcholine are two such products
which can be converted into potent proinflammatory lipid
mediators: the eicosanoids (prostaglandin and leukotriene)
and platelet activating factor (PAF), respectively (Waite
1985). These mediators (Salmon & Higgs 1987; Chan et al.,
1985; Braquet et al., 1987) each promote the inflammatory
process by inducing leukocyte infiltration (PAF and leuko-
triene B4 (LTB4)), epidermal proliferation (LTB4 and 12-
hydroxyeicosatetraenoic acid (HETE)), vascular permeability
(PAF, LTC4 and LTD4), and vasodilatation (prostaglandin
E2 (PGE2) and PGI2).
Mammalian cells contain multiple forms of PLA2 which

can be classified into extracellular and intracellular forms.
Extracellular PLA2 can be further divided into two groups
based on their amino acid sequence (Waite, 1987). In mam-
mals, group I PLA2 occurs mainly in the pancreas, whereas
group II PLA2 is distributed in cells such as platelets
(Kramer et al., 1989) and neutrophils (Wright et al., 1990).
Group II enzyme is released by platelets into the extracellular
space in response to thrombin and PAF (Horigome et al.,
1987), and is found in the soluble form at inflammatory sites
such as in human synovial fluid from patients with rheu-
matoid arthritis (Kramer et al., 1989). In addition to these

' Author for correspondence.

findings, purified group II PLA2 elicits or exacerbates
inflammatory responses when injected into the tissue of mice
(Chang et al., 1989), rats (Murakami et al., 1990) and rabbits
(Bomalaski et al., 1991). Regulation of group II enzyme may
therefore achieve important therapeutic effects, particularly in
inflammatory disease. Regarding intracellular PLA2, Clark et
al. (1991) recently reported the cloning of a cDNA encoding
a novel PLA2 in human monocytic cell line U937. This PLA2
is distributed in the cytosol of macrophages (Wijkander &
Sundler 1989; Clark et al., 1990), platelets (Takayama et al.,
1991) and the kidney (Gronich et al., 1990), and preferen-
tially hydrolyzes phospholipids containing an arachidonoyl
residue at the sn-2 position. The finding that this cytosolic
PLA2 is activated by intracellular concentrations of Ca2+ in
response to receptor occupancy suggests that this PLA2 type
may operate intracellularly and regulate eicosanoid produc-
tion in cells exposed to inflammatory stimuli. It remains to
be determined which of the PLA2 isoforms are biologically
significant in inflammatory processes, particularly with regard
to extracellular group II or intracellular PLA2. Selective
inhibitors of each isoform are required to solve this problem.

Previously we reported that YM-26567-1 [( + )-trans-4-(3-
dodecanoyl-2,4,6-trihydroxyphenyl)-7-hydroxy-2-(4-hydroxy-
phenyl)chroman], a natural product isolated from the fruit of
Horsefieldia amygdaline, competitively inhibits extracellular
group II PLA2 prepared from rabbit platelets (Miyake et al.,
1992). We screened YM-26567-1 derivatives to find an
inhibitor which selectively targets the group II isoform. YM-
26734 (Figure 1) was the result of this process. In the present
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Figure 1 Chemical structure of YM-26734, [4-(3,5-didodecanoyl-
2,4,6-trihydroxyphenyl)-7-hydroxy-2-(4-hydroxyphenyl)chroman].

paper, we characterize the effects of YM-26734 on not only
extracellular (group I and II) but also intracellular PLA2. In
addition, we also describe the effects of this compound on
enzymes related to AA cascade and inflammatory responses
in animal models.

Methods

Assay of PLA2

Extracellular PLA2 activities were measured by established
methods (Pepinsky et al., 1986) using the substrate [3H]-oleic
acid-labelled autoclaved Escherichia coli (E. coli) which was
prepared according to the method of Elsbach & Weiss
(1990). Phospholipids in radiolabelled E. coli were quantified
on the basis of inorganic phosphate according to the method
of Bartlett (1959). The specific radioactivity of these lipids
was approximately 1-2 x I05 c.p.m. nmol'1 inorganic phos-
phate. The incubation mixture for standard assay of PLA2
activity contained 150 tlI of Tris-HCI buffer (100 mM, pH
8.0), Ca2+ (10 mM), bovine serum albumin (BSA, 0.2 mg
ml '), and [3H]-oleic acid-labelled autoclaved E. coli (5 JM).
Test compounds were dissolved in methanol and added to
the reaction mixture just before the addition of the enzyme
solution. The final concentration of methanol in the reaction
mixture was less than 1% which showed no effect on the
enzyme activities. The reaction was started by adding the
enzyme solution and stopped after 10 min incubation at
either 6°C or 37'C by adding 25 ll of 4 N HCI and 25 ftl of
40 mg ml1 ' BSA. As enzyme sources, rabbit platelet and
porcine pancreas PLA2 were added at 130 and 1.0 ng for
incubation at 6°C, or at 1.0 and 0.01 ng for incubation at
37°C, respectively. Tubes were kept on ice for 30min and
then E. coli was pelleted by centrifugation for 5 min at
10,000 g. Radioactivity of each supernatant was counted with
a liquid scintillation counter. For experiments in which sub-
strate concentration-dependence was determined, the reaction
was performed at 6'C for 5 min in the presence of 65 ng of
rabbit platelet enzyme.

Intracellular PLA2 activity was measured as the release of
radiolabeled AA from I-palmitoyl-2-['4C]-arachidonoyl phos-
phatidylcholine according to the methods of Clark et al.
(1990). l-Palmitoyl-2-['4C]-arachidonoyl phosphatidylcholine
(1O gM) was dried under nitrogen, then suspended in 0.1 ml
of 100 mM glycine buffer, pH 9.0, containing 200 tLM Triton
X-100, 10mM CaCl2, 0.25 mg ml-' BSA, and 40% glycerol.
The suspension was then sonicated to form mixed micellea of
phospholipid and Triton X-100. The reaction was started by
adding the enzyme solution (approximately 5 fig protein of
cytosolic fraction from macrophages) and stopped after a

60 min incubation period at 37°C by mixing with 0.5 ml of
isopropyl alcohol:heptane:0.5 M H2SO4 (10:5: 1). Heptane
(0.3 ml) and water (0.2 ml) were then added, and the solution
was vigorously mixed for 15 s. The heptane phase was mixed
with silica (40 mg) and centrifuged, and the radioactivity in
each supernatant was counted by liquid scintillation spectro-
metry.

Phospholipid hydrolysis was expressed as velocity (micro-
mol of free fatty released per minute per milligram protein),
calculated from the specific activities of the radiolabelled
phospholipids and the protein concentration of the enzyme.
The percentage of enzyme inhibition was obtained by com-
parison with vehicle control hydrolysis.

Preparation of extracellular PLA2

Extracellular group I PLA2 derived from porcine pancreas
was purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Extracellular group II PLA2 was prepared from rabbit
platelets according to a modification of the methods of
Horigome et al. (1987). Blood from rabbits anaesthetized
with sodium pentobarbitone (20 mg kg', i.v.) was collected
in a plastic syringe containing 3.8% (w v-') sodium citrate,
and centrifuged for Omin at 270 g at room temperature to
prepare platelet-rich plasma. The platelets were pelleted from
the plasma by further centrifugation at 1,200 x g for 10 min,
resuspended at 2 x 109 cells ml-', and incubated at 37°C for
5 min with 2.5 units ml-' thrombin in the presence of 2 mM
Ca2+. The mixture was centrifuged at 3,000 g for Omin at
4°C, and the supernatant was applied to a heparin-Sepharose
CL-6B column. After extensive washing, the column was
eluted with a linear concentration gradient of NaCl and the
eluted fractions were assayed for PLA2 activity. The PLA2
activity was eluted at a molarity of approximately 0.8 to
1.1 M NaCl. Fractions showing high PLA2 activity were
pooled and condensed by ultrafiltration with a centricon-10
and stored at - 80C until use.

Preparation of intracellular PLA2

Intracellular PLA2 was prepared from mouse peritoneal resi-
dent macrophages according to the method of Wijkander &
Sundler (1989). Resident macrophages were collected from
mice by peritoneal lavage, plated onto culture dishes (2 x i05
cells cm-2) and allowed to adhere for 2 h at 37C. The
adherent cells were collected by scraping, then homogenized
with a Dounce homogenizer in 10 mM HEPES buffer, pH
7.4, containing 80 mM KCI, 5 mM dithiothreitol and 1 mM
EGTA. The homogenate was centrifuged at 700 g for 5 min
and the resulting supernatant was further centrifuged at
100,000 g for 60 min to obtain the cytosolic fraction. The
cytosolic fraction was stored at 4°C in the presence of 10% (v
v-') glycerol and used within 1 week.

Assay of cyclo-oxygenase

Cyclo-oxygenase activity was measured in 0.1 ml incubations
with sheep seminal vesicle microsome (4 mg ml-) and [14C]-
AA (50ILM) in 0.1 M Tris-HCl buffer, pH 7.6, containing
2 mM tryptophan, 4 mM reduced glutathione and the test
compound. After incubation at 37'C for 10 min, the reaction
was terminated by adding 0.3 ml of diethyl ether:methanol:
1 M citric acid (30:4:1). The samples were centrifuged at
1,000 g for 1 min, then dehydrated by the addition of 0.5 g of
Na2SO4. The organic phases were analyzed by thin layer
chromatography (t.l.c.) on silica gel 60 plates using
benzene:dioxane:acetic acid (50:50:2.5) as solvent. The
amount of radioactivity migrating at the AA and PGE2
positions was determined by liquid scintillation spectrometry.
Cyclo-oxygenase activity was expressed as the percentage of
conversion of AA to PGE2. The percentage of enzyme inhibi-
tion was obtained by comparison with vehicle controls.

Assay of 5-lipoxygenase

The activity of 5-lipoxygenase was measured from the con-
version of ['4C]-AA to 5-HETE using t.l.c. to resolve the
products of the reaction (Skoog et al., 1986). 5-Lipoxygenase
was prepared from polymorphonuclear leukocytes in rat
peritoneal exudates collected 18-20 h after a 1Oml injection
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of 8% (w v'-) casein. The leukocytes were lysed at 4°C by
sonication at a concentration of 2 x 108 cells ml1' in 10 mM

HEPES buffer, pH 7.3, containing 2 mM EDTA and 1 mM
mercaptoethanol. The soluble fraction (100,000 g super-

natant) was used as the enzyme preparation. The incubation
mixture of the assay of 5-lipoxygenase activity contained
0.1 ml of 25 mM phosphate buffer, pH 7.3, 1 mM ATP, 1 mM
Ca2", the enzyme preparation (0.6mg ml-'), and test com-
pound. The enzyme was preincubated at 37°C for 2 min
before initiation of the reaction by the addition of ['4C]-AA
(final 5 ptM). After incubation for 10 min at 37°C, the reaction
was stopped by adding 0.4 ml of diethyl ether:methanol: 1 M

citric acid (30:4:1). The samples were centrifuged at 1,000 g
for 1 min, then dehydrated by the addition of 0.5 g of
Na2SO4. The organic phases were analyzed by t.l.c. on silica
gel 60 plates using ethyl acetone:iso-octane:acetic acid:H20
(100:50:20:100) as solvent. The amount of radioactivity mi-
grating at the positions of AA and 5-HETE was determined
with a liquid scintillation spectrometer. 5-Lipoxygenase
activity was expressed as the percentage of conversion of AA
to 5-HETE. The percentage of enzyme inhibition was

obtained by comparisons with vehicle control conversion.

Induction ofmouse ear oedema

A modification of the methods of Young et al. (1983) was

used. 12-O-tetradecanoyl-phorbol-13-acetate (TPA) and AA
were dissolved in acetone at concentrations of 100 jg ml-'
and 400 mg ml- respectively, and applied to the right ears of
mice by an automatic pipette in a volume of 10;Ll; vehicle
was applied to the left ears. After the indicated time, mice
were killed and the ears were excised and weighed. For
topical evaluation, all drugs were dissolved in acetone and
applied 30 min prior to TPA or AA application, except
prednisolone which was applied 3 h beforehand. For systemic
evaluation, YM-26734 was dissolved in equimolar NaOH
with 0.1 N solution, diluted with saline, and injected into the
saphenous vein 30 s before application of either TPA or AA.
Ear oedema was calculated from the formula, (R-L)/L x 100,
where R and L were the weight of the right and left ears. The
percentage inhibition was calculated by comparing individual
values in treatment groups to the mean value of the control
group.

Induction of rat pleurisy

Pleurisy was induced in rats by intrapleural injection of
0.1 ml of 2% (w v-') A.-carrageenin under light anaesthesia
with ether (Miyasaka & Mikami, 1982). Four hours later,
rats were killed with chloroform. The pleural cavity was

lavaged twice with 2.0 ml of saline containing 2 units ml-'
heparin and the exudate harvested on ice. The weight of
exudate fluids was measured and the number of migrated
leukocytes was counted in a Coulter Counter (Coulter Elec-
tronics). YM-26734 was dissolved as described before and
injected into the saphenous vein 30 s before carrageenin injec-
tion. Indomethacin was suspended in 0.5% methylcellulose
solution and administered orally 60 min before carrageenin
injection.

Materials and animals

YM-26734 was chemically synthesized in our laboratories.
Other materials were purchased from the following sources:
.-carrageenin, bovine serum albumin (BSA, fatty acid-free),

indomethacin and TPA from Sigma Chemical Co. (St. Louis,
MO, U.S.A.); heparin from Novo Industry (Denmark);
thrombin from Mochida Pharmaceutical Co. Ltd. (Japan);
heparin-Sepharose CL-6B from Pharmacia (Sweden); Cen-
tricon-10 from Amicon (Danvers, MA, U.S.A.); AA from
Nakarai Tesque Co. (Japan); casein sodium, reduced gluta-
thione, manoalide, prednisolone and phenidone (1-phenyl-3-
pyrazolidone) from Wako Chemical Co. (Japan); sheep

seminal vesicle microsomes from Funakoshi Co. (Japan); and
['H]-oleic acid, ['4C]-AA, I-palmitoyl-2-['4C]-arachidonoyl
phosphatidylcholine and I-palmitoyl-2-['4C]-oleoyl phos-
phatidylcholine from New England Nuclear (Boston, MA,
U.S.A.). Male ICR mice (25-35 g) and male Wistar rats
(140-180 g) were purchased from Japan SLC Co. (Japan),
and female Japanese white rabbits (3.0-3.5 kg) were pur-

chased from Clean Experimental Animal Center (Japan),
they were maintained on a standard pellet chow and distilled
water ad libitum.

Statistical analysis

Data are expressed as the mean ± s.e.mean or the mean with
95% confidence limits. Statistical differences were determined
by ANOVA. The level of significance was set at 5%
(P< 0.05). The ED50 or IC,0 values were determined by
probit analysis.

Results

Inhibitory effects of YM-26734 on extracellular PLA2
activities

Figure 2 shows the effect of YM-26734 on the initial rates of
PLA2 hydrolysis of E. coli phospholipids at 6°C. YM-26734
dose-dependently inhibited both rabbit platelet and porcine
pancreas PLA2. In the presence of a fixed concentration of
phospholipids, ICso values for hydrolysis of rabbit platelet
and porcine pancreas PLA2 were 0.085 (0.056-0.129) and 6.8
(5.0-9.6) tLM, respectively. YM-26734 showed approximately
100 fold more potent inhibition against group II than group
I PLA2 in mammals. To determine whether the action of
YM-26734 against PLA2 was affected by incubation tem-
perature, we examined its inhibitory effects on extracellular
PLA2 activities at 37°C. YM-26734 inhibited rabbit platelet
and porcine pancreas PLA2 activity at 37°C, with IC50 values
of 0.12 (0.08-0.19) and 7.6 (5.5- 10.5) tM, respectively. Thus,
the potency of YM-26734 for each enzyme was independent
of incubation temperature.

Effect of YM-26734 on intracellular PLA2

Cytosolic fraction prepared from mouse peritoneal resident
macrophages was used as a source of intracellular PLA2. In
contrast to extracellular PLA2, the cytosolic fraction
prepared from mouse peritoneal macrophages showed PLA2
activity with an approximately 11 fold higher preference for
I-palmitoyl-2-arachidonoyl- than for 1-palmitoyl-2-oleoyl-
phosphatidylcholine, and was insensitive to the reductive
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Figure 2 Dose-response curves for YM-26734 on activities of phos-
pholipase A2 (PLA2) prepared from rabbit platelets (M) and porcine
pancreas (0). Each value represents the mean ± s.e.mean of five
independent experiments.
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agent, dithiothreitol (data not shown). These findings accord
with information published by Wijkander & Sundler (1989)
and Clark et al. (1990). Manoalide, used as a reference
compound, inhibited intracellular PLA2 activity (81% inhibi-
tion at 50SOM), whereas YM-26734 did not affect enzyme
activity (- 14% inhibition at 50 PM).

Lineweaver-Burk analysis of inhibition by YM-26734 of
group II PLA2

The dependence of inhibition on substrate concentration was
examined for PLA2 hydrolysis. Figure 3 shows double-
reciprocal plots of kinetic data for the hydrolysis of phos-
pholipids in E. coli plasma membrane by rabbit platelet
PLA2 at different concentrations of YM-26734. In the
concentration-range used here, rabbit platelet PLA2 was
shown to give linear double-reciprocal plots that conformed
well to Michaelis-Menten kinetics ('y = 0.991). Similar kinetics
have been demonstrated with group II PLA2 in human syno-
vial fluid (Jacobson et al., 1990). Lineweaver-Burk analysis
revealed that YM-26734 behaved as a competitive inhibitor
of rabbit platelet PLA2, with Ki values of 48 nM.

Effect of YM-26734 on cyclo-oxygenase and
5-lipoxygenase
The inhibitory selectivity of YM-26734 for enzymes asso-
ciated with metabolic pathways leading from phospholipids
to eicosanoids was evaluated by assessing its activity against
sheep seminal vesicle microsomal cyclo-oxygenase and rat
leukocyte 5-lipoxygenase. Indomethacin and phenidone were
used as reference inhibitors of cyclo-oxygenase and 5-
lipoxygenase, respectively. Table 1 shows that YM-26734
inhibited neither sheep seminal vesicle cyclo-oxygenase nor
rat leukocyte 5-lipoxygenase.

Inhibitory effect of YM-26734 on TPA-induced mouse
ear oedema
The anti-oedema activity of YM-26734 was evaluated by use
of a TPA-induced ear oedema model. Data for YM-26734
against TPA-induced ear oedema are presented in Figure 4.
Topical administration of YM-26734 caused a dose-
dependent inhibition of swelling with an EDm value of 45
(31-67);Lg/ear (Figure 4a). As shown in Table 2, YM-26734
was approximately 3, 5 and 40 fold more potent than the
irreversible PLA2 inhibitor manoalide, the cyclo-oxygenase
inhibitor, indomethacin and the eicosanoid synthesis
inhibitor, phenidone, respectively, and about one tenth as
active as prednisolone, a strong anti-inflammatory steroid
which induces PLA2-inhibitory protein (Flower 1988; Suwa et
al., 1990). Further, its effectiveness in systemic administration
was evaluated using TPA-induced mouse ear oedema. Int-
ravenous administration of YM-26734 inhibited ear oedema
in response to TPA application in a dose-dependent manner
(ED50 = 11 mg kg-', Figure 4b).

Effect of YM-26734 on AA-induced mouse ear oedema

The anti-oedema selectivity of YM-26734 was evaluated by
assessing its activity against another ear oedema model, AA-
induced ear oedema. The ear oedema was measured at
60 min after application of AA at 4 mg/ear, generating a
submaximal response. Topical application (1 mg/ear) of the
eicosanoid synthesis inhibitor, phenidone and the cyclo-
oxygenase inhibitor, indomethacin, significantly inhibited
AA-induced ear oedema (Table 2). In contrast, YM-26734
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Figure 4 Inhibitory effect of YM-26734 on TPA-induced mouse ear
oedema. YM-26734 was topically administrated 30 min (a), or intra-
venously injected 30 s (b), prior to the application of TPA at 1 JLg/
ear. Ear oedema was measured 4 h after TPA application. Each
value represents the mean ± s.e.mean of 5 mice. *P<0.05,
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Table 2 Inhibition of mouse ear oedema induced by
application of either 12-O-tetradecanoylphorbol-13-acetate
(TPA) or arachidonic acid (AA)

Compoundb

YM-26734
Prednisolone
Manoalide
Indomethacin
Phenidone

TPA
ED50 (ug/ear)a

45 (31-67)
3.3 ( 1.8-6.2)d
119 (90-158)d
201 (174-231)d

1900 (1600-2300)d

AA

NS atl000c
NT
NT

70% at I oo0d,e
62% at 1000d,e

aEar oedema was measured 1 and 4 h after application of
AA 4 mg/ear and TPA 1 fig/ear, respectively. Numbers in
parentheses show 95% confidence limits (n ) 5 per dose,
dose = 3,4 points). bCompounds were applied to the mouse
ear 30 min prior to TPA or AA application, except
prednisolone which was applied 3 h beforehand. cNo
significant inhibition at the highest concentration tested.
dData from Miyake et al. (1992). ePercentage of statistically
significant inhibition. NT: not tested.

did not significantly inhibit ear swelling caused by AA at
1 mg/ear. Moreover, intravenous administration of YM-
26734 with 30 mg kg-' also showed no effect on the oedema.

Inhibitory effect of YM-26734 on carrageenin-induced
rat pleurisy

The anti-inflammatory action of YM-26734 was further
investigated in a carrageenin-induced rat inflammation
model. The pleural cavity was selected as the inflammatory
site, in which accumulation of both exudate fluids and
leukocytes can be observed as inflammatory responses to
carrageenin. As shown in Figure 5, intrapleural carrageenin
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Figure 5 Time course of accumulation of exudate fluid (l) and
leukocytes (0) in the pleural cavity in response to carrageenin
injection in rats; 2 mg carrageenin was injected intrapleurally. Each
value represents the mean ± s.e.mean of 5 rats.

(2 mg) rapidly induced exudate and leukocyte accumulation
in the cavity 2 to 4 h after injection, with levels plateauing at
6 to 24 h. The effects of YM-26734 on these responses were
measured at 4 h after injection, using the cyclo-oxygenase
inhibitor indomethacin as a reference. As shown in Table 3,
intravenous administration of YM-26734 at 20 mg kg-'
significantly inhibited the accumulation of both exudate
fluids and leukocytes in the pleural cavity in response to
carrageenin injection.

Discussion

In this study, we found that YM-26734 inhibited extracellular
group II PLA2 from rabbit platelets 100 fold more potently
than extracellular group I PLA2 from porcine pancreas, and
had no effect on intracellular PLA2 from mouse peritoneal
macrophages. The high selectivity of YM-26734 for extracel-
lular over intracellular PLA2 may be explained by the
difference in amino acid sequence of the enzyme, as reported
by Clark et al. (1991). It has been shown that intracellular
PLA2 preferentially hydrolyzes arachidonoyl phospholipids,
whereas phospholipids containing two saturated fatty acids,
such as dipalmitoyl phosphatidylcholine, are poor substrates
for the enzyme. YM-26734 has two saturated alkyl chains
which may hinder access to the catayltic site of the intracel-
lular PLA2. Against this, the 100 fold preferential inhibition
of group II over group I PLA2 is surprising, since the ext-
racellular PLA2s are reported to share a highly conserved
amino acid sequence as the catalytic site: His48, Asp", Tyr62
and Tyr73 (Kramer et al., 1989), and all PLA2 inhibitors
reported so far show poor selectivity between the two types
of extracellular PLA2. In this regard, YM-26734 may repre-
sent a unique tool in the investigation of differences in
catalytic site between the two enzymes, as well as of the
physiological significance of extracellular group II PLA2.

Several inhibitors of PLA2 activity prepared from various
sources (snake venom, bee venom or porcine pancreas) and
their anti-inflammatory effects have been reported. However,
it is not clear which type of enzyme plays a role in
inflammatory responses, as none of these inhibitors has been
selective. Moreover, many reported PLA2 inhibitors affect
enzymes metabolizing AA to eicosanoids, which are involved
in the inflammatory process. Manoalide, a natural marine
product isolated from the sponge Luffariella variabilis,
inhibits not only extracellular group II PLA2 purified from
human synovial fluid (Jacobson et al., 1990) and rabbit
platelets (Miyake et al., 1992), but also intracellular PLA2
isolated from the cytosol of human monocytic cell line, U937
(Marshall et al., 1991b). Although manoalide shows an anti-
inflammatory effect on TPA-induced mouse ear oedema
(Burley et al., 1982), this compound also potently inhibits
5-lipoxygenase prepared from rat basoleukaemia cell line
RBL-1 (De Vries et al., 1988) in addition to its PLA2
inhibitory effects. Nordihydroguaiaretic acid also inhibits
human synovial fluid PLA2 (Marshall et al., 1991a) and acts

Table 3 Inhibitory effect of YM-26734 on accumulation of exudate fluid
and leukocytes in rat carrageenin-induced pleurisy.

Dose"
Compound (mg kg-')

Exudate fluid
Weight Inhibition

n (mg) (%)

Leukocytes migration
Number Inhibition
(x 107) (%)

587 ± 27
566 ± 11
545 ± 28
429 ± 23**
639 ± 31
362 ± 25**

4.91 ± 0.31
4 4.57 ± 0.20
7 4.20± 0.29

27 3.81 ± 0.21*
4.66±0.44

43 3.10 ± 0.25**

7

14
22

34

aYM-26734 was intravenously injected 30s prior to carrageenin injection.
Indomethacin was administered orally 60 min prior to carrageenin injection.
*P <0.05, **P <0.01 compared with respective controls.

Control
YM-26734

Control
Indomethacin

5

10
20

3

5
5
5
5
9
9
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as an anti-inflammatory agent, but this agent also potently
inhibits cyclo-oxygenase and 5-lipoxygenase. The anti-
inflammatory effects of these inhibitors may therefore be due
to inhibition of PLA2, of other enzymes within the AA
cascade or both. In contrast, YM-26734 does not inhibit
sheep seminal vesicle cyclo-oxygenase or rat leukocyte 5-
lipoxygenase as enzymes within the AA cascade, indicating it
to be a selective inhibitor of extracellular group II PLA2,
which can be used to investigate the significance of extracel-
lular group II PLA2 in inflammatory responses and
pathology.
Two animal models were used to investigate extracellular

group II PLA2 in inflammatory responses, the TPA-induced
mouse ear oedema model and the carrageenin-induced rat
pleurisy model. The former is widely used to evaluate the
anti-inflammatory activity of PLA2 inhibitors, TPA induces
AA release and eicosanoids synthesis in cultured mac-
rophages in vitro (Humes et al., 1982), and TPA challenge to
the mouse ear causes PGE2 to accumulate in parallel with
the swelling of the ear (Inoue et al., 1989). However, it is not
clear if this inflammation is regulated primarily by PLA2
activity, or more specifically by extracellular group II
enzymes. The present observation that the selective group II
PLA2 inhibitor, YM-26734, strongly inhibited TPA-induced
ear oedema suggests a positive relationship between group II
PLA2 activity and inflammatory responses to TPA. As a
control study, we evaluated the effect of YM-26734 in an
AA-induced mouse ear oedema model, in which both cyclo-
oxygenase (PGE2) and lipoxygenase products (LTC4/D4) are
implicated (Opas et al., 1985). As expected, YM-26734 failed
to inhibit AA-induced ear oedema.
We next examined the effect of YM-26734 on a

carrageenin-induced rat pleurisy model. This model allows

direct assessment of the effects of various classes of anti-
inflammatory agents on plasma exudation and leukocyte
migration. The accumulation of exudate fluid and leukocytes
into the pleural cavity in response to carrageenin injection
appears to be regulated by metabolites of AA for the follow-
ing reasons. Carrageenin injection causes accumulation of
PGE2 (Katori et al., 1978), LTB4 (Flower et al., 1986) and
LTC4/D4 (Ueno et al., 1983), and many inhibitors of cyclo-
oxygenase, 5-lipoxygenase, or both suppress both plasma
exudation and leukocyte migration induced by carrageenin
(Ashida et al., 1983; Ku et al., 1988). YM-26734 also
inhibited accumulation of exudate fluid and leukocytes into
the pleural cavity, suggesting that extracellular group II
PLA2 may play a role in this inflammatory process. As for
inflammatory factors other than eicosanoids, it is possible
that such factors may also be involved in the anti-
inflammatory effect of YM-26734 in this study. Although we
cannot rule out such a possibility, it is reasonable to say,
based on our present study, that the anti-inflammatory effect
of YM-26734 can be explained, at least in part, by its action
on the group II PLA2.

In conclusion, we have demonstrated that YM-26734 is a
potent and competitive PLA2 inhibitor which is selective for
extracellular group II PLA2 and that inhibition of group II
PLA2 activity may suppress inflammatory responses to TPA
and carrageenin by decreasing substrates for cyclo-oxygenase
and 5-lipoxygenase.

The authors wish to thank Ms Toshie Hanazato for her excellent
technical assistance, and Drs Takeshi Saito and Noriyoshi Inukai for
their helpful discussions.
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Vascular actions of purines in the foetal circulation of the
human placenta
'M.A. Read, *A.L.A. Boura & *W.A.W. Walters

Department of Obstetrics & Gynaecology, John Hunter Hospital, Lookout Drive, Rankin Park NSW 2305, Australia and
*Discipline of Reproductive Medicine, The University of Newcastle, University Drive, Callaghan NSW 2308, Australia

1 The vasoactive effects of adenosine triphosphate (ATP), adenosine and other purines in the foetal
circulation of the human placenta were examined. Single lobules of the placenta were bilaterally perfused
in vitro with Krebs buffer (maternal and foetal sides 5 ml min' each, 95% 02:5% CO2, 37°C). Changes
in foetal vascular tone were assessed by recording perfusion pressure during constant infusion of each
purine. To allow recording of the vasodilator effects, submaximal vasoconstriction was induced by
concomitant infusion of prostaglandin F20, (0.7-2.0 ytmolI 1).
2 ATP (1.0-1001amoll-1) usually caused concentration-dependent reductions in perfusion pressure.
However, biphasic with initial transient increases, or only increases in pressure were sometimes observed.
Falls in pressure caused by ATP were significantly reduced by addition to the perfusate of N0-nitro-L-
arginine (L-NOARG) (100 jamol 1-') but not N0-nitro-D-arginine (D-NOARG) (100 tLmol 1). They were
not influenced by addition of indomethacin (I0 lmolI 1) or L-arginine (100 gmol 1').
3 Adenosine (0.01-1.0 mmolI 1) consistently caused concentration-dependent reductions in perfusion
pressure, this effect not being influenced by indomethacin. L-NOARG, but not D-NOARG, reduced the
potency of adenosine approximately three fold. L-Arginine, but not D-arginine enhanced its potency by a
similar amount.
4 2-Methylthio-ATP, a selective P2y agonist was approximately 50 times more potent than ATP as a
vasodilator agent, always causing decreases in perfusion pressure.
5 P-'y-Methylene ATP, a selective P20 agonist, was approximately 100 times more potent than ATP as a
vasoconstrictor, but only caused transient increases in perfusion pressure.
6 The rank order of vasodilator potencies of a selection of adenosine receptor agonists was, 2-
chloroadenosine>>5-(N-cyclopropyl)-carboxamidoadenosine, >5-N-ethylcarboxamidoadenosine, >2-
chloro-N6-cyclopentyladenosine, >CGS-21680 > N6-cyclohexyladenosine = adenosine. Vasodilatation
due to adenosine was inhibited by the PI-A2 receptor antagonist 3,7-dimethyl-l-propargylxanthine
(DMPX).
7 These results suggest that ATP may cause an endothelium-dependent vasodilatation in the foetal
vessels of the human placenta via activation of a P2y receptor linked to the formation of nitric oxide
(NO). Vasodilatation caused by ATP may mask an accompanying vasoconstrictor effect mediated, via a
P2X receptor, in the villous vascular smooth muscle. Adenosine acting on PI-A2 receptors, which are also
present in the foetal vasculature, may require synergistic interaction with NO to achieve a maximal
vasodilator response.

Keywords: Purinoceptors; ATP; adenosine; placenta; villous vessels; nitric oxide; endothelium

Introductdon

The cardiovascular effects of adenine and adenosine nucleo-
tides were first reported by Drury & Szent-Gyorgyi (1929).
Subsequently adenosine was reported to produce dilatation in
all vascular beds studied except the kidney and placenta
(Kenakin & Pike, 1987; Olsson & Pearson, 1990). In the
foetal circulation of the human placenta, adenosine has been
associated with vasoconstriction during hypoxia although the
exact mechanism causing the vasoconstriction remains to be
determined (Kitagawa et al., 1987). Large amounts of
adenosine are released into the foetal effluent from the
placenta perfused with Krebs solution in vitro in response to
hypoxia, with concomitant foetal vasoconstriction. It has
been suggested that adenosine may participate in this res-
ponse because it can be blocked by the adenosine antagonist,
theophylline (Howard et al., 1987; Slegel et al., 1988). Impor-
tantly, these studies were performed using placentae with
basal foetal vascular tone, which is normally very low (Boura
& Walters, 1991). Detection of any vasodilator responses to
adenosine under these conditions would be difficult.

' Author for correspondence.

Activation of endothelial P2y purinoceptors by ATP results
in endothelium-dependent dilatation of the majority of blood
vessels (Kennedy & Burnstock, 1985; Kennedy et al., 1985;
Houston et al., 1987; Olsson & Pearson, 1990; Mathie et
al.,1991; Ralevic et al., 1991). The vasodilatation may be
mediated through release of either prostacyclin (PGI2) or NO
or perhaps a combination of the two (Carter et al., 1988;
Mathie et al., 1991; Martin et al., 1991). However, ATP-
induced vasodilatation is not endothelium-dependent in all
vessels (Kennedy & Burnstock, 1985; Mathieson & Burn-
stock, 1985). The mechanism of ATP-induced vasodilatation
is variable and appears to be vessel- and species-specific.
Hence the present study was undertaken to examine the

vasoactive effects of adenosine and ATP in the submaximally
preconstricted foetoplacental circulation in vitro, a situation
which may reveal possible vasodilator as well as vasocon-
strictor effects. A high oxygen tension was also maintained in
the perfusing fluid in order to inhibit placental release of
adenyl purines which might have influenced responses to the
exogenously administered substances. Efforts were also made
to characterize the types of purinoceptor present in the
foetoplacental vasculature and to determine whether any
vasodilator effects of ATP or adenosine were dependent on
formation of prostaglandins or NO.

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (I 993), 110, 454 460
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Methods

Collection ofplacentae

Placentae were obtained within 20 min of vaginal or

Caesarean delivery from women (aged 17-42 years) who had
normal uncomplicated pregnancies. Some, but not all, of the
patients had received one or more of the following drugs
during labour, oxytocin (2 iu over 6-8 h), pethidine hydro-
chloride (100 mg, i.m.), promethazine maleate (12.5-25.0 mg,

i.m.) or inhaled 70% N20 and 30% 02. These drugs have no

apparent effects on responses of the foetal vascular tissues
under the conditions used (Mak et al., 1984). Placentae from
women with blood pressures of > 140/90 mmHg or who had
experienced an increase of > 20 mmHg diastolic pressure

during pregnancy were not used, nor were those from women
who smoked more than 10 cigarettes per day.

Placental lobule perfusion

Placental lobules were perfused by a technique originally
described by Penfold et al. (1981) as modified by Mak et al.
(1984). A suitable paired artery and vein, typically third or

fourth branches of the chorionic plate vessels, to a peripheral
placental lobule were chosen. The artery was cannulated with
plastic tubing and the vein cut at a convenient point to allow
blood and perfusate to escape. The cannula, which was

inserted to the point where the artery disappeared below the
surface of the chorionic plate, was connected to a Gilson
Minipuls 3 (Gilson Medical Electronics, Villiers-le Bel,
France) peristalic pump and the lobule perfused with Krebs
solution containing (mmol'1): NaCl 97.0, NaHCO3 24.0,
KCI 3.0, KH2PO4 1.2, CaCl2 1.89, MgSO4 1.0, D-glucose 5.5,
pH 7.3) maintained at 37°C and gassed with 95% 02:5%
CO2. The oxygen tension of the perfusing fluid was
400-500 mmHg. Each lobule was initially perfused at
I ml min-' for 5 min and thereafter with a constant flow rate
of 5 ml min-'. A venous cannula was inserted only after all
visible blood had been flushed out of the lobule. The mater-
nal side of the lobule was also perfused with Krebs solution
under similar conditions to those used for perfusion of the
foetal circulation. Perfusate was delivered into the maternal
side of the placenta by two cannulae inserted into the spiral
arterioles of the basal plate. Placentae were bathed in Krebs
solution at 37°C.

Experimental design

Changes in foetoplacental vascular resistance were monitored
by recording the inflow pressure to the lobule, with a Gould
Statham P23D transducer (Cleveland, Ohio, U.S.A.), con-
nected via a T-junction to the foetal arterial perfusion line.
Signal conditioning and amplification was performed by a

J-RAK PA-2 module (Melbourne, Australia) and displayed
on a Kontron 330 flat-bed recorder (Eching, Germany). Inflow
pressure at the start of perfusion was typically 80-
100mmHg, declining to a stable baseline pressure between
20-40 mmHg within a period of 1 h. Drug infusions were

not started until a stable baseline pressure was achieved.
Preparations having baseline pressures greater than
60 mmHg were discarded. Vasoconstriction was induced in
the foetal circulation with PGF2., (0.7-2.0 JLmol 1-) infused
into the arterial cannula with a Gilson Minipuls 3 peristaltic
pump. The concentration was adjusted so that a stable pres-
sure of 100-120 mmHg was maintained prior to establishing
concentration-responses curves to the purines.

Effects of adenosine and ATP

Adenosine, ATP or their analogues were infused into the
foetal circulation in a logarithmic series of gradually increas-
ing concentrations, with a third Gilson Minipuls 3 pump, at
flow rates between 5-250Ll min-'. Starting with a concen-

tration causing a threshold effect, the concentration was in-
creased by approximately 0.5 log10 intervals, after each effect
obtained became constant. The highest concentration used
was either that causing a maximal response or that which
could be achieved due to the constraint of lack of sufficient
solubility in the solution being infused. Concentration-
response curves were obtained to both adenosine and ATP in
the same placenta, the order of administration of the purines
being alternated between successive experiments. Responses
were expressed as the percentage change in the PGF2,-
induced pressure (maximum pressure minus basal pressure)
obtained prior to the start of infusion of the purine.

Effects of other purines
Further experiments also using cross-over designs were con-
ducted to compare either adenosine or ATP with other
various agonists. The order of administration of agonist and
endogenous ligand was alternated in successive experiments.
Cumulative concentration-response curves were obtained
with the exception of that for the constrictor effects of ATP
and P-y-methylene-ATP which were transient. In these in-
stances, an increased concentration of each agonist was
administered only after a stable baseline perfusion pressure
had been re-established. When various agonists were dis-
solved in any vehicle other than distilled water or Krebs
solution, the vehicle was examined independently for possible
vascular effects.

Indirect effects of adenosine and A TP
The contribution of prostanoids or NO to the vasodilator
effects of adenosine and ATP were examined by use of the
cyclo-oxygenase inhibitor indomethacin (10 timol 1') and the
NO synthase inhibitor NG-nitro-L-arginine (L-NOARG 100
imol 1') (Mulsch & Busse, 1990). For the latter series of
experiments NG-nitro-D-arginine (D-NOARG) was used in
the same concentration, for control purposes, in further
preparations. L-Arginine (100 Lmol 1-), the precursor of NO
(Palmer et al., 1988) was also used in attempts to enhance
any NO-mediated vasoactivity shown by either adenosine or
ATP and compared with the effect of D-arginine as a control
A crossover design was used to study their effects. Con-
centration-response curves in the presence of L-arginine and
D-arginine were obtained either before or after their respec-
tive control curves had been obtained. Indomethacin, L-
NOARG, D-NOARG, L-arginine and D-arginine were ad-
ministered in the perfusion fluid and delivered to both foetal
and maternal circulations for 60 min before establishment of
concentration-response curves to the purine being studied.
Concentration-response curves in the presence of
indomethacin and L-NOARG were obtained after control
curves.

Effects of antagonists at P,-A, and P,-A2 receptors on
response to adenosine
To study the effects of either PI-Al or PI-A2 receptor
blockade on vasodilator responses to adenosine, XAC (Rossi
et al., 1987) and DMPX (Seale et al., 1988) were used
respectively. A control concentration-response curve was
determined in groups of 3-4 placentae, each concentration
being infused until the effect became constant; 30 min after
commencing infusion of the antagonist (80 ymol 1-) a
second concentration-response curve to adenosine was
obtained. The curves, in the absence and presence of
antagonist, were compared. Comparisons were also made
with a series of control curves to adenosine obtained over
0.5-4.0 h in the absence of antagonist on both occasions.

Drugs and chemicals

Chemicals used in the Krebs solution were of analytical
grade (Analar BDH, Australia). Adenosine, ATP (Boeh-
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ringer Mannheim, Germany). f-y-methylene ATP, L-arginine,
D-arginine, N0-nitro-L-arginine (L-NOARG), N0-nitro-D-
arginine (D-NOARG), (Sigma, St Louis, U.S.A.), 2-methyl-
thio-ATP, N6-cyclohexyladenosine (CHA), 3,7-dimethyl-l-
propargylxanthine (DMPX), 8-[4-[[[[(2-aminoethyl)amino]car-
bonyl]methyl]oxy]phenyl]-1,3-dipropylxanthine (XAC) (Re-
search Biochemicals, Natick, U.S.A), CGS-21680 (2-[4(-2-
carboxyethyl)-phenethylamino]-5'-N-ethylcarboxamido adeno-
sine HCl) (Ciba Geigy, Pharmaceuticals Division, Summit,
New Jersey, U.S.A.), 2-chloroadenosine (2-CADO) and 2-
chloro-M-cyclopentyladenosine (2-CCPA) (Research Bio-
chemicals) were dissolved in distilled water. 5'-N-ethylcar-
boxamidoadenosine (5-NECA) and 5'-(N-cyclopropyl)-car-
boxamidoadenosine (5-CPCA) (Research Biochemicals) were
dissolved in 0.02 mol l-' HCI. Indomethacin (Sigma, St
Louis, U.S.A.) was dissolved in 5% NaHCO3. Prostaglandin
F2, was supplied as its trometamol salt (Dinoprost, Upjohn,
Sydney, Australia) at a concentration of 5 mg ml-' in sterile
distilled water and diluted as required in distilled water.

Statistical analysis

All values are expressed as means ( s.e.mean) unless other-
wise stated. Linear regression analysis was performed on all
concentration-response cruves using Minitab (Pasadena,
U.S.A.). Differences in the linear portions of the curves were
compared and tested for significant displacement and
parallelism, as described by Bowman & Rand (1980). Unless
otherwise stated a probability value of <0.05 was considered
significant. Non-parallel curves were tested for differences by
two-way analysis of variance. Pairwise comparisons were
made by use of Student's paired t test where indicated.

Results

Effects of adenosine and ATP

Both ATP and adenosine caused concentration-dependent
reductions in perfusion pressure when infused into isolated
placental lobules. These effects developed slowly, maximal
responses to each being seen 20-30 min after the start of
infusion. Adenosine was significantly less potent in reducing
perfusion pressure than ATP (Figure 1). It consistently
reduced the perfusion pressure in every placenta examined
(n = 48). In contrast, ATP caused variable effects. Usually
ATP produced concentration-dependent falls in perfusion
pressure (n = 16). In others (n = 5) only concentration-
dependent transient increases in pressure occurred. Addi-
tionally, biphasic effects due to ATP were observed in further
preparations, with an initial rise in pressure being followed
by a fall (n = 8). Reductions in perfusion pressure at low
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Figure 1 Concentration-response curves for the vasodilator effects
of ATP (-) and adenosine (-) in blood vessels of the human
placenta. Each point is the mean ± s.e.mean of at least 16 determina-
tions. Curves do not differ significantly from parallelism and are
significantly displaced, P< 0.05.

concentrations but increases in response to higher concentra-
tions also occurred (n = 5). For comparison of the relative
vasodilator potencies of ATP and adenosine (Figure 1) data
were used only from those placentae responding solely by
vasodilatation to ATP.

Control experiments were performed to determine whether
responses to ATP or adenosine changed with time, because
of the slow responses to each concentration of the purines.
Following establishment of an initial concentration-response
curve to either ATP or adenosine, subsequent concentration-
response curves were obtained over a period of 0.5-4.0 h.
No statistically significant differences from their respective
controls were observed in responses to either adenosine or
ATP following these time intervals (data not shown).

Effects of other purines

The selective P2y receptor agonist, 2-methylthio-ATP, caused
concentration-dependent reductions in perfusion pressure
(Figure 2) and was significantly more potent than ATP. A
comparison of the curve for 2-methylthio-ATP with that for
ATP showed that 2-methylthio-ATP was approximately 50
times more potent (Table la). Unlike ATP, 2-methylthio-
ATP caused only reductions in perfusion pressure in all
preparations (n = 6). However, the differences found between
the vasodilator potencies of ATP and the other purines could
fail to reflect accurately their true relative activities. The data
used to assess the potency of ATP were obtained from
placentae responding only by vasodilatation. Nevertheless its
vasoconstrictor effect, seen more prominently in other
preparations, could have concomitantly opposed to variable
extents the vasodilator responses recorded, thus reducing its
apparent vasodilator potency.
The selective P, receptor agonist, ,-^y-methylene ATP,

exclusively produced concentration-dependent increases in
perfusion pressure (Figure 2). No vasodilator responses to
this agonist were observed (n = 6). The increases in perfusion
pressure caused by P-y-methylene ATP or ATP were transient
and showed fade, maximum responses being achieved ap-
proximately 5 min after starting infusion. Compared to ATP,
P-y-methylene-ATP was approximately 100 times more
potent as a vasoconstrictor agent (Table la). The maximum
effective concentration of P-y-methylene ATP could not be
determined, high concentrations causing very large increases
in perfusion pressure (>200 mmHg) and complete cessation
of the venous outflow, suggesting that leakage was occurring
between the foetal and maternal compartments.
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Figure 2 Concentration-response curves for vasoconstriction caused
by ATP (0) and 1-y-methylene-ATP (O) and vasodilatation caused
by ATP (0) and 2-methylthio-ATP (0). Each point is the
mean ± s.e.mean of at least 6 determinations. The vasodilator res-
ponse curves to ATP and 2-methylthio-ATP do not differ
significantly from parallelism and are significantly displaced,
P<0.05. The vasoconstrictor response curves to ATP and P-y-
methylene-ATP do not differ significantly from parallelism and are
significantly displaced, P<0.05.
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2-CADO, an agonist with activity at both PI-Al and P1-A2
receptors (Olsson & Pearson, 1990), was the most potent
purine examined for effects mediated by P1 receptors, causing
reductions in perfusion pressure. As a vasodilator agent,
2-CADO was approximately 40 times more potent than
adenosine, as indicated by comparison of the linear portions
of their respective concentration-response curves (Table 1c).
5-CPCA, a selective P1-A2 receptor agonist (Daly, 1982)

also caused concentration-dependent reductions in perfusion
pressure. Comparison of the regression lines obtained
indicated that 5-CPCA was approximately 7 times more
potent than adenosine (Table ic). 2-CCPA, a selective PI-Al
receptor agonist (Lohse et al., 1988) was found to be 4 times
more potent as a vasodilator than adenosine in the placenta
(Table lc). 5-NECA, a non-selective adenosine agonist (Ols-
son & Pearson, 1990) also caused reductions in perfusion
pressure. Comparison of the concentration-response curve
obtained with that for adenosine indicated that 5-NECA was
approximately 5 times more potent than adenosine (Table
ic). CGS-21680, a selective PI-A2 agonist (Olsson & Pearson,
1990) was approximately 2.5 times more potent than
adenosine in causing dilatation, the difference being sig-
nificant (Table 1c).
CHA, a selective PI-Al receptor agonist (Olsson & Pear-

son, 1990) produced concentration-dependent reductions in
perfusion pressure, but the concentration-response curve was
not significantly different from that of adenosine (Table 1c).

Indirect effects of adenosine and ATP

Indomethacin (10.0 mol 1-) had no effect on the vaso-
dilator activities of adenosine and ATP (n = 6) (Table lb).
L-NOARG (100 imol 1-) significantly inhibited ATP-in-
duced reductions in perfusion pressure (Figure 3; n = 6) and
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Figure 3 Effects of N0-nitro-L-arginine (L-NOARG) (100 moll-')
on ATP-mediated vasodilatation in foetal vessels. Concentration-
response curves ( ± s.e.mean) to ATP in the absence (0) and
presence (M) of L-NOARG. Curves differ from parallelism and are
significantly displaced, P<0.05. *P<0.05, Student's t test between
mean responses to the same concentration of agonist.

had a smaller, but statistically significant inhibitory effect on
adenosine-induced falls in perfusion pressure (Figure 4;
n = 6). In further preparations, reductions in perfusion pres-
sure caused by ATP (1.34-436 ytmol 1-') or adenosine
(2.5-823 timol 1') were not significantly affected by infusion
of D-NOARG (100limol 1-') (n = 5 and 4 respectively). L-
NOARG had no effect on the increases in perfusion pressure
caused by ATP, when they occurred. In instances when
biphasic responses to ATP were observed initially, during
infusion of L-NOARG relaxant responses were absent
(n = 3). Infusion of L-NOARG in a number of preparations

Table I Effects and relative potencies of purines in the foetal circulation of the placenta

a

Agonist

ATP
Adenosine
2-methylthio-ATP
P-y-methylene ATP

Vasodilatation

+

Vasoconstriction

+

+

Potency
(cf. ATP)

1.0
0.16 (0.15-0.17)*
50 (36-70)*
112 (87-144)*

*Significantly different from ATP (95% confidence limits)
(+ vasoactive effect, refer to text)

b

Agonist

ATP + L-arginine 100 jAmol 1-'
ATP + L-NOARG 100 1tmol 1- '
ATP + indomethacin 10 1tmol 1-'
Adenosine + L-arginine 100 jimol 1'
Adenosine + L-NOARG 100 fumol 1- I

Adenosine + indomethacin 10 timol 1'

+

+

+

Potency
(cf. control)

1.3 (0.4-7.8)
inhibited (see Fig 2b)
1.4 (0.7-3.8)
3.01 (2.52-3.56)*
0.38 (0.27-0.52)*
2.4 (0.5-4.0)

*Significantly different from control (95% confidence limits)

c

Agonist

Adenosine
2-CADO
5-CPCA
5-NECA
2-CCPA
CGS-21680
CHA

Pr-A2

+

+

Potency
(cf. Adenosine)

1.0
38.9 (35.5-42.6)*
7.2 (6.4-8.1)*
5.2 (4.6-6.6)*
3.8 (3.4-4.3)*
2.4 (2.1-2.7)*
1.5 (1.0-2.4)

*Significandly different from adenosine (95% confidence limits)
(+ reported agonist selectivity, refer to text)

I
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Figure 4 Concentration-dependent vasodilatation caused by adeno-
sine in the absence (-) and presence (*) of N0-nitro-L-arginine
(100 pmolI 1). Each point is the mean ± s.e.mean of 6 determina-
tions. Curves do not differ significantly from parallelism but are
significantly displaced, P<0.05.

(n = 3) was followed by increases in perfusion pressure (up to
30 mmHg). This effect, however, was absent in the remainder
(n = 9). When perfusion pressures increased in the presence
of L-NOARG the concentration of PGF2, being infused con-
comitantly was reduced so that the pressure fell back to the
basal level before infusing either ATP or adenosine.

L-Arginine (1I00 tmol V'), when infused through the foetal
circulation for 60 min did not change the basal perfusion
pressure significantly (n = 12) and was without effect on
ATP-induced reductions in perfusion pressure (Table lb). In
contrast, a significant potentiation of adenosine-induced
reduction in perfusion pressure (Figure 5) was observed dur-
ing infusion of this amino acid. In further experiments there
was no significant change in the potency of adenosine when a
similar concentration of D-arginine was infused (n = 4).

Effects of antagonists at P,-A, and P,-A2 receptors on
responses to adenosine

Addition of DMPX, an antagonist selective for P1-A2
purinoceptors (Seale et al., 1988) to the Krebs solution
(80 gtmol 1- ) perfusing the placental lobules markedly
reduced vasodilator responses to adenosine (Figure 6). In the
presence of the XAC (80 ltmolI 1), which has high affinity
but moderate selectivity as an antagonist at PI-Al receptors
(Rossi et al., 1987), the mean vasodilator responses to
adenosine (3-300gmoll1') were not significantly different
from those of the concentration-response curve to adenosine
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Figure 5 Concentration-dependent vasodilatation caused by adeno-
sine in the absence (U) and presence (0) of L-arginine (100limol
1'). Each point is the mean ± s.e.mean of 6 determinations. Curves
do not differ significantly from parallelism but are significantly dis-
placed, P<0.05.
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Figure 6 Vasodilatation caused by adenosine in the absence (U)
and presence (A) of the P1-A2 antagonist 3,7-dimethyl-1-propargyl-
xanthine (DMPX, 80 pmolI 1) (n = 4). The curves are significantly
different (P< 0.05, two way analysis of variance) and are not
parallel.

obtained in its absence (linear regression analysis, P> 0.05).
In addition, neither curve differed significantly in position
from that of the control curve to adenosine obtained when
examining DMPX, as shown in Figure 6.

Discussion

The importance of endogenous adenyl purines in the control
of vascular resistance and foetal blood flow in the placenta is
not known. However purines, interacting with autacoids both
locally released and circulating in the umbilical blood, are
likely to have important roles in the control of villous vas-
cular tone, particularly as neural mechanisms do not
influence the foetal extracorporeal vasculature (Boura &
Walters, 1991). Adenosine concentrations in the placenta
increase 100 fold during delivery (Sim & Maguire, 1972) and
it is released from perfused placental tissues into the foetal
circulation during ischaemia (Kitagawa et al., 1987). Adeno-
sine and its metabolites are also found in umbilical cord
blood after delivery (Irestedt et al., 1989) and during
perinatal hypoxia (O'Connor et al., 1981).
The present study has shown that adenyl purines in the

foetal circulation of the human placenta cause both
vasoconstriction and vasodilatation, the relative prominence
of which depended on the purine. Thus, adenosine, 2-CADO,
5-CPCA, 2-CCPA, 5-NECA, CHA and CGS -21680 caused
only vasodilatation and P-y-methylene-ATP only vasocon-
striction in all placental preparations. In contrast, ATP
exerted both effects, the prominence of each depending on
the preparation. In particular, the vasodilatation always seen
in the present study during infusion of adenosine contrasted
with its reported ability to cause placental foetal vasocon-
striction (Kitagawa et al., 1987; Slegel et al., 1988). However,
this apparent anomaly is capable of explanation. In the
present work the normal very low tone of the villous vas-
culature was increased with PGF2, to permit any vasodilator
responses to be seen. The oxygen tension of the Krebs solu-
tion was also high. In the other reported studies the tone of
the vasculature was low and vasoconstrictor responses to
reducing oxygen tension examined. The combined findings
may have physiological implications. Release of adenosine in
local areas of ischaemia in the placenta may contribute to the
ensuing vasoconstrictor response, so directing blood to
placental villi having higher oxygen tensions where its
vasodilator effect could help sustain adequate blood flow.

Unequivocal identification of the receptors involved in
mediating the vascular effects of purines is difficult, due to
lack of highly specific antagonists of their actions and the
ability of cells to vary the concentration of an individual
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purine at receptor sites by uptake and metabolism. Never-
theless, Burnstock (1978) classified receptors for purines into
two groups, P1 and P2, based on their relative potencies and
various preparations. The rank order of potency for agonists
at the P1 receptor is adenosine>AMP>ADP>ATP, while
the reverse potency order defines P2 receptors. The latter
were subsequently further divided into two subgroups, P2,
and P2y (Burnstock & Kennedy, 1985). The P2y receptor
which is found on the vascular endothelium, has been linked
to the production of NO (Mathie et al., 1991) and prostacyc-
lin (Carter et al., 1988). The P2X, receptor, found on vascular
smooth muscle cells,may be directly coupled to activation of
calcium channels (Benham & Tsien, 1987). P1 receptors have
also been divided into two sub-groups, A1 and A2, primarily
on their ability, when activated, to inhibit or stimulate
adenylate cyclase respectively (Olsson & Pearson, 1990).
The present study demonstrated the probable existence of

the P2,X P2y and PI-A2 subgroups of purine receptor in the
foetal resistance vessels of the human placenta. In this respect
human placental vessels appear to be similar to human sub-
cutaneous and omental resistance vessels which also contain
P2,,, P2y and P1 receptors (Martin et al., 1991). The activity of
ATP and the much higher potency of the selective agonist
2-methylthio-ATP indicates that the vasodilatation caused by
ATP in the foetoplacental vascular bed is probably mainly
due to activation of P2y receptors. Presumably, these are
located on the vascular endothelium (Kennedy et al., 1985;
Needham et al., 1987) since ATP-induced vasodilatation
appeared dependent on formation of NO, being substantially
inhibited by L-NOARG. Mathie et al. (1991) have also
shown that ATP vasodilatation in the rabbit hepatic arterial
vascular bed is mediated by NO. No evidence was found for
prostacyclin, or other vasodilator prostaglandins, being
involved in the vasodilator effects of ATP in the placenta
since the cyclo-oxygenase inhibitor indomethacin did not
modify responses to ATP.
The presence of P2,, receptors in the resistance vessels of

the foetoplacental vascular bed was indicated by the finding
that the P2, agonist, P-y-methylene-ATP, was a potent con-
strictor agent. At times, ATP also caused vasoconstriction.
Sometimes this action preceded its vasodilator action whereas
in other preparations it was the sole effect. The dilator and
constrictor responses to ATP suggest that it has the ability to
interact with both P2y and P2,, receptor subtypes. P2y receptor-
mediated vasorelaxation appeared to be the predominant
effect, otherwise masking vasoconstriction mediated by P2X
receptors. Variability in responses to ATP, in what appeared
to be identical preparations, could have been due to changes
in endothelial cell function. A vascular endothelium with
reduced function, due to ischaemia before perfusion or to
other factors, may tend to reduce dilator responses to ATP.
Support for this idea came from the observation that when
biphasic responses to ATP were obtained, L-NOARG
inhibited the secondary dilatation.

Formation of NO by the foetal vasculature also con-
tributed to the vasodilator responses to adenosine. The
precursor of NO, L-arginine, potentiated vasodilator res-
ponses to this purine whereas responses were reduced during
inhibition of NO synthesis with L-NOARG. It may be that
concomitant production of NO by the foetal vascular
endothelial cells during the vasoconstriction caused by pros-
taglandin F2. administration contributed to the vascular
dilator response to adenosine. Basal NO release has been
demonstrated in the foetal circulation of the human perfused
placenta (Gude et al., 1990) and endogenous NO reduces
foetal vascular responses to endothelin, U44619 and 5-
hydroxytryptamine (Gude et al., 1993).

bearing in mind the evidence obtained indicating that NO
release contributed to responses to both purines, can perhaps
be related to the method used for selecting placentae. For
those experiments studying the effects of L-arginine on res-
ponses to ATP, the placentae used were those that responded
to ATP solely by vasodilatation, no vasoconstrictor responses
being seen. Thus placental endothelial cell function in the
ATP experiments was likely to be good and addition of
L-arginine unlikely to increase further the output of NO. On
the other hand, the variable nature of responses to ATP,
dilatation and vasoconstriction, indicated possible reduced
endothelial cell function in some placentae. The latter could
not have been identified in the group in which adenosine was
used, as this purine consistently caused vasodilatation,
presumably mainly due to a direct action on the foetal
vascular smooth muscle, as in other vessels (Olsson & Pear-
son, 1990). In the latter circumstances there could have been
some depression of endothelial cell function causing less than
optimal output of NO which improved when the availability
of L-arginine was increased.
The probable existence of PI-A2 receptors mediating the

action of adenosine in the foetal vessels of the placenta was
obtained by the finding that DMPX, an antagonist at these
receptors (Seale et al., 1988), inhibited responses to the
purine. In contrast, a relatively high concentration of XAC
had no effect on responses to adenosine, this agent being a
moderately selective antagonist at PI-Al receptors (Rossi et
al., 1987). A2 binding sites have been identified on human
placental cell membranes (Fox & Kurpis, 1983). The rank
order of potencies found for the P1 receptor agonists used
also indicated that, in keeping with other studies (Edvinsson
& Fredholm, 1983; Kusachi et al., 1983; Leung et al., 1985;
Mustafa & Askan, 1985; Hutchison et al., 1988) relaxation of
human placental foetal vascular smooth muscle in response
to purines can additionally be mediated through an A2 recep-
tor subtype. On the other hand, 5-NECA was not as potent
as a vasodilator in the placenta as reported in other vascular
preparations (Olsson & Pearson, 1990) and was found to be
less potent than 2-CADO. CGS-21680 was less potent than
5-NECA and only slightly more potent than adenosine des-
pite being reported to be a highly selective PI-A2 agonist in
the rat brain (Jarvis et al., 1989). CGS-21680 has also been
found to be less potent than 5-NECA in causing relaxation
of the human coronary artery in vitro (Makujina et al., 1992).
Variation in the relative potencies of the various A2 agonists
between preparations appears to be common (Olsson & Pear-
son, 1990).

In summary, the results of this study indicate that in foetal
blood vessels in the human placenta, in the presence of high
oxygen tensions, both ATP and adenosine cause vasodilata-
tion, the magnitude of these responses being modified by
changes in endothelial NO output. Vasodilatation to ATP is
probably mediated by P2y receptors located on the endo-
thelium. ATP can also cause vasoconstriction probably
mediated via a P2, receptor, perhaps located on the vascular
smooth muscle. Therefore, the overall response to ATP may
be critically dependent on endothelial cell function. On the
other hand, vasodilatation caused by adenosine may be
predominantly mediated by a P1-A2 receptor and may require
synergistic interaction with endogenously produced NO to
exert its full effect.
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The effect of ions and second messengers on long-term
potentiation of chemical transmission in avian ciliary ganglia
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1 The effects of tetanic stimulation of the oculomotor nerve on transmission through the avian ciliary
ganglion have been determined by use of the amplitude of the compound action potential recorded in
the ciliary nerve, in the presence of hexamethonium (3001M), as a measure of synaptic efficacy.
2 Tetanic stimulation for 20 s at 30 Hz potentiated the chemical phase of the compound action
potential by at least 100% of its control level. This potentiation, reflecting an increase in synaptic
efficacy, decayed over two distinct time courses: firstly, a rapid decay with a time constant in the order
of minutes, and secondly, a slower decay, representing a smaller potentiation, with a time constant in
the order of an hour. The large increase in synaptic efficacy is attributed to post-tetanic potentiation
(PTP) whereas the smaller but longer lasting increase is attributed to long-term potentiation (LTP).
3 Higher frequencies of tetanic stimulation gave increased PTP and LTP.
4 In order to test whether the influx of calcium ions into the nerve terminal during the tetanus is likely
to be involved in potentiation, facilitation was measured during PTP and LTP. Facilitation was reduced
to approximately zero during PTP but recovered to normal values about 15 min into LTP. A require-
ment for the induction of LTP was shown to be the presence of calcium in the bathing solution.
However, blocking synaptic transmission with a high concentration of hexamethonium (3 mM) during
the tetanic stimulation did not block the induction of LTP.
5 Application of the muscarinic inhibitor, atropine (2 tM), did not affect the magnitude of PTP or
LTP.
6 The activator of protein kinase C, phorbol 12,13-dibutyrate (2 pM) potentiated synaptic transmission
and reduced the potentiation due to PTP although it did not affect that due to LTP, but the inhibitor of
this kinase, staurosporine (0.5 pM), partially blocked the appearance of LTP without affecting PTP after
the tetanus.
7 An inhibitor of calmodulin, W-7 (5 pM), reversibly blocked the appearance of LTP significantly after
a tetanus although the size of PTP was not affected.
8 The results presented here suggest that the initiation of LTP in the ciliary ganglion is due to an influx
of calcium ions into the calyciform nerve terminal during the tetanus and that the mechanism for LTP
involves a calcium-calmodulin-dependent process.

Keywords: Synapse; long-term potentiation; avian ciliary ganglia; calcium ions

Introduction

If sympathetic preganglionic axons are stimulated at a
relatively high frequency (>5 Hz) for several seconds, the
fast excitatory postsynaptic potential is increased in am-
plitude for periods of the order of an hour (Dunant &
Dolivo, 1968; Zengel et al., 1980; Brown & McAfee, 1982;
Koyano et al., 1985). The discovery of long-term potentiation
(LTP) in the peripheral nervous system made available a
relatively simple preparation for the analysis of at least one
form of LTP compared with the preparations available from
the central nervous system (Kuba & Kumamoto, 1990). This
LTP is likely to be due to an enhanced probability of sec-
retion of quanta from the nerve terminal as there is no
change in the sensitivity of the postsynaptic membrane to
applied acetylcholine (Briggs & McAfee, 1988) and an
accompanying increase in quantal content (Briggs et al.,
1985; Koyano et al., 1985). This LTP is thought to be the
result of an elevated calcium concentration in the pregang-
lionic nerve terminals of both amphibia and mammals fol-
lowing a tetanus, as short term facilitation is substantially
decreased during LTP (Minota et al., 1991); the amplitude of
LTP is also dependent on the level of the extracellular cal-
cium concentration (Briggs et al., 1985).

Post-tetanic potentiation (PTP), like LTP, involves an in-
crease in the efficacy of synaptic transmission following
tetanic stimulation but unlike LTP, it has a duration in the
order of minutes. PTP has been described in both peripheral

' Author for correspondence.

and central synapses including the ciliary ganglion (Martin &
Pilar, 1964c), the hippocampus (Racine & Milgram, 1983)
and the neuromuscular junction (Magleby & Zengel, 1975;
Delaney et al., 1989). The level of PTP has been shown to be
directly related to the extracellular calcium concentration
(Erulkar & Rahamimoff, 1978; but see Tanabe & Kijima,
1992). It has been suggested that PTP may be the result of
the activation of calcium channels during a tetanic stimula-
tion causing a calcium ion acccumulation as a consequence
of the saturation of calcium pumps or their run-down due to
limited energy resources in the presence of high calcium loads
(Zucker, 1989). A role in PTP for sodium accumulation in
the presynaptic nerve terminal during tetanic stimulation
(Rahamimoff et al., 1980; Zucker, 1989) has also been sug-
gested.
The avian ciliary ganglion is an ideal preparation for

studying forms of LTP and PTP that are due to changes in
the properties of presynaptic nerve terminals (Martin & Pilar,
1963; 1964c). The giant calyciform nerve terminal, the largest
terminal in the vertebrata (Marwitt et al., 1971), is accessible
for both imaging the movements of calcium ions in the
terminal after loading it with a suitable calcium indicator
(Delaney et al., 1989; Swandulla et al., 1991; Larkum et al.,
1992), as well as for measuring the calcium currents in the
terminal responsible for transmitter release (Stanley, 1992).
Ciliary neurones receive a monosynaptic input (Martin &
Pilar, 1963; Hess, 1965), thereby making investigations into
their mechanisms simpler than at other synapses. The present
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work shows that LTP and PTP exist in the ciliary ganglion
following a tetanus and that their initiation involves an
elevation of the calcium concentration in the presynaptic
calyciform terminal. The involvement of a calcium-cal-
modulin-dependent mechanism for LTP is implied.

Methods

One to five day post-hatch white leghorn chicks (Gallus
gallus) were used in all experiments. Animals were
decapitated and a craniectomy performed to expose the right
ciliary ganglion. The ciliary ganglia with the attached right
eye and oculomotor nerve were then removed. The right eye
was dissected to free it from the ciliary nerve from within the
eye (see Pilar & Tuttle, 1982 for a further description of the
dissection). Ciliary ganglia with attached oculomotor and
ciliary nerves were then placed in a tissue bath. The bath was
perfused at a rate of approximately 2 ml min-' with Tyrode
solution of the following composition (in mM): Na+ 140, K+
5, Mg2+ 1, Ca2+ 3, Cl- 153, glucose 10, HEPES 10, equili-
brated by bubbling with 95% 02, 5% CO2 and pH adjusted
to 7.2-7.4 by adding NaOH. Stimulation was applied to the
oculomotor nerve through a glass suction electrode. The
application of the stimulating pulse (a square wave of height
14 V and duration 0.09 ms) was through a radio-frequency
isolation unit. Experiments were conducted at room tem-
perature (17 to 20°C).

Recordings of compound action potentials were made by
applying a fine suction electrode to the postganglionic ciliary
nerve. Signals obtained from this nerve were amplified by an
Axoclamp 2A amplifier (Axon Instruments). These signals
were digitized using a Labmaster A-D board and recorded
and analysed on an IBM compatible computer using the
pCLAMP (Fetchex, Fetchan) software package (Axon
Instruments).
Drugs used were hexamethonium chloride, phorbol 12,13-

dibutyrate (PDBu), staurosporine (SS) and N-(6-aminohexyl)-
5-chloro- l-naphthalenesulphonamide hydrochloride (W-7).
These were purchased from Sigma Chemical Company.
PDBu, SS and W7 were dissolved in dimethyl sulphoxide
(DMSO) as a stock solution. The stock was then diluted with
perfusing solution such that the overall concentration of
DMSO used in the experiments was never greater than
0.01%.
The compound action potential in the ciliary ganglion due

to nerve stimulation is biphasic (Figure 1): the first phase is
due to electrical transmission through the ganglion (Figure 1)
whereas the second is due to chemical transmission (Martin
& Pilar, 1964a,b). Hexamethonium (300 1M), a nicotinic
cholinergic antagonist, was routinely added to the bathing
solution in order to reduce the size of the chemical compo-
nent of the biphasic compound action potential. Supramax-
imal stimulation was applied to the preganglionic oculomotor
nerve. The reduction in the compound action potential by
hexamethonium permitted measurement of an increase in
synaptic efficacy. Hexamethonium made, to a large extent,
the synaptic responses within the ganglion subthreshold (the
chemical component of the compound action potential
reduced by at least 60% of its original size). An increase in
the synaptic efficacy, such as that which might happen fol-
lowing tetanic stimulation during PTP and LTP, was
reflected by a significant increase in the number of the post-
synaptic population reaching action potential firing thres-
hold. This was indicated by an increase in the height of the
chemical component of the compound action potential.
Protocols for the measurement of LTP and PTP were

followed routinely. Upon the attachment of the suction elec-
trodes to the pre- and post-ganglionic nerves, the pregang-
lionic oculomotor nerve was stimulated at a frequency of
0.033 Hz. Only preparations with evoked compound action
potentials larger than 1 mV were used. Hexamethonium
(300 pM) was then added to the bathing solution. This was

allowed to perfuse the ganglion for at least 60 min so that the
chemical phase of the compound action potential could be
reduced (by at least 60% of its original value) and a control
measurement for its height established. The preparation was
stimulated at 0.033 Hz during this period. Tetanic stimula-
tion of 30 Hz for 20 s was applied following the establish-
ment of the control. It has been shown that the frequency of
this tetanic stimulation occurs within the normal operating
range of ciliary ganglia (Fujii, 1992).

Following tetanic stimulation of the ciliary ganglion, recor-
dings of the PTP and LTP time courses were made by
measuring the heights of the chemical phase of the evoked
compound action potential. Any subsequent tetanic stimula-
tion of the ganglion or addition of a drug to the bathing
solution was carried out at least 60min after the previous
tetanic stimulation. Any drug added to the bathing solution
was allowed to perfuse the ganglion for at least 60 min before
tetanic stimulation was applied.
Some experiments were conducted where the stimulation

protocol was varied. In such an experiment, the same gang-
lion was stimulated tetanically at 10 Hz, then at 20 Hz and
then at 30 Hz while maintaining the number of pulses applied
to the oculomotor nerve during tetanic stimulation constant.
Each tetanic stimulation was separated by at least 1 h in
order to allow the return of the response to control levels.
Between each tetanic stimulation, evoked compound action
potentials were measured at a frequency of 0.033 Hz. The
expression of the frequency-dependent levels of tetanic
stimulation was compared between different ganglia by nor-
malizing the increase in the chemical phase of the compound
action potential. This was done by making that increase
following the 30 Hz tetanic stimulation as the unit value and
describing the potentiation due to lower frequency stimula-
tion as a fraction of this normalized value.
The ordinates of many of the figures are expressed in terms

of percentage of control. A control value (Vct1) was obtained
by averaging the heights of the chemical component of the
compound action potential for the 15 min before tetanic
stimulation (measured by evoking compound action poten-
tials at a frequency of 0.033 Hz). Following tetanic stimula-
tion, compound action potentials were again evoked at a
frequency of 0.033 Hz. The amplitudes of these post-tetanic
compound action potentials (V) were measured. The percen-
tage increase was calculated as:

Percentage of control = 100 x v
VctI

In the case of the measurements involving paired-pulse
facilitation, the value for V, in this formula, was calculated
as the difference between the heights of the chemical phase of
the compound action potential evoked from the conditioning
and then the test pulse. Vrtj represents the difference between
the heights of the chemical phase of the compound action
potential evoked from the conditioning and then the test
pulse averaged over the 15 min prior to tetanic stimulation.

Data are expressed as mean ± standard error of the mean
(s.e.mean) and n gives the number of experiments. The
significance of the difference between n pairs of observations
made before and after application of a drug was calculated
by Student's paired t test. P values of 0.05 or less were
considered to represent significant changes.

Results

Characteristics ofpotentiation of transmission in the
ciliary ganglion
When the ciliary ganglion was stimulated with a single
impulse through the preganglionic oculomotor nerve, the
compound action potential recorded in the ciliary nerve was
biphasic (Figure la). The first phase of this response was
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Figure 1 Changes in the amplitude of the chemical and electrical
phases of synaptic transmission in the ciliary ganglion following a
tetanus (30 Hz, 20 s) applied to the oculomotor nerve. (a) The com-
pound action potential recorded from the ciliary nerve; the first peak
indicates the phase due to electrical transmission and the second
peak indicates the phase due to chemical transmission. (b) The
compound action potential following the perfusion of the ganglion in
the hexamethonium (300 pM) for at least 60 min. (c) The compound
action potential 20 s after the end of a tetanus, during post-tetanic
potentiation (PTP), showing that the chemical component of the
compound action potential is approximately 510% of the control
level corresponding to (b) but also shown by the dotted line here (on
a different scale from signal shown in b). (d) The compound action
potential 3 min after the end of the tetanus, nearing the end of the
PTP time course, with the chemical component of the compound
action potential approximately 190% of the control level from (b)
shown by the dotted line. (e) The compound action potential 10 min
after the end of the tetanic stimulation with the chemical component
of the compound action potential approximately 153% of the con-
trol level. (f) The compound action potential 35 min following the
tetanic stimulation with the chemical component of the compound
action potential approximately 130% of the pretetanic stimulation
control level. The scaling bars refer to each of the traces a, b, c, d, e
and f and represent in the vertical 0.5, 0.2, 0.5, 0.2, 0.2 and 0.2 mV
respectively. The horizontal scaling bar refers to 5 ms in all traces.

decrease in the electrical phase of transmission of no more
than 10% that lasted no more than 30 s. It is shown below
that the enhancement of the chemical phase is most probably
related to an increase in calcium concentration in the nerve
terminal; the small but persistent change in the electrical
phase may be related to the known dependence of gap
junctions that mediate the electrical transmission on intracel-
lular calcium (Rose & Loewenstein, 1975). The chemical
phase was still elevated for a long time after the tetanus,
returning to control levels usually in the order of an hour
(Figure ld,e and f). Evoked compound action potentials were
measured by stimulating the ganglion through the oculo-
motor nerve at 0.033 Hz before and after the tetanic stim-
ulation. The increase in the amplitude of the chemical phase
following tetanic stimulation clearly consisted of two com-
ponents with different time courses (Figure 2a). The first
component consisted of a several hundred percent increase in
amplitude of the chemical phase and this lasted for about
4 min; it was followed by a smaller, but more persistent,
increase which generally returned to control levels in the
order of 1 h (Figure 2a). The electrical phase remained about
the same amplitude throughout this period (Figure 2b). The
large and relatively fast declining component has the charac-
teristics of post-tetanic potentiation (PTP) observed at other
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usually the larger of the two whilst the second phase could be
blocked with high concentrations of hexamethonium (by at
least 60% of its original height using 300 gM hexameth-
onium; Figure lb). The first phase is due to electrical trans-
mission through the ganglion (Martin & Pilar, 1964a; Hess et
al., 1969) whereas the second phase is due to chemical trans-
mission (Martin & Pilar, 1963; 1964b). Stimulation of the
oculomotor nerve with a tetanus of 30 Hz for 20 s gave rise
to a large increase in the second phase of the compound
action potential due to chemical transmission without
affecting any significant persistent change in the phase due to
electrical transmission (Figure lc) although often, im-
mediately following the tetanic stimulation, there was a slight

Time (min)

Figure 2 Evidence for the existence of both post-tetanic (PTP) and
long-term potentiation (LTP) in the ciliary ganglion following a
tetanus. (a) The percentage of the control amplitude of the phase of
the compound action potential due to chemical transmission follow-
ing a tetanus (30 Hz, 20 s); note that the PTP component which is
maximal at approximately 375% of control is over in less than 5 min
whereas the LTP component, initially about 140% of the control
level, lasts for over 1 h. (b) The percentage increase of the electrical
phase of neurotransmission through the ciliary ganglion. No
significant change in the compound action potential due to electrical
transmission is noted at any time following stimulation at time zero.
The control amplitude is average over the 15 min prior to tetanic
stimulation.
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synapses whereas the very slow declining component has the
characteristics of long-term potentiation (LTP; Kuba &
Kumamoto, 1990).
The time course and amplitude of PTP and LTP were

measured by plotting the percentage increase in the am-
plitude of the chemical phase of the compound action poten-
tial every 30 s after a tetanus on log-linear axes as shown in
Figure 3a. A least squares linear regression analysis of the
points between 10 and 60min results in a straight line that
intercepts the ordinate scale at 50% and has a time constant
of 71 min; these values correspond to the amplitude and time
constants for LTP. Subtracting this line from the points in
Figure 3a between 0 and 4 min produces the points shown in
Figure 3b; fitting a least squares linear regression line to
these gives an amplitude and time constant for PTP of 280%
and 1.5 min respectively. For 50 ciliary ganglia analysed in
this way the amplitude and time constant of PTP were
882 ± 300% and 1.4 ± 0.1 min (mean ± s.e.mean; n = 50).
For LTP these values were 53 ± 14% and 50 ± 22 min
respectively.
The size of PTP and LTP depended on the frequency of

stimulation of the tetanus (Figure 4). PTP decreased
significantly (P <0.05 level, n = 4), as frequency of tetanic
stimulation decreased from 30 Hz to 20 Hz, to 67 ± 7% of
the 30 Hz level, and to 16 ± 1% of its 30 Hz level for tetanic

a
64

5.8 h.

stimulation at 10 Hz. The magnitude of LTP also decreased
as the frequency of tetanic stimulation decreased. Tetanic
stimulation at 20 Hz produced LTP of a magnitude that was
40± 7% of that for tetanic stimulation at 30 Hz. Tetanic
stimulation of 10 Hz resulted in LTP the magnitude of which
was 28 ± 7% of that resulting from tetanic stimulation of
30 Hz. These results showed a significant (P<0.05, n =4)
decrease of the magnitude of LTP as frequency decreased.

Mechanisms responsible for PTP and LTP in the ciliary
ganglion

It has been suggested that potentiation following tetanic
stimulation is caused to a large extent by the presence of
residual calcium in the presynaptic nerve terminal (Zucker,
1989). A test that might be used to see if the slow removal of
excess calcium in the nerve terminal following a tetanus is
responsible for PTP or LTP in this preparation is to measure
facilitation during potentiation. Facilitation is most probably
due to residual calcium left in the nerve terminal after a
conditioning impulse adding to the calcium influx accom-
panying a test impulse; if the calcium concentration is
elevated by potentiation then this residual calcium will be
comparatively small and so facilitation will be decreased.
Figure 5 shows that facilitation is decreased during PTP and
during the beginning of LTP but that it recovers to control
values about 15 min after a tetanus. Facilitation was reduced
to - 1.8 ± 1.8% of the control level immediately following
tetanic stimulation, 52 ± 7% at 5 min into LTP and 85 ± 9%
at 15 min into LTP; it returned to control levels about
20 min after tetanic stimulation (n = 11). These results sug-

o 5.6

L-

o 5.4
o 5.2

c 5.

4.8

4.6

6

5.5

* 5
0
- 4.5
0

4

3.5

3

I-
I-
L
S

*.&0lSW
20 40

Time (min)

0)
(A
(a
0)
c
0
._L

E
0
z

60

b

a
1r

0.8 F

0.6 F
0.4 F
0.2

(H -

I

I

po

Ip

I

20 40 60
Time (min)

Figure 3 The time course of post-tetanic (PTP) and long-term
potentiation (LTP) following a tetanus (30 Hz, 20 s) at time zero.
(a) The percentage increase, plotted on a logarithmic ordinate scale
in the phase of the compound action potential due to chemical
transmission relative to the average of that over 15 min prior to
tetanic stimulation at different times after the tetanus; the broken
line is drawn according to a least squares regression analysis of the
points between 10 and 60 min. (b) The results of subtracting the
regression line in (a) from the points between 0 and 3 min; this is
also drawn with a logarithmic ordinate scale. The regression line in
(a) gives a time constant for the LTP of 71 min and the line in (b)
gives a time constant for PTP of 1.5 min. The increase of the signal,
with respect to its control level, for the beginning (time zero) of LTP
and PTP immediately after the tetanus were 148% and 245% of the
control reading respectively in this case.
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Figure 4 The dependence of post-tetanic (PTP) and long-term
potentiation (LTP) on frequency. (a) The increase of the chemical
component of the compound action potential during PTP shown as a
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quency of tetanic stimulation is varied. (b) The increase of the
chemical component of the compound action potential during LTP
shown as the frequency of tetanic stimulation is varied. Each point
represents the mean ± s.e.mean of three experiments.

0:1



LONG-TERM POTENTIATION IN GANGLIA 465

gest that calcium is elevated during PTP and at the beginning
of LTP but that it is not elevated during most of the LTP
period.

In order to check if the induction of LTP was dependent
on the binding of acetylcholine to its postsynaptic receptors,
a high concentration of hexamethonium (3 mM) was used to
block the receptors prior to a tetanus and then, following the
tetanus, the usual low concentration of hexamethonium
(300 ItM) returned. At the lower concentration of hex-
amethonium the ganglionic synaptic transmission recovered
from the block. The control experiment (Figure 6a) shows
the block of chemical synaptic transmission with 3 mM hex-
amethonium and its subsequent recovery to control levels
following the reintroduction of the normal bathing solution
at time 15 min (n = 3). The control reading at time zero was
108 ± 8% of the average value in the preceding 15 min;
following the recovery of the ganglion it was 107 ± 10% at
time 60 min. Experiments were then conducted as in the
control except that immediately prior to the reintroduction of
the bath solution tetanic stimulation of 20 Hz for 30 s was
applied. Under these circumstances, a potentiation over the
control levels of synaptic transmission was present upon
recovery in 4 experiments (Figure 6b) as the level at time
zero was 95 ± 5% of control and at time 60 min was
132 ± 16% of control and this increase was statistically
significant (P <0.05). This was in contrast to the lack of
LTP observed for the control situation (Figure 6a). This
indicated that nicotinic cholinergic transmission was not
necessary for the induction of LTP.

In order to test further whether the initiation of LTP is
likely to be dependent on the influx of calcium ions into the
terminal during the tetanus, synaptic transmission through
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Figure 5 Changes in facilitation during post-tetanic (PTP) and long-
term potentiation (LTP). (a) Measurement of the amplitude of con-
ditioning (@) and test (0) pulses, 30 ms apart, during PTP and LTP
due to a tetanus of 30 Hz for 20s at time zero. (b) The average
facilitation as a percentage of the pretetanic stimulation control
levels, averaged over the 15 min before time zero, for different
experiments is shown; for each point the s.e.mean is shown.
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Figure 6 The induction of long-term potentiation (LTP) in the
absence of nicotinic cholinergic synaptic transmission. (a) Chemical
synaptic transmission through the ganglion was blocked by the
application of 3 mm hexamethonium chloride (C6) at time zero for
15 min after which, normal solution was returned to the bath and
normal transmission allowed to recover. The percentage of control
refers to the size of the chemical component of synaptic transmission
relative to its average size over the 15 min prior to time zero. (b) The
same protocol as (a), except that tetanic stimulation was applied to
the ganglion at time 15 min, immediately before the reintroduction
of normal solution to the bath. Upon the recovery of the transmis-
sion, the signal was potentiated above control levels indicating that
LTP had been induced by the tetanic stimulation during the block of
transmission. Each point represents the mean ± s.e.mean for 3
experiments.

the ganglion was blocked with a high magnesium concentra-
tion (8 mM) and zero calcium concentrations (OmM). In a
control experiment, synaptic transmission was blocked with
8 mM [Mg2"] and 0 mM [Ca2"]. Normal bathing solution was
then reapplied to the ganglion at time 15 min and chemical
synaptic transmission allowed to recover to control levels
(Figure 7a; n = 3). In other experiments tetanic stimulation
was applied immediately before the reintroduction of normal
bath solution (Figure 7b). The results showed that potentia-
tion of the chemical synaptic transmission was not observed
following the recovery of the ganglion from the block if
calcium was absent during the tetanus in 3 experiments
(Figure 7b). This showed that the induction of LTP required
the presence of calcium.
To ascertain whether the LTP mechanism shown to occur

in ciliary neurones involved muscarinic transmission, a mus-
carinic antagonist, atropine was used. A control experiment
was carried out, initially, involving the usual elicitation of
PTP and LTP at time zero (Figure 8a). At least 60 min
following the tetanic stimulation, after the completion of the
majority of the LTP time course, the ganglion was perfused
for at least 60 min with 2 iLM atropine sulphate. Following
this perfusion, tetanic stimulation of the ganglion was
repeated. Again PTP and LTP were observed and these were
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not significantly different from those obtained in atropine-
free conditions (Figure 8b).
Given that calcium has been shown to play an important

role in LTP in the ciliary ganglion, the question arose as to
whether the calcium-activated signal transduction mech-
anisms of protein kinase C or calcium-calmodulin kinase
were involved in the initiation or maintenance of LTP.
Tetanic stimulation was applied to the ganglion under con-
trol conditions (Figure 9a), then, at least 1 h after this
stimulation, the protein kinase C activator, phorbol 12,13-
dibutyrate (2 iM), was added to the bathing solution and
allowed to perfuse the ganglion for at least 60 min. The
activator elevated transmission by 158 + 103% (n = 5) but,
following a second tetanic stimulation, no significant effect
on the levels of LTP (P>0.l0; n= 5; Figure 9b). PTP was
reduced from 356 ± 69% to 221 + 12% (n = 5) indicating
that the potentiation produced by PDBu used a similar
mechanism to that for PTP. For four separate ganglia, fol-
lowing their tetanic stimulation under control conditions
(Figure lOa), the protein kinase C blocker, staurosporine
(0.5 lM) was used to perfuse the ganglion. This perfusion did
not significantly change the magnitude of PTP but did
decrease the magnitude of LTP from 135 ± 12% to 115 +
2% (P<0.05; n = 4; Figure lOb). It is surprising that while
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Figure 8 The effect of atropine on long-term (LTP) and post-tetanic
potentiation (PTP). (a) Ganglia were stimulated at 30 Hz for 20 s to
elicit PTP of 390 ± 52% of the control and LTP of 131 ± 5% of the
control (mean ± s.e.mean; n = 4). (b) The same ganglia were
stimulated after their perfusion with 2 lM atropine sulphate for at
least 60 min to give PTP of 362 ± 37% and LTP of 127 ± 6%
(mean ± s.e.mean; n = 4).
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Figure 7 The dependence on calcium for induction of long-term
potentiation (LTP). (a) Measurements were made of the chemical
component of the compound action potential as a percentage of the
average of that 15 min prior to time zero. At time zero a solution
containing high magnesium (8 mM) and low calcium (0 mM) was
added for 15 min only in order to block chemical transmission before
the reintroduction of the normal bathing solution and the subsequent
recovery of synaptic transmission. (b) The same protocol as (a)
except immediately before the reintroduction of normal bathing solu-
tion at time zero, tetanic stimulation was applied to the ganglion.
After the recovery of the ganglion no potentiation of synaptic trans-
mission was seen as occurred in Figure 6 indicating a dependence on
calcium for the induction of LTP. Each point represents the
mean ± s.e.mean for 3 experiments.
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Figure 9 The effect of activating protein kinase C with phorbol
12,13-dibutyrate (PDBu) on post-tetanic (PTP) and long-term poten-
tiation (LTP). (a) The ganglia were stimulated tetanically in the
control period (n = 5). (b) The same ganglia, after perfusion of the
system with PDBu for at least I h, were stimulated tetanically.
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Figure 10 The effect of blocking protein kinase C with stauro-
sporine (SS) on post-tetanic (PTP) and long-term potentiation (LTP).
(a) The ganglia were stimulated tetanically in the control period
(n = 4). (b) The same ganglia, after perfusion of the system with SS
for at least I h, were stimulated tetanically.

PDBu effects on PTP implicated a role for protein kinase C,
blocking this with staurosporine did not affect PTP.

In a separate experiment, at least 60 min following tetanic
stimulation under control conditions (Figure 1 la), the
calcium-calmodulin kinase blocker W-7 (0.5 gM) was intro-
duced into the bath and allowed to perfuse the ganglion for
60 min. After this time, a decrease in the chemical compo-
nent of the compound action potential occurred (- 23.4 ±
6.9%; n = 6). PTP was not significantly reduced by W-7
whereas LTP was completely inhibited (Figure llb). Indeed,
W-7 reversed the LTP to a long-term depression (92 ± 3% in
W-7 compared to 150 ± 32% in control; n = 6). This surpris-
ing result was maintained for a period of at least 60 min. In
six experiments, PTP was 440 ± 146% during the control
period and 526 ± 86% after the introduction of W-7 (P<
0.05). Four experiments continued with a wash of the W-7
from the ganglion with normal bathing solution for at least
60 min. The chemical component of the compound action
potential increased slightly (6.3 ± 1.5%; n = 4) although not
completely back to control levels. Tetanic stimulation of the
washed ganglion gave the usual PTP, with LTP being par-
tially restored to a new level of 113 ± 3% (n = 4; Figure 1 lc)
which was smaller than the control measurement of LTP for
these experiments (166 ± 47%; n = 4). In four experiments
the PTP for the control was 481 ± 262%; in the presence of
W-7 it was 413 ± 70% and after the wash, it was 290 ± 27%.
Although the mean value reduced considerably, this change
was not significant.

Discussion

The induction and amplitude of LTP and PTP in the ciliary
ganglion showed a dependence on the frequency of impulses
during the tetanus and its duration in much the same way as
at other preganglionic nerve terminals (Briggs et al., 1985). It
has been proposed (Dolphin, 1985) that activity-dependent
LTP in sympathetic ganglia is expressed from the presynaptic
terminal as the result of increased presynaptic calcium
accumulation or sensitivity. As the frequency of tetanic
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Figure 11 The effect of blocking Ca-calmodulin with N-(6-amino-
hexyl)-5-chloro-l-naphthalenesulphonamide hydrochloride (W-7) on
post-tetanic (PTP) and long-term potentiation (LTP). (a) The gang-
lion was stimulated tetanically in the control period (n = 6). (b) The
same ganglia, after perfusion of the system with W-7 for at least 1 h,
were stimulated tetanically. (c) Four of the six ganglia analysed in (a)
and (b) were washed with normal bathing solution to test the rever-
sibility of the W-7 effect; following washing of at least I h, tetanic
stimulation was applied.

stimulation increases, the inward calcium signals at the ter-
minal overlap and summate, indicating that the calcium level
here is dependent on the frequency of stimulation up to the
level of saturation. This high calcium level in the terminal
accounts for PTP which is a product of residual calcium
(Erulkar & Rahamimoff, 1978; see however Tanabe &
Kijima, 1992). Also, it is proposed (Kuba & Kumamoto,
1990) that this enlarged calcium influx persistently affects the
calcium-dependent second messenger systems in the pre-
synaptic terminal during ganglionic LTP. Therefore, the max-
imum amplitude of LTP and PTP is directly proportional to
the frequency of stimulation as this affects the amount of
overlap and summation of the inward presynaptic calcium
signal. The PTP following the tetanus of 30 Hz for 20 s
declined with a time constant of about 1.5 min, which is
similar to that at other ganglionic synapses (Waziri et al.,
1969; Zengel et al., 1980), as is the time constant of decline
of the LTP of about 50 min (Dunant & Dolivo, 1968; Brown
& McAfee, 1982; Briggs et al., 1985; Briggs & McAfee, 1988;
Minota et al., 1991).
During potentiation, elevated calcium levels in the

presynaptic nerve terminal (Zucker, 1989; Kuba & Kuma-
moto, 1990; Swandulla et al., 1991) cause impulses to add an
equal increment of residual calcium to the presynaptic nerve
terminal so that the time course of removal of this residual
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calcium following tetanic stimulation described the separate
time courses of decay of the different components of poten-
tiation (Zengel & Magleby, 1982; Zucker, 1989). Facilitation,
while having a high control level following a tetanus, is
reduced to almost zero during PTP and remains depressed
for about 15 min during LTP. This suggests that during PTP
the presynaptic terminal has a high concentration of calcium
and that this is reduced to control levels following the estab-
lishment of LTP. This implies that calcium concentration in
the presynaptic nerve terminal is raised for the induction but
not the maintenance of LTP in the ciliary ganglion.

Short term- facilitation is also reduced during LTP at bull-
frog sympathetic preganglionic nerve terminals but this lasts
for the entire period of LTP (Minota et al., 1991), and
therefore suggests that intraterminal calcium is elevated dur-
ing LTP here. However at mossy fibre terminals on CA3
pyramidal neurones the intraterminal calcium concentration
is only elevated during the first few minutes of LTP (Zalut-
sky & Nicholl, 1990). Certainly the induction of LTP in the
calyciform terminal is dependent on calcium ions, as with-
drawing calcium ions from the extracellular medium during a
tetanus blocks LTP as it does at bullfrog sympathetic ganglia
(Koyano et al., 1985; Minota et al., 1991) and rabbit sym-
pathetic ganglia (Briggs et al., 1985). The action of acetyl-
choline released from the calyciform terminals during a
tetanus on either presynaptic or postsynaptic nicotinic recep-
tors does not seem to be involved in the induction of LTP.
Blocking these receptors with high concentrations of hex-
amethonium during a tetanus did not block the subsequent
appearance of LTP when the high concentration was washed
out (see also Briggs et al., 1985). These results suggest that
the chemical activation of the postsynaptic neurone is not
required for the induction of LTP. However, it is possible
that the activations of the postganglionic neurones through
electrical transmission together with the accumulation of
intraterminal Ca2+ act cooperatively to activate the LTP
mechanism in the terminals. Muscarinic transmission is not
required for the expression of LTP here as the application of
atropine, a muscarinic receptor antagonist, had no significant
effect on LTP.

Given that calcium has been shown to be a necessary
component in the induction of LTP, an investigation was
made into some of the calcium-activated biochemical pro-
cesses which may be involved in the formation of LTP. The
two calcium-activated intracellular transduction mechanisms,
both of which have been implicated in the expression of LTP,
are protein-kinase C (Bar et al., 1984) and calcium-

calmodulin (Minota et al., 1991). Activation of protein
kinase C by application of PDBu caused a potentiation of
synaptic transmission. Following tetanic stimulation LTP
was unaffected, simply adding to the protein-kinase C
induced potentiation. It is unlikely that protein-kinase C is
involved in the expression of LTP here as the potentiations
were independent of each other. Application of the protein-
kinase C inhibitor, staurosporine, reduced LTP significantly
without any significant effect on PTP. In view of the effect of
PDBu application, this was most likely to be due to the
non-specific effects of staurosporine (Tamaoki et al., 1986;
Minota et al., 1991) as it has been shown to block the
activity of other protein kinases such as those involving cyclic
AMP and cyclic GMP.
The calcium-calmodulin inhibitor, W-7, produced a sig-

nificant reduction in LTP with little significant change in the
level of PTP. This result indicates that calmodulin is likely to
be involved in LTP in the avian ciliary ganglion. Two pos-
sible roles which calmodulin might play in the mechanism for
LTP here are via the modulation of the passive and active
calcium transport at the presynaptic nerve terminals or
through a possible conformational change in the interaction
of the calmodulin-binding protein, calspectin, and a cyto-
skeletal protein, F-actin (Sobue et al., 1983). Calcium
transport might be modulated by the phosphorylation of
calcium-calmodulin-dependent protein kinase II (CaMKII)
which inhibits active calcium transports or accelerates passive
calcium transports at the presynaptic nerve terminal (Minota
et al., 1991). Alternatively, the effectiveness of the protein,
calspectin, in its binding to F-actin, in the presence of the
calmodulin-binding protein, protein 4.1, is inversely propor-
tional to the terminal calcium concentration; it has been
suggested that this process modulates terminal membrane
calcium-transporting molecules (Minota et al., 1991). Thus, a
very large calcium transient, such as that which follows
tetanic stimulation, might cause a persistent change in the
calcium-transporting molecules at the presynaptic membrane,
so altering the availability of transmitter for secretion from
the terminal or the actual excitation-secretion mechanism
itself.
LTP in the avian ciliary ganglion has been shown here to

be highly dependent on the modulation of the calcium
concentration and calcium-dependent mechanisms in the
presynaptic nerve terminal. It is likely, here, that the activity-
dependent modulation of synaptic efficacy involves cal-
modulin and, possibly, the phosphorylation of its protein
kinase, CaMKII.
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Mediation of the neuroprotective action of R-phenylisopropyl-
adenosine through a centrally located adenosine A1 receptor
D.G. MacGregor, W.J. Miller & 'T.W. Stone

Department of Pharmacology, University of Glasgow, Glasgow, G12 8QQ

1 Systemic injections of kainic acid, 10 mg kg-', into adult rats resulted in lesions in the hippocampus,
as assessed by peripheral benzodiazepine ligand binding. Co-administration of clonazepam at 1 mg kg-'
or 0.2 mg kg-' prevented major seizures associated with kainate injections, but did not alter significantly
the production of hippocampal damage.
2 The co-administration of the adenosine Al agonist R-phenylisopropyladenosine (R-PIA, 25 pg kg-',
i.p.) abolished the lesions induced by kainic acid.
3 The presence of the selective Al antagonist, 8-cyclopentyl-1,3-dipropylxanthine (250 or 50 jig kg-',
i.p.) abolished the R-PIA neuroprotective action.
4 The A,/A2 antagonist, 8-(p-sulphophenyl)theophylline (20 mg kg-', i.p.) which cannot cross the
blood brain barrier, did not alter significantly the neuroprotective action of R-PIA, indicating that the
neuroprotective action of the purine may be predominantly central.
5 The time course of the neuroprotection was also examined. R-PIA was effective when administered
2 h before or after kainate administration.
6 The results emphasise the potential utility of systemically active adenosine Al receptor ligands in
reducing CNS gliosis induced by the activation of excitatory amino acid receptors.

Keywords: Kainic acid; R-phenylisopropyladenosine; peripheral benzodiazepine receptor; PK1 1195; hippocampus; neuroprotec-
tion; neurodegeneration; adenosine receptor

Introduction

The striatum and limbic regions of the brain are susceptible
to damage caused by chemical or physical changes such as
hypoxia, ischaemia or oedema (Leranth & Ribak, 1991;
Schmidt-Kastner & Freund, 1991; Freund et al., 1992). Pat-
terns of damage caused by ischaemia can be mimicked by
intracranial injections of glutamate agonists acting at recep-
tors for N-methyl-D-aspartate (NMDA) or kainate and the
damage can in turn be reduced or abolished by NMDA and
non-NMDA antagonists respectively (Bullock et al., 1990;
Urban et al., 1990; Uematsu et al., 1991; Bullock &
Fujisawa, 1992). The dominant current view on the
mechanism of neurotoxicity is that the initial damage is
caused by prolonged depolarization, produced by activation
of NMDA and non-NMDA receptors with resulting elevated
intraceullar calcium concentrations due to the entry of cal-
cium through voltage-operated and NMDA receptor-
operated channels (see Choi & Rothman, 1990). This
hypothesis is supported by the findings that blockade of
either calcium channels or amino acid receptors can suppress
ischaemic cell damage (Lin et al., 1990; Ohta et al., 1991;
Uematsu et al., 1991).
The kainate receptor agonists, kainic acid and domoic

acid, are glutamate agonists which can cross the blood brain
barrier and cause neuorotoxicity (Heggli et al., 1981; Schwob
et al., 1980; Lothman & Collins, 1981; Heggli & Malthe-
Sorenssen, 1982; Altar & Baudry, 1990; Stewart et al., 1990).
The systemic administration of kainate produces a pattern of
hippocampal damage which differs from that seen in focal
ischaemia of the hippocampus, but bears similarities to the
pattern seen in global ischaemia or temporal lobe epilepsy
(Schwarcz et al., 1984; Coyle, 1987; Franck & Roberts,
1990). Systemic administration has the advantage that
surgery is not required and hence the effects of anaesthetics
on neurotransmitter release and neurotoxicity can be avoided
(Kendall & Minchin, 1982; Richards, 1983; Carla & Moroni,
1992; Sutula et al., 1992). Kainate receptors are located

' Author for correspondence.

predominantly on presynaptic terminals in the CA3 region of
the hippocampus (Ferkany et al., 1982) and studies have
shown that stimulation of these kainate receptors causes the
release of glutamate in vivo and in vitro (Ferkany & Coyle,
1983; Notman et al., 1984; Palmer et al., 1992).
The hippocampus also contains high levels of adenosine

receptors and various groups have shown that adenosine can
hyperpolarize hippocampal neurones (Ameri & Jurna, 1991;
Thompson et al., 1992) and reduce glutamate release (Fast-
bom & Fredholm, 1985; Fredholm & Dunwiddle, 1988;
Lupica et al., 1992; see Stone & Simmonds, 1991). It has also
been shown that adenosine and its analogues can protect
against the neurotoxic effects of NMDA and non-NMDA
receptor agonists (Arvin et al., 1989; Connick & Stone, 1989;
Finn et al., 1991) as well as against ischaemia (von Lubitz et
al., 1989).
We have recently reported that the systemic administration

of the stable adenosine analogue R-N6-phenylisopropyl-
adenosine (R-PIA) can prevent the hippocampal neuro-
toxicity produced by systemic kainate, in a dose-dependent
manner as assessed by peripheral benzodiazepine receptor
binding (MacGregor & Stone, 1993). In the present study we
have examined the time course of the neuroprotection, as
well as identifying the type of adenosine receptor involved.

Methods

All experiments employed 8 week old male Wistar rats,
190-220g, which were kept under standard conditions.
Animals were injected intraperitoneally (i.p.) with drugs in

a volume not exceeding 1 ml kg-'. Kainic acid, 8-cyclopentyl-
1,3-dipropylxanthine (CPX) and 8-(p-sulphophenyl)-theo-
phylline (8-PST) were dissolved in saline, and R-PIA in
methanol. In all cases vehicles were used as control injec-
tions. In the antagonist studies animals were pretreated with
clonazepam (0.2 mg kg-') i.p. 10 min prior to kainate injec-
tion. The animals were allowed to recover, and were killed 7
days later.

Br. J. Pharmacol. (1993), 110, 470-476 '." Macmillan Press Ltd, 1993
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Tissue preparation

The method used was that of Eshleman & Murray (1989) for
the preparation of P2 membranes, as modified by MacGregor
& Stone (1993). The animals were killed by stunning fol-
lowed by cervical dislocation. The hippocampi were removed
and homogenized in 5 ml ice-cold 0.27 M sucrose, pH 7.4
with a Braun Homogenizer, 10 strokes x 500 r.p.m. The
homogenate was brought to 20 ml with sucrose solution and
was then stored at - 20°C for 2-4 h. After completing the
preparation of tissue from a group of animals the samples
were defrosted and centrifuged for 10min at 4°C, 1000 g
(IEC DPR 6000 centrifuge). The pellet was discarded and the
supernatant centrifuged for 20 min at 4°C, 16000 g (Sorval
RC SB Refrigerated Superspeed Centrifuge, SS 34 Rotor).
After this step the supernatant was discarded and the pellet
resuspended in 20 ml ice-cold 50 mM Tris HCI buffer pH 7.8
and then centrifuged for 20 min at 4°C, 30000 g (Sorval RC
SB). The new pellet was resuspended in 5 ml Tris HCI buffer
and stored at - 20°C, normally for no more than 24 h.
On the day of the assay the samples were defrosted and

centrifuged for 20 min at 4°C 30000 g, and the supernatant
discarded. The pellet was homogenized in 5 ml Tris HCI
buffer 7 strokes x 1500 r.p.m., brought to 20 ml with Tris
HCI buffer, and stored on ice until needed, this being the P2
mitochondrial membrane fraction.

[3H]-PKJJJ9S assay

All assays were carried out on ice and samples were
incubated for 60 min. The assay was performed in duplicate
for both nonspecific and total binding. The volume of the
assay chamber was 2 ml, and contained [3H]-PKl 1195,
5S gl cold ligand, with 500 ftl P2 membranes and the volume
brought to 2 ml with Tris HCI buffer. Final assay conditions
were 1.75 nM [3H]-PKI1 195 in ethanol (0.25% final), 0.25%
dimethylsulphoxide (DMSO) ± 10 ytM PK1 1195 and 100- 150
tg protein. The assay samples were vortexed at the start of

their incubation and every 20 min before filtration. The
incubation was terminated by vacuum filtration, with all of
the sample being filtered through prewetted Whatman GF/C
glass filters using a Millipore 12 well 1225 Sampling
Manifold. Filters were washed twice with 12 ml ice-cold Tris
HCI buffer and vacuum dried, before being placed in scintil-
lation vials in 5 ml Ecoscint scintillation fluid. The samples
were left overnight and counted in a Packard 2000 Scintilla-
tion Counter for d.p.m.

Protein concentrations were measured by the method of
Lowry et al. (1951), following solubilization with 0.25 M
NaOH and with bovine serum albumin used as the standard.

Data analysis

Specific binding was calculated in absolute terms and as

percentage of same day control to minimize day to day
variations. All values are mean ± s.e.mean. Statistical
significance was assessed by an unpaired Student's t test
(unequal variance), significance being considered when
P< 0.05.

Neuroprotection was calculated for each rat by the follow-
ing equation:

(kainate - test)
(kainate - Control)

x 100

Materials

[H]-PKl 1195 (1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)
-3-isoquinoline carboxamide) (specific activity = 80-86 Ci
mmol ') was purchased from DuPont/NEN (Stevenage,
Herts); kainic acid and R-PIA from Sigma Chemical Co.
(Poole, Dorset), CPX and 8-PST from RBI/SEMAT Tech-

nical Ltd (St. Albans, Hertfordshire). Rivotril (clonazepam
for injection) was purchased from Roche Laboratories.
Unlabelled PK11195 was a gift from Pharmuka Labora-
tories.

Results

Clonazepam pilot

In a previous paper (MacGregor & Stone, 1993) about 15%
of rats injected with kainic acid 10 mg kg-' died during tonic
clonic seizures and a preliminary study was therefore per-
formed to determine whether protection could be afforded
against seizures without compromising hippocampal toxicity.
Groups of animals were preinjected with 1 mg kg-'
clonazepam or 1 ml kg-' vehicle i.p. alone or followed after
10min by an injection of 10mg kg-' kainic acid. There was
an apparent reduction in the severity of the seizure activity,
with a marked sedative effect, but the animals still displayed
wet dog shakes, salivation, circling and forepaw treading as
reported previously. The [3H]-PK1 1195 binding was
significantly different between the kainate- and vehicle-treated
groups, but no significant difference was obtained between
clonazepam and vehicle-treated animals in the presence of
kainate (Figure 1). When the dose of clonazepam was
reduced to 0.2 mg kg-' seizure activity was still prevented
but with less apparent sedation and still no effect on [3H]-
PK1 1195 binding. The smaller dose was therefore used
routinely in subsequent experiments.

8-Cyclopentyl-1,3-dipropylxanthine (CPX)

Kainate alone induced an almost 300% increase in [3H]-
PK11195 binding in these animals, but this could be sup-
pressed by the coinjection of R-PIA 25 tg kg-', as reported
previously. When CPX was administered in addition, the
protective effect of R-PIA was inhibited, [3H]-PK1 1195 bind-
ing now showing no significant differences from that with
kainate alone (Figure 2). CPX was effective at both the dose
levels tested - 50 and 250pgkg-1.

There was no overall change in the behaviour of the
CPX-treated animals when compared to the kainate-treated
or kainate/R-PIA-treated animals. Animals injected with
250 pg kg-1 CPX and saline showed no increase in [3H]-
PK11195 binding when compared to control (P = 0.494),

375^ * *** *** ***
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Figure 1 Comparison of clonazepam or vehicle treatment on
kainate induced increased in [3H]-PKI1195 binding to hippocampal
P2 membranes. Rats were pretreated with clonazepam or vehicle i.p.
10 min before kainate 10mg kg-' or saline i.p. injection. Animals
were left for 7 days and binding performed as in Methods. Columns
indicate mean ± s.e.mean. Sal = saline 1 ml kg-'; KA = kainate
10mgkg-'; V=clonazepam vehicle 1 mlkg-' or 0.2mlkg-1;
Clon = clonazepam. Number of experiments shown in parentheses.
***P < 0.001 significance versus saline/clonazepam control.
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Figure 3 Effect of 8-(,p-sulphophenyl)theophylline (8-PST) on

kainate evoked increase in [3H]-PK1 11l95 binding. Rats were

pretreated with 0.2 mg kg-' clonazepam min prior to kainate

(10mgmkg-') and/or R-phenylisopropyladenosine (R-PIA)/vehicle, 8-

PST/saline injection i.p. Hippocampal P2 membranes were prepared

as in Methods. Binding was calculated as % of same day control
[3H]-PK 11l95 binding. Columns indicate mean s.e.mean. V = vehi-

cle; KA V = saline; KA = kainate; R-PIA V =methanol/saline; 8-
PST V = saline. **P<0.01; ***P<O.OOI significance versus vehicle
control; tP , 0.05; ttP 0.01; tttP O.OO significance versus
kainate alone.

indicating that there was no induced gliosis or
neurodegeneration (Figure 2).
The coadministration of kainate (10mgkg-') and CPX

(250 fig kg-') led to a significantly greater degree of neuronal
damage than was seen with kainate alone (Figure 2).

8-(p-Sulphophenyl) theophylline (8-PST)

The injection of 20 mg kg-' 8-PST or 1 ml kg-' saline
induced no change in the [3H]-PKl 1195 binding when com-
pared to same day controls (P = 0.638), though the binding
was significantly less than in the kainate/saline group
(P <0.001) (Figure 3), indicating that there was no gliosis or
neuronal damage produced by the xanthine alone. Kainate
again produced a 3 fold elevation in [3H]-PKI 1195 binding,
which could be prevented by R-PIA at 25 ;tg kg-', but the
additional presence of 8-PST at 20 mg kg-' did not prevent

450.
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Figure 3 Effect of 8-(p-sulphophenyl)theophylline (8-PST) on
kainate evoked increase in [3H]-PKI 1195 binding. Rats were
pretreated with 0.2 mg kg-' clonazepam 10 min prior to kainate
(1Omg kg-') and/or R-phenylisopropyladenosine (R-PIA)/vehicle, 8-
PST/saline injection i.p. Hippocampal P2 membranes were prepared
as in Methods. Binding was calculated as % of same day control
[3H]-PKI 1195 binding. Columns indicate mean ± s.e.mean V = vehi-
cle; KA V = saline; KA = kainate; R-PIA V = methanol/saline; 8-
PST V = saline. **P<0.O1; ***P<0.001 significance versus vehicle
control; tP , 0.05; ttP , 0.01; tttiP 0.001 significance versus
kainate alone.
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Figure 4 Time course of R-phenylisopropyladenosine (R-PIA) pro-
tection against kainate toxicity. Rats were injected i.p. with a single
dose of 25 1g kg-' R-PIA at various times before or after kainate
injection. Clonazepam (0.2mg kg-') was injected i.p. 10 min before
i.p. kainate injection (to). Tissue preparation and binding as in
Methods. Binding as % of same day controls. Columns indicate
mean ± s.e.mean. V = saline and methanol/saline treatment (to),
KA=kainic acid 10mgkg-' and methanol/saline treatment (to).
**P 0.01; ***P < 0.001 significance versus vehicle control;
ttP < 0.01; tttP < 0.001 significance versus 10mg kg-' kainate.

that protection. The combined administration of kainate and
8-PST resulted in a significantly greater degree of binding
than obtained with kainate alone (Figure 3).

R-PIA time course

As with the other experiments, clonazepam (0.2 mg kg-') was
co-administered with kainate 1Omg kg- (to), and not with
the R-PIA administration, which was injected at times up to
3 h preceding or following the kainate administration. Injec-
tion of R-PIA at 1 or 2 h before or after kainate induced a
significant (P < 0.001) protection against the neuronal
damage (Figure 4), whereas administration at the 3 h time
points was ineffective. Protection was greater within 1 h of
kainate injection with the maximal protection occurring when
R-PIA was co-administered with kainate (P < 0.001) (see
Figure 4).

Discussion

Intraperitoneally administered kainic acid causes an early
increase in local cerebral glucose utilisation, increased
neuronal firing, transient permeabilization of the blood brain
barrier and tonic seizures, with associated behavioural distur-
bances (see Heggli et al., 1981; Lothman & Collins, 1981).
During this stage there is a transient increase in extracellular
glutamate, similar to that seen in ischaemia, probably caused
by activation of presynaptic receptors (Ferkany et al., 1982;
Benveniste et al., 1984; Globus et al., 1988). The released
glutamate acts on receptors located both on neurones and
glia (Ferkany et al., 1982; Ferkany & Coyle, 1983) to cause
the further release of neuroactive substances and depolariza-
tion of the postsynaptic membrane through NMDA and
non-NMDA receptors (Choi, 1988; Choi & Rothman, 1990).
Overstimulation of the NMDA receptor is thought to be a
critical step in the initiation of excitotoxicity (Butcher et al.,
1990; Globus et al., 1990) and several groups have shown
that NMDA antagonists can block kainate evoked neurotox-
icity (Fariello et al., 1989; Lerner-Natoli et al., 1991; Wolf et
al., 1991). The pattern of cell damage which results from this
sequence has been detailed in histological work by several
groups (Heggli et al., 1981; Schwob et al., 1980; Lothman &
Collins, 1981; Altar & Baudry, 1990).
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Use of clonazepam

In the present study clonazepam, at low doses, did not
significantly protect against kainate-induced damage
measured in the hippocampus, but did abolish the tonic-
clonic limbic seizures and reduced the frequency of the mild
seizure-like activity such as tremor as reported by several
other studies (Heggli et al., 1981; Lothman & Collins, 1981;
Braun & Freed, 1990). There was no apparent effect on wet
dog shakes or other behavioural effects of kainate suggesting
that these may be initiated in a non-limbic locus by a
mechanism independent of seizure activity. At the higher
dose used (1 mg kg' clonazepam) there was marked seda-
tion but still a significant increase in [3H]-PK11195 binding
with kainate, a result consistent with the interpretation of
Heggli et al. (1981) that the degree of seizure activity did not
correspond to neuronal damage following 12 mg kg-'
kainate. Conversely Lerner-Natoli et al. (1991) reported that
TCP (N-[1-(2-thienyl)cyclohexyl]-piperidine) was able to
block kainate damage (i.e. by blockade of the NMDA recep-
tors), but was unable to block the induced seizures.

Several groups have reported that only certain anticonvul-
sants protect against kainate damage (Zaczek et al., 1978;
Fuller & Olney, 1981; Voll & Auer, 1991). Benzodiazepines
seem unable to prevent kainate damage in the hippocampus
(Ben-Ari et al., 1979; Heggli & Malthe-Sorenssen, 1982) and
Koh & Choi (1987) found that diazepam or phenobarbitone
were not neuroprotective against glutamate neurotoxicity in
cell culture. This separation of convulsions and neuronal
damage contradicts the popular view that seizures are needed
for the damage (Fuller & Olney, 1981; Lothman & Collins,
1981). One possible explanation for the difference in effect of
anticonvulsants may depend on the experimental technique.
Several groups have used high doses of anticonvulsants in the
presence of anaesthetics, which themselves have been
reported to alter the release of amino acids (Kendall &
Minchin, 1982; Richards, 1983; Carla & Moroni, 1992).
These alterations may enhance the action of anticonvulsants.
Since the present study is based on the change in a glial
marker with no histology, another possible explanation is
that there is an increase either of KD or Bm. with no actual
neuronal loss. (This technique means that no information
could be drawn on the development of damage in different
CA areas of the hippocampus.) However, parallel histological
studies support the conclusions reached in this paper and
indicate that there is still widespread necrosis in the hip-
pocampus 7 days following 10 mg kg-' kainate with
0.2 mg kg-' clonazepam i.p. (unpublished observations) and
we have previously reported that kainate increases B,. with-
out affecting KD (MacGregor & Stone, 1993), so it is unlikely
that this is the case.

Purine-mediated protection

Adenosine is found in low micromolar concentrations extra-
cellularly in the brain although the levels are raised substan-
tially by ischaemia and glutamate receptor activation (Phillis
et al., 1987; Hoehn & White, 1990; Chen et al., 1992; Dagani
et al., 1992). Adenosine receptors (both A, and A2) are found
on neuronal and non-neuronal cells (Goodman & Snyder,
1982; Deckert & Jorgensen, 1988), as well as the vasculature
and there are numerous reports that activation of Al recep-
tors reduces ischaemic or excitotoxic brain damage (Arvin et
al., 1989; Connick & Stone, 1989; von Lubitz et al., 1989;
Alzheimer et al., 1991; Finn et al., 1991; Miller & Hsu, 1992;
Rudolphi et al., 1992; Simpson et al., 1992; MacGregor &
Stone, 1993).
Adenosine may provide protection by several mechanisms,

including vasodilatation of the central and peripheral vas-
culature, hyperpolarization of neuronal membranes, de-
creased oxygen consumption by decreased neuronal activity,
increased glucose uptake, increased glycolysis in glia, as well
as hypothermia (Nehlig et al., 1988; Miller & Hsu, 1992;

Rudolphi et al., 1992; Tominaga et al., 1992). In a previous
study there was no significant change in rectal temperature
following systemic kainate/R-PIA treatment in the presence
or absence of 8-phenyltheophylline (MacGregor & Stone,
1993), so it seems unlikely that in this model hypothermia
had a significant role.
The most likely explanation for the protection by purines

is a suppression of glutamate release. Heron et al. (1992)
have reported that i.p. R-PIA (20 tLg kg-' given 30 min
before and 10 Lg kg-' 30min after) significantly decreased
glutamate release following a 20min period of ischaemia.
Cantor et al. (1992) reported that A, agonists also signi-
ficantly reduced the ischaemic release of glycine in a dose-
dependent manner. The importance of glycine in potentiating
glutamate toxicity has been examined by several groups
(Lerma et al., 1990; Patel et al., 1990; Wood et al., 1992).
Glycine decreases the rate of NMDA receptor desensitization
and the reports by Baker et al. (1991) and Globus et al.
(1991) indicate that the elevation of extracellular glycine
remains high longer than that of glutamate. The prolonged
elevation of glycine may therefore contribute to the delayed
neuronal loss reported by other groups (Nakano et al., 1990;
Haba et al., 1991). It is unclear whether kainate itself causes
the release of glycine.

Xanthine blockade

CPX is a highly selective Al antagonist (Bruns et al., 1987)
which has low nanomolar affinity for the receptor. A recent
report by Baumgold et al. (1992) indicates that it can cross
the blood-brain barrier. A dose of 250 Lg kg-' CPX would
be similar to an intracranial injection of 0.34 M as cal-
culated by Baumgold et al. (1992), and should completely
block all A, receptors with a degree of A2 blockade as well.
At this dose as well as at the lower dose of 50 ,.g kg-' here,
which should block the A, sites only, the present results
demonstrate a complete inhibition of the neuroprotection
produced by R-PIA. This would be entirely consistent with
the role of A, receptors in mediating inhibition of
endogenous amino acid release.
8-PST was administered to determine the importance of

peripheral vasodilatation on the neuroprotective effect of
R-PIA, since 8-PST cannot readily cross the blood-brain
barrier: Baumgold et al. (1992) reported that there was less
than 5% penetration into the brain after the administration of
50 mg kg-'. In the present work there was no effect of 8-PST
on [3H]-PK1 1195 binding when administered in the absence
of kainate and this dose was unable to block the R-PIA
protection.
When 8-PST was administered with kainate and

clonazepam the elevation in [3H]-PKl 1195 binding was
highly significant when compared to the kainate and
clonazepam group. One possible explanation for this could
be that 8-PST is causing vasoconstriction which decreases the
blood flow to the brain and increases neuronal metabolic
stress and cell damage. An alternative explanation might be
that as kainate causes a transient permeabilization of the
blood brain barrier (Zucker et al., 1983; Saija et al., 1992)
this permeabilization would allow the 8-PST to cross the
blood-brain barrier and enhance the neurotoxicity in a man-
ner similar to that reported by Rudolphi et al. (1987) for
theophylline and CPX reported here. The main difficulty with
such an explanation is that it does not explain why 8-PST did
not prevent the protection by R-PIA. We therefore suggest
that 8-PST does not penetrate into CNS, but that it is a
blockade of vascular adenosine receptors, leading to a degree
of vasoconstriction, which enhances kainate toxicity. Such a
possibility would be consistent with previous indications that
any fall in blood pressure, and thus cerebral perfusion can
potentiate excitotoxicity (Connick & Stone, 1989). Since
neuronal depolarization by kainate would result in the
release of adenosine locally, the greatest influence of 8-PST
would be expected to be in areas most susceptible to the
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toxin. There may also be some potentiation of damage due to
increased reperfusion as the 8-PST blockade of adenosine
receptors decays.

Time course

When adenosine Al agonists have been used to protect
against ischaemic damage thay have been almost invariably
administered prior to the onset of ischaemia (von Lubitz et
al., 1989; Cantor et al., 1992; Simpson et al., 1992; See
Rudolphi et al., 1992 for review). In the present work the
effective window of protection was found to span 4 h (-2 to
+ 2 h). Protection obtained by R-PIA administration before
kainate is probably due to the lipophilic properties of the
purine and its persistence in the brain. The protection within
the first hour after kainate injection is probably due to the
reduction in glutamate and glycine efflux reported by other
groups (Cantor et al., 1992; Heron et al., 1992). The time
course of kainate penetration into the CNS and of induced
glutamate release has not been reported, but is probably
quite rapid in view of the fact that wet dog shakes are seen in

all animals within 40 min of systemic administration (Loth-
man & Collins, 1981). Seizure activity has a longer onset
period than wet dog shakes (Heggli et al., 1981; Lothman &
Collins, 1981) and thus may require higher intracranial
kainate concentrations.

In summary the present results indicate that the neuro-
protective action of systemically administered R-PIA is via a
centrally located Al receptor with little or no contribution
from the A2 or systemic Al receptors at the microgram doses
used in the present study. The finding that single low doses
of R-PIA are neuroprotective up to 2 h prior to or following
cerebral insult may suggest the use of selective, lipid-soluble
Al agonists to be used post-ischaemically or prophylactically
as they do not affect the basal release of either the excitatory
amino acids or glycine (Cantor et al., 1992).
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Differential effects of B2 receptor antagonists upon
bradykinin-stimulated phospholipase C and D in guinea-pig
cultured tracheal smooth muscle
'Susan Pyne & Nigel J. Pyne

Department of Physiology and Pharmacology, University of Strathclyde, Royal College, Glasgow GI lXW

1 Guinea-pig tracheal smooth muscle cells were isolated and maintained in culture for 14-21 days
prior to the study of the effect of a selective bradykinin B, agonist and B2 antagonists upon bradykinin-
stimulated phospholipase C and D activities.
2 Bradykinin-stimulated phospholipase C activity was determined by mass measurement of inositol
(1,4,5)trisphosphate (Ins(1,4,5)P3) in unlabelled cells, whereas phospholipase D activity was assayed by
the accumulation of [3H]-phosphatidylbutanol ([3H]-PtdBut) in [3H]-palmitate-labelled cells, which were
stimulated in the presence of butan-l-ol (0.3%, v/v).
3 Bradykinin elicited the rapid and transient formation of Ins(1,4,5)P3, in a concentration-dependent
manner (log EC,0=- 7.55 ± 0.1 M, n = 3). Bradykinin also rapidly activated the concentration-de-
pendent (log EC50 =-8.3 ± 0.4 M, n = 3) phospholipase D-catalysed accumulation of [3H]-PtdBut; the
accumulation of [3H]-PtdBut was sustained. These effects were not inhibited by pretreatment of the cells
with indomethacin (1 ptM).
4 The bradykinin B, agonist, desArg9-bradykinin (1 riM) was without effect upon phospholipase C or
phospholipase D activity. Bradykinin-stimulated (10 nM, EC40) Ins(1,4,5)P3 formation was inhibited by
B2 receptor antagonists, D-Arg-[Hyp3,D-Phe7]-bradykinin (NPC 567) and D-Arg-[Hyp3,Thi5'8,D-Phe7]-
bradykinin (NPC 349), with log IC5o values of - 6.3 ± 0.5 M and - 6.3 ± 0.4 M, respectively. However,
bradykinin-stimulated (10 nM, EC,OO) [3H]-PtdBut accumulation was poorly inhibited and with low
potency by each B2 receptor antagonist and bradykinin-stimulated phospholipase D activity persisted at
concentrations of antagonist that completely blocked bradykinin-stimulated Ins(1,4,5)P3 formation
(30 g4M).
5 These observations suggest that the activation of phospholipase C by bradykinin may be mediated
through a bradykinin B2 receptor population, whereas bradykinin-stimulated phospholipase D may be
activated via a distinct population of bradykinin receptors that do not appear to be either B, or B2
receptor types, based upon pharmacological specificity. The mechanism of the activation of phos-
pholipase D by bradykinin and the role of the putative B3 bradykinin receptor are discussed.

Keywords: Bradykinin; phospholipase; receptor; smooth muscle; trachea; B3 receptor

Introduction

Bradykinin is a potent nonapeptide which is generated in the
tracheo-bronchial tree and in plasma during the
inflammatory response (Proud & Kaplan, 1988) and may be
an important mediator in diseases such as asthma. For exam-
ple, asthmatics undergo bronchoconstriction in response to
bradykinin and exhibit elevated levels of bradykinin in
plasma and bronchoalveolar lavage after antigen challenge
(Christiansen et al., 1987). Whether the effects of bradykinin
via B2 receptors upon smooth muscle tone are direct or
indirect remains ill-defined (Ichinose et al., 1990). However,
bradykinin receptors are present in airway smooth muscle
(Farmer et al., 1989; 1991; Panettieri et al., 1989; Pyne &
Pyne, 1993; Marsh & Hill, 1992).
The molecular mechanism whereby agonists induce airway

smooth muscle contraction remains ill-defined. However, the
initiation and development of contraction is believed to be
due to agonist-stimulated phosphatidylinositol 4,5-biphos-
phate (Ptdlns(4,5)P2) hydrolysis and the production of ino-
sitol (1,4,5)trisphosphate (Ins(1,4,5)P3) which mobilizes Ca2+
from intracellular stores (Somlyo et al., 1988). This leads to
the activation of myosin light chain kinase and tension
development (Chilvers et al., 1989; Murray et al., 1989).
Bradykinin has been shown to elicit phosphoinositide hy-
drolysis in bovine cultured tracheal smooth muscle (Marsh &
Hill, 1992) and the opening of receptor-operated Ca2+ chan-
nels in human cultured airway smooth muscle (Murray &

I Author for correspondence.

Kotlikoff, 1991). Protein kinase C has been implicated in the
process of sustained contraction since activators of protein
kinase C, e.g. phorbol 12-myristate 13-acetate (PMA), syner-
gize with Ca2" to mimic agonist-stimulated contraction (Park
& Rasmussen, 1985) and treatment of airway smooth muscle
with PMA induces contraction in the absence of an intracel-
lular Ca2" signal (Kotlikoff et al., 1987).

In addition, bradykinin elicits other biochemical responses
including the activation of phospholipases A2 and D (Farmer
& Burch, 1992). We have recently demonstrated a brady-
kinin-stimulated phospholipase D activity in primary cultures
of guinea-pig tracheal smooth muscle (Pyne & Pyne, 1993).
These cultured cells have been shown to express large num-
bers of B2 receptors mediating, for example, prostaglandin
synthesis, but are also believed to contain a novel B3 receptor
type, coupled to bradykinin-induced Ca2+ efflux (Farmer et
al., 1991). This latter receptor type is believed to be involved
in airway smooth muscle contraction since B, and B2 antago-
nists have only a weak effect upon bradykinin-induced
contraction of guinea-pig trachealis (Farmer et al., 1989).
Furthermore, bradykinin B2 antagonists failed to displace
[3H]-bradykinin from freshly prepared guinea-pig tracheal
smooth muscle membranes (Farmer et al., 1989). However,
the role of the putative B3 receptor sub-type in airway
smooth muscle contraction and the molecular mechanism
involved remain unclear.

In this study, we aimed to characterize the bradykinin
receptor type involved in the activation of phospholipase C
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and D in guinea-pig cultured tracheal smooth muscle by the
use of bradykinin B2 antagonists and a bradykinin B,
agonist. We demonstrate that whilst neither phospholipase C
nor D is activated by a B, agonist, activation of phos-
pholipase C by bradykinin can be completely inhibited by B2
antagonists whereas bradykinin-stimulated phospholipase D
activity is poorly inhibited and persists in the absence of a
measurable phospholipase C response.

Methods

Cell culture

Tracheal smooth muscle cells were cultured from male gui-
nea-pigs (Dunkin-Hartley, 450-500 g) by the method of
Panettieri et al. (1989) and maintained in Dulbecco's
Modified Eagle's medium (DME) containing 10% (v/v)
foetal calf serum (FCS)/10% (v/v) donor horse serum (DHS)
at 37°C in air/CO2 (95:5, v/v) (Pyne & Pyne, 1993). Cells
were passaged by use of trypsin and grown to confluence on
24 well plates for experiments at 14-21 days after the initial
preparation (passage 3). Identity of the smooth muscle cells
was confirmed by the presence of smooth muscle a-actin
using a mouse monoclonal antibody (Pyne & Pyne, 1993).

tate: 2,2,4-trimethylpentane: acetic acid:H20 (110:50:20:100,
v/v) as described previously (Pyne & Pyne, 1993). [3H]-
PtdBut, which is a direct indicator of phospholipase D
activity (Pai et al., 1988), routinely migrated with an
RF = 0.35 and was quantified by excising the appropriate
area from each lane and counting the associated radioac-
tivity.

Preincubation of cells with indomethacin or bradykinin
B2 antagonists

For the experiments involving cyclo-oxygenase inhibition,
cells were pretreated with indomethacin (1 JM) for Omin
prior to stimulation. In experiments involving the bradykinin
B2 antagonists, D-Arg-[Hyp3,D-Phe7]-bradykinin (NPC 567)
and D-Arg-[Hyp3,Thi5'8,D-Phe7]-bradykinin (NPC 349), the
cells were preincubated with the appropriate concentration
for 2min prior to the addition of bradykinin (10nM).

Statistical analysis

All data are expressed as means ± s.d. and significance was
determined by Student's t test.

Measurement of inositol(1,4,5)trisphosphate

Ins(1,4,5)P3 mass measurement was performed as described
previously (Palmer & Wakelam, 1990; Pyne & Pyne, 1993).
The cells were washed and preincubated in 250 ild Krebs
Ringer bicarbonate buffer containing (mM): NaCl 118, Na-
HCO3 25, KCI 5, K2HPO4 1, MgSO4 1, CaCl2 1.5, glucose 10,
pH 7.4) and supplemented with bovine serum albumin (Frac-
tion V, 1% (w/v)) (KRB) for 30 min at 37°C in air/CO2
(95:5, v/v). This medium was replaced with 100 pl of KRB in
the presence and absence of bradykinin as required. In all
cases bradykinin was present during the entire time-course of
the incubation. Incubations were terminated by the addition
of 25 ll of ice-cold perchloric acid (10%, w/v) and the sam-
ples placed on ice. Acid extracts were harvested, neutralized
by the addition of approx. 25 il (mM) 1500 KOH, 60 HEPES
in the presence of a trace quantity of Universal Indicator and
the resulting supernatants assayed for Ins(1,4,5)P3 by an
Ins(1,4,5)P3-specific radioligand binding assay (Palmer &
Wakelam, 1990) employing a crude adrenocortical micro-
somal fraction as a binding protein preparation. A standard
curve of 25 fmol-25 pmol was conducted in parallel.

Incubation of cells with [3H]-palmitate; phospholipase D
assay

Confluent tracheal smooth muscle cells were preincubated
with [3H]-palmitate (2 tlCi ml-') in DME containing 1% (v/v)
FCS and 1% (v/v) DHS for 24-48 h. This procedure has
previously been shown to result in the selective incorporation
of radioactivity into phosphatidylcholine (PtdCh, which con-

tained 82% of total radioactivity associated with major
phospholipids in comparison with only 6% associated with
phosphatidylinositol, phosphatidylethanolamine and phosph-
atidylserine combined (Pyne & Pyne, 1993)).

Phospholipase D activity was determined by a transphos-
phatidylation assay (Pai et al., 1988). Briefly, [3H]-palmitate-
labelled cells were washed and preincubated for 30 min with
500 JLl KRB at 37°C in air/CO2 (95/5, v/v) prior to a further
preincubation for 5 min with 250 gl KRB containing butan-
1-ol (0.3%, v/v). Bradykinin was added as required and was

present during the entire time-course of the incubation. The
incubations were terminated by removal of the medium and
the addition of ice-cold methanol (200 LIl). Organic extracts
were prepared and the non-metabolizable [3H]-PtdBut formed
determined by its resolution upon thin layer chromatography
(t.l.c.) using a solvent of the upper phase of ethyl ace-

Materials

[3H]-palmitate (sp. act. 40-60 Ci mmol ') and [3H]-inositol
(1,4,5)trisphosphate (sp. act. 20-60 Ci mmolh') were pur-
chased from Amersham International plc (Amersham, U.K.).
Tissue culture reagents and plasticware were obtained from
Gibco BRL (Paisley, U.K.) and ICN Flow (High Wycombe,
U.K.). Bradykinin, bradykinin B2 antagonists D-Arg-[Hyp3,D-
Phe7]-bradykinin (NPC 567) and D-Arg-[Hyp3,Thi5'8,D-Phe-7]
bradykinin (NPC 349) and the bradykinin B, agonists, des-
Arg9-bradykinin were purchased from Calbiochem (Notting-
ham, U.K.). Thin layer chromatography plates (LKSD) were
obtained from Whatman (Maidstone, U.K.). All other
reagents were of the highest purity commercially available.

Results

Bradykinin-stimulated Ins(1,4,5)P3 formation
Bradykinin stimulated the rapid formation of Ins(1,4,5)P3 in
guinea-pig cultured tracheal smooth muscle cells. Basal levels
of Ins(1,4,5)P3 were 1.82 ± 0.35 pmol/0.25 x 106 cells (n = 13)
and stimulation for lOs with a maximal concentration of
bradykinin (100 nM) produced a 10.4 ± 6.1 (n = 13) fold in-
crease in Ins(1,4,5)P3 mass. A representative time course is
illustrated in Figure la. The Ins(1,4,5)P3 signal was transient,
returning to close to basal levels by 30-60 s stimulation. The
bradykinin-stimulated generation of Ins(1,4,5)P3, measured at
10 s was concentration-dependent (Figure lb) with a log EC50
of -7.55±0.1M (n= 3).

Bradykinin-stimulatedphospholipase D

Bradykinin stimulated the activation of phospholipase D-
catalysed PtdCh hydrolysis as evidenced by the accumulation
of [3H]-PtdBut in [3H]-palmitate-labelled tracheal smooth
muscle cells (Pyne & Pyne, 1993). Significant [3H]-PtdBut
formation was detected at 1 min and continued to be formed
throughout the 10min time course (Figure 2a). Stimulation
with 100 nM bradykinin typically resulted in a 2.68 ± 1.1
(n = 25) fold increase in [3H]-PtdBut above basal at 10 min.
The bradykinin-stimulated phospholipase D response,
measured at 10 min, was concentration-dependent (Figure
2b) with a log EC50 of -8.3 + 0.4 M, which is significantly
lower than that for bradykinin-stimulated phospholipase C
activation.
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Effects of indomethacin and bradykinin antagonists
Bradykinin-stimulated phospholipase C was not inhibited by
pretreatment of the cells with 1 iLM indomethacin, suggesting
that the observed effects of bradykinin were not secondary to
bradykinin-stimulated prostaglandin synthesis (Figure 3).
Similar data have previously been obtained for the brady-
kinin-stimulated phospholipase D response (Pyne & Pyne,
1993).
The identity of the bradykinin receptor sub-type(s) in-

volved in the activation of these responses was investigated
with a bradykinin B1 agonist, desArg9-bradykinin, and two
bradykinin B2 antagonists, NPC 567 and NPC 349. Stimula-
tion of the tracheal smooth muscle cells with desArg9-
bradykinin (1 ztM) elicited neither a phospholipase C nor
phospholipase D response (Figure 3). In contrast, preincuba-
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Figure 1 (a) Timecourse of bradykinin-stimulated inositol(1,4,5)
trisphosphate (Ins(1,4,5)P3) mass formation in guinea-pig cultured
tracheal smooth muscle cells: (0) control; (@) bradykinin (100 nM).
Results are mean ± s.d. (n = 3). (b) Bradykinin concentration-depen-
dent Ins(1,4,5)P3 formation at 10 s stimulation; means + s.d. (n = 3)
as % of maximal response. *P <0.025 vs control (Student's t test).
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Figure 3 Lack of effect of indomethacin (Indo, 1 gLM) upon 100 nM
bradykinin (BK)-stimulated inositol(1,4,5)trisphosphate (Ins(1,4,5)P3)
formation at 10 s (solid columns) and the lack of effect of desArg9-
bradykinin (I tM) upon [3H]-phosphatidylbutanol ([3H]PtdBut) accu-
mulation (hatched columns) at 10 min and Ins(1,4,5)P3 accumulation
(solid columns) at lOs. Results are means ± s.d. (n = 3) as % of
maximal response.
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Figure 2 (a) Timecourse of bradykinin-stimulated [3H]-phosphati-
dylbutanol ([3H]-PtdBut) accumulation in guinea-pig cultured tra-
cheal smooth muscle cells: (@) bradykinin (100nM). Results are
mean ± s.d. (n = 3). (b) Bradykinin concentration-dependent [3H]-
PtdBut accumulation at 10 min stimulation; means ± s.d. (n = 3
incubations) as % of maximal response. *P< 0.005 vs zero
timepoint (Student's t test).
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Figure 4 The effect of the bradykinin B2 antagonist NPC 567 (D-
Arg-[Hyp3,D-Phel-bradykinin) on bradykinin-stimulated (10 nM) ino-
sitol(1,4,5)trisphosphate (Ins(1,4,5)P3) formation (lOs, 0) and [3H]-
phosphatidylbutanol ([3H]PtdBut) accumulation (O min, *) in gui-
nea-pig cultured tracheal smooth muscle cells. Control values were

0.81 ± 0.26 pmol Ins(1,4,5)P3/0.25 x 106 cells and 750 ± 106 d.p.m.
[3H]PtdBut/0.25 x 106 cells. Results are means ± s.d. (n = 3).
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tion of the cells with the bradykinin B2 antagonist NPC 567
for 2 min prior to stimulation with bradykinin (1O nM) re-
sulted in the inhibition of both Ins(1,4,5)P3 formation and, at
high concentrations (>10IAM), [3H]-PtdBut accumulation
(Figure 4). A second B2 antagonist, NPC 349, displayed
essentially the same characteristics.
The IC" for inhibition of the phospholipase C and phos-

pholipase D responses by these antagonists differed marked-
ly. Log IC50 values for the Ins(1,4,5)P3 response to 10nM
bradykinin were - 6.3 ± 0.5 M (n = 3) for NPC 567 and
- 6.3 ± 0.4 M (n = 3) for NPC 349. The Ins(1,4,5)P3 response
to 10 nM bradykinin was abolished by 30 iLM NPC 567 (Fig-
ure 4) or NPC 349 (data not shown). In contrast, preincuba-
tion of the cells for 2 min with either bradykinin B2 receptor
antagonist resulted in only limited inhibition of bradykinin-
stimulated (10 nM) phospholipase D activation (Figure 4). At
30 tLM B2 antagonist, a concentration which abolished the
phospholipase C response, approx. 60% of the phospholipase
D response remained and the IC50 for bradykinin-stimulated
phospholipase D was estimated to be in excess of 100 tLM. At
these high concentrations of antagonist, non-specific interac-
tions with bradykinin-stimulated phospholipase D may oc-
cur.

Discussion

This study provides the first demonstration of bradykinin-
stimulated changes in Ins(1,4,5)P3 mass in airway smooth
muscle, although Marsh & Hill (1992) have recently shown
bradykinin-stimulated accumulation of [3H]-inositol phos-
phates. However, this latter technique is not sufficiently sensi-
tive to detect agonist-stimulated changes in phosphoinositide
metabolism at functionally important early times. The
kinetics of the Ins(1,4,5)P3 response are similar to those
observed for carbachol in bovine cervical trachealis muscle
slices (Chilvers et al., 1989) and correlate with the kinetics of
bradykinin-stimulated [Ca2+] transients in Fura-2 loaded
monolayers of human primary cultured airway smooth mus-
cle (Panettieri et al., 1989). Bradykinin-stimulated Ins(1,4,5)
P3 mass increased rapidly (within seconds) and was transient.
This may be due to enhanced metabolism of Ins(1,4,5)P3 by
Ins(1,4,5)P3 5-phosphatase and 3-kinase (Shears, 1991) or
desensitization of agonist-stimulated Ptdlns(4,5)P2 hydrolysis
(Palmer et al., 1991) or both. Desensitization of phospholi-
pase C during prolonged bradykinin-stimulation is suggested
by the plateau in [3H]-inositol phosphates accumulation in
bovine cultured tracheal smooth muscle (Marsh & Hill,
1992).
Bradykinin was a less potent stimulator of Ins(1,4,5)P3

formation in guinea-pig tracheal smooth muscle when com-
pared to its effect upon [3H]-inositol phosphate accumulation
in bovine cultured tracheal smooth muscle cells (Marsh &
Hill, 1992). However, both effects were inhibited by B2
antagonists, suggesting that sensitivity of the bradykinin B2
receptor coupling to phospholipase C may differ between
species. In addition, desArg9-bradykinin failed to elicit an
Ins(1,4,5)-P3 response (the present study) whereas it weakly
activates [3H]-inositol phosphate accumulation in bovine cul-
tured tracheal smooth muscle cells (Marsh & Hill, 1992),
indicating that B1 bradykinin receptors may be differentially
expressed between species.

In contrast to the transient Ins(1,4,5)P3 signal, [3H]-PtdBut
accumulation was sustained in response to bradykinin due to
the inability of the cells to metabolize phosphatidylalcohols.
However, partial desensitization of bradykinin-stimulated
phospholipase D activity may occur since the rate of
accumulation of [3H]-PtdBut declined after 2-5 min stimula-
tion.

Interestingly, bradykinin-stimulated phospholipase D activ-
ity displayed significantly higher potency than that for brady-
kinin-stimulated phospholipase C activity. This may suggest
that distinct bradykinin receptor types are involved in med-

iating the two responses. However, we cannot exclude from
these studies the possibility that receptor-G-protein fidelities
are different or that a receptor reserve exists for the phospho-
lipase D response. However, our results from the antagonism
experiment would argue against these latter hypotheses.

For example, if one receptor mediates both PLD and PLC
responses via distinct G-proteins then, since the affinity of the
receptor for antagonist is not dependent upon G-protein
association (i.e. guanine nucleotides do not modify the
affinity of the receptor for antagonist), both PLC and PLD
responses should be blocked with exactly the same concen-
tration-dependence for the antagonist. This clearly does not
occur. Thus, if both responses were mediated by the same
receptor, we would predict that the PLD response would be
inhibited by at least 40% and with an identical antagonist
concentration-dependence to that observed for PLC inhibi-
tion (in response to an EC40 concentration of agonist).
The conditions used in the antagonist experiments reduce

the effect of a receptor reserve for PLD to a minimum, i.e.
the concentration of agonist used (10 nM) is at the threshold
for maximal activation of the PLD response. Thus, if one
receptor mediates both responses, then, the occupancy of the
'spare receptors' will be minimal. Under these conditions, the
antagonist concentration-dependence for inhibition of both-
PLD and PLC should be virtually identical since, by the law
of mass action, receptor occupancy for both responses will be
virtually the same. The fact that the IC_% values differ by
approximately two orders of magnitude clearly precludes the
possibility that a receptor reserve for PLD exists to account
for these results.
We conclude that the only reasonable explanation for the

large shift in antagonist concentration-dependence for the
two responses is to invoke the possibility of a novel receptor
mediating PLD activation. Furthermore, phospholipase D
activation was detected in the absence of phospholipase C
activation, which was completely blocked by B2 antagonists.
This suggests that, in this case, bradykinin-stimulated phos-
pholipase D is not down-stream of phospholipase C activa-
tion, as has been suggested for several other agonists (Billah
& Anthes, 1991).
We have previously shown that bradykinin-stimulated

phospholipase D is down-stream of protein kinase C activa-
tion in guinea-pig cultured tracheal smooth muscle cells
(Pyne & Pyne, 1993). Bradykinin-stimulated [3H]-PtdBut ac-
cumulation is abolished in protein kinase C down-regulated
cells or in the presence of a protein kinase C inhibitor,
staurosporine. Since phospholipase D can be activated in the
absence of Ptdlns(4,5)P2 hydrolysis, protein kinase C must be
activated independently of sn-1,2-diacylglycerol derived from
this source. Multiple isoforms of protein kinase C exist which
can be variously activated by 1,2-diacylglycerol, phospha-
tidate, arachidonate and Ca2+ (Bell & Bums, 1991). The
identify of the isoform(s) mediating activation of phospho-
lipase D are unknown. However, 1,2-diacylglycerol and
phosphatide can be produced by bradykinin-stimulated phos-
pholipase C-catalysed hydrolysis of PtdCh in guinea-pig
tracheal smooth muscle cells, independent of prior activation
of protein kinase C. This mechanism may provide the source
of protein kinase C activator necessary for phospholipase D
activation (Pyne & Pyne, unpublished). Furthermore, brady-
kinin activates the influx of extracellular Ca2? in human
cultured airway smooth muscle (Murray & Kotlikoff, 1991),
and we have previously demonstrated a requirement for
extracellular Ca2+ for activation of phospholipase D (Pyne &
Pyne, 1993). The arachidonate-activated protein kinase C
isoform is unlikely to play a role, since bradykinin-stimulated
prostanoid production is also abolished at concentrations of
B2 antagonist at which phospholipase D activity persists
(Farmer et al., 1991 and the present study).

Thus, bradykinin-stimulated phospholipase D activation
appears to be independent of B1 and B2 receptor types.
Farmer et al. (1989) have proposed the existence of a B3
receptor which may mediate bradykinin-stimulated contrac-
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tion of guinea-pig trachealis (Farmer et al., 1989) and Ca2"
efflux from guinea-pig cultured airway smooth muscle (Far-
mer et al., 1991). The ECN for bradykinin-stimulated phos-
pholipase D activation (the present study) is similar to that
observed for Ca2" efflux in guinea-pig cultured tracheal
smooth muscle cells (Farmer et al., 1991). Furthermore, the
IC5o values for inhibition of these responses by NPC 567 are
also similar (the present study and Farmer et al., 1991).
Therefore, we suggest that the putative B3 bradykinin recep-
tor may mediate bradykinin-stimulated phospholipase D act-
ivation in these cells. However, specific B3 antagonists are
required to prove that this is the case.

In conclusion, bradykinin induces airway smooth muscle
contraction (Farmer et al., 1989) and maintains the allergic
inflammation of airways in guinea-pigs (Farmer et al., 1992).
Whilst the inflammatory response induced by bradykinin is
mediated by B1 and B2 receptor types in vivo (Farmer et al.,
1992) and the bronchoconstriction induced by bradykinin in
vivo is mediated by B2 receptors (Jin et al., 1989), the direct
effects of bradykinin upon sustained smooth muscle contrac-

tion in vitro are not accounted for by these receptors. In this
context, Farmer et al. (1991) have clearly shown that B2
antagonists do not displace bradykinin from freshly prepared
tracheal smooth muscle membranes thus identifying that B2
receptors are unlikely to mediate direct effects of bradykinin
upon contraction in vitro. However, in the same study, B2
receptors appear to be 'up-regulated' in culture and this is
consistent with the present study and that of Marsh & Hill
(1992). The putative B3 receptor appears to allow Ca2+ efflux
and is present in both fresh and cultured guinea-pig
tracheal smooth muscle cell membranes. Given the ability of
PLD to generate activators of PKC and the possible B3
mediated regulation of extracellular Ca2+ flux in these cells,
we suggest that the physiological relevance of this receptor
may be related to sustained contraction. However, this will
only be resolved with the advent of specific B3 receptor
antagonists.

This work was supported by The Wellcome Trust.
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Human liver microsomal metabolism of the enantiomers of
warfarin and acenocoumarol: P450 isozyme diversity
determines the differences in their pharmacokinetics
J.J.R. Hermans & 'H.H.W. Thijssen

Cardiovascular Research Institute Maastricht, Department of Pharmacology, University of Limburg, PO Box 616, 6200 MD
Maastricht, The Netherlands

1 To explain the large differences in (the stereoselectivity of) the clearances of the enantiomers of
warfarin and acenocoumarol (4'-nitrowarfarin) their human liver microsomal metabolism has been
studied and enzyme kinetic parameters determined. The effects of cimetidine, propafenone, sul-
phaphenazole, and omeprazole on their metabolism has been investigated.
2 The 4-hydroxycoumarins follow similar metabolic routes and are mainly hydroxylated at the 6- and
7-position (accounting for 63 to 99% of the metabolic clearances).
3 Due to the lower Km values of R- and S-acenocoumarol and higher Vma. values of S-acenocoumarol,
the overall metabolic clearances of R/S acenocoumarol exceed those of R/S warfarin 6 and 66 times
respectively.
4 The metabolism of both compounds is stereoselective for the S-enantiomers, which is 10 times more
pronounced in the case of acenocoumarol.
5 Except for the 7-hydroxylation of the R-enantiomers (r = 0.90; P <0.025), the 6- and 7-
hydroxylation rates of R/S warfarin do not correlate with those of R/S acenocoumarol.
6 Sulphaphenazole competitively inhibits the 7- and in some samples partly (up to 50%) the 6-
hydroxylation of S-warfarin as well as the 7-hydroxylation of R- and S-acenocoumarol and the
6-hydroxylation of S-acenocoumarol (Kis ranging from 0.5- 1.3 JAM).
7 Omeprazole partly (40-80%) inhibits the 6- and 7-hydroxylation of R-warfarin (Ki = 99 and 117 pM)
and of R- (Ki= 219 and 7.2 jAM) and S-acenocoumarol (Ki= 6.1 and 7.7 JiM) but not S-warfarin in a
competitive manner.
8 Differences in the partial (up to 40%) inhibition of the metabolism of the enantiomers of the
4-hydroxycoumarins were also observed for the relatively weak inhibitors, propafenone and cimetidine.
9 The results suggest that the coumarin ring hydroxylations of both compounds are catalysed by
different combinations of P450 isozymes. The 7-hydroxylation of R/S acenocoumarol and the 6-
hydroxylation of S-acenocoumarol are at least partly conducted by (a) P450 isozyme(s) of the 2C
subfamily different from P450 2C9 (the main S-warfarin 7- and 6-hydroxylase).

Keywords: Warfarin, acenocoumarol (4'-nitrowarfarin); enantiomers; stereoselectivity; biotransformation; human liver cyto-
chrome P450 2C isozymes: drug-drug interactions

Introduction

The oral anticoagulants warfarin and acenocoumarol (the
4'-nitro analogue of warfarin; Figure 1) are administered as
racemates. Although structurally related, these 4-
hydroxycoumarins display great differences in their phar-
macokinetics. In man, acenocoumarol enantiomers are
eliminated much faster than R/S warfarin. In addition, the
stereoselectivity of the elimination for the S-enantiomer is
much more pronounced for acenocoumarol. For example,
elimination half lifes are about 24-33 and 35-58 h for S-
and R-warfarin (Kelly & O'Malley, 1979), whereas those of
S- and R-acenocoumarol are 0.5-1 and 8-10h (Thijssen et
al., 1986). Since both 4-hydroxycoumarins are eliminated by
biotransformation, these pharmacokinetic differences may be
explained by disparity in their metabolism.

The enantiomers of warfarin follow different metabolic
routes in man (Lewis et al., 1974; Toon et al., 1987). The
S-enantiomer is mainly hydroxylated to form 7-hydroxywar-
farin (Figure 1), whereas R-warfarin is mainly reduced to its
RS alcohol and hydroxylated at the 6-position. The enantio-
mers of acenocoumarol are hydroxylated at the 7- and, to a
lesser extent, the 6-position to form 7- or 6-hydroxyaceno-
coumarol respectively (Thijssen et al., 1986).
The in vitro metabolism of warfarin is extensively studied

and warfarin is often used as a probe for (the stereoselectivity

'Author for correspondence.

Figure 1 Structural formulae of warfarin (R = H) and acenocou-
marol (R = NO2). Arrows indicate the main sites of hydroxylation
(6- and 7-positions). *Indicates the stereocentre.

of) cytochromes P450 (Guengerich et al., 1982; Beaune et al.,
1986; Kaminsky, 1989). Various P450 isozymes, displaying
different regio- and stereoselectivities, have been shown to be
involved in the metabolism of warfarin (Guengerich et al.,
1982; Rettie et al., 1992). The variety of warfarin metaboliz-
ing P450 isozymes offers an explanation for the stereoselec-
tive (pharmacokinetic) drug-interactions with R-warfarin
(Choonara et al., 1986; Toon et al., 1987; Sutfin et al., 1989;),
S-warfarin (Lewis et al., 1974; O'Reilly, 1980), as well as
non-stereoselective interactions (O'Reilly et al., 1987) that
have been observed. The human cytochrome P450 2C9 has

Br. J. Pharmacol. (1993), 110, 482-490 11." Macmillan Press Ltd, 1993
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been shown to be a S-warfarin 7- (and to a lesser extent 6-)
hydroxylase, and is claimed to be responsible for the bulk of
S-warfarin clearance in vivo (Rettie et al., 1992). The main
metabolic routes of R-warfarin are conducted by other
enzymes among which is the human cytochrome P450 1A2
which is able to hydroxylate R-warfarin at the 6- (and to a
lesser extent 7-) position (Wang et al., 1983; Rettie et al.,
1992). To our knowledge, the in vitro human cytochrome
P450 mediated metabolism of acenocoumarol has not been
studied before.

Previous studies from our laboratory showed that in rats,
substitution of the 4'-hydrogen did not only enhance the
intrinsic clearances but also generally led to a marked inver-
sion of the stereoselectivity for the S-enantiomers (Thijssen et
al., 1985; Baars et al., 1990). With rat liver microsomes, it
was found that warfarin and acenocoumarol follow similar
metabolic routes. However, the metabolic clearances of R/S
acenocoumarol are much higher due to their lower Km values
and unlike warfarin, the rat liver microsomal metabolism of
acenocoumarol is stereoselective for the S-enantiomer (Her-
mans & Thijssen, 1991). Since enzyme inducers and the
cytochrome P450 inhibitor cimetidine, showed differential
effects on the metabolism of the 4-hydroxycoumarins, it was
considered that the kinetic differences between warfarin and
acenocoumarol in the rat can be partly attributed to the
involvement of different sets of P450 isozymes in the
metabolism of the 4-hydroxycoumarins.

In this study, the enzyme kinetic parameters of the human
liver microsomal metabolism of warfarin have been com-
pared with those of its 4'-nitro-analogue (acenocoumarol).
To investigate whether the set of human liver cytochrome
P450 isozymes metabolizing R/S warfarin is similar to that
metabolizing R/S acenocoumarol, the inhibiting effects of
four drugs (cimetidine, propafenone, sulphaphenazole, and
omeprazole) have been studied. Cimetidine and omeprazole
were chosen since these compounds are known to decrease
the clearance of R-warfarin in man (Choonara et al., 1986;
Sutfin et al., 1989; Unge et al., 1992). Sulphaphenazole, was
studied because this compound is reported to be a potent
inhibitor of human liver cytochrome P450 2C9-mediated S-
warfarin 7-hydroxylation (Rettie et al., 1992). Propafenone
was chosen because, although this compound is shown to
decrease the clearance of warfarin in man (Kates et al.,
1987), information on stereochemical aspects is still lacking.

Methods

Preparation of microsomalfractions

Human liver samples (Table 1) were obtained from kidney
donors (I, II and V) or were obtained post mortem (III, and
IV). The use of human liver for the study had the approval
of the Ethics Committee of the University Hospital. Liver
samples were stored at - 80°C until processing. Data on liver
sample sources are shown in Table 1. Microsomes were
prepared according to standard procedures as previously des-
cribed (Hermans & Thijssen, 1991). The final microsomal
pellet was resuspended in Tris-KCI-NaCl buffer (0.02 M,
0.15 M and 1.0 M, respectively; pH= 7.4) to contain about
20 mg protein per ml homogenate.

Table 1 Information on the subjects from whom liver
samples were obtained

Code Sex Age Death cause

male
male
female
female
male

52
18
36
61
57

Traffic accident
Traffic accident
Subarachnoidal bleeding
Brain damage
Brain tumour

Drug history

Alcohol abuse
Propranolol

Assay for warfarin and acenocoumarol metabolism

The assay of warfarin and acenocoumarol metabolism was
conducted essentially as previously described (Hermans &
Thijssen, 1991). Microsomal fractions were incubated in the
presence of a NADPH-generating system at 37°C for
15-60 min in test tubes. The incubation mixture consisted of
0.5 to 1.0 mg microsomal protein, substrate, 7.4 mm glucose
6-phosphate, 2.4 mM MgCl2 and 1.0 iLunit of glucose 6-
phosphate dehydrogenase, 0.5 mM NADPH, and 2 mM
NADP+. The amount of metabolites formed increased
linearly with time (up to 75 min at saturating substrate con-
centrations) and protein content (range tested: 0.2 to 2.0 mg
per incubation mixture).

Metabolite formation rates and the inhibitor effect for the
various microsomal preparations were determined at subs-
trate concentrations of 25 jtM and 100 pM and incubation
times of 30 and 60 min for acenocoumarol and warfarin
enantiomers respectively. Inhibitor concentrations were
25 tiM (sulphaphenazole), 100 jsM (propafenone and omep-
razole), and 1000 JLM (cimetidine). At the concentrations
chosen, satisfactory inhibition was observed. However, as the
extent of inhibition is dependent on substrate- and inhibitor
concentrations, inhibition kinetics have been determined in
greater detail for microsomal sample 2. The reactions were
started by addition of substrate to complete reaction mix-
tures, containing microsomes, NADPH-generating system
and inhibitor (or an equal volume of buffer in the controls)
that were briefly preincubated at 37°C.
The enzyme kinetic parameters of the metabolism of

acenocoumarol enantiomers by liver microsomes were deter-
mined at substrate concentrations ranging from 0.5 to 25 iLM
(S-acenocoumarol) and 2.5 to 250 ifM (R-acenocoumarol)
and incubation times of 15-30 min. The enzyme kinetic
parameters of warfarin metabolism were determined at subs-
trate concentrations of 25 to 800 iM (R-enantiomer) and 2.5
to 400 tAM (S-enantiomer) and an incubation time of 30 min.

Determination of Ki values and types of inhibition were
tested at R/S acenocoumarol concentrations of .5-25 AM,
S-warfarin concentrations of 50-400 JiM, and R-warfarin
concentrations of 100-400 gM. Inhibitor concentrations
ranged from 1-25 jM for sulphaphenazole, 25-1001M for
omeprazole, 25-250 gAM for propafenone, and 50-600 gAM for
cimetidine.
The metabolites were extracted and analyzed by high per-

formance liquid chromatography (h.p.l.c.) as previously
described (Hermans & Thijssen, 1991), except for the ome-
prazole inhibition experiments in which an additional basic
(pH = 8.5) extraction step was introduced to remove ome-
prazole and some of its metabolites.

Protein content was determined by the method of Lowry et
al. (1951). Cytochrome P450 content was determined by the
DT-difference method as described by Rutten et al. (1987).
7-Ethoxycoumarin deethylase and aniline-p-hydroxylase
activity was determined by Greenlee & Poland (1978) and
Macleod et al. (1973).

Drugs

Racemic warfarin and racemic propafenone (as the HCI salt)
were obtained from Sigma Chemicals (St. Louis, U.S.A.).
Racemic acenocoumarol as well as 6- and 7-hydroxyaceno-
coumarol (used for reference purposes) were a kind gift of
Ciba-Geigy (Basel, Switzerland). The 6- and 7-hydroxy
metabolites of warfarin (used for reference purposes) were
kindly provided by Dr J. de Vries (Univ. Heidelberg, Ger-
many). Cimetidine was from Smith, Kline and French
Laboratories (Welwyn Garden City, UK). Sulphaphenazole
was kindly provided by Dr T. Vree (Dept. Clin. Pharmacy,
Univ. Hospital, Nijmegen, the Netherlands). Racemic omep-
razole was from Astra Pharmaceuticals (Rijswijk, the Nether-
lands). All other chemicals were of analytical grade and were

I
II
III
IV
V
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obtained from Merck (Darmstadt, Germany) unless stated
otherwise.

Warfarin and acenocoumarol enantiomers were at our dis-
posal (Hermans & Thijssen, 1991).

Statistical analysis of the data

Vmax and Km values were determined by fitting the Michaelis-
Menten equation to the data using the GPAD (GraphPAD
Software, San Diego, U.S.A.) software package. Ki values
and inhibition mechanisms were determined by the use of
Dixon plots and double reciprocal plots respectively. The
effect of the inhibitors on the 6- and 7-hydroxylation of
warfarin and acenocoumarol was tested for significance by
the use of a oneway ANOVA and least significant differences
(LSD) were calculated. Spearman rank correlation
coefficients were tested for significance by transformation to
Students t test distribution (Sachs, 1984).

Results
Standard parameters of the human liver samples are shown
in Table 2. The obtained values are in the range of data
reported in other studies (Beaune et al., 1986).

Table 2 Cytochrome P450 content, 7-ethoxycoumarin-
(7-EC-) deethylase activity, and aniline-p- (An-p-)
hydroxylase activity in the human liver microsomal
preparations used

[P450] 7-EC-deethylase
Code (nmol mg ') (nmol mg-' min ')

0.45 ± 0.07
0.45 ± 0.15
0.74 ± 0.06
0.40 ± 0.12
0.51 ± 0.13

0.24 ± 0.01
0.14 ± 0.01
0.21 ± 0.01
0.21 ± 0.01
0.22±0.04

Data are expressed as the
determinations.

An-p-hydroxylation
(nmol mg-' min-')

2.1 ± 0.6
2.5 ± 0.3
1.1 ±0.6
1.5 ± 0.4
2.0 ± 0.8

mean ± s.d. of three

Kinetic parameters of the metabolism of warfarin and
acenocoumarol enantiomers

Detailed enzyme kinetic parameters Vm., Km and intrinsic
formation clearances (Cli) of warfarin and acenocoumarol
metabolism have been determined for samples II and V
(Tables 3 and 4). For warfarin, next to 6- and 7-
hydroxylation, formation of the 4'-hydroxy-, 8-hydroxy-,
benzyl-hydroxy-, and dehydrometabolites as well as reduc-
tion of the acetonyl side chain to the alcohols occurred. For
acenocoumarol, in addition to the 6- and 7-hydroxy
metabolites, the 8-hydroxy-, benzyl-hydroxy-, and dehydro-
metabolites as well as the alcohols were found. However, as
shown in Tables 3 and 4, 6- and 7-hydroxylation appeared to
be the main metabolic routes, accounting for about 65% and
70% of the total metabolic clearance of R-and S-warfarin,
and about 90% and 99% of the total metabolic clearance of
R- and S-acenocoumarol. Therefore, these reactions have
been mainly focussed on. Furthermore, this demonstrates
that the higher clearance of R/S acenocoumarol versus R/S
warfarin is not due to the fact that the enantiomers of
acenocoumarol are able to follow additional metabolic
routes.

Table 3 shows that for the 6- and 7-hydroxylation, the
(mean) Km values of S-warfarin are 19 and 76 times lower
than those of R-warfarin. On the other hand, the (mean) V.,,
values are 49 and 14 times higher for R-warfarin. As a result,
the formation of 6-hydroxywarfarin is stereoselective for the
R-enantiomer (mean CliR/Clis = 2.6), whereas the formation
of 7-hydroxywarfarin is stereoselective for the S-enantiomer
(mean CliS/CliR = 5.4).
As for warfarin, the (mean) Km values for the formation of

the 6- and 7-hydroxy metabolites are (93 and 17 times) lower
for the S- than for the R-enantiomer of acenocoumarol
(Table 4). The (mean) maximal formation rate of the forma-
tion of 6-hydroxyacenocoumarol is 4.4 times higher for the
R-enantiomer, whereas that of the 7-hydroxyacenocoumarol
is 2.1 times higher for the S-enantiomer. The mean intrinsic

Table 3 Enzyme kinetics of the human liver (samples II and V) microsomal metabolism of the enantiomers of warfarin

V.ax
(pmol mg-' min- ')

13.8
19.8

16.8 ± 4.2

2.94
10.9

6.92 ± 5.6

0.55
0.13

0.34 ± 0.30

0.62
0.35

0.48 ± 0.19

Km
(gM)
585
580

583 ± 3.5

336
379

358 ± 30

Cli*
(nl mg' min-')

23.6
34.1

28.9 ± 7.4

8.8
28.8

18.8 ± 14.1

16.3
42.2

29.3 ± 18.3

48.7
105.1

76.9 ± 39.8

Km Cli
(uM) (nI mg ' min ')

30
32

31 ± 1.4

5.2
4.2

4.7 ± 0.7

18.3
4.1

11.2± 10

120
83.3

102 ± 26

28.6
60.6

54.9 ± 32.8

167
148

158 ± 13.4

%Cli
48.5
32.4

40.5 ± 11.3

18.1
27.3

22.7 ± 6.5

33.5
40.1

36.8 ± 4.7

% Cli

11.0
2.8

6.9 ± 5.8

71.9
56.3

64.1 ± 11.0

17.1
40.9

29.0 ± 16.8

*Intrinsic clearance Cli = Vma,,Km #Total = sum of Cli's

I
II
III

V

Sample
II
V

x ± s.d.

II
V

x± s.d.

II
V

x ± s.d.

II
V

x ± s.d.

R- Warfarin

6-hydroxy

7-hydroxy

Other

Total#

S- Warfarin

6-hydroxy

7-hydroxy

Other

Total

Vmax
Sample (pmol mg-' min ')

II
V

x ± s.d.

II
V

x± s.d.

II
V

x ± s.d.

II
V

x ± s.d.
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Table 4 Enzyme kinetics of the human liver (samples II and V) microsomal metabolism of the enantiomers of acenocoumarol

R-Acenocoumarol

6-hydroxy

7-hydroxy

Other

Total#

S-Acenocoumarol

6-hydroxy

7-hydroxy

Other

Total

Sample
II
V

x ± s.d.

II
V

x ± s.d.

II
V

x ± s.d.

II
V

x± s.d.

Vm
(pmol mg- min-')

20.6
13.3

16.8 ± 4.2

3.4
1.9

2.7± 1.1

Vm
Sample (pmol mg-' min-')

II
V

x ± s.d.

II
V

x ± s.d.

II
V

x ± s.d.

II
V

x ± s.d.

4.97
2.64

3.80 ± 1.65

7.95
3.48

5.72 ± 3.16

Km
(AiM)
131
45.3

88 ± 61

14.4
14.8

14.6 ± 0.3

Cli*
(nl mg' min-')

157
294

226 ± 97

236
127

182 ± 77.1

55.8
43.7

49.8 + 8.6

449
465

457 ± 11.3

Km Cli
(AM) (nl mg-'min-')

1.11
0.79

0.95 ± 0.23

0.93
0.83

0.88 ± 0.07

4477
3342

3910 ± 803

8548
4193

6371 ± 3080

267
10

139 ± 181

13292
7545

10419±4063

%Cli
35.0
63.2

49.1 ± 19.9

52.6
27.3

40.0 ± 17.9

12.4
9.4

10.9 ± 2.1

% Cli

33.7
44.4

39.1 ± 7.6

64.3
55.6

60.0 ± 6.2

2.0
0.1

1.1 ± 1.3

*Intnnsic clearance Cli = VmaxlKm #Total = sum of Cli's

clearances of the formation of these metabolites are 17 and
35 times higher for S-acenocoumarol.
Comparison of Tables 3 and 4 shows that in accordance

with in vivo observations, the rate of elimination of the
enantiomers of acenocoumarol due to metabolism are much
higher than those of warfarin (ratios of mean intrinsic
clearances of about 6 and 65 for the R- and S-enantiomers
respectively). For the R-enantiomers this is attributable to
the 6 to 25 times lower Km values of acenocoumarol. For the
S-enantiomers this is due to approximately 10 times higher
V. values in combination with the lower Km values for the
formation of the 6- and 7-hydroxy metabolites of
acenocoumarol. Also in accordance with in vivo data, are the
observations that the overall metabolism of both 4-
hydroxycoumarins is stereoselective for the S-enantiomer and
that this stereoselectivity is far more pronounced in the case

of acenocoumarol. The (mean) sum of intrinsic clearances of
the metabolites formed is about 2 times higher for S- than
for R-warfarin and 23 times higher for S- than for R-
acenocoumarol.

Variation in the 6- and 7-hydroxylation rates

Figures 2 and 3 show the rates of the 6- and 7-hydroxylation
of R/S warfarin and acenocoumarol in 5 human liver mic-
rosomal samples. The formation rates of 6-hydroxywarfarin
ranged 7 fold (0.5 to 3.5pmolmg'I min-') for R-warfarin
and 11 fold for S-warfarin (0.12 to 1.3 pmol mg' min-')
among the microsomal preparations. The 6-hydroxylation of
R-acenocoumarol ranged 10 fold (3 to 30 pmol mg'l min 1),
whereas that of S-acenocoumarol ranged only 4 fold (3 to
12 pmol mg' min-'). The 6-hydroxylation rate of both 4-
hydroxycoumarins is higher for the R- than for the S-
enantiomers at the substrate concentration chosen. This is
probably due to the higher V, values of the R-enantiomers
(Tables 3 and 4). However, during therapy, blood levels
range from 1 to 10 liM for warfarin (Holford, 1986) and from

60 to 600 nM for acenocoumarol (Thijssen et al., 1988). The
concentration of the unbound drugs will be even lower.
Therefore, intrinsic clearances rather than Vm. values will
give an indication of the metabolic profile in vivo, since in
this parameter, differences in Km values are accounted for.
The 7-hydroxylation of all substrates appears to be less

variable among the microsomes than the 6-hydroxlation.
Formation rates of the 7-hydroxy metabolite range 3 to 4
fold. 7-Hydroxylation rates are generally lower for the S-
enantiomer of warfarin (0.5 to 1.5 pmol mg' min ') than
for the R-enantiomer (0.7 to 2.8 pmol mg' min '). In con-
trast, the 7-hydroxylation rates of S-acenocoumarol (4.2 to
13.8 pmol mg' min-1) are higher than those of R-acen-
ocoumarol (1.1 to 4.5 pmol mg- min-').

Correlation of the 6- and 7-hydroxylation rates

Table 5 shows a correlation matrix of the 6- and 7-
hydroxylation rates of warfarin and acenocoumarol enan-
tiomers in the human liver microsomes. If the correlations
between the enantiomers are considered, there appears to be
no clear relationship between the 6- and 7-hydroxylation of
R-warfarin with those of S-warfarin. This is in sharp contrast
to acenocoumarol for which the 6- and 7-hydroxylation rates
of the R-enantiomer correlate significantly with those of the
S-enantiomer (P<0.025). Considering correlations between
warfarin and acenocoumarol, only the 7-hydroxylations of
the R-enantiomers correlate significantly (P<0.025). Finally,
a significant correlation between the 6- and 7-hydroxylation
within and between the enantiomers of acenocoumarol is
observed (P <0.025). In contrast, these reactions do not
correlate for warfarin.

Effect of inhibitors on the 6- and 7-hydroxylation

The effect of sulphaphenazole, propafenone, cimetidine and
omeprazole on the 6- and 7-hydroxylation of warfarin and
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FIgure 2 Rates of information of the 6-hydroxy metabolites of the
enantiomers of warfarin (a) and acenocoumarol (b) in 5 human liver
microsomal preparations. Data are expressed as the mean (pmol
metabolite mg'I protein min- ) ± s.e. of two incubations. The five
sets of columns represent microsomal fraction I (left) to V (right).
Open columns: R-enantiomers; cross hatched columns: S-enantiomers.

acenocoumarol enantiomers by the various microsomal
preparations is shown in Figures 4 and 5. These data are
expressed as the mean % inhibition ± s.e. Sulphaphenazole
inhibits the 6-hydroxylation of S-acenocoumarol (P<0.05)
about 65% but has no overall significant effect on the
6-hydroxylation of R-acenocoumarol or of R- and S-
warfarin. However, in the case of the 6-hydroxylation of
S-warfarin, there was considerable variation in the effect of
sulphaphenazole, the inhibition ranging from about 0 (sam-
ple V) to 50% (sample II). The rate of 7-hydroxylation is
decreased significantly (P<0.05) by sulphaphenazole for R-
and S-acenocoumarol (about 55 and 75%) and for S- (about
60%) but not R-warfarin.

Propafenone significantly (P<0.05) inhibits the formation
of the 6- and 7-hydroxy metabolites of R- and S-acenocou-
marol about 15-20%. In the case of warfarin, only the
7-hydroxylation of the R-enantiometer is inhibited (P<0.05)
about 25%.

Figure 3 Rates of formation of the 7-hydroxy metabolites of the
enantiomers of warfarin (a) and acenocoumarol (b) in 5 human life
microsomal preparations. Data are expressed as the mean rate (pmol
metabolite mg-' protein min-') ± s.e. of two incubations. The five
sets of columns represent microsomal fraction I (left) to V (right).
Open columns: R-enantiomers; cross hatched columns: S-
enantiomers.

Cimetidine decreases (P <0.05) the rate of 6- and 7-
hydroxylation of R-warfarin (about 25%) and R-
acenocoumarol (about 15 and 20%) but not of the S-
enantiomers.
Omeprazole is an inhibitor (P<0.05) of the 6-hydroxy-

lation of R-(21% decrease) and S-acenocoumarol (47%
decrease) and of R-warfarin (53% decrease) but has no effect
on the 6-hydroxylation of S-warfarin. Similarly, the 7-
hydroxylation of R- and S-acenocoumarol and of R-warfarin
is decreased significantly (P<0.05) by omeprazole (47, 33,
and 46% respectively) but the 7-hydroxylation of S-warfarin
is not affected by this compound.

Kinetic parameters of the inhibitors

In Table 6, Ki values and types of inhibition of the inhibitors
for their effect on the 6- and 7-hydroxylation of warfarin and
acenocoumarol are given for sample II. However, these data
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Table 5 Correlation matrix of the 6- and 7-hydroxy metabolite formation rates of R- and S-warfarin and -acenocoumarol in human
liver microsomes from 5 subjects

R-60HW R-70HW S-60HW S-70HW R-60HAC R-70HAC S-60HAC S-70HAC

R-60HW
R-70HW
S-60HW
S-70HW
R-60HAC
R-70HAC
S-60HAC
S-70HAC

0.05
0.16
0.08
0.64
0.45
0.59
0.54

-0.37
0.31
0.65
0.90*
0.71
0.75

- 0.37
-0.24

0.12
0.20
0.30

0.03
0.41
0.06
0.01

0.92*
0.99*
0.99*

0.89*
0.90* 0.99*

*Significant correlation P <0.025, as determined by transformation to the Student's t distribution.
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Figure 4 Inhibition of the 6-hydroxylation of the enantiomers of
warfarin and acenocoumarol by sulphaphenazole, propafenone,
cimetidine, and omeprazole. Open columns: R-acenocoumarol; hat-
ched columns: S-acenocoumarol; solid columns: R-warfarin; cross
hatched columns: S-warfarin. Inhibitor concentrations were: sul-
phaphenazole (Sulph): 25 pLM, propafenone (Prop): 100 JM,
cimetidine (Cim): 1000 1M and omeprazole (Omepr): 10011M. The
concentration of warfarin and acenocoumarol enantiomers were 100
and 25 9AM respectively. Data are expressed as the mean ± s.e. of 5

human microsomal samples. *Indicates a significant inhibition:
P< 0.05, ANOVA, LSD.
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Figure 5 Inhibition of the 7-hydroxylation of the enantiomers of
warfarin and acenocoumarol by sulphaphenazole, propafenone,
cimetidine, and omeprazole. Key to columns as in Figure 4. Inhibitor
concentrations were: sulphaphenazole (Sulph): 25 gM, propafenone
(Prop): 100 9AM, cimetidine (Cim): 1000 iLM, and omeprazole (Omepr):
100 I1M. The concentration of warfarin and acenocoumarol enan-
tiomers were 100 and 25 9AM respectively. Data are expressed as the
mean ± s.e. of 5 human microsomal samples. *Indicates a significant
inhibition: P<0.05, ANOVA, LSD.

should be interpreted with care since the hydroxylation reac-
tions are probably carried out by multiple P450 isozymes,
some of which may not be influenced by the inhibitors.
Therefore (although estimated from the linear parts of Dixon
plots), Ki values may be overestimated, and quasi mixed type

inhibition may actually be a combination of competitive
inhibitions. In fact, all inhibitions appeared to be partial
(with the exception of the inhibition of the 7-hydroxylation
of S-warfarin by sulphaphenazole). For that reason, the max-
imal inhibition (in %) at the lowest substrate and highest
inhibitor concentration is given. Sulphaphenazole appears to
be a competitive inhibitor of the 7- and 6-hydroxylation of
S-warfarin with similar Ki values (0.6 and 0.7plM). The 7-
hydroxylation is fully inhibited by this compound, the 6-
hydroxylation to 45%. In the case of acenocoumarol, sul-
phaphenazole competitively inhibits the 7-hydroxylation of
both enantiomers and the 6-hydroxylation of the S-enan-
tiomer with approximately similar Ki values (1.0- 1.3 pLM) and
maximal inhibitions (70-80%).
The inhibition of the 6- and 7-hydroxylation of R-warfarin

by cimetidine appears to be of the mixed type with Ki values
of 472 and 1780 iLM respectively. In the case of R-
acenocoumarol, cimetidine is a mixed type inhibitor of the
6-hydroxylation (up to 35%, Ki = 1938 LM) but a competitive
inhibitor of the 7-hydroxylation (up to 40%, Ki = 223 ylM).

Propafenone is a mixed type inhibitor of the 7-
hydroxylation of R-warfarin (Ki= 131 giM) and of R- and
S-acenocoumarol (Ki's of 231 and 236 lM) and these reac-
tions are inhibited up to 40%. The inhibition of the 6-
hydroxylation of R- and S-acenocoumarol by propafenone
also appears to be of the mixed type with Ki values of 563
and 670lAM and maximal inhibitions of 40 and 30%.
Omeprazole is a competitive inhibitor of the 6- and 7-

hydroxylation of R-warfarin (up to 75% inhibition) and R-
(up to 40 and 80%) and S-acenocoumarol (up to 60%). The
Ki values of the 7-hydroxylation of R- and S-acenocoumarol
and the 6-hydroxylation of S-acenocoumarol are all in the
same range (6-8 gM). The Ki values of omeprazole of the
other reactions that are inhibited are 13-36 times higher: for
the 6- and 7-hydroxylation of R-warfarin, Ki values of 99 and
117 ILM are observed whereas the Ki value for the 6-
hydroxylation of R-acenocoumarol is 219 9M.

Discussion

The results of this study clearly demonstrate that a relatively
small change in' the structure of a chiral drug may not only
have an impact on the rate but also on the stereoselectivity of
its metabolism. In human liver microsomes, substitution of
the 4'-hydrogen of warfarin by a nitro group enhances the
intrinsic clearances of the R- and S-enantiomers 6 and 65
fold respectively and increases the S/R ratio of the intrinsic
clearances about 11 fold (Tables 3 and 4), despite the fact
that both 4-hydroxycoumarins follow similar metabolic
routes. These observed patterns are qualitatively in good
agreement with those found in vivo, although ketone reduc-
tion, an important metabolic route of R-warfarin, has not
been fully dealt with, since the enzymes responsible for this
reaction are mainly located in the cytosol (Hermans & Thijs-
sen, 1989, 1993). Interestingly, for 4'-chlorowarfarin, we also
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Table 6 Inhibitor type and Ki values of the inhibition of the human liver (sample II) microsomal 6- and 7-hydroxylation of the
enantiomers of warfarin and acenocoumarol by sulphaphenazole, cimetidine, propafenone, and omeprazole

6-OH-warfarin

NI
0.6 ± 0.3
472 ± 103

NI
NI
NI

99 ± 21
NI

Comp. 45%
Mixed 40%

Comp. 75%

6-OH-acenocoumarol

NI
1.3 ± 0.3

1938 ± 328
NI

563 ± 97
670 ± 170
219 ± 15
7.2 ± 3.2

7-OH-warfarin

NI
0.5 ± 0.3

1780 ± 667
NI

131 ± 22
NI

117 ± 31
NI

Comp. 95%
Mixed 35%

Mixed 40%

Comp. 75%

7-OH-acenocoumarol

Comp. 80%
Mixed 35%

Mixed 40%
Mixed 30%
Comp. 40%
Comp. 80%

1.0 ± 0.4
1.2 ± 0.4
223 ± 25

NI
231 ± 22
236 ± 79
6.1 ± 2.6
7.7 ± 1.8

Comp. 70%
Comp. 80%
Comp. 40%

Mixed 40%
Mixed 40%
Comp. 60%
Comp. 60%

Ki values are given as mean (in jLM) ± s.d. calculated from all intersections of the obtained lines in Dixon plots. Type of inhibition were

determined from double reciprocal plots. Substrate concentrations range from 50-400 itM for S-warfarin, 100-400 gM for R-warfarin,
0.5-25 IM for S-acenocoumarol and 2.5-250 FM for R-acenocoumarol. Inhibitor concentrations ranged from 1-25 tM for
sulphaphenazole, 25-100I1M for omeprazole, 25-250#LM for propafenone and 50-600;LM for cimetidine.
NI = no inhibition as determined by one-way ANOVA.
Comp: competitive inhibition. Mixed: mixed type inhibition.
Percentages indicate the maximal inhibition at the lowest substrate and highest inhibitor concentrations used.

found that the human liver microsomal metabolic clearance
is much higher (12 and 120 fold for the R- and S-enanti-
omers) than that of warfarin, and that the S/R ratio is about
10 times higher (own observations), suggesting that the
phenyl ring of warfarin is highly involved in the interaction
with (human) liver microsomal monoxygenases.
We previously found that the higher metabolic clearance of

acenocoumarol in rat liver microsomes, as well as the inver-
sion of the stereochemical course of its metabolism as com-
pared with warfarin, could partly be explained by the fact
that the enantiomers of warfarin and acenocoumarol are
metabolized by different sets of cytochrome P450 isozymes
(Hermans & Thijssen, 1991). This also appears to be the case

in human liver microsomes since the 6- and 7-hydroxylation
of R/S warfarin and acenocoumarol show different responses
toward inhibitors (Figures 4 and 5; Table 6). For instance,
the 7-hydroxylation of R-acenocoumarol but not of R-
warfarin is inhibited by sulphaphenazole, whereas the 7-
hydroxylation of S-acenocoumarol but not of S-warfarin is
inhibited by omeprazole and propafenone. Furthermore, we
found that R-enantiomers of warfarin and acenocoumarol
mutually did not have any effect on their 6-hydroxylation
rates (data not shown). The lack of a clear correlation
between the 6-hydroxylation rates of R/S warfarin and the
corresponding acenocoumarol enantiomers as well as the
absence of any correlation between the 7-hydroxylation of
the S-enantiomers (Table 5) also suggests that these reactions
are catalysed by different combinations of cytochrome P450
isozymes.

Recently, Rettie et al. (1992), in testing various cDNA
expressed human liver cytochromes P450 for regio- and
stereoselective hydroxylation of R/S warfarin, found that
cytochrome P450 2C9 hydroxylates S-warfarin at the 7- and
6-position. Consequently, these authors found the 7- and
6-hydroxylation rates of S-warfarin to be decreased by sul-
phaphenazole, a selective competitive inhibitor of cytoch-
romes P450 of the 2C subfamily (Guengerich, 1992). In
agreement with these data we found that sulphaphenazole
almost fully inhibits the 7-hydroxylation of S-warfarin but is
without effect on the 7- and 6-hydroxylation of R-warfarin.
We did however find that the 6-hydroxylation of S-warfarin

could be only partially inhibited by sulphaphenazole in some
(but not all) liver samples and we did not find any correla-
tion between the 6- and 7-hydroxylation of S-warfarin. This
apparent contradiction may be explained by the fact that at
least two enzymes catalyse this reaction (Rettie et al., 1989),
so that the ratio at which these enzymes are present (which
may show some regional differences) determines the actual
effect of sulphaphenazole and the (lack of) correlation.
As the 7-hydroxylation of both R- and S-acenocoumarol

and the 6-hydroxylation of S- but not of R-acenocoumarol
are inhibited by sulphaphenazole with approximately similar
Ki values as the 7- and 6-hydroxylation of S-warfarin, this
would suggest that these acenocoumarol hydroxylations are
conducted by cytochrome P450 2C9 or closely related P450
isozymes. On the other hand, omeprazole inhibits these reac-
tions only for acenocoumarol and no correlation of the
warfarin and acenocoumarol hydroxylations that are
inhibited by sulphaphenazole exist, even if the non-

sulphaphenazole inhibitable parts are accounted for.
Therefore, it seems unlikely that these acenocoumarol hyd-
roxylations can be ascribed (solely) to cytochrome P450 2C9.
The P450 2C subfamily is very complex and its isozymes are

structually and functionally very similar (Relling et al., 1990;
Nebert et al., 1991; Srivastava et al., 1991; Guengerich,
1992). The 5-hydroxylation of omeprazole appears to be
linked to the polymorphic S-mephenytoin 4'-hydroxylase, a
member of the P450 2C subfamily (Andersson, 1991; Sohn et
al., 1992). Because the 7-hydroxylation of R- and S-
acenocoumarol and the 6-hydroxylation of S-acenocoumarol
are inhibited both by sulphaphenazole and by omeprazole
with relatively low Ki values we speculate that these reactions
may be conducted partly by the S-mephenytoin 4'-hydro-
xylase or by a closely related cytochrome P450 isozyme,
different from P450 2C9. Further experiments are necessary
to elucidate the nature of the acenocoumarol hydroxylases.
The 6- and 7-hydroxylation of R-warfarin and the 6-
hydroxylation of R-acenocoumarol are also inhibited by
omeprazole. It is however unlikely that the omeprazole
inhibitable parts of these reactions are carried out by the
same P450 since the Ki values of omeprazole are 13-35 times
higher and sulphaphenazole has no effect on these reactions.

Inhibitor

Sulphaphen

Cimetidine

Propafenone

Omeprazole

Inhibitor

Sulphaphen

Cimetidine

Propafenone

Omeprazole
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The fact that omeprazole inhibits more than one single
human cytochrome P450 has been described before by Jensen
& Gugler (1986).
The effects of omeprazole and cimetidine on the in vitro

metabolism of warfarin agree well with the interactions of
these drugs with warfarin clearance in vivo. Omeprazole has
been shown to decrease the clearance of only the R-
enantiomer of warfarin (Sutfin et al., 1989; Unge et al.,
1992). In agreement with these observations we find that the
human liver microsomal metabolism of R- but not S-warfarin
is inhibited by omeprazole. In the case of acenocoumarol,
the in vitro data would predict an interaction of omeprazole
with both enantiomers, which because of the relatively low K,
values of omeprazole, may be stronger than in the case of
warfarin. Cimetidine, is known to decrease the in vivo
clearance of the R-enantiomer of warfarin (Choonara et al.,
1986) and acenocoumarol (Gill et al., 1989). For warfarin,
this has been attributed to inhibition of the 6-hydroxylation
and to a lesser extent of the 7-hydroxylation (Niopias et al.,
1991), which is in accordance with the data in Table 6 (lower
K, value of the 6-hydroxylation). In the case of aceno-
coumarol, cimetidine decreases the clearance of the R-
enantiomer only if a relatively high dose of this drug is
applied (Thijssen et al., 1986; Gill et al., 1989). The enzyme
kinetic data and the data of Table 6 offer an explanation for
this phenomenon, the Km over Ki ratios are lower for aceno-
coumarol than for warfarin, which implies that at equal
substrate and inhibitor concentrations the extent of inhibition
will be lower for acenocoumarol than for warfarin.
These finding show that by the use of enzyme and inhibi-

tion kinetics, qualitative aspects of drug interactions can be

predicted. As such, the described experiments would predict
the interaction of sulphonamides to be stereoselective for
S-warfarin, which is indeed described for trimethoprim-
sulphamethoxazole (O'Reilly, 1980). In the case of
acenocoumarol the clearance of both enantiomers is expected
to be decreased.

Based on the described experiments, the interaction of
propafenone with warfarin is likely to occur only for the
R-enantiomer, whereas in the case of acenocoumarol a
(weak) interaction with both enantiomers is possible. The
metabolism of propafenone involves two main routes i.e.
5-hydroxylation, produced by P450 2D6 (Kroemer et al.,
1989) and N-dealkylation, produced by P450 3A4 and 1A2
(Botsch et al., 1993). Cytochromes P450 3A4 and 1A2 but
not 2D6 are known to have warfarin hydroxylase activity
(Rettie et al., 1992). The Km value of propafenone for its
human liver microsomal N-dealkylation (Botsch et al., 1993)
but not for its 5-hydroxylation (Kroemer et al., 1989) is in
the range of the Ki values we found for propafenone in this
study. This suggests that the parts of warfarin and
acenocoumarol metabolism that are inhibited by propafenone
are catalysed by cytochromes P450 3A4 and/or 1A2.

This study demonstrates once again that small differences
in the structure of drugs can completely change their phar-
macokinetics and stereoselectivity. Since a small structural
change may have implications on the relative contribution of
P450 isozymes in the metabolism of 4-hydroxycoumarins,
these compounds may interact differently when other drugs
are coadministered. Finally we found that ring substituted
warfarin analogues may serve as probes in exploring subtle
differences between the isozymes of the P450 2C subfamily.
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Antitussive effects of GABAB agonists in the cat and guinea-pig
'Donald C. Bolser, Sultan M. Aziz, Frances C. DeGennaro, William Kreutner, Robert W.
Egan, Marvin I. Siegel & Richard W. Chapman

Schering-Plough Research Institute, Kenilworth, NJ 07033-0539, U.S.A.

1 GABAB agonists inhibit neuronal processes which are important in the pathogenesis of airway
disease, such as bronchospasm. Cough is a prominent symptom of pulmonary disease, but the effects of
GABAB agonists on this airway reflex are unknown. Experiments were conducted to determine the
antitussive effect of GABAB receptor agonists in comparison to the known antitussive agents, codeine
and dextromethorphan.
2 Unanaesthetized guinea-pigs were exposed to aerosols of 0.3 mM capsaicin to elicit coughing, which
was detected with a microphone and counted. Cough also was produced in anaesthetized cats by
mechanical stimulation of the intrathoracic trachea and was recorded from electromyograms of res-
piratory muscle activity.
3 In guinea-pigs, the GABAB agonists baclofen and 3-aminopropyl-phosphinic acid (3-APPi) produced
dose-dependent inhibition of capsaicin-induced cough when administered by subcutaneous or inhaled
routes. The potencies of baclofen and 3-APPi compared favourably with codeine and dextromethor-
phan.
4 The GABAB antagonist, CGP 35348 (0.3- 30mg kg-', s.c.) inhibited the antitussive effect of
baclofen (3.0mgkg-', s.c.). However, CGP 35348 (10mgkg-', s.c.) had no effect on the antitussive
activity of codeine (30mgkg-', s.c.). The antitussive effect of baclofen was not influenced by the
GABAA antagonist, bicuculline (3mgkg-', s.c.) or naloxone (0.3mgkg'1, s.c.).
5 In the cat, baclofen (0.3-3.0 mg kg-', i.v.) decreased mechanically-induced cough in a dose-
dependent manner. In this model, baclofen (ED_0 = 0.63 mg kg- l) was less potent than either codeine or
dextromethorphan. The antitussive effect of baclofen in the cat was antagonized by the GABAB
antagonists, CGP 35348 (10 mg kg', i.v.) and 3-aminopropylphosphonic acid (3 mg kg', i.v.).
6 We show that baclofen and 3-APPi have antitussive effects in the guinea-pig and cat and these effects
are mediated by GABAB receptors.

Keywords: GABAB receptors; cough; antitussive; CGP35348; baclofen; 3-aminopropyl-phosphinic acid

Introduction

Cough is a defensive reflex that is often present during
pulmonary diseases such as chronic bronchitis, asthma, pul-
monary neoplasm, upper respiratory infections, and pul-
monary fibrosis (Braman & Corrao, 1987; O'Connell et al.,
1991). The function of this reflex is to remove fluids, mucus,
and/or foreign bodies from the respiratory tract by the
generation of rapid airflows (Korpas & Tomori, 1979).
Cough is generally considered to be a beneficial event, but
there are situations in which this reflex is associated with
significant morbidity. Chronic cough is associated with
exacerbation of asthmatic symptoms, rib fractures, breath-
lessness, ruptured abdominal muscles, pneumothorax, syn-
cope, second and third degree heart block, and loss of cons-
ciousness (Braman & Corrao, 1987; O'Connell et al., 1991;
Young et al., 1991). Therapy for chronic cough can include
administration of antitussive agents, the most prominent of
which are codeine and dextromethorphan (Braman & Cor-
rao, 1987). Other agents known to have antitussive effects in
animal models include dopamine receptor agonists (Kamei et
al., 1987a), N-methyl-D-aspartate antagonists (Kamei et al.,
1989) and the peripherally acting opioid agonist BW 443C
(Adcock et al., 1988). Furthermore, the use of 5-
hydroxytryptamine (5-HT) receptor antagonists and deple-
tion of brain (5-HT) levels have suggested an inhibitory effect
of this monoamine on cough (Kamei et al., 1986; Kamei et
al., 1987b).
Another inhibitory neurochemical which has been imp-

licated in depression of the cough reflex is y-aminobutyric
acid (GABA) (Nosalova et al., 1987). GABA is present
throughout the peripheral and central nervous systems (Mug-
naini & Oertel, 1985; Erdo & Kiss, 1986) and binds to at

'Author for correspondence.

least two different receptors, termed GABAA and GABAB
(Bowery, 1989). Gabalineamide, an analogue of GABA, has
antitussive effects in the cat (Nosalova et al., 1987). It was
not known whether this action was due to an effect of
GABAA or GABAB receptor stimulation. However, there is
good evidence that GABAB receptors inhibit the activity of
peripheral sensory afferents (Green & Cottrell, 1988) such as
pulmonary C-fibres (Belvisi et al., 1989) that may influence
the production of cough (Forsberg & Karlsson, 1986).
Therefore, we speculated that GABAB agonists would have
antitussive activity and we studied this phenomenon in
several animal models of cough. A preliminary account of
this work has been published (Bolser et al., 1991b).

Methods

Irritant-induced cough in guinea-pigs

Unanaesthetized male Dunkin-Hartley guinea-pigs
(250-600 g) were placed in a transparent plastic chamber
and exposed to aerosols of capsaicin (0.3 mM) at an airflow
of 4 1 min-' to elicit coughing. The aerosol was generated by
a jet nebulizer and the volume of solution aerosolized was
approximately 0.4 ml min'l. This dose of capsaicin will
reliably elicit cough under these conditions (Bolser et al.,
1991a). Coughs were detected by a microphone placed in the
chamber and connected to a audio monitor and chart
recorder. The number of coughs elicited during a 4 min
exposure to capsaicin were counted by visual inspection of
the chart record.
The antitussive effect of codeine, dextromethorphan,

GABA, baclofen, and 3-aminopropylphosphinic acid (3-

Br. J. Pharmacol. (1993), 110, 491-495 '." Macmillan Press Ltd, 1993



492 D.C. BOLSER et al.

APPi) was assessed following subcutaneous or aerosol
administration of each drug. For the subcutaneous route of
administration, animals were dosed 1 h before challenge with
capsaicin. For aerosol administration, drugs or vehicle were
delivered by inhalation for 4 min immediately before
exposure to capsaicin aerosol. This method has been used in
this laboratory to demonstrate blockade of capsaicin-induced
cough in vivo by the capsaicin antagonist, ruthenium red
(Bolser et al., 1991a).
The activity of the GABAB antagonist, 3-aminopropyl

(diethoxymethyl) phosphinic acid (CGP 35348), and a
GABAA antagonist, bicuculline, were evaluated by the ability
of these compounds to inhibit the antitussive effect of bac-
lofen. These antagonists or vehicle were administered sub-
cutaneously 40 min before challenge with capsaicin. Baclofen
was administered subcutaneously 30 min before capsaicin
challenge.

Mechanically induced cough in cats

Compounds

Compounds used in this study included capsaicin, bicuculline
methiodide (Sigma Chemical Co., St. Louis, MO, U.S.A.),
CGP 35348 (Ciba-Geigy Corp., Basel, Switzerland), 3-APPA,
dextromethorphan, naloxone HCI, and ( ± )-baclofen HCI
(Research Biochemicals Inc., Natick, MA, U.S.A.), 3-APPi
(Schering-Plough Research Institute, Bloomfield, NJ. U.S.A.)
and codeine sulphate (Mallinckrodt, St. Louis, MO, U.S.A.).
Capsaicin was dissolved in 1% ethanol, 1% Tween 20, and
98% physiological saline. All other drugs were dissolved in
0.9% saline.

Statistics

All data are represented as mean± s.e.mean. Statistical
differences between means were evaluated with Student's t
test or one-way Analysis of Variance. Effective doses (ED50,
ED30) were determined by linear regression analysis of dose-
response relationships. Differences were considered significant
if P<0.05.

Cats (2.2-4.0 kg) were anaesthetized with sodium pentobar-
bitone (35 mg kg-', i.p.). Supplemental anaesthetic
(5 mg kg-', i.v.) was administered as required. Catheters were
placed in a femoral vein and artery for administration of
drugs and measurement of arterial blood pressure, respec-
tively. A tracheal cannula was placed to allow access to the
intrathoracic trachea.

Electromyograms (EMGs) of respiratory muscle activity
were recorded via bipolar silver wire electrodes placed in the
diaphragm and rectus abdominis muscles. The EMGs were
amplified, filtered (0.5-10 kHz), monitored on a oscilloscope,
and integrated with a resistance-capacitance circuit (100ms
time constant). These signals were displayed along the blood
pressure on a chart recorder.
Cough is produced by coordinated bursts of activity in

inspiratory and expiratory muscles (Korpas & Tomori, 1979;
Tomori & Widdicombe, 1969). We defined cough as a burst
of EMG activity in the diaphragm (inspiratory muscle)
immediately followed by or coincident with burst of activity
in the rectus abdominis muscle (expiratory muscle). These
criteria are consistent with EMG recordings of respiratory
muscle activity during coughing reported by other inves-
tigators (Tomori & Widdicombe, 1969; Korpas & Tomori,
1979; Van Lunteren et al., 1989). These criteria also will
differentiate coughs from apnoeas or apneusis (no expiratory
bursts), augmented breaths (no expiratory bursts), or the
expiration reflex (no inspiratory burst).

The antitussive activity of codeine, dextromethorphan, or
baclofen was evaluated from cumulative dose-response rela-
tionships following intravenous administration of each drug.
Coughing was elicited by probing the intrathoracic trachea
with a thin flexible polyethylene cannula. Each cough trial
consisted of continuous probing of the intrathoracic trachea
for approximately 10 s. This stimulus only elicits coughs,
augmented breaths (sighs), or the expiration reflex (Korpas &
Tomori, 1979). Control values were obtained by averaging
the number of coughs during five consecutive trials obtained
following vehicle administration. One minute was allowed to
elapse between trials. A total of five stimulus trials were then
applied at 1,2,3,4, and 5 min after each dose of drug. The
cough response following each dose of drug was determined
by averaging the number of coughs observed during these
five trials. Five minutes elapsed between each dose of drug.
GABAB antagonist activity was evaluated by administra-

tion of the GABAB antagonist CGP 35348 or the mixed
agonist/antagonist (Hills & Howson, 1992) 3-amino-
propylphosphonic acid (3-APPA) 5 min before baclofen. The
antagonists and baclofen were given by the intravenous
route. The number of coughs following mechanical stimula-
tion was assessed as described above.

Results

Irritant-induced cough in guinea-pigs

Figure 1 shows the antitussive effects of subcutaneous and
aerosol administration of codeine, dextromethorphan and the
GABAB agonists baclofen and 3-aminopropylphosphinic acid
(3-APPi) against capsaicin-induced cough in the guinea-pig.
The maximum inhibition of cough by these compounds in
guinea-pigs by either route was 60-70%. Therefore, effective
doses are expressed as ED30's in Table 1. Dose-dependent
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Figure 1 Influence of codeine, dextromethorphan and GABAB
agonists administered via subcutaneous (a) and inhaled (b) routes on
capsaicin-induced cough in the guinea-pig. Drugs were administered
1 h before capsaicin challenge in (a). In (b) drugs were delivered by
aerosol for 4min just before capsaicin challenge. Values represent
mean ± s.e.mean (n = 6-18 animals per dose): (0) baclofen; (U)
3-aminopropylphosphinic acid; (A) codeine; (*) dextromethorphan.
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Table 1 Antitussive potencies of GABAB agonists and
selected standards in guinea-pigs

Inhibition of capsaicin-induced coughb
(ED30)

Compounda

Baclofen
3-APPi
Codeine
Dextromethorphan

subcutaneous
(mg kg- ')

0.04
0.36
2.20
0.31

inhaled
(%)

0.59
0.22
0.76
0.08

aCompounds administered either 1 h before (subcutaneous)
or 4 min before (inhaled) capsaicin challenge. bED30
determined by regression analysis. n = 24-72 animals for
each ED30 determination. 3-APPi = 3 aminopropylpho-
sphinic acid.

inhibition was produced by each of these drugs by the sub-
cutaneous route of administration (Figure la). Baclofen was
apparently more potent than the other drugs by this route of
administration (Table 1).
By the inhaled route, baclofen (0.1-3.0%) and 3-APPi

(0.1-3.0%) each inhibited capsaicin-induced cough. All
drugs had similar potencies to inhibit cough by the inhaled
route (Figure lb, Table 1). In addition, all drugs were
equieffective in reducing cough by this route of administra-
tion.
The GABAB antagonist, CGP 35348 (0.3-30 mg kg-', s.c.)

reduced the antitussive effect of baclofen (3mgkg-', s.c.,
Figure 2) but did not alter the antitussive effect of codeine
(30mgkg-', s.c., Table 2). Conversely, naloxone at a dose
(0.3mgkg-', s.c.) that significantly inhibited the antitussive
effect of codeine (30rmgkg-', s.c.) had no effect on the
antitussive action of baclofen (Table 2). CGP 35348 alone
had no effect on cough when delivered at doses up to
15mgkg-', s.c. Pretreatment with the GABAA antagonist,
bicuculline, (3 mg kg-', s.c.) had no effect on the antitussive
activity of baclofen (baclofen alone 41 ± 18% inhibition of
cough, baclofen + bicuculline 43 ± 13% inhibition).
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Figure 2 Influence of the GABAB antagonist CGP 35348 on the
antitussive effect of baclofen in the guinea-pig. CGP 35348 was
administered subcutaneously 40 min before challenge with capsaicin
aerosol. Baclofen (3 mg kg- ') was administered subcutaneously
30 min before challenge with capsaicin aerosol. The inhibition of
cough frequency produced by baclofen in the absence of CGP 35348
was 66 ± 7%. Values represent mean ± s.e.mean (n = 6-18 per
group). *P<0.05 compared to baclofen alone.

Table 2 Effects of selective antagonists on the antitussive
effects of baclofen and codeine in guinea-pigs

Firsta
Treatment

CGP35348
Saline
CGP35348
Naloxone
Saline
Naloxone
Naloxone
Saline
Naloxone

Secondb

Saline
Codeine
Codeine
Saline
Codeine
Codeine
Saline
Baclofen
Baclofen

% inhibition of cough
(mean ± s.e.mean)

9± 21c
44±14ji NS
61 ± 21]
27 ± 8c
62+± 13 i *
17±66

-23 ± 29c
58±12 ] NS
68±6J

aNaloxone (0.3 mg kg-', s.c.), CGP35348 (1Omg kg-', s.c.),
or saline was given 40 min before capsaicin challenge.
bCodeine (30mg kg-', s.c.), baclofen (3.0mg kg-', s.c.), or
saline was given 30 min before capsaicin challenge.
cNaloxone or CGP35348 had no significant effects on
capsaicin-induced cough.
NS = not significant n = 5-6 per group. * = P<0.05
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Figure 3 Cumulative dose-response relationships for codeine, dex-
tromethorphan, and baclofen on mechanically-induced cough in the
cat: (0) baclofen; (A) codeine; (0) dextromethorphan. Values
represent mean ± s.e.mean (n = 5 animals per drug).
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Figure 4 Influence of GABAB antagonists CGP 35348 and 3-
aminopropylphosphonic acid (3-APPA) on antitussive effect of bac-
lofen in the cat. Antagonists or vehicle administered 5 min before
first dose of baclofen: (0) vehicle and baclofen; (A) CGP 35348
(10mgkg-', i.v.) and baclofen; (0) 3-APPA (3mgkg-', i.v.) and
baclofen. Values represent mean ± s.e.mean (n = 5 animals per drug).
*P <0.05 compared to vehicle and baclofen.
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Mechanically-induced cough in the cat

Intravenous administration of baclofen (0.3-3 mg kg-'),
codeine (0.03-3.0mg kg-'), or dextromethorphan (0.03-
1.0 mg kg-') reduced mechanically-induced cough in a dose-
dependent manner in the cat (Figure 3). The maximum
inhibition produced by these drugs was 90-100% and half-
maximum inhibition (EDI)) was produced by 0.63 mg kg-'
baclofen, 0.26 mg kg- I codeine, and 0.27 mg kg-' dext-
romethorphan.

Prior administration of the GABAB antagonists, 3-APPA
(3 mg kg-', i.v.) or CGP 35348 (10 mg kg-', i.v.), shifted the
dose-response relationship for baclofen to the right (Figure
4). A higher dose of 3-APPA (10 mg kg-', i.v.) inhibited the
cough response to mechanical stimulation of the trachea,
suggestive of agonist activity by this mixed agonist/
antagonist.

Discussion

In our studies, baclofen and 3-APPi, which are highly specific
GABAB receptor agonists (Bowery, 1989; Hills & Howson,
1992), inhibited cough in cats and guinea-pigs and the
antitussive effect of baclofen was antagonized by selective
GABAB antagonists. In contrast, the GABAA antagonist,
bicuculline, and the opioid antagonist, naloxone, did not
influence the antitussive effect of baclofen in the guinea-pig.
Likewise, the GABAB antagonist, CGP 35348, did not alter
the antitussive activity of codeine. These observations
indicate that the antitussive effects of GABAB agonists are
specific to GABAB receptors and are independent of GABAA
or opioid receptors. Previously, Nosalova et al. (1987)
showed that a nonspecific GABA agonist, gabalineamide,
had antitussive effects in the cat. But it was not known if the
antitussive effect observed by Nosalova et al. was due to
GABAA or GABAB receptors. Our results clearly define a
role for inhibition of cough by GABAB receptor agonists in
cats.

Baclofen and 3-APPi had antitussive activity when given
systemically or by inhalation to guinea-pigs. This observation
contrasts with the findings of Callaway & King (1992) who
showed that inhaled baclofen and GABA did not inhibit
citric acid-induced cough in guinea-pigs. These differences in
results could be due to different protocols and/or the
different stimuli (citric acid, capsaicin) used to elicit cough. In
our studies, we compared the effects of selective GABAB
agonists to the well-characterized drugs, codeine and dextro-
methorphan. The antitussive effects of codeine and dextro-
methorphan that we demonstrated in the guinea-pig are
generally consistent with a variety of reports showing similar
effects of these drugs on cough induced by inhaled irritants in
rats and guinea-pigs (Pickering & James, 1979; Adcock et al.,
1988; Karlsson et al., 1990; Kamei & Kasuya, 1992). How-
ever caution should be used in comparing antitussive effects
of drugs on cough elicited by different irritant stimuli, such
as citric acid and capsaicin. Although previous investigators
have suggested that citric acid and capsaicin act by the same
mechanism on the basis of neuropeptide depletion

experiments using capsaicin (Forsberg & Karlsson, 1986), we
have recently shown that citric acid can elicit cough by the
same or different mechanisms as capsaicin depending upon
the dose of citric acid administered (Bolser et al., 1991a).
These observations underscore the importance of using the
same tussigenic stimulus when comparing activities of
antitussive drugs.
The potencies of baclofen and 3-APPi when administered

by the subcutaneous or inhaled routes in the guinea-pig
compared favourably to that of the standard antitussives,
codeine and dextromethorphan. The maximum efficacy of
baclofen and 3-APPi in the guinea pig model was approx-
imately 60% inhibition of cough. This observation suggests
that it may be difficult to inhibit completely capsaicin-
induced cough in this species. However, baclofen and 3-APPi
had efficacies equivalent to or greater than codeine and dext-
romethorphan in this model.

In the cat, the antitussive potencies of codeine and dextro-
methorphan in the present study are similar to or greater
than potencies reported by others (May & Widdicombe,
1954; Chau & Harris, 1980; Kase et al., 1983). In addition, in
a model of fictive cough (Bolser, 1991) we have previously
reported a potency of codeine (0.1 mg kg-', i.v.) similar to
that found in the present study. Furthermore, dextromethor-
phan was more potent in our studies (ED50= 0.27 mg kg-',
i.v.) than was reported previously (ED50 = 0.82-1.21 mg
kg-'; Chau & Harris, 1980; Domino et al., 1985). Therefore,
our cat model appears to be very sensitive to the effects of
antitussive drugs. In this model, the potency of baclofen was
only slightly less than codeine and dextromethorphan.

Previous investigators have suggested peripheral and cen-
tral sites of action for antitussive drugs (Chou & Wang,
1975; Karlsson et al., 1990). The fact that 3-APPi inhibits
cough is consistent with a peripheral site of action, because
3-APPi does not penetrate the CNS (Hills & Howson, 1992).
Indeed, we have also found that large doses (30-100 mg
kg-1, s.c.) of 3-APPi do not cause respiratory depression in
guinea-pigs whereas baclofen (3.0 mg kg- l, s.c.) causes
significant respiratory depression (J.A. Hey, G. Mingo &
R.W. Chapman; unpublished observations). Therefore, a
peripheral site of action of 3-APPi to inhibit cough seems
likely. Whether or not baclofen also acts at central sites to
inhibit cough is unknown.
The antitussive effects of GABAB agonists are consistent

with their inhibitory effects on other phenomena that are
important in the pathogenesis of airway diseases. Baclofen
decreases cholinergic and tachykinin-mediated bronchospasm
(Belvisi et al., 1989; Chapman et al., 1991) and attenuates
airway microvascular leakage induced by stimulation of
tachykinin-containing sensory afferents (Danko et al., 1992).
Furthermore, baclofen inhibits allergen and histamine-
induced bronchospasm in conscious guinea-pigs and
attenuates the release of allergic mediators from guinea-pig
lungs (Luzzi et al., 1987). Therefore, GABAB agonists appear
to be active in reducing a variety of components that cont-
ribute to the pathogenesis of airway diseases, such as asthma.

We thank Carol Battle for typing the manuscript.
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The paradoxical vascular interactions between endothelin-1 and
calcitonin gene-related peptide in the rat gastric mucosal
microcirculation
J. Lopez-Belmonte & IB.J.R. Whittle

Department of Pharmacology, Wellcome Research Laboratories, Langley Court, Beckenham, Kent BR3 3BS

1 The interactions between local intra-arterial infusion of endothelin-l (ET-1) and rat a-calcitonin
gene-related peptide (a-CGRP) on gastric mucosal damage and blood flow have been investigated in the
pentobarbitone-anaesthetized rat.
2 Close-arterial infusion of ET-1 (2-200 pmol kg-' min-') induced a significant and dose-dependent
increase in gastric mucosal haemorrhagic injury.
3 Close-arterial infusion of the higher doses of ET-l (100 and 200 pmol kg-' min-') resulted in a
biphasic effect on mucosal blood flow, as determined by laser Doppler flowmetry (LDF). This consisted
of an initial transient increase followed by a pronounced and sustained fall in LDF.
4 Local microvascular constriction may thus contribute to the mechanisms underlying the gastric
injury induced by these higher doses of ET-1.
5 However, close-arterial infusion of lower doses of ET-1 (2-50 pmol kg-' min-'), that also provoked
substantial mucosal damage, induced only a sustained and significant mucosal hyperaemia, which may
be secondary to microvascular injury.
6 Concurrent close-arterial administration of rat a-CGRP (50 pmol kg-' min-') significantly inhibited
the extent of gastric mucosal injury induced by ET-1 (5 pmol kg-' min-').
7 Furthermore, concurrent close-arterial infusion of this dose of ax-CGRP, which itself increased
mucosal LDF, significantly inhibited the hyperaemic response induced by close-arterial infusion of ET-l
(5 pmol kg-' min -').
8 These results indicate a damaging action on the gastric mucosa by low doses of ET-1 which is
independent of local vasoconstriction, that may involve a direct injury of the microvascular
endothelium. The protective action of x-CGRP thus seems unlikely to be due to a local vasodilator
effect but may reflect protective actions on the microvascular endothelium

Keywords: Endothelin-1; mucosal blood flow; laser Doppler flowmetry; endothelium; gastric damage; calcitonin gene-related
peptide

Introduction

The vascular endothelium synthesizes a variety of vasoactive
mediators which act to modulate blood flow through tissues.
One such mediator is endothelin-1 (ET-1), a 21 amino-acid
peptide originally isolated from the supernatant of cultured
porcine aortic endothelial cells, which exhibits potent
vasoconstrictor activity both in vitro and in vivo (Yanagisawa
et al., 1988a,b; Inoue et al., 1989). Close-arterial infusion of
picomol quantitites of ET-1 induces extensive haemorrhagic
injury to the rat gastric mucosa (Whittle & Esplugues, 1988;
Whittle et al., 1989b; Whittle & Lopez-Belmonte, 1991). Fur-
thermore, intravenous infusion of ET-1 can significantly
enhance the gastric mucosal injury induced in the rat by
topical application of ethanol or acid (Wallace et al., 1989).
Such ulcerogenic effects of ET-1 were considered to reflect
local vasoconstrictor actions on the mucosal microcircula-
tion.
The release of vasodilator neuropeptides from sensory

afferent neurones, through a local reflex, has been suggested
to be a protective mechanism in the gastric mucosa (Szolc-
sanyi & Bartho, 1981; Holzer & Sametz, 1986). This proposal
was supported by experiments in which chronic capsaicin
treatment, to ablate primary afferent neurones and deplete
their neuropeptide content, augmented the injury induced by
a variety of damaging agents (Szolcsanyi & Bartho, 1981;
Holzer & Sametz, 1986; Esplugues et al.,1989; Esplugues &
Whittle, 1990) including ET-1 (Whittle & Lopez-Belmonte,
1991).

I Author for correspondence.

Acute intragastric administration of capsaicin, which
stimulates neuropeptide release from sensory nerves, induces
mucosal vasodilatation and protects against gastric mucosal
injury (Holzer et al.,1990; 1991; Li et al., 1991; Whittle et al.,
1992). Calcitonin gene-related peptide (CGRP), a potent
endothelium-dependent vasodilator (Brain et al., 1985), is the
predominant neuropeptide released from afferent sensory
nerves in the rat stomach (Green & Dockray, 1988). CGRP
is a potent vasodilator in the rat gastric microcirculation
following local infusion (Holzer & Guth, 1991; Li et al.,
1991; Whittle et al., 1992) and can reduce the haemorrhagic
lesions following challenge with aspirin or ethanol (Lippe et
al., 1989). Furthermore, close-arterial administration of rat
a-CGRP can inhibit the damage induced by local infusion of
ET-l (Whittle & Lopez-Belmonte, 1991). This latter protec-
tive effect of CGRP was proposed to reflect local vasodilator
actions of the sensory neuropeptide opposing those of the
endothelium-derived vasoconstrictor peptide on microvas-
cular tone and gastric mucosal integrity.

In the present study, the effects of local intra-arterial
administration of ET-1 and rat a-CGRP on gastric mucosal
blood flow have been investigated by the use of laser Doppler
flowmetry. Furthermore, these effects have been compared to
their actions in gastric mucosal integrity in the anaesthetized
rat.
A preliminary account of this work has been presented to

the British Pharmacological Society (Lopez-Belmonte &
Whittle, 1993).

'." Macmillan Press Ltd, 1993Br. J. Pharmacol. (1993), 110, 496-500
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Methods

Gastric damage induced by local infusion of ET-I

Male Wistar rats (230-260 g body weight) were deprived of
food but not water for 18-20 h before the experiment. The
animals were anaesthetized with sodium pentobarbitone
(60mgkg-', i.p.) and the stomach exposed by a mid-line
incision. The left gastric artery was then exposed and can-
nulated with a short 24 gauge teflon cannula (Esplugues et
al., 1989). The oesophagus and pylorus were ligated and 2 ml
0.1 M hydrochloric acid was instilled into the gastric lumen
via the forestomach. ET-1 (2-200 pmol kg-' min'-) or its
vehicle, a 0.1% solution of bovine serum albumin (BSA) in
saline, was infused locally via the left gastric artery for
10 min (13 tl min-') and the stomachs removed 20 min later.

Measurement ofgastric mucosal bloodflow

Following cannulation of the left gastric artery, a small bore
(8.5 mm outer diameter) plastic cannula was inserted in the
forestomach and tied in place to allow free access to the
gastric lumen for the measurement of mucosal blood flow by
laser Doppler velocimetry, as described previously (Tepper-
man & Whittle, 1992). A teflon-coated laser optic probe
(Periflux PF 308, standard probe, 0.25 mm fibre separation)
was inserted into the gastric lumen via the forestomach can-
nula and allowed to rest gently on the corpus mucosa. After
a resting period of 20-30 min following surgery, gastric
mucosal blood flow was recorded continuously with a laser
Doppler flow monitor (Perimed PF3, Stockholm, Sweden;
helium-neon laser of wavelength 632.8 nm and power at
probe tip of <1 mW) until stable levels were obtained.
Changes in laser Doppler flow (LDF) were assessed in res-
ponse to intra-arterial infusion (13 gl min 1) of 0.1% BSA in
saline or the compounds under investigation.

In one study, LDF was also measured with a Moore's
MBF3D monitor (Axminster, England), in which the laser
beam was generated by a semi-conductor laser diode
operating at a wavelength of 782 nm, with approximately
1 mW power at the probe tip. This apparatus also allowed
the determination of red cell concentration as well as
velocity, upon which the calculation of laser Doppler flux as
a measure of blood flow depends.

Effect of ET-J on gastric mucosal LDF

Endothelin-l (2-200pmolkg-'min-1) or its vehicle (0.1%
BSA in saline) were infused close-arterially (13 gd min -) for
a period of 10 min. Average LDF values were determined for
a 3 min period before ET-1 infusion and similarly for the
final 3 min period of the infusion or when LDF values had
stabilized. Changes in LDF were expressed as % change
from basal values.

Effect ofc-CGRP on ET-J induced mucosal damage and
LDF changes
In these studies, an intra-arterial 24 gauge teflon cannula
attached to a bifurcated catheter was used, which allowed for
the concurrent administration of two substances infused at a
rate of 13 gd min-'. In control studies, the vehicle, 0.1% BSA
in saline, was infused at 26 gLml min- for O min.

Local intra-arterial infusion of rat a-CGRP (50 pmol
kg- min-') was started 5 min before ET-l and maintained
for the duration of the 10 min infusion of ET-1. This dose of
rat a-CGRP was taken from previous dose-response studies
as that which produced near-maximal protection against
mucosal injury (Whittle & Lopez-Belmonte, 1991). In control
experiments, a-CGRP, or its vehicle was infused alone close-
arterially for a total period of 15 min at 26 gd min-'.

Assessment of mucosal damage

Twenty min after terminating the local intra-arterial infusion
of the drugs, the stomachs were removed from the abdominal
cavity, cut open along the greater curvature and gently rinsed
with isotonic saline. They were then pinned, mucosal side up,
to a wax block and immersed in neutral buffered formalin.
Each stomach was photographed on colour transparency film
(Kodak EPY 50) and coded to allow for unbiased assess-
ment. The transparencies were then projected and the mac-
roscopically visible damage (identified as vasocongestion,
haemorrhagic necrosis and epithelial desquamation) was
assessed by computerized planimetry (Apple Ile). The area of
damage in each mucosa was expressed as a percentage of the
total mucosal area.

Materials

Endothelin-l (human-porcine) and rat a-CGRP (Peninsula
Laboratories, St. Helens, Merseyside) were dissolved in
isotonic saline and kept frozen (- 20°C) in aliquots. Samples
were freshly diluted when required in isotonic saline for
a-CGRP or in a 0.1% solution of bovine serum albumin in
saline for ET-1.

Statistical evaluation

Results are expressed as the mean ± s.e.mean, where (n) is
the number of animals. The difference between groups was
evaluated by analysis of variance with the Bonferroni test for
multiple comparisons or by Student's t test for unpaired data
where appropriate, a value of P< 0.05 being taken as
significant.

Results

Effect of local ET-J on gastric mucosal integrity

Local intra-arterial infusion of ET-1 (2-200 pmol kg-' min'
in 0.1% bovine serum albumin) for Omin induced a dose-
dependent increase in gastric mucosal damage, assessed mac-
roscopically 20 min later. This damage was characterized by
regions of vasocongestion, epithelial desquamation, haemor-
rhage and necrosis extending to 30 ± 4% and 96 ± 3% of the
total mucosal area at the lowest and highest doses respec-
tively (n = 6 and 4 respectively, P<0.001; Figure 1). The
activity of ET-1 in this vehicle was greater than when ET-1
in isotonic saline was locally infused, with damage induced
by ET-1 (5 pmol kg-l min-', i.a.) being 34 ± 3% and
14 ± 5% of total area respectively (n = 5 for each).
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Figure 1 Effect of local intra-arterial infusion (10 min) of
endothelin-I (ET-1, 2-200pmolkg-'min'1; shaded columns) on
gastric mucosal integrity. Macroscopic damage, assessed 20 min after
infusion, is shown as the % of the total mucosal area. Results are
the mean ± s.e.mean of 4-8 experiments in each group. Statistical
significance from damaged area in control studies (vehicle infusion;
open column) is given as ***P<0.001.
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Effect of local ET-J infusion on gastric mucosal LDF

Local intra-arterial infusion of the higher doses of ET-1 (100
and 200 pmol kg-' min-') induced a biphasic response in the
mucosal LDF signal, determined with the Perimed PF3
monitor. This consisted of an initial significant, but transient,
increase in LDF which was followed by a pronounced and
sustained fall in LDF (Figure 2). With ET-1 (100 and
200 pmol kg-' min-'), the hyperaemic response lasted 6.5 ±
1.7 and 1.7 ± 0.3 min respectively (n = 5 for each). The
subsequent reduction in LDF persisted after termination of
ET-1 infusion and up to the conclusion of the experiment.
Thus, with ET-1 (100 and 200 pmol kg-' min-') the maximal
reduction of LDF of -38± 11% and -76± 6% of basal
respectively, achieved at the end of the 10 min infusion, was
-23+ 11% and -76± 7% of basal, 20 min after the ET-1
infusion.
When lower doses of ET-1 were administered (2-

50 pmol kg-' min-') only an increase in LDF was observed,
this response being maximal at a dose of 5 pmol kg-' min-'
(AIII ± 13% of basal, n = 15, P<0.01; Figure 2). This in-
crease in LDF was sustained for the duration of the infusion,
and persisted after termination of ET-1 infusion, being
A80 ± 10% of basal (n= 15) 20 min after termination of
ET-1 (5 pmol kg'- min'). As the dose of ET-1 was
gradually increased, both the magnitude and duration of this
hyperaemic response were diminished until a biphasic res-
ponse was observed, as shown in Figure 2. Thus, with ET-1
(50 pmol kg'- min-'), the maximal increase in LDF of
A53 ± 8% of basal (n = 6) observed after 10 min of infusion,
declined to A14 ± 8% of basal, 10 min after terminating the
infusion.

Similar findings were observed in a separate series of
studies in which LDF was measured with the Moore's
MBF3D monitor. Thus, following local infusion of ET-1
(100pmolkg-'min'1), the initial transient (4min) increase
in LDF of 28 ± 8% was followed by a sustained fall in LDF
of - 40 ± 13% (n = 5; P<0.05). These changes in LDF
were accounted for solely by changes in velocity within the
microvasculature, the red blood cell concentration not
significantly changing from resting values during the course
of the study (change, 1.5 ± 1.9%).

Effect ofax-CGRP on ET-J-induced mucosal injury

Local intra-arterial infusion of rat a-CGRP (50 pmol kg'
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min-') alone had no significant effect on macroscopically
determined gastric mucosal integrity. However, when co-
administered with ET-1 (5 pmol kg-' min-') there was a
significant reduction of the gastric mucosal injury induced by
this dose of ET-1 alone (58 ± 11% inhibition, n = 8,
P<0.001; Figure 3).

Effect ofax-CGRP on mucosal hyperaemia induced by
ET-J
Local intra-arterial infusion of ax-CGRP (50 pmol kg-'
min-') alone induced a significant increase in LDF (Figure
4). However, when this dose of oc-CGRP was co-administered
with ET-1 (5 pmol kg-' min') a significant reduction of the
hyperaemic response induced by ET-1 was observed (77 ±
5% inhibition, n = 6, P<0.001; Figure 4). Moreover, the
remaining hyperaemia was similar in magnitude to that
observed with x-CGRP alone, and thus may indicate the
complete inhibition of the ET-1 response.
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Figure 3 Effect of local intra-arterial infusion of rat a-calcitonin
gene-related peptide (a-CGRP, 50 pmol kg-' min-') on the macro-
scopic gastric mucosal damage induced by concurrent close-arterial
administration (10 min) of endothelin-I (ET-1, 5 pmol kg-' min-').
Results are shown as the area of damage expressed as a % of the
total mucosal area and are the mean ± s.e.mean of 5-6 experiments
for each group except for ET-1 alone, where n = 15. Statistical
significance from control studies (vehicle) is given as ***P<0.001.
Significant reduction of ET-1 induced damage is given as
tttP<0.001.
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Figure 2 Effect of local intra-arterial infusion (10 min) of endo-
thelin-l (ET-1, 2-200 pmol kg- minm-) on gastric mucosal blood
flow (as assessed by laser Doppler flowmetry; LDF). Changes in
LDF are expressed as the maximal % change from basal values
observed during the infusion period. Shaded columns represent
vasodilatation and lower open columns vasoconstriction. At the
higher doses of ET-I (100 and 200 pmol kg-' min-) the transient
vasodilatation (lasting 6.5 and 1.7 min respectively) was followed by
a sustained vasoconstriction. Results are shown as the mean ±
s.e.mean of 4-15 experiments for each group. Statistical significance
from LDF values in control studies is given as *P <0.05;
**P<0.01.
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Figure 4 Effect of local intra-arterial infusion of rat a-calcitonin
gene-related peptide (a-CGRP, 50 pmol kg-' min-') on the gastric
mucosal hyperaemia induced by concurrent close-arterial administra-
tion of endothelin-l (ET-1, 5 pmol kg-' min-) as assessed by laser
Doppler flowmetry (LDF). Changes in LDF are expressed as the %
change from basal values. Results are shown as the mean ± s.e.mean
of 5-6 experiments for each group except for ET-1 alone, where
n = 15. Statistical significance from control studies (vehicle infusion)
is given as **P<0.01; ***P<0.001. Significant reduction of ET-1-
induced hyperaemia is given as tttP<0.001.
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Discussion

Local intra-arterial infusion of ET-1 induced dose-dependent
gastric mucosal injury. This damage was characterized by
widespread areas of vasocongestion and epithelial desquama-
tion, with extensive areas of haemorrhage and necrosis also
apparent at the higher doses. The use of bovine serum
albumin as a vehicle was found to augment the extent of
injury induced by ET-1 when compared to the use of isotonic
saline as vehicle as in previous studies (Whittle & Esplugues,
1988; Whittle & Lopez-Belmonte, 1991).

It had been proposed that the induction or augmentation
of gastric damage by local or systemic ET-1 administration
could be attributed to its potent vasoconstrictor activity in
the mucosal microcirculation (Whittle & Esplugues, 1988;
Wallace et al., 1989). In the present study, using laser Dop-
pler flowmetry to monitor continuously gastric mucosal
blood flow, the higher doses used of ET-l (100 and
200 pmol kg- min-') induced a biphasic response. This con-
sisted of an initial short-lived hyperaemia lasting up to 6 min,
which was followed by a pronounced and sustained fall in
mucosal blood flow. This profile of events following infusion
of these higher doses of ET-1 was also observed using
another laser Doppler flow monitor of greater laser
wavelength and power and hence with greater tissue penetra-
tion. These findings indicate that such blood flow responses
are not simply focal response in one area of the microvas-
culature and probably reflect changes throughout the mucosal
microcirculation. The nature of the ET receptor (Arai et al.,
1990; Sakurai et al., 1990) involved in this microcirculatory
vasoconstrictor response is not yet known; although the ETA
receptor located on vascular smooth muscle mediates the
pressor response of ET- 1, recent studies have demonstrated
the involvement of ETB-like receptors in vasoconstriction in
the rat kidney (Cristol et al., 1993).

Such profound gastric vasoconstrictor effects could con-
tribute to the mucosal injury induced by these higher doses
of ET- 1. Unexpectedly however, infusion of lower doses of
ET-1, which also brought about substantial mucosal injury,
induced only mucosal hyperaemia, indicating a dissociation
between such mucosal damage and local vasoconstriction. As
the dose of ET-1 was increased, this hyperaemia gradually
diminished both in magnitude and duration, gradually
approaching the biphasic response observed with the higher
doses. This transition may reflect an underlying vasoconstric-
tion which gradually opposes and then overcomes the
observed hyperaemia. These findings are comparable to
previously reported observations on cortical microvascular
perfusion in the rat where intracarotid administration of low
doses of ET- 1 increased cortical perfusion and reduced
microvascular resistance, whereas high doses reduced micro-
vascular perfusion and increased resistance (Willette et al.,
1989). Furthermore, intravenous administration of ET-1 can
decrease, increase or exhibit a biphasic action on rat systemic

arterial blood pressure depending on the dose used, the level
of anaesthesia or the existing blood pressure (Wright &
Fozard, 1988; De Nucci et al.,1988; Whittle et al., 1989a,b;
Gardiner et al., 1989).
The mechanisms mediating the observed mucosal hyper-

aemia are not yet clear. However, ET-1 can induce the
release of prostacyclin and nitric oxide from the vascular
endothelium which accounts for the vasodilatation seen in
the isolated mesenteric vascular bed (De Nucci et al., 1988).
It will therefore be necessary in future studies to determine if
this mucosal vasodilatation or any mediator release is a
direct effect of ET-1 in the gastric microcirculation, perhaps
through activation of ETB or other ET receptors (Masaki et
al., 1991) or if it occurs secondarily to microvascular injury
induced by ET-1.

Local intra-arterial infusion of a-CGRP induced a
significant increase in gastric mucosal LDF. This agrees with
previous reports where a-CGRP was found to be a potent
vasodilator in the gastric microcirculation, determined by use
of a variety of techniques including laser Doppler flowmetry
and hydrogen gas clearance (Dipette et al., 1987; Bauerfeund
et al.,1989; Holzer & Guth, 1991; Li et al., 1991; Whittle et
al., 1992). Intravenous infusion of a-CGRP can reverse the
vasoconstrictor action of ET-1 on the internal carotid vas-
cular bed in the rat (Gardiner et al., 1990), and local a-
CGRP administration reduces the vasoconstriction induced
by ET-1 in rabbit skin (Brain et al., 1988). Interestingly, the
present findings indicate that x-CGRP co-administration can
also significantly inhibit the gastric hyperaemic response
induced by ET-1. Since this dose of a-CGRP attenuated the
mucosal injury induced by ET-1 as shown previously (Whit-
tle & Lopez-Belmonte, 1991), these apparently paradoxical
findings again could suggest that the observed hyperaemia in
the gastric mucosal microcirculation is a consequence of a
damaging action of ET-1 on the vascular endothelium. Thus,
prevention of ET-1-induced microvascular injury by CGRP
could suppress the subsequent release of local vasodilator
mediators.

Such microvascular injury by ET-1 could take place prior
to the appearance of gross macroscopic damage in the
mucosa. Indeed, injury of the endothelium has been proposed
as an initial event in the genesis of mucosal injury induced by
a number of agents including topical ethanol (Guth et al.,
1984; Szabo et al., 1985) and local generation of free radicals
(Parks et al., 1982; Esplugues & Whittle, 1989). Under the
present conditions, the ability of a-CGRP to prevent mucosal
injury therefore seems unlikely to be due to local vasodilator
actions but may involve protective actions in the microvas-
culature. Thus, it appears that the interactions between ET-1
and CGRP in the mucosal microcirculation are not simply
due to opposing vasoactive properties, but reflect complex
events involving the release of local mediators and actions on
the continuity of the vascular endothelium.
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Desensitization of the P2-purinoceptors on the rat colon
muscularis mucosae

S.M.O. Hourani, C.R. Johnson & S.J. Bailey

Receptors & Cellular Regulation Research Group, School of Biological Sciences, University of Surrey, Guildford, Surrey
GU2 5XH

1 Adenosine 5'-triphosphate (ATP) and adenosine have been shown to contract the rat colon mus-
cularis mucosae, and the receptors at which they act have been classified as P2y and Al respectively.
Uridine 5'-triphosphate (UTP) also contracts this tissue, and desensitization was used to investigate the
receptors by which it acts, in the light of recent suggestions that specific pyrimidinoceptors may exist for
UTP, or that nucleotide receptors may exist which are responsive to both ATP and UTP but not to
some ATP analogues such as 2-methylthioadenosine 5'-triphosphate (2-MeSATP).
2 ATP, UTP and adenosine each contracted the rat colon muscularis mucosae in a concentration-
dependent manner over the concentration range 0.3-300 ltM, although maximal responses to ATP and
UTP were not obtained. ATP was approximately 4 times as potent as UTP and approximately
equipotent with adenosine although the maximal response to adenosine appeared to be less than that to
ATP or UTP.
3 Desensitization of the tissue with ATP (200 gM) given immediately before each concentration of the
agonists reduced subsequent contractions induced by ATP itself and also by UTP, but did not reduce
contractions induced by adenosine. Desensitization of the tissues with UTP (20011M) also reduced
contractions induced by ATP and UTP but not by adenosine, whereas desensitization with adenosine
(200 iM) reduced contractions induced by adenosine itself but not by ATP or UTP.
4 Desensitization of the tissue with 2-MeSATP (200 iLM), which is a more potent agonist than ATP at
P2Y-purinoceptors, greatly reduced the responses to ATP and to UTP, but had no effect on responses
induced by adenosine. Attempts to desensitize the tissue with adenosine 5'-(a,P-methylene)triphos-
phonate (AMPCPP), which is a more potent agonist than ATP at P2X-purinoceptors but is less potent at
P2y-purinoceptors, were unsuccessful.
5 These results show that cross desensitization to ATP and UTP occurred and was specific for these
agonists rather than being due to a general decrease in the ability of the muscle to contract. This implies
that ATP and UTP act at the same receptor, which does not support the existence of specific
pyrimidinoceptors but which could be taken as evidence for the existence of a nucleotide receptor on
this tissue. However, the ability of 2-MeSATP, which is inactive at the proposed nucleotide receptors,
also selectively to desensitize this receptor indicates instead that ATP and UTP are both acting at a
purinoceptor of the P2Y type in this tissue.

Keywords: Rat colon muscularis mucosae; purinoceptors; pyrimidinoceptors; ATP; UTP; nucleotide receptors; desensitization

Introduction

The classification of P2-purinoceptors on smooth muscle into
P2x, at which adenosine 5'-triphosphate (ATP) acts to cause

contraction, and P2Y, at which ATP generally acts to cause

relaxation, is now well accepted. These receptors are defined
by the potency order of agonists, with 2-methylthioadenosine
5'-triphosphate (2-MeSATP) being more potent than ATP
which is more potent than adenosine 5'-(a,-methylene)tri-
phosphonate (AMPCPP) at P2y-purinoceptors, while on P2C-
purinoceptors AMPCPP is more potent than ATP which is
equipotent with 2-MeSATP (Burnstock & Kennedy, 1985;
Kennedy, 1990). No selective competitive antagonists are

currently available to consolidate this receptor classification,
and the best available ATP antagonist, suramin, does not
discriminate between P2X and P2y receptors (Hoyle et al.,
1990). The pharmacological actions of adenine nucleotides
may be complicated by their breakdown to adenosine which
acts via its own receptors of which two major subclasses
exist, Al which generally mediates contraction of smooth
muscle and A2 which mediates relaxation. The breakdown of
ATP and its analogues to adenosine may reduce its potency
in some tissues (Welford et al., 1987), and in others may
result in ATP acting largely via adenosine receptors rather
than P2-purinoceptors (Bailey & Hourani, 1992). Use of more
stable analogues of ATP such as AMPCPP can help to avoid
this problem, although they are not as potent as ATP at
P2y-purinoceptors and may not be completely resistant to

degradation in some tissues (e.g. Bailey & Hourani, 1992).
An additional complication in interpreting results is that the
related analogue adenylyl 5'(P,'y-methylene)diphosphonate
(AMPPCP) has been shown to act apparently directly via Al
adenosine receptors in some tissues, showing that one cannot
make assumptions about the receptor selectivity of a com-
pound on the basis of its structure (Bailey & Hourani, 1990;
Hourani et al., 1991; Von Kugelgen et al., 1992).
Although most research has centred on the actions of

adenine nucleotides, there is increasing interest in the effects
of other nucleoside triphosphates, in particular the pyrimi-
dine nucleotide uridine 5'-triphosphate (UTP). In many tis-
sues these nucleotides are also active, but there is debate as
to whether these actions are via P2X and P2Y-purinoceptors or
some other receptor subtype. Pyrimidinoceptors, analogous
to purinoceptors but responding to uracil nucleotides, have
been proposed to exist largely on the basis of differences in
the responses of some tissues to ATP and UTP (reviewed by
Seifert & Schultz, 1989). In the absence of selective antag-
onists, desensitization has been used in an attempt to dis-
criminate between receptors for ATP and for UTP, and in a
number of blood vessels which contract to ATP studies of
this type have been interpreted as providing some support for
the existence of separate UTP receptors (Von Kugelgen et al.,
1987; Sa;ag et al., 1987; 1990; Von Kugelgen & Starke, 1990).
However, in other tissues, such as the mouse vas deferens,
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there is cross desensitization between ATP and UTP and
their contractile responses therefore appear to be mediated
by a common receptor (Von Kugelgen et al., 1990). In these
tissues the P2-purinoceptor is of the P2X subtype and may
therefore be a receptor-operated cation channel (Benham,
1990; Kennedy, 1990), but recently there has been more
interest in the effects of ATP and UTP on cells in which the
receptor is linked to phospholipase C activation. These in-
clude vascular endothelial cells, which respond to ATP by
releasing factors such as nitric oxide which are responsible
for the relaxation by ATP of many blood vessels. Because of
differences in the structure-activity relationships observed on
different cells and in particular the effects of 2-MeSATP, it
has been proposed that two types of receptor recognising
ATP may be involved. As well as P2Y purinoceptors at which
the potency order is 2-MeSATP> ATP> UTP, there may be
nucleotide receptors at which the potency order is ATP
= UTP >> 2-MeSATP, and some cells may have a mixed
population of receptors, which could result in a potency
order of 2-MeSATP> ATP = UTP, with a lower maximal
response being achieved by 2-MeSATP than by ATP due to
the activation of both receptor types by ATP (O'Connor et
al., 1991). Phospholipase C-coupled receptors at which UTP
and ATP are equipotent, and which are therefore equivalent
to nucleotide receptors, have also been called P2U-receptors
(Dubyak, 1991).
Although UTP is much less potent than ATP in the

guinea-pig taenia caeci (Brown & Burnstock, 1981), which
relaxes to ATP via the archetypal P2Y-purinoceptors (Burn-
stock & Kennedy, 1985; O'Connor et al., 1991), little is
known about the effects of UTP and the receptors at which it
acts in other non-vascular smooth muscle preparations which
contain P2Y-like purinoceptors. P2Y-purinoceptors mediating
relaxation of smooth muscle are often resistant to desensitiza-
tion (Burnstock & Kennedy, 1985), and there are also tech-
nical difficulties and problems of interpretation in working
with tissues in which the tone has to be raised before addi-
tion of nucleotides for detection of relaxation responses. We
have recently shown that the rat colon muscularis mucosae
contracts to ATP via a P2-purinoceptor at which the potency
order of analogues was 2-MeSATP>ATP> AMPCPP, and
which we therefore characterized as P2Y (Bailey & Hourani,
1990). However the maximal response to 2-MeSATP was less
than that to ATP, and preliminary studies indicated that
UTP was also active here, so it seemed likely that this would
be a suitable tissue in which to investigate the possible
existence of pyrimidinoceptors or nucleotide receptors using
desensitization. This tissue also contracts to adenosine via Al
receptors (Bailey et al., 1992), so this compound was used as
a control agonist to ensure that any desensitization was
selective.
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Figure 1 Contraction of the rat colon muscularis mucosae by ATP
(a), UTP (0) or adenosine (A). Each point is the mean ± s.e.mean
of four determinations.

a

60 -

40 -

20 -

i
±
0
In
0

m

0

n

.0
L.

m

C.)
0

U1)
C)
C
0
CO)U)

0

C
0
0
co

C
0
C-)

0-
0.1 10 100 1000

ATP concentration (>JM)
b

60,

40 -

20 -

0-
10000.1

UTP concentration (>.M)

40 -

20 -

Methods

Normally fed Wistar Albino rats (200-250 g), University of
Surrey strain, were killed by cervical dislocation. A 40 mm
length of the distal colon was removed and placed in warm
(32°C) Tyrode buffer of the following composition (mM):
NaCl 136.9, KCI 2.8, CaCl2 1.8, MgCI22.1, NaHCO3 11.9,
NaH2PO4 0.3, glucose 5.6, pregassed with 95% 02/5% Co2-
The tissue was cleared of faecal matter and a glass pipette,
external diameter 5 mm, was placed inside the colon. The
outer muscularis propria was removed by gently rubbing
with moist cotton wool and discarded. From the remaining
thick walled tube of mucosal tissue, consisting of epithelial
tissue and muscularis mucosae, a 20 mm length was sus-
pended in Tyrode buffer in a 4 ml organ bath bubbled with
95% 02/5% CO2 at 32°C. Contractions were recorded iso-
metrically at a resting tension of 1 g with a Grass FT03
transducer and displayed on a Grass 79C polygraph.
The tissues were allowed to equilibrate for 90 min with

regular washes at approximately 20 min intervals, following

0-J
0.1 10001 10 100

Adenosine concentration (>M)

Figure 2 Contraction of the rat colon muscularis mucosae by (a)
ATP, (b) UTP or (c) adenosine in the absence (closed symbols) or
presence (open symbols) of desensitization by ATP (200JuM). Each
point is the mean ± s.e.mean of four determinations.

which concentration-response curves to ATP, UTP or aden-
osine were determined with or without desensitization with
ATP, UTP, adenosine, 2-MeSATP or AMPCPP. For the
control concentration-response curves increasing doses of
agonist were given non-cumulatively, with a contact time of
approximately 1 min, a washout period of 30s and a re-
covery period of 10 min for ATP and adenosine and 15 min
for UTP. These recovery periods were shown in preliminary
experiments to allow repeated administration of the agonists
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Figure 3 Contraction of the rat colon muscularis mucosae by (a)
ATP, (b) UTP or (c) adenosine in the absence (closed symbols) or

presence (open symbols) of desensitization by UTP (200 pM). Each
point is the mean ± s.e.mean of four determinations.
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Figure 4 Contraction of the rat colon muscularis mucosae by (a)
ATP, (b) UTP or (c) adenosine in the absence (closed symbols) or

presence (open symbols) of desensitization by adenosine (200 pM).
Each point is the mean ± s.e.mean of four determinations.

(10 tiM) to be given without a decrease in the observed
responses. Concentration-response curves to ATP and UTP
were determined on the same tissue by applying doses of
each agonist alternately, and concentration-response curves

to adenosine were determined on separate tissues. Desen-
sitization was achieved in separate experiments by applying
the agonists at a concentration of 200 JLM with a contact time
of 5 min (4 min the case of 2-MeSATP) during which time
the contraction reached a peak and declined, followed by a

30 s washout to allow the tissue to relax completely before
challenging with ATP, UTP or adenosine. The desensitizing
agonist was applied before each dose of the test agonists, and
a recovery period of 15 min was allowed between doses. All
contractions were expressed as a percentage of the contrac-
tion induced by carbachol (50 gAM) applied at the end of the
experiments, and results were expressed graphically as the
mean and standard error of the mean (s.e.mean) of the
responses obtained. EC50 values referred to each agonist's
maximal responses could not be obtained because the con-

centration-response curves did not achieve a plateau. The
potency of the agonists was therefore calculated as the pEC30
value (the negative log of the concentration required to give
30% of the maximal response to carbachol), calculated by
linear regression analysis of the linear portions of the individ-
ual log concentration-response curves. The pEC30 values were

calculated and compared in the presence and absence of
desensitization using analysis of variance followed by Dun-
nett's one-tailed test, and EC30 values given in Table 1 were

obtained from the mean pEC30 values.
Adenosine, ATP, UTP, AMPCPP and carbachol were ob-

tained from Sigma, Poole, Dorset, 2-MeSATP from Research

Biochemicals, Natick, MA (U.S.A.), and buffer salts (ana-
lytical grade) from BDH, Poole, Dorset.

Results

ATP, UTP and adenosine each contracted the rat colon
muscularis mucosae in a dose-dependent manner, although
maximal responses were not obtained for ATP and UTP
even at a concentration of 300 ILM. ATP was approximately 4
times more potent than UTP, and adenosine was of similar
potency to ATP but at higher concentrations produced a

smaller response than ATP (Figure 1). Pretreatment with
ATP (200 pLM) significantly reduced responses to ATP and to
UTP, increasing the EC30 values for these agonists approx-
imately 10 fold and 3 fold respectively (Figure 2a,b). Pre-
treatment with UTP (200 ELM) also reduced responses to both
ATP and UTP, increasing the EC30 values for these agonists
3 fold and 11 fold respectively, although this increase failed
to achieve statistical significance for ATP (Figure 3a,b).
Pretreatment with ATP (200 JM) caused a very small (< 2
fold) increase in the EC30 value to adenosine, which was not
statistically significant (P> 0.05) (Figure 2c). Pretreatment
with UTP (200 pM) did not affect the concentration-response
curve to adenosine (Figure 3c). Pretreatment with adenosine
(200 pM) significantly reduced responses to adenosine, in-
creasing the EC30 value approximately 4 fold, but did not
affect the concentration-response curve to ATP or UTP
(Figure 4). Pretreatment with 2-MeSATP (200 ,.M) greatly
reduced the response to both ATP and UTP, increasing the
EC30 values for these agonists 38 fold and 21 fold respectively
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Figure 5 Contraction of the rat colon muscularis mucosae by (a)
ATP, (b) UTP or (c) adenosine in the absence (closed symbols) or
presence (open symbols) of desensitization by 2-methylthioadenosine
5'-triphosphate (200 tsM). Each point is the mean ± s.e.mean of four
determinations.

(Figure 5a,b). The responses to adenosine were not affected
by pretreatment with 2-MeSATP (200 gM) (Figure Sc). Pre-
treatment of the tissues with AMPCPP (200 gM) did not
significantly affect the concentration-response curves to any
of the agonists (results not shown). EC30 values for ATP,
UTP and adenosine in the presence and absence of desen-
sitization are given in Table 1.

Discussion

These results show that UTP, like ATP, contracts the rat
colon muscularis mucosae and is approximately 4 times less
potent than ATP itself. We have previously shown that
2-MeSATP is much more potent than ATP on this tissue and

had therefore characterized the receptor as a P2y-purino-
ceptor (Bailey & Hourani, 1990). The present study, however,
indicates that UTP is somewhat more potent here than in
other tissues, such as the guinea-pig taenia caeci (Brown &
Burnstock, 1981) which have been classified as containing
P2Y-purinoceptors. In addition, 2-MeSATP does not achieve
the same maximal response as ATP in this tissue (Bailey &
Hourani, 1990), in contrast to the guinea-pig taenia caeci
(Satchell & Maguire, 1975). In the classification of O'Connor
et al. (1991), the rat colon muscularis mucosae could there-
fore contain a mixture of P2Y-purinoceptors and nucleotide
receptors, with 2-MeSATP acting on the former, UTP on the
latter and ATP on both. Alternatively, this tissue could
contain pyrimidinoceptors (see Seifert & Schultz, 1989, for
review) on which only UTP acts, together with P2y-purino-
ceptors which respond to ATP and 2-MeSATP. In the
absence of any antagonist known to be selective for any of
these putative receptors we attempted to use desensitization
to investigate these possibilities, in the hope that a contractile
response might prove easier to manipulate in this way than
the relaxations observed in most smooth muscle preparations
containing receptors of this type.

Desensitization of the tissue was achieved with ATP, UTP,
2-MeSATP and adenosine, but not with AMPCPP. The
failure of this agonist to cause any desensitization probably
reflects its relatively low potency in this tissue (Bailey &
Hourani, 1990), and is further evidence that ATP does not
contract via P2x-purinoceptors here as these receptors are
very readily desensitized by AMPCPP (Burnstock & Ken-
nedy, 1985). 2-MeSATP was the most effective desensitizing
agonist, again probably reflecting its high potency in this
tissue (Bailey & Hourani, 1990). In each case the contractile
effect of the desensitizing dose of agonist used was similar
except for 2-MeSATP which caused a smaller contraction
than the other agonists, so the ability to cause desensitization
was not simply related to the size of the contraction and
therefore fatigue of the tissue. The desensitization also dem-
onstrated some degree of receptor selectivity, as responses to
ATP and UTP were not reduced by desensitization with
adenosine and responses to adenosine were not decreased by
desensitization with UTP or 2-MeSATP and were only slight-
ly decreased, at low adenosine concentrations, by desensitiza-
tion with ATP. As part of the desensitization protocol, ATP
was left in contact with the tissues for 5 min and we have
previously shown that during this time and under these
conditions ATP is significantly degraded and adenosine is
produced (Bailey & Hourani, 1990). Indeed use of the antag-
onist, suramin, revealed that contractions induced by high
concentrations of ATP had a minor component which was
due to interaction with Al receptors (Bailey et al., 1992). The
effect of desensitization with ATP in reducing the effects of
low concentrations of adenosine is therefore most likely to be
due to desensitization of the Al receptor by the adenosine
produced.
The lack of cross-desensitization between adenosine and

any of the nucleotides therefore suggested that any reduction
in responses was not due to tissue fatigue, but was occurring
at some process closer to the receptor interaction. However,

Table 1 Effect of desensitization by ATP, UTP, adenosine (Ado), 2-methylthioadenosine 5'-triphosphate (2-MeSATP) or adenosine
5'-(a,-methylene)triphosphonate (AMPCPP) (200 LLM) on EC30 values CuM) for contraction of the rat colon muscularis mucosae
induced by ATP, UTP and adenosine

Control
A TP UTP

Desensitizing agonist
Ado 2-MeSATP

7.5
34
22

77** 20
1 10* 380**
36 20

9.5
49
89*

280**
710**
20

10
57
32

Agonist EC30 values are calculated from pEC30 values which were the mean of 4 determinations.
Values significantly different from control values are indicated.
*P<0.05; **P< 0.01 (Dunnett's one-tailed test).

ATP
UTP
Adenosine

AMPCPP
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DESENSITIZATION OF P2-PURINOCEPTORS IN RAT COLON 505

there was cross-desensitization between ATP and UTP,
which suggests that in this tissue ATP and UTP are interac-
ting with the same receptor, and there is therefore no
evidence for a separate pyrimidinoceptor. These results are
comparable to those found previously in the mouse vas
deferens (Von Kugelgen et al., 1990) but not in a number of
blood vessels (Von Kugelgen et al., 1987; Saiag et al., 1987;
1990; Von Kugelgen & Starke, 1990), although as mentioned
in the introduction, the P2-purinoceptor in these tissues is of
the P2x subtype rather that P2Y. To investigate the possibility
that the effects of ATP and UTP may be mediated via
nucleotide receptors as proposed by O'Connor et al. (1991),
we used 2-MeSATP which is a potent agonist at P2Y-pur-
inoceptors but is inactive at the putative nucleotide receptor.
2-MeSATP proved however to be the most effective desen-
sitizing agonist, inhibiting not only responses to ATP but
also those to UTP, which does not support the existence of
nucleotide receptors.

It is of course possible that the cross-desensitization ob-
served between the nucleotides but not with adenosine may
be due to all the nucleotides causing contraction via the same

second messenger pathways (e.g. phospholipase C activa-
tion), which may be different from that used by the Al
receptor. In this case the desensitization may not be a true
effect at the receptors, but may instead reflect an alteration in
the function of this pathway. However, we do not know how
adenosine or the nucleotides cause contraction of this tissue,
or how the process of desensitization occurs and so these
questions remain unanswered. With this reservation however,
the results presented here do not support the existence of
either pyrimidinoceptors or nucleotide receptors on the rat
colon muscularis mucosae, but instead suggest that ATP,
UTP and 2-MeSATP all act at the same receptor. There
seems no reason at the present time to call this receptor
anything other than a P2Y-purinoceptor, although it may not
be identical to P2Y-purinoceptors found on other tissues, such
as the guinea-pig taenia caeci, at which UTP is considerably
less potent.

We thank the MRC for a studentship for C.R.J. and the Wellcome
Trust for support for S.J.B.
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