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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
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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 er al., 1990; Pique et al., 1992a).

Protective role of mucosal blood flow

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 A, 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.,



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 er 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 blood flow 1In 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
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(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).

Effects 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 er al., 1983; Lundberg er 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 er 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 er 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 (Mclntosh ez 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 a,-adrenoceptors, but
did not affect gastric mucosal blood flow (Humphreys er al.,
1992).

NPY induces vasoconstriction in the vascular beds of the
spleen and large and small intestine (Lundberg et al., 1982;
Hellstrom, 1987; Westfall er 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 a,-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 er 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 3h 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 10 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 er 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 e 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 er al., 1990; Esplugues & Whittle, 1990). These effects
are exerted on peripheral p-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



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 ez 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
CGRP;_;;, 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 ez 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 CGRP;_3;, 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 «-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-1 (Whittle & Lopez-Belmonte,
1991).

Intravenous infusion of antisecretory doses of rat «a-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 «-CGRP increased resting
mucosal blood flow, as determined by hydrogen-gas clear-
ance (Holzer & Guth, 1991; Li er 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-1-like immunoreactivity has been demonstrated in
the rat gastric mucosa in both antral and corpus regions
(Matsumoto et al., 1989; Takahashi ez al., 1990). Much lower
levels of immunoreactivity to endothelin-3 (ET-3), which
differs from ET-1 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-1
induces substantial gastric mucosal vasocongestion and hae-
morrhagic injury in the rat (Whittle & Esplugues, 1988;
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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 er al., 1989a; MacNaughton et al., 1989b;
Peskar et al, 1992). ET-1 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-1 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-1 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 ET, recep-
tor, located on vascular smooth muscle (Arai et al., 1990,
Sakurai et al., 1990). By contrast, local infusion of low doses
of ET-1 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 ETg
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 B-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-1 (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-l1 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-I1.

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 er 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 (PGI,), from the fatty acid precursor,
arachidonic acid, was originally identified in endothelial cells
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Figure 2 Interactions of the endothelium-derived mediators,
endothelin-l (ET-1) and prostacyclin (PGI;) 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 e 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 er al., 1982) and can stimulate
the secretion of bicarbonate, a luminal protective factor
(Whittle er 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 er al., 1978; Whittle & Boughton-Smith, 1979;
Kauffman er 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 er al., 1978;
Konturek et al., 1980; Walus er 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 ez 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 er
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 er al., 1980; Kauffman & Whittle, 1982)
and in the gastric circulation of the isolated stomach of rat
and rabbit (Salvati & Whittle, 1981). The stable analogues,
6B-PGI, 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 er al., 1979b). Both 68-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-PGF, had little effect
on gastric mucosal blood flow or vascular resistance, the
putative prostacyclin metabolite 6-0xo-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



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 er al., 1984; Pihan er 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 ez 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 er 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 er al., 1988b;
Palmer & Moncada, 1989; Leone et al., 1991). The constitu-
tively expressed NO synthase enzyme is calcium-, calmodulin-
and NADPH-dependent (Moncada er al., 1991), and has
been demonstrated in rat whole stomach and gastric mucosa
(Salter er al., 1991; Whittle er 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 N°-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 NC-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 er al., 1989). These effects
were not shared by D-NMMA, while L-arginine but not
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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 lo 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 er 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 er 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 er 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 er 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 ez 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 PGE, 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 PGE, analogue against ethanol-induced injury
do not appear to depend on endogenous NO, since they were
not inhibited by NC-nitro-L-arginine (Konturek ez 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 (PGI,)
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
NC-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 ef 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 ef 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 ez 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 ez al., 1990; 1992a).



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 er 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 ez al., 1992b). Induction of NO synthase is
also associated with inflammation and injury observed in a
model of colitis (Boughton-Smith ez al., 1992c) and is seen in
the inflamed colonic mucosa of patients with ulcerative colitis
(Boughton-Smith er 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

LOCAL MEDIATORS IN THE MICROCIRCULATION 11

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 er 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
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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 NC-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; NS-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 B, 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 mgkg™' 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 er 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 mlmin~' for 15 min
prior to occlusion of the artery and throughout the 25 min
occlusion period. L-NAME (5 mgkg~!) 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 £ 5mmHg over the next 20 min. There was a slight
(=7 %3 beatsmin~') decrease in heart rate (from 158 + 6
beats min~!). LVdP/dt,,, and LVEDP were unchanged but
relaxation was enhanced (negative dp/dty,,; 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 (1113, 54113 and 89 % 19ms
respectively 1, 3 and 5min after coronary occlusion in the
bradykinin group and 15+ 7, 114 £ 18 (P<<0.05) and 129 *
20ms (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 e al.,
1991) was prevented by L-NAME (1.7 £ 0.4, 3.9%0.5 and
6.1 £09mV at 1, 3 and 5 min after occlusion in the brady-
kinin group but 3.7%0.7, 109+t 14 and 13.3%1.5mV
(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
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the pronounced antiarrhythmic effects of ischaemic precondi-
tioning (Vegh et al., 1992a) are also attenuated by L-NAME
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1992b), an elevation of cyclic GMP within myocytes is one
possibility.
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vessels (Zeitlin ez al., 1989), are depleted following ischaemia
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1993).
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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 [’H]-dopamine and stimulated electrically. Quinpirole, a selective
dopamine D, receptor agonist, inhibited the stimulated tritium overflow (ECs, = 25 nM; maximal inhibi-
tion: about 80% at 10 uM). The selective D, receptor agonist, SKF 38393, was inactive up to 10 uM.
Quinpirole was antagonized by the D, receptor antagonist (— )-sulpiride (apparent pA, = 8.26). Thus
dopaminergic axon terminals in the human mesocortical pathway possess autoreceptors of the D, type.

Keywords: Human neocortex; dopamine release; dopamine autoreceptors; dopamine D, 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 D, 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.

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, MgSO, 1.2, CaCl, 1.2,
NaHCO; 22, Na,HPO, 1 and glucose 10, aerated with O,/
CO, (95:5), pH 74

Slices (approx. 4 X 4 X 0.4 mm) were incubated (15 min,
37°C) with 0.02 uM [’H]-dopamine in the presence of 0.1 uM
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 ez 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.

The tritium present in each 5min 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 (F,, F, F,, Fs)
was calculated by subtracting basal efflux from total efflux in
the fraction considered.

The agonist effects on the evoked ’H overflow were
evaluated by comparing the ratios F,/F,, F3/F,, F,/F,, Fs/F,
to the corresponding ratios obtained under control condi-

tions, i.e.
-1 )

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 ECs, values for quinpirole were determined graphically
at the 40% level of inhibition, the maximum effect of the

F,/F, agonist

% change = 100 X
average F,/F, control

-
o
1
-
-

o
T

Tritium efflux per 5 min
(% of tissue tritium)

L 1 1

1 1 1 J
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Figure 1 Continuous electrically-evoked release of tritium from
human cerebral cortex slices labelled with [*H]-dopamine. Slices were
labelled and superfused at 1 mlmin~'. Electrical stimulation (3 Hz,
2ms, 24 mA) was applied from ¢ = 65 (see arrow) to the end of the
experiment. Increasing concentrations of agonists (0.01, 0.1, 1 and
10 um) were added every 20 min (¢ =75, 95, 115, 135 min). F|, F,,
F3, F4 and F; represent the fractions at which the *H overflow was
calculated. Each point represents the mean *s.e.mean of 7
experiments in duplicate: (@) spontaneous *H outflow; (M) evoked
’H efflux; (O) 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; (O) SKF 38393; (A) quinpirole + 0.1 um
(—)-sulpiride; (A) quinpirole + 1 uM (—)-sulpiride.

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

Student’s ¢ test was used to analyse the significance of the
difference between two means.

Drugs [*H]-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 [*H]-dopamine.
The spontaneous outflow in the pre-stimulation fraction was
1.294 + 0.112%. The tritium overflows at F,, F,, F;, F, and
Fs, 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 (0.01-10 uM) inhibited the overflow of tritium
from slices prelabelled with [*H]-dopamine. The maximal
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inhibition (about 80%) was reached at 10 uM. The ECs, value
amounted to 25nM. No significant changes of tritium
overflow were produced by SKF 38393. Addition of (—)-
sulpiride (0.1 and 1pM) shifted to the right the
concentration-response curve of quinpirole. The pA, average
value was 8.26 (8.51 at 1 uM and 8.02 at 0.1 uM).

Under our experimental conditions, (— )-sulpiride, at 1 pM,
did not affect on its own the tritium overflow
(F;=17.906 £ 1.487; F,=4.864%1.299; F;=3.127%0.184;
F,=2.049 £ 0.565; Fs=1.482 1 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 (Plantjé er
al., 1985; Talmaciu et al., 1986; Hoffman er 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 D, receptors,
but not the D, agonist SKF 38393, inhibited the overflow of
[*H}-dopamine from human neocortex slices. Accordingly, the
selective D, receptor antagonist (—)-sulpiride prevented the
inhibition by quinpirole. The results indicate the existence of
dopamine autoreceptors which may be pharmacologically
classified as the D, type.

An apparent pA, 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 D, 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 (pA, = 7.84; Starke et al., 1983).

(—)-Sulpiride did not increase, on its own, the evoked
overflow of [*H]-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 [*H]-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 D, receptor
ligands suggesting the presence of presynaptic autoreceptors
of the D, type. According to molecular biology studies,
subtypes of the D, 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.
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Electrophysiological effects of Org 7797 in the closed-chest

anaesthetized dog

1J. 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 mgkg~') 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 mgkg™") 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 uM) which reduced V,,, of fast sodium-mediated action potentials
in isolated papillary muscle by 83%, did not modify V., 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 ((16a, 17B)-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
(0.5mgkg™") (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 e 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 mgkg~!, i.v.) to avoid chloralose-induced
tremors and alpha-chloralose (100 mgkg~', 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 (PO,, 80-100 mmHg; Pco,, 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 (S1) (pulse width
2 ms; 2 X threshold voltage). The effective refractory period
(ERP) was defined as the greatest S1-S2 interval which
failed to elicit a propagated response (R2). The functional
refractory period (FRP) was taken as the smallest value of
R1-R2 (R1 being the propagated response to S1) for any
S1-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 ez 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/YRR) and JTc (JT/vRR).

Org 7797 (0.5mgkg™' followed 35min later by 1.5mg
kg~') was administered as intravenous bolus injections in
10 ml saline given over 1 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 ¢ 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,
MgCl, 0.56, NaH,PO, 1.0, NaHCO, 25, CaCl, 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 puM
isoprenaline and after 30 min action potentials again
recorded. The tissues were subsequently superfused for
30 min with depolarizing medium containing 20 uM Org 7797
followed by normal medium also containing 20 uM 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 ¢ test). The parameters measured were resting mem-
brane potential (RMP), action potential amplitude (APH)
and the times taken to reach 50 and 90% repolarization
(APDs, and APDy). 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
beats min~! in the Org 7797 and control groups respectively
(n=35). 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
52t 4ms) 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 AV 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 Bascline values of the electrophysiological parameters in the two groups of animals

HR SRT c¢SRT QRS St-A AH HV QT JT
Control 145 580 156 71 34 S6 22 244 173
+11 *+43 *26 £2 +3 *6 1 10 =11
Org 7797 140 660 138 62 27 56 23 231 168
+8 +83 *34 +2 2 £6 *2 X7 <6

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

QTc JTc AERP AFRP AVFRP VERP VFRP AWCK RWCK
376 266 118 149 244 164 199 301 263
8 7 %7 +6 t12 +7 10 10 %35
351 256 104 148 217 138 180 327 220
7 6 *2 +9 116 6 %5 19 6
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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 1.5mgkg~!) (——) 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 3 Time course of the effects of Org 7797 on AV nodal
function: (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 1.5 mgkg~') (——) or saline
(- ). Each point is the meanztsemean 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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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
1.5mgkg~") (——) or saline (------ ). Each point is the mean *
s.e.mean of 5 experiments. *P < 0.05 denotes a significant difference
from saline-treated animals.

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).
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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 mgkg~') (——) or saline
(------ ). Each point is the meantsemean of 5 experiments.
*P < 0.05 denotes a significant difference from saline-treated animals.

Table 2 Comparative electrophysiological actions of Org
7797 on ‘fast’ and ‘slow’ actions potentials in guinea-pig
papillary muscle driven at 0.5 Hz

Fast action potentials

[lmmM  n RMP APH APDy, APD,, V,, ERP

0 24 —836 121 170 202 310 203

£07 *2 4 £3 #2117

20 24 —-825 117 183 204 53 >250
£04 +2  *4 +4 43

* * %K%k k% ok

Slow action potentials

[IuM  n RMP APH APD;, APDy V.
0 24 -4 T8 112 131 198
+04 *09 +4 13 +1
20 24 -45 71 146 168 19.6
+0.5 +09 +3 +3  +08
*okok *kk *okok

For abbreviations, see text.

Parameters are expressed as mean t 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~', 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 uMm) slightly prolonged APDs, and markedly reduced V.,
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, V,,, 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 1.5mgkg~!, 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



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 V.,
(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 er 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 V., of fast
sodium-mediated action potentials in isolated papillary mus-
cle by 83% (at low stimulation frequency) failed to modify
Vimax Of slow calcium-mediated action potentials (Table 2)
suggesting that marked inhibition of sodium ion channels is
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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 Ib 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
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1 Single bovine tracheal smooth muscle (BTSM) cells were cultured and used to measure bradykinin-
induced changes in [Ca?*}; by dynamic video imaging.

2 Bradykinin (10 pM—10 pM)-induced an increase in [Ca?*]; over basal levels (69 £ 2 nM; n=353)
which was concentration-dependent (log ECs, = — 8.7 M) in the presence of extracellular calcium ions
(2mM). The bradykinin B, receptor antagonist, D-Arg[Hyp’,Thi*®,D-Phe’]-bradykinin, produced a
parallel shift to the right of the bradykinin concentration-response curve (log ECsp= — 7.1 M and
— 5.8 M in the presence of 1 uM and 10 pM antagonist respectively) yielding an apparent Kp, of 26 nM.
3 In the absence of extracellular calcium ions (with 0.1 mM EGTA), bradykinin (10 pM— 10 um)
produced a uniform increase in [Ca’*];, from a basal level of 33X 2nM (n= 140) to approximately
180 nM in BTSM cells indicating an ‘all-or-nothing’ release of intracellular calcium ions. In the presence
of 10 uM D-Arg[Hyp®, Thi*®,D-Phe’]-bradykinin no responses could be induced by bradykinin at concen-
trations below 100 nM. However, at 100 nM and 1 pM bradykinin there was no change in the uniform
increase in [Ca?*}]; in these cells previously observed.

4 In both the absence or presence of D-Arg[Hyp®, Thi*®,D-Phe’])-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 B, receptors are expressed by BTSM cells and are involved in the
bradykinin-induced increase in [Ca?*],. It appears that the increase in [Ca?*]; 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 ([Ca?*];) are obtained
within the cell are not completely understood, particularly in
the smooth muscle of the airways. An increase in [Ca?*]; 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 (IP;: Berridge & Irvine, 1989). It
has recently been proposed that, in a number of cell types,
including pancreatic acini (Muallem ez al., 1989), hepatocytes
(Taylor & Potter, 1990; Oldershaw ez al., 1991) and HeLa
cells (Bootman et al., 1992), the IP;-mediated release of
calcium from intracellular stores is a quantal process where
these stores differ in their sensitivity to IPs.

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 [Ca?*]; in both human (Murray & Kotlikoff, 1991)
and guinea-pig (Farmer ez 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 B,, 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 B; recep-
tor (Farmer et al., 1989) was responsible for the bradykinin-
induced increase in [Ca?*}; they observed which was insen-
sitive to both B, and B, 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 B, receptor
(Marsh & Hill, 1992a). In addition, initial studies on single
bovine tracheal smooth muscle cells indicated that brady-
kinin also induced an increase in [Ca’*]; 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 [Ca®*};
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 B, receptor in mediating a bradykinin-induced increase



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

in [Ca’*]; 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 Imm? 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 uml~' penicillin G; 100 pugml~' strepto-
mycin; 250 ng ml~! amphotericin B) then maintained at 37°C
in 10% CO,. 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, KCl 5, MgSO, 1, N-2-hydroxyethylpiperazine-N'-2-
ethanesulphonic acid (HEPES) 10, glucose 10 and CaCl, 2,
pH 7.4. The cells were then incubated at 37°C for 30 min
with PSS containing 10% FCS and 5puM 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 ul of PSS was added to the
chamber and agents were added directly in a volume of
100 ul PSS. For experiments requiring calcium-free condi-
tions, any PSS added to the chamber was deficient of CaCl,
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 er 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
1.5s. 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 ﬁ [R_Rmin/Rmax_R]

where R is the measured ratio and B is the fluorescence ratio
at 380 nM of Ry, to R,... R... and R, values were cal-
culated for calibration purposes by exposing the cells firstly
to 20 uM ionomycin in the presence of 10 mM calcium, thus
allowing flooding of the cell with calcium and a maximum
fluorescence ratio (R,.x) to be obtained. R, (minimum
fluorescence ratio) was calculated by chelation of the free
calcium ions with 6 mM EGTA. A dissociation constant (Kp)
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 1b). 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 = E,,, X D"/D" + (ECsy)"

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

Kp = D/(Ky/K,-1)

where D is the concentration of antagonist, K; is the concen-
tration of agonist producing half maximal response and K, 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[Hyp®, Thi*® D-Phe’]-bradykinin, bradykinin acetate and
Hoechst 22358 were obtained from Sigma. Anti-alpha
smooth muscle actin monoclonal antibody was purchased
from Dako Ltd.

Results

Figure la demonstrates the time sequence of changes in
[Ca?*]; of cells from a single field of view. An interval of
approximately 3s separates each image and bradykinin
(10 nM) was added between the first two frames. The
graphical analysis from Figure la is shown in Figure 1b
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 [Ca’*]; 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
[Ca’*]; over basal levels (mean basal level in calcium-rich
conditions = 69 * 2 nMm; = 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 1b). 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 puM 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 410 cells,
was observed from each of six different coverslips (arising
from different animals) for each concentration of bradykinin.
The mean increase in [Ca®*]; 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 ECs, value of
— 8.7M (Figure 3). On addition of the bradykinin B, recep-
tor antagonist, D-Arg{Hyp’,Thi*$,D-Phe’}-bradykinin, 2 min
prior to the addition of bradykinin, there was a parallel shift
to the right of the bradykinin concentration-response curve
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Figure 2 Concentration-response curve to bradykinin (10 pM—
10 uMm). 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.
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Figure 3 Concentration-response curves to bradykinin (10 pm—
10 pM) in the absence (o) and presence of 1 puM (x) or 10 um (@)
D-Arg[Hyp®, Thi*!,D-Phe’}-bradykinin added 2min 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.

(Figure 3) indicating competitive antagonism resulting in log
EC;s, values of — 7.1 and — 5.8 in the presence of 1 uM and
10 uM antagonist respectively. These values yielded an appar-
ent Kp of 26 oM for D-Arg[Hyp®, Thi*®,D-Phe’]-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 uM antagonist
and below 100 nM bradykinin in the presence of 10 uM D-
Arg[Hyp®, Thi*® D-Phe’})-bradykinin. No increase in [Ca*'];
was observed on addition of D-Arg[Hyp’,Thi*®D-Phe’}-
bradykinin to the cells (results not shown).

In the absence of extracellular calcium ions there was an
increase in [Ca?*}; above basal levels (mean basal level in
calcium-free conditions =33+ 2nM; »n=140) in response
to bradykinin which returned to basal levels within 90s
(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 [Ca?*}; of approximately 180 nM on addition of concentra-
tions of bradykinin between 10 pM and 10 puM bradykinin
(n=4-22 for each concentration of bradykinin) indicating
the absence of any concentration-response relationship. The

Table 1 Frequency of response of single BTSM cells to various concentrations of bradykinin in calcium-containing (+Ca) and

calcium-free conditions (— Ca)

Frequency of response (%)

log [BK] (M) -11 -10 -9

+ Calcium

BK alone 65 (24/37) 67 (26/39) 63 (27/43)
+ 1 pM antagonist - 0 (0/20) 0 (0/31)
+ 10 uM antagonist - 0 (0/15) 0 (0/16)
— Calcium

BK alone 18 (7/38) 15 (5/34) 39 (14/36)
+ 10 pM antagonist - 0 (0/8) 0 (0/17)

Experiments, as described in the text, were performed

in the

-8 -7 -6 -5

75 (21/28) 84 (38/45) 84 (38/45) 96 (25/26)

41 (14/34) 90 (30/33) 96 (26/27) 100 (32/32)
0 (0/30) 15 (4/26) 86 (30/35) 95 (19/20)

34 (13/38) 27 (9/33) 55 (22/40) 67 (20/30)
0 (0/24) 31 (18/59) 39 (22/56) 53 (25/47)

absence or presence of lum or 10um of

D-Arg[Hyp®, Thi*%,p-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
0.1mM 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.

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 10 uM D-Arg[Hyp?®, Thi*®,D-
Phe’)-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 puM
there was no statistically significant difference (unpaired ¢
test) between the increases in [Ca?*]; obtained in the absence
or presence of D-Arg[Hyp® Thi*®,D-Phe’}-bradykinin. How-
ever, on addition of 10 uM bradykinin a significantly greater
increase in [Ca?*), was induced in the presence of 10 puM
D-Arg[Hyp®, Thi*®,D-Phe’}-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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Figure 5 Bradykinin (BK) (10 pM—10 pM)-induced increases in int-
racellular calcium ion concentrations in calcium-free medium in the
absence (O) and presence (@) of 10 um D-Arg[Hyp?, Thi’%,D-Phe’}-
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 nMm and a slope
of 1.5 which did not differ significantly from zero.

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 [Ca?*]; 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 10puM bradykinin; however, under these
conditions no further increases in [Ca?*]; were seen on addi-
tion of higher concentrations of bradykinin.

Discussion

This study demonstrates that in the presence of extracellular
calcium ions, bradykinin can induce a concentration-
dependent increase in the [Ca’*]; of single bovine tracheal
smooth muscle (BTSM) cells. This increase can be attenuated
by the bradykinin B, receptor antagonist D-Arg[Hyp®,Thi*®,
D-Phe’)-bradykinin suggesting that the receptor via which
bradykinin exerts its effects is the B, receptor. This would
concur with our previous report that the B, receptor mediates
the bradykinin-induced increase in phosphoinositide (PI)
hydrolysis in these cells (Marsh & Hill, 1992a,b) in that
stimulation of the B, receptor increases the production of IP,
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 [Ca?*};
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 1b) appears to have a
graded component and that the concentration-response curve
obtained in the presence of extracellular calcium is a product
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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 7s, 21s and 34s after the addition of 1nMm
bradykinin (arrow).
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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, 10 and 100 pm bradykinin or (b) 0.01, 0.1, 1 and
10 uM 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 IP;, 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
IP,. 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 IP;-
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 1P,
may then trigger a complete emptying of the entire store. If
the sensitivity to IP; 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
IP, 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 IP;-sensitive
and IP;-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 [Ca®*]; 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 [Ca®*]; directly or to act
via IP;-insensitive stores which are not accessible to calcium
released from IP;-sensitive stores. The graded influx of cal-
cium ions from the extracellular space may also interact
synergistically with IP; 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 [Ca?*]; require further intracellular investigation
for complete elucidation.

It has been established that the receptor mediating the
bradykinin-induced increase in PI hydrolysis is the B, 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 [Ca?*} 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[Hyp®,Thi’®,D-Phe’]-bradykinin as has
been observed in the guinea-pig lung and tracheal strips
(Farmer et al., 1989). The Kp, value obtained in BTSM cells
in this study for D-Arg[Hyp’,Thi*®,D-Phe’}-bradykinin
(26 nM) is of the same order of magnitude as those obtained
in functional studies using the B, 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 B, recep-
tor antagonists in bovine cells (Marsh & Hill, 1992a) and the
insensitivity of calcium ion mobilization in guinea-pig cells to
B, receptor antagonists (Farmer et al., 1991b). The results
presented here support the view that there are indeed species
differences and bradykinin B, 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 B, receptor and may be a B, receptor as suggested by
Farmer et al. (1991a,b).

The results we obtained of the responses to bradykinin in
the presence of 10 uM D-Arg[Hyp’,Thi*#,D-Phe’]-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 uM bradykinin
(circa 200 nM). The only possible exception was that 10 uM
bradykinin induced an increase in [Ca’*]; which was
significantly higher in the presence of D-Arg[Hyp?, Thi*®D-
Phe’]-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 B, 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 B, agonist des-Arg’-
bradykinin (Regoli & Barabé, 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-Arg’-bradykinin, in
the calcium response of BTSM cells indicates a possible role
for the B, 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
[Ca?*}; 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-
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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

R.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 (CMR,) 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 CMR,,. and cortical neuronal morphology.

2 1-687,414 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 pg kg~' min~! (n = 8) or at the higher dose rate of
35mgkg~! bolus followed by 440 pg kg=' min~! (n = 10). Data were compared to a parallel series of
experiments in rats given the NMDA receptor ion channel antagonist, dizocilpine for 4h in the
optimum intravenous neuroprotective dose-regime of 0.12 mg kg~! bolus followed by 1.8 pg kg™' min~!
(n = 8) or at the higher dose rate of 0.4 mg kg~! bolus followed by 6 ug kg=' min~! (n = 4; morphology
only studied). A saline-infused group of rats (n = 8) were used as controls.

3 CMRy, was studied by use of [“C]-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 CMR,, by dizocilpine at optimal neuroprotective
dose levels and showed that this dose was at the threshold for the neuronal vacuolation response as 1 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 CMRy. 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 CMR,, 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 (CMRy,) par-
ticularly within the limbic system (Kurumaji et al., 1989;
Nehls er al, 1990). The same NMDA receptor channel
antagonists have also been shown to induce transient reversi-

! 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
CMR,. and neuronal morphology in comparison with the
NMDA receptor channel blocker dizocilpine, the most potent
neuroprotective agent yet described (Gill er 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 17.5mg kg~! bolus followed by infusion at 225 pg kg~'
min~' (n=8: the neuroprotective dose regime in the rat
MCAO model of focal ischaemia (Gill er al., 1991a)) or at
the higher dose rate of 35 mgkg™" bolus followed by 440 ug
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 pgkg~ ' min~! (n=8: the optimal
neuroprotection regime in the rat MCAO model of focal
ischaemia (Gill et al,, 1991b)) or the higher dose rate of
0.4mgkg~' bolus followed by 6 pugkg='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 pul 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 ez al., 1990).

Regional cerebral glucose metabolism (rCMR,,)

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

rCMR,,. were made whilst the plasma levels of L-687,414 and
dizocilpine were in a steady state. TCMRy,. was measured
using the 2-deoxyglucose (2-DG) method essentially as des-
cribed previously by Sokoloff ez al. (1977). At 45 min before
the end of the drug infusion schedules, approximately
125 uCikg™! ['*C]-2-DG was given intravenously in a dose
volume of 1 mg kg~! body weight. A blood sample was taken
before the administration of ['“C)-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 um) 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 *C stan-
dards. Local tissue levels of '“C 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 (CMR,) was calcu-
lated using the standard operational equation from tissue '*C,
plasma *C 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 mgkg~' 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 um) 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-[1-'*C]-glucose was purchased from Amersham
(CFA 728; 50-60 mCi mmol~!) together with autoradio-
graphic '“C microscales (31-883 nCig~'; RPAS504L). Auto-
radiographic film was Hyperfilm B, 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 ug
ml~! in the low dose group and 54 £ 3 pgml~! in the high
dose group. Similarly, the mean plasma concentrations of
dizocilpine were 22+ 6 ngml~' and 73+ 8§ ngml~".

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
CMR, are given in Table 1. Dizocilpine administration
caused pronounced increases in CMRy, in the hippocampus
and entorhinal cortex and throughout the component regions
of the Papez circuit (see McCulloch & Iversen, 1991). In
contrast, CMR,,. was moderately decreased in auditory struc-
tures. Unlike dizocilpine, L-687,414 did not evoke increases
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Figure 1 Plasma levels of L-687,414 during intravenous bolus and
infusion: (O) 17.5mgkg' bolus followed by 225pgkg=' min-",
mean plasma level is 19 pg ml~'; (@) 35 mgkg~' bolus followed by
440 ugkg~' min~', mean plasma level is 54 pgml-'. Points are
mean * s.e.mean. n=4 or 6.

100 -

'I-_ */.\é—’__q/*
g
o
£
[
£
=
'S
o
N
(a

10 T T T .
0.0 1.0 2.0 3.0 4.0
Time (h)

Figure 2 Plasma levels of dizocilpine during intravenous bolus and
infusion: (O) 0.12mgkg™' bolus followed by 1.8 pgkg~'min~',
mean plasma level is 22 ng ml~'; (W) 0.4 mg kg~ bolus followed by
6pugkg 'min~!, mean plasma level is 73ngml-'. Points are
mean * s.e.mean. n=3.

in limbic CMRy. 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 3 Changes in mean arterial blood pressure during the intra-
venous bolus injection and infusion of (M) dizocilpine, 0.4 mg kg~!
bolus + 6 ug kg~' min~' (104 £4); (O) dizocilpine, 0.12 mgkg™'
bolus + 1.8 ug kg~ ' min~' (110+3); (@) L-687,414, 35mgkg™"
bolus + 440 pg kg~' min~' (102 £ 2); (O) L-687,414 17.5mgkg~' +
225pugkg™'min~' (104 £ 1); (A) saline, 1.0mlkg~'+4.27 pgkg™'
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 4 Changes in heart rate during the intravenous bolus injec-
tion and infusion of (M) dizocilpine, 0.4 mg kg~' bolus + 6 pug kg~!
min~' (416  26); (O) dizocilpine, 0.12 mg kg~' bolus + 1.8 pg kg~
min~' (425 +24); (@) L-687,414, 35mgkg~' bolus + 440 pg kg~!
min~' (433 £ 13); (O) L-687,414 17.5mgkg~' + 225ugkg~' min~'
(370 £ 22). (A) Saline, 1.0 mlkg=' +4.27 pgkg~' min~" (460 * 22).
Starting heart rates (beats min~'* s.e.mean) are given in paren-
theses. Data points are mean t 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 Saline
Limbic system

Hippocampal molecular layer (P) 6214

Dentate gyrus 54t3

Anteroventral thalamic nucleus (P) 90+4

Posterior cingulate cortex (P) 86t 4

Retrosplenial cortex (P) 68+ 4

Entorhinal cortex (P) 483

Auditory system

Auditory cortex 120+7

Medial geniculate body 100+ 10
Inferior colliculus 143 £18
Superior olivary nucleus 122+ 21
Other structures

Cerebellar vermis 42+3

Caudate 9 £ 8

Dizocilpine 0.12 mgkg~' followed by infusion of 1.8 ug kg~' min-
L-687,414; 17.5mgkg~' followed by infusion of 225 pg kg~' min~

°L-687,414; 35 mgkg~' followed by infusion of 440 ugkg~' min~!
(P) Components of the limbic Papez circuit.
Data are CMRy,. (umol 100 g=' min~') £ s.c.mean

Dizocilpine® L-687,414° L-687,414
110 £ 10** 577 52%6
74t 4* 55+5 455
228 £ 39*+ 8519 76 £ 12
179 £ 14** 805 57t6
159 £ 22+ 80*8 586
90 £ 8** 52+9 426
1006 1167 63 6**
67 3** 8214 46 + 5**
106 + 10 1437 79 £ 5**
1086 122+7 107 £ 8
50%7 413 38+t4
146 £ 19* 91£3 79+%13

1.
s

*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 er 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 pgml~' and 22 ng ml~!
respectively) were similar to those (25 pg 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 er al., 1991a,b). Plasma
levels produced by the higher dose levels of L-687,414 (54 pg
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 CMR,. 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 CMR, after intravenous bolus injection of
test compounds. The results showed that dizocilpine caused
pronounced activation of CMR,, 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 CMR,,. 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 100 mg 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 e 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 CMR,,. 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 4h 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 CMR,. nor induce neuromorphological
changes in rat CNS (Scatton et al., 1991; Duval ez 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
CMR,, 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 CMR,. 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 CMR,,. response. The present studies and
those of Duval er al. (1992) have shown that L-687,414 and
SL 82.0715 do not increase CMR,, 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 ez al., 1990;
McCulloch & Iversen, 1991) resemble those that result from
stimulation of the fastigial nucleus that is thought to activate
ascending cholinergic pathways (Iadecola ez 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 5mgkg~! 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 CMRy. 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 NK, or interleukin-1 receptor

antagonists
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1 Daily administration of 1 nmol substance P or 3 pmol recombinant human interleukin-1 alpha
(IL-l1x) caused intense neovascularization in a rat sponge model of angiogenesis. Lower doses of
substance P (10 pmol) or IL-la (0.3 pmol) were ineffective when given alone. When combined at these
low doses, substance P and IL-la interacted to produce an enhanced neovascular response.

2 By use of selective tachykinin NK,, NK, and NK; receptor agonists, ([Sar’,Met(O,)"']substance P,
[B-Ala®jneurokinin A(4-10), Succ-[Asp®,MePhe®Jsubstance 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-la (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 nmolday~') or (iii) the IL-1 receptor antagonist, IL-1ra, (50 pgday~'). In contrast, the
selective NK, receptor antagonist, L-659,874 (1 nmol day~') was ineffective.

4 The angiogenic action of substance P and IL-la 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-1 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-1;
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-le) 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 NK;, NK, and NK;, 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.
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Methods

The sponge implant model

Circular sponge discs (1.2 cm diameter) were prepared from a
sheet of 5mm thick polyether foam. A 1.2cm 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
2-3h 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 (0.5mlkg™!; 0.315mgml-! fentanyl
citrate and 10 mgml~! 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 '**Xe-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
13Xe clearance technique (Andrade et al.,
confirmed histologically. Briefly, animals were anaesthetized
with Hypnorm as before and 10 pul '¥Xe 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 **Xe clearance value
was calculated as follows:

% '¥Xe clearance =

residual radioactivity
at 6 min
initial radioactivity

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 '**Xe clearance and *Sn
microsphere accumulation during sponge-induced angio-
genesis. The latter technique enabled us to measure absolute
blood flow in the sponges. Second, the '**Xe 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 **Xe 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 '**Xe measurements.

initial radioactivity —
x 100%

Histology

For histology, animals were killed by cervical dislocation and
sponges dissected out, carefully removing the cannulae and

1987) and

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

Radioimmunoassay for 6-keto-PGF,

On day 14 after implantation, animals were killed by cervical
dislocation and sponges dissected out. Each sponge was
placed immediately in 1ml PBS containing 10 pgml~'
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-PGF,,, over the concentration range 0.15—-80 ng mi~!
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 pl) was incubated at 4°C for at least 2 h with
100 pl [*H]-6-keto-PGF,, (50 pCiml~!) and 100 pl antiserum
to 6-keto-PGF,, diluted 1/3,000 in TBS. Incubation was
terminated by addition of 1.4 ml ammonium calcium sul-
phate suspension (65% saturated (NH,),SO,, pH 8.0, con-
taining 2.5% CaSO,2H,0) followed by centrifugation at
2,500 r.p.m. for 10 min. The supernatant was removed by
aspiration and the pellet resuspended in 600 pl 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-Pro?,D-Phe’,D-Trp’]SP were purchased
from Peninsula Laboratories, UK. [Sar’,Met(O,)!']substance
P (Drapeau et al., 1987), [B-Ala®neurokinin A(4-10) (Rovero
et al., 1989) succ-[Asp®,MePhe®Jsubstance P(6-11) (senk-
tide)(Wormser et al., 1986), L-668,169 (cyclo[Gln-D-Trp-
(NMe)-Phe(R)-Gly(ANC-2-Leu-Met),) and L-659,874 (Ac-
Leu-Met-GIn-Trp-Phe-Gly-NH,; Williams et al., 1988) were
purchased from Cambridge Research Biochemicals, UK.
Racemic ( £ )-CP-96,345 (a mixture of the two enantiomers
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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 (00), 10 pmol substance P (O), 0.3 pmol IL-1a
(@) or a combination of 10 pmol substance P and 0.3 pmol IL-la
(W); see Methods for details. Each point represents mean
data * s.e.mean from 8-10 animals. **P<<0.01 (substance P and
IL-1a vs PBS control).
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b

Figure 2 Histological sections of 8 day old sponges illustrating (i) the intense neovascularization induced by substance P alone
(1 nmol day~') or substance P/interleukin-la (IL-1a) (10 pmol/0.3 pmol day~'), and (ii) the angiosuppressive effect of RP 67580
(1,000 pmol day~') or IL-lra (50pug day~'). All sections were H&E stained and photographed at x 200 magnification.
Bar = 100 um. (a) Sponge treated with PBS; (b) sponge treated with substance P alone; (c) sponge treated with substance P/IL-1a;
(d) sponge treated with substance P/IL-la plus RP 67580; (¢) sponge treated with substance P/IL-la plus IL-lra.

[(2S,3S) and (2R,3R)] of the non-peptide NK, receptor
antagonist  (cis-2-(diphenylmethyl)- N-[(2-methoxyphenyl]-
methyl]-1-azabicyclo [2.2.2] octan-3-amine; Snider er 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-la,
recombinant human IL-1 receptor antagonist (IL-1ra; Han-
num et al., 1990), recombinant human basic fibroblast
growth factor (bFGF), 6-keto-PGF,, antiserum and the PAF
receptor antagonist WEB-2086  (3-[4-(2-chlorphenyl)-9-
methyl-6H-thieno [3,2-f] [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.

¥ Xenon injection (10 mCi in 3 ml saline) and [*H]}-6-keto-
PGF,, (50 mCi ml~') 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 B, (BSL-B,, 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 10 mgml~' in ethanol. All other
drugs were made up in PBS daily and sterilized by membrane
filtration (0.45 um) before use.
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Figure 3 Inhibition of the angiogenic effect of substance P/

interleukin-la (IL-1a) by the substance P antagonist, [D-Pro?, D-Phe’,
D-Trp’Jsubstance P. Symbols represent sponges treated daily with
substance P/IL-la (M), substance P/IL-la plus 100 pmol (@) or
1,000 pmol (O) of the antagonist; see Methods for details. Each
point represents mean data*s.emean from 8-10 animals.
*P<0.05; **P<<0.01 (substance P/IL-la plus 1,000 pmol [D-Pro?
p-Phe’, D-Trp°Jsubstance P vs substance P/IL-la).

Statistical analysis

Statistical analysis of results was performed by a Student’s ¢
test.

Results

Effects of substance P and interleukin-1la

As shown in Figure 1, the '**Xe 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 NK-receptor agonist
[Sar’,Met(O,)""]SP and its antagonism by the selective NK-receptor
antagonist, L-668,169. Columns represent sponges treated daily with
PBS alone (1), 10 pmol [Sar’,Met(0,)"'ISP (Z4), 1,000 pmol
[Sar’, Met(O,)""ISP ( ), 10 pmol [Sar’,Met(O,)""]SP plus 0.3 pmol
interleukin-la (IL-la) (M) and 10 pmol [Sar’,Met(O,)""]SP plus
0.3pmol IL-le plus 1,000 pmol L-668,169 (ES). Note that
1,000 pmol L-668,169 alone produced no effect; see Methods
for details. Each point represents mean data ts.e.mean from
6—8 animals. **P<0.01 (1,000 pmol [Sar’,Met(O,)"]SP vs PBS
alone: t1P<<0.01 [Sar’,Met(O,)"'|SP/IL-la vs PBS alone;
[Sar’,Met(O,)""]SP/IL-1a vs [Sar®,Met(O,)'']SP/IL-1a plus L-668,169).
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Figure 5 Inhibition of substance P/interleukin-la (IL-1a)-induced
angiogenesis by the non-peptide NK, receptor antagonist, RP 67580.
Columns represent sponges treated daily with PBS (1), 10 pmol
substance P plus 0.3 pmol IL-la (M) and 10 pmol substance P
plus 0.3 pmol IL-la plus 1,000 pmol RP 67580 ( ES). 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-la 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-1a (data not shown).

Lower doses of substance P (10 pmol) or IL-1a (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-la led to accelerated '**Xe
clearance by the sponge implants (Figure 1). Histologically,
8-day-old sponges treated with substance P (10 pmol) and
IL-1a (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-
la (IL-1a) or bFGF alone. Columns represent sponges treated daily
with PBS alone ([1), 3 pmol IL-1« (Il ), 6 pmol bFGF (A4)
3 pmol IL-1a plus 1,000 pmol RP 67580 (EZ4), and 6 pmol bFGF
plus 1,000 pmol RP 67580 ( ES); see Methods for details. Each point
represents mean data £ s.e.mean from 6 animals. **P <0.01 (3 pmol
IL-1a vs PBS alone; 6 pmol bFGF vs PBS alone). RP 67580 pro-
duced no significant effect on sponges receiving IL-la 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-Pro?,p-Phe’,D-Trp’Jsubstance 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
[Sar’,Met(O,)""Jsubstance P into sponge implants caused a
significant increase in '**Xe clearance as compared with cont-
rols. Lower doses (10-100 pmol) of [Sar’,Met(O,)'']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 [Sar’,Met(O,)"']-substance P was suffici-
ent to produce a strong neovascular response similar to that
elicited by either 1,000 pmol [Sar®,Met(O,)!Jsubstance P or
3 pmol IL-la alone.

The ability of [Sar’,Met(O,)!'Jsubstance 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 [Sar’,Met(O,)""]-
substance P alone, it was decided to test the ability of the
antagonist to inhibit the effect of [Sar®,Met(O,)''Jsubstance 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 '*Xe
clearance values of sponges treated with [Sar’,Met(O,)']}-
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 NK,
receptor agonist [B-Ala¥]NKA(4-10), or the NK; receptor
agonist, senktide, did not influence the basal neovascular
response in the sponges (data not shown). Since [B-
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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
(), 10 pmol substance P plus 0.3 pmol IL-1o (M) 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-1a).
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Figure 8 Inhibition of substance P/interleukin-la (IL-la)-induced

angiogenesis by IL-1 receptor antagonist (IL-1ra). Columns represent
sponges treated daily with PBS ([J), 10 pmol substance P plus
0.3 pmol IL-1e ( @), and 10 pmol substance P plus 0.3 pmol IL-1a
plus 50pug IL-lIra (E5). IL-1ra alone produced no effect; see
Methods for details. Each column represents mean data t s.e.mean
from 6 animals. *P <<0.05; **P<0.01 (substance P/IL-la plus IL-
Ira vs substance P/IL-la).

Ala®]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.,
1,000 pmol) in the study of potential interactions between
these peptides and IL-1a. However, the combination of these
peptides did not modify the basal neovascularization.
Likewise, the NK, receptor antagonist L-659,874
(1,000 pmol) was ineffective against the angiogenic effect of
substance P/IL-la (data not shown).

Effect of IL-1 receptor antagonist

To establish the relative contribution of substance P and IL-1
in the substance P/IL-la-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 ug IL-l1ra was
able to inhibit the angiogenic effect of substance P/IL-la
(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-PGF,, 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-PGF,, 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 '*Xe
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 H,-receptor
antagonist mepyramine and/or 10 nmol of the H,-receptor
antagonist cimetidine produced no changes on the
angiogenesis induced by substance P/IL-1a (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 [Sar’,Met(O,)""]-
substance P, but not by the NK, or NK; selective agonists
(B-Ala®]-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 er 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 er al., 1991), but not
by the NK, 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 ez 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
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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,
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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 [*H]-dopamine,
both glycine and GABA increase spontaneous [*H}-dopamine
release (Giorguieff et al., 1978, Kerwin & Pycock, 1979).
Analogously, after loading brain slices from other regions with
[PH}-noradrenaline, [*HJ-acetylcholine or [*H]-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 (230-250g; n=5-9 per treat-
ment group) were anaesthetized with sodium pentobarbitone
(50 mgkg~', 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 (1.0 mm
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, CaCl,
3.37mM and KCI 3.9 mM, pH 6.3) was pumped through the
dialysis probe (1.0pl 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 15ul 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 pM, 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



chromatography (Altex Ion Pair Ultrasphere C-18, 5pum
4.6mm ID X 250 mm column, No. 235335), with column
temperature 30°C. The mobile phase, consisting of 2.11 of
water, 3.2g 1-heptanesulphonic acid (No 0-3013, Fisher
Scientific, Fairlawn, NJ, USA), 0.2g 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 of genes 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 2h at 42°C, using 5 pg of total
RNA, in a total volume of 20 pl, containing 50 mM Tris-HCI
(PH=283), 40mM KCl, 6mmM MgCl, 1mm DTT,
40 u RNAsin (Promega, Madison, WI, U.S.A.), 2 ug bovine
serum albumin, 2 pM of the downstream primer, 0.2 mM of
each deoxynucleotide, and 5 units of AMYV 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 pl, containing 25 pmol of each oligonucleotide primer
and 2.5u AmpliTag 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 90s.

After amplification, 10 pl 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-! (n = 20). In vitro recoveries of dopamine,
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Figure 1 Effects of glycine (0.2 mmMm, O; 2mm, B; 20 mM, @) 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 (15pul added to 30ul of mic-
rodialysate), estimated extracellular fluid concentrations of
dopamine, DOPAC, and HVA were 0.10 £ 0.004, 17.8 £ 0.9,
and 5.7 0.6 pmol 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 nmol1-!). 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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Figure 2 Microdialysate concentrations of dopamine (DA),
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA)
after glycine administration with (O) or without (@) strychnine
(10 upMm). *P<0.01.

Strychnine markedly reduced glycine-evoked increases in
dialysate dopamine, DOPAC, and HVA levels (Figure 2),
shifting the dose-response curves to the right by at least 10
fold.

When striatal RNA was used as a template, we could not
detect any RT-PCR product, with primers encompassing a
region of the adult form of the glycine receptor, or with
those spanning sequences of the neonatal type (Figure 3,
lanes 1,4). In contrast, using extracted RNA from SN, a
product of the adult glycine receptor, but not the neonatal
type could be detected. A single clear band of the expected
size (542 and 487 bp for the adult and neonatal types, respec-
tively) was evident in both reactions in which RNA from the
medulla, which served as the positive control, was used
(Figure 3, lanes 2,5). These bands were evident also after 25
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 S5) 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-
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
that the net effect of glycine in the striatum is to stimulate
endogenous dopamine release.

Strychnine attenuated glycine-evoked release of dopamine
and its metabolites by at least 90%, suggesting involvement
of a strychnine-sensitive receptor. Analogously, glycine
stimulates [*H]-noradrenaline release in vitro in hippocampal
slices (Raiteri et al, 1990; Schmidt & Taylor 1990),
stimulates [*HJ-acetylcholine release in striatum (Taylor et al.,
1988), and stimulates [*H]-dopamine release in ventral
tegmentum (Gunglach & Beart., 1982), with all these effects
blocked by strychnine.

The concentrations of glycine in the microdialysate that
were required to stimulate dopamine release probably sub-
stantially exceeded those required to act at striatal effector
sites, because the permeable membrane maintains a concent-
ration gradient between the perfusate and the extracellular
fluid, and because glycine in the extracellular fluid may be
subject to metabolism or cellular uptake before reaching
dopaminergic effector sites (Roberts & Anderson, 1979).
Thus, administration of glycine directly into the striatum via
a cannula attached to the microdialysis probe shifts the
glycine concentration-microdialysate dopamine response
curve to the left by about 10 fold, compared to the curve



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 uM (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 50 uM, whereas in the present
study, the minimum effective concentration of glycine
administered via the probe membrane was 200 uM.

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 er 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
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Cloning and expression of a fish a,-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 a,-adrenoceptor pharmacology. We now report the
cloning of the a,-F, a fish skin a,-receptor from the cuckoo wrasse (Labrus ossifagus).

2 Degenerate oligonucleotides corresponding to conserved regions of the human a,-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 a,-adrenoceptor and was used to screen a genomic library from the cuckoo
wrasse.

3 A clone (pTB17BS) consisting of ~5kb 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 aj,-adrenoceptors and thus appeared
to encode a fish ay-adrenoceptor.

4 In the S-untranslated region of the gene, nucleotide sequences were present suggesting that transcrip-
tion of the «,-F might be regulated by cyclic AMP, calcium and/or steroids.

5 The a,-F was expressed in COS-7 cells and radioligand binding studies were performed with
[PH]-rauwolscine. The binding was of high affinity and it was saturable with a Kp of 0.8 £ 0.1 nM and a
B... of 5.7% 1.0 pmolmg~' of protein.

6 Competition curves for the displacement of specific [*H]-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 a,-F has characteristics of both the human a,-C10 and «,-C4 and that it

might represent an ancestral a,-adrenoceptor subtype.
Keywords: Adrenoceptor; G-protein coupled receptor; melanophore; yohimbine; Labrus ossifagus

Introduction

Mammalian «,-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
a,-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 a,-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 a,-adrenoceptors (Karlsson er al., 1989;
Svensson et al., 1991a). Although similar in some respects to
its mammalian counterparts, the fish melanophore a,-adreno-
ceptor has a unique pharmacology. For example, the imidaz-
oline, UK 14304, which is an agonist at mammalian «,-adre-
noceptors, is an antagonist at the a,-adrenoceptors present in
fish melanophores (Karlsson er al., 1989).

We were, therefore, interested in cloning and expressing
DNA encoding the fish melanophore a,-adrenoceptor in
order to correlate functional properties of the receptor with

! Author for correspondence.

its protein structure. Using mRNA isolated from thz skin of
the cuckoo wrassse, a PCR product was obtained that
appeared to encode an a,-adrenoceptor. This was used to
screen a genomic library and a gene was isolated which
yielded a complete sequence for the a,-F. This is the first
nonmammalian a,-adrenoceptor to be cloned and it shows
some interesting structural and pharmacological characteris-
tics with respect to the human a,-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 pul
reaction containing 10 mM Tris-HCl pH 8.3, 50 mM KCl,
1.5 mM MgCl,, 0.001% (w/v gelatin, 40 u RNAsin inhibitor
(Invitrogen), 0.5 mM dNTP’s (Pharmacia), 2 pg random pri-
mers (Invitrogen) and 15u 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 S min.

Oligonucleotide primers were prepared corresponding to
the 3rd (primer A) and 7th (primer B) transmembrane
domains of the human a,-adrenoceptors and included a
BamHI site (primer A) and a Sacll 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.



primer A

5"CGTCC ATCGG GATCC TGTGC GCCAT C7/,¢/cCC
TGGACC/,GC/TA3

primer B

5'GTAGA TCCGC GGGTT GAGCG AGCTG TTGCA
GTAGC CGA'/¢/*/c 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 1.25u of AmpliTag 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 CW1. 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 er al. (1988); 10 ug was
digested with either EcoRI, HindIII or Pstl. The DNA
fragments were separated on 1% agarose gels and were
blotted on to nitrocellulose filters (Sambrook er al., 1989).
The PCR product, CW1, was labelled with *?P 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, 25mM KPO,, 5x 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-selected fish
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
% 10° 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 2h in 70 ml of 50% formamide, 1% SDS, 1M
NaCl, and 100 pg ml~' herring sperm DNA. The probe was
added (~5x 10°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 P-CW1 in
Southern blot analysis.

Construction of a full-length clone encoding o.,-F

Using Southern blot analysis, a 3 kb BamHI fragment from
TB17 was identified which hybridized with 2P-CW1. It was
subcloned into pBluescritp SK* to yield pTB17B and was
sequenced. The sequence of CW1 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/Sacll 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 TB17. A 2 kb Sacll fragment was identified
and cloned into pBluescript. The 2 kb Sacll fragment was
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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
az'F

pTB17BS was used as a template in a PCR reaction with a
sense primer containing adjacent Sacll and Dral restriction
sites (5CCGCGGTTTAAA . . .), and corresponding to
nucleotides — 136 to — 119 of «,-F (Figure 2), and an
antisense primer corresponding to nucleotides 401-423. A
571 bp product was obtained which was cleaved with Sacll
yielding a 374 bp fragment that was isolated and cloned into
Sacll digested pTB17BS. This created pA2F which could be
cleaved with Dral to yield a 1.5kb blunt-ended fragment
containing the full coding sequence of a,-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 HindIII 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 [*H]-rauwolscine (77.9 Ci mmol~') to membranes was
examined as previously described (Regan et al., 1988). For
saturation curve analysis, nonspecific binding was defined
with 100 pM phentolamine. For competition curves analysis,
a final concentration of 1nM [*H]-rauwolscine was used.
Data were analysed by computer using the logistic function
described by Parker & Waud (1971). K; 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); [*H]-
rauwolscine was from New England Nuclear/Dupont (Bos-
ton, MA, U.S.A)).

Results

Cloning and sequence of o,-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 ay,-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 a,-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 ¥P-CW1, a PCR-product generated from fish skin mRNA and
degenerate primers designed from the mammalian a,-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 a,-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 a,-AR. Prior to
this, genomic DNA from the cuckoo wrasse was used in a
Southern blot with the 3P-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, HindIII or Pstl. 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 3?P-labelled PCR product and a phage
was cloned with a 16.5kb 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 a,-adrenoceptor subtypes was as

follows: ®,-C4, 57%; a,-C10, 50%; and a,-C2, 47%. We
named this intronless gene from fish as the a,-F.

Hydropathy analysis (Kyte & Doolittle, 1982) of the
deduced amino acid sequence of the a,-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 a,-F is shown in Figure 3. The amino
acid sequence identity of the a,-F compared with other G-
protein coupled receptors was highest in these putative
transmembrane domains. Amino acid identities in the trans-
membrane domains between o,-F and other adrenoceptor
receptors are as follows: a,-C4, 82%, a,-C10, 77%; a,-C2,
78%, a,B, 43%, a,C, 41%; B,, 41%; B,, 38%; B;, 41%, D,,
49%. In the third intracellular loop, which represents the
most divergent part of the a,-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 B-adrenoceptor kinase
(Benovic et al., 1989). As in two of the mammalian «,-
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 a,-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 a,-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 a,-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, pBCI12BI and the
coding region of the a,-F (see Methods). In membranes
prepared from the transfected COS-7 cells, ’H]-rauwolscine
bound in a specific and saturable manner (Figure 4). The
binding of [*H}-rauwolscine was linear with protein concen-
tration and reached equilibrium after 20 min (data not
shown). The affinity of [*H}-rauwolscine for the a,-F, as
determined by Scatchard analysis of saturation binding data,
was 0.8 0.1 nM (Kp) with a By, of 5.7% 1.0 pmol mg™!
protein. Competition binding studies were used to charac-
terize the pharmacology of the a,-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 «,-F,
indeed, has the pharmacological characteristics of an a,-
adrenoceptor.

Table 1 Potential upstream promoter elements in the gene encoding the «,-F*

Promoter Sequence’
AP-2 CCCCAcAaC
CRE AAAGGTCA
SRE GGTCr---TGAGC
CAAT-box CAAT

Location* Activator
— 758/ — 749 Cyclic AMP/Ca?*
— 1040/ - 1033 Cyclic AMP
- 871/- 859 Steroids
—219/-216

4Abbreviations: AP-2, activation protein 2; CRE, cyclic AMP response element; SRE, steroid hormone response element.
®Nucleotide sequence in the a,-F, nonhomologous bases are shown in small caps.

°According to the nucleotide sequence shown in Figure 2.
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Figure 2 Nucleotide and deduced amino acid sequence of the fish pigment cell a,-adrenoceptor («,-F). Consensus sequences for
potential regulators of transcription (Table 1) 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
(BamHI, 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 «,-F, an adrenoceptor from the skin of the cuckoo
wrasse, has been cloned and heterologous expression in a
mammalian cell line has shown a unique pharmacology but
one that is characteristic of the a,-adrenoceptor family. The
a,-F appears to be that receptor in fish skin which controls

where functional postsynaptic a,-adrenoceptors were identi-
fied (Berthelsen & Pettinger, 1977). Recent work has also
identified the presence of postsynaptic a,-adrenoceptors on
the melanophores from several species of teleost fishes
(Andersson er al., 1984; Svensson et al., 1989). In functional
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Table 2 Binding affinities of adrenoceptor ligands at the
a,-F?

Ligand K; (nM)
Rauwolscine 0.310.05
Atipamezole 0.6 £0.1

Y ohimbine 1.1£0.2
SKF 104078 24t 4
Idazoxan 4514
Phentolamine 104 £ 12
Prazosin 469 + 79
UK 14304 1612 + 218
Medetomidine 46+ 2
Oxymetazoline 49+ 12
Clonidine 83t 11
p-Aminoclonidine 92+ 17
B-HT 920 209+ 13
Guanfacine® 1404 149
Noradrenaline 2849 + 286
Amiloride 23000 + 3400
Isoprenaline 67468 + 10417
Methoxamine 87440 + 23096

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

3 o3
M‘\\D‘A XF
(L Lﬂ
A
D

bp =2,
Table 3 K; ratios for prazosin/oxymetazoline and
prazosin/yohimbine?
Prazosin/ Prazosin/

Subtypes Oxymetazoline Yohimbine

A 164 1125

o,B 0.19 31

a,C 0.66 4

a-F 10 426

2Data for the a,-F are derived from Table 2. Data for the
human a,A (2,-C10), a,B (2,-C2) and a,C (2,-C4) are from
Harrison et al. (1991).
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Figyre 3 Seven transmembrane domain model for the deduced
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Figure 4 Saturation curve (a) and Scatchard plot (b) for the binding
of [*H]-rauwolscine to membranes prepared from COS-7 cells tran-
siently transfected with the a,-F. A representative experiment is
shown, conducted as described in Methods. Total binding (0O),
nonspecific (@) and specific (W) binding.
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amino acid sequence of the a,-F. The circles represent individual
between the a,-F and the human «,-C4 are shown in black. Sites



studies, the melanophore a,-adrenoceptor is pharmacologi-
cally similar to its mammalian counterparts; however, UK
14304, an imidazoline which is a full agonist at mammalian
a,-adrenoceptors, is an antagonist at the «,-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 a,-
adrenoceptors might be revealing with respect to what it
takes to activate an a,-adrenoceptor.

Molecular cloning has identified 3 mammalian genes en-
coding a,-adrenoceptor subtypes in both man (x,-C2, a,-C4,
®,-C10) and rats (Kobilka er 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 a,-adrenoceptor subtypes (®,A, a,B, a,C). Biochem-
ical, molecular biological and pharmacological studies have
correlated the a,-C10 with the a,-A, the a,-C2 with the a,B
and the a,-C4 with the «,C (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 o,F shows
similarity with its mammalian counterparts. Overall sequence
identity suggests that a,-F is most closely related to the a,-C4
(57% for the «,-C4 versus 50% for the a,-C10 and 47% for
the a,-C2). This level of identity is significantly less than has
been observed between a,-adrenoceptor subtypes from more
closely related species. For example, there is 88% overall
identity between the human a,-C4 and its equivalent in the
rat. With respect to various regions of the mammalian a,-
adrenoceptors, the greatest identity with the a,-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 a,-F. For example,
present in the o,-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 a,-F, as compared with the mammalian a,-adrenoceptors,
is a phenylalanine in the seventh membrane spanning do-
main. This residue which corresponds to F*? in the human
a,-C10 appears to be deleted in the a,-F (if present, it would
be between F** and W*). Interestingly, F*? has been shown
to be critical in dictating antagonist binding specificity
(Suryanarayana et al., 1991). Mutation of F*? from phenylal-
anine to asparagine results in a receptor with low affinity for
the a,-selective antagonist, yohimbine, and high affinity for
the B-selective antagonist, alprenolol. In the human B,-
adrenoceptor, an asparagine is present at the equivalent posi-
tion (N3'?). Whether the absence of this residue in the a,-F
can explain any of the unusual aspects of its pharmacology
remains to be tested.

The transiently expressed a,-F displayed high affinity and
saturable binding with [*H]-rauwolscine as a radioligand. To
characterize further the pharmacological profile of the «,-F,
the potency of a variety of adrenoceptor ligands was exam-
ined. The a,-F behaved like an a,-adrenoceptor. Using regres-
sion analyses, the data for the compounds listed in Table 2
showed the best correlation with the human a,-C4 subtype,
perhaps reflecting the greater structural identity of the ay-F
with the a,-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, «,-F appears more like the a,-C10. This
pharmacology, with characteristics of both the «,-C4 and
a,-C10, suggests that a,-F is not a simple homologue of the
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human «,-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 a,-F repre-
sents the a,-receptor controlling the pigment granule aggrega-
tion in melanophores. Although the PCR product used to
clone the a,-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 melanophore a,-adrenoceptor.
This is a consequence of the possibility of more than one
a,-receptor being present in the skin. Several lines of evidence
suggest, however, that it is the fish melanophore a,-adreno-
ceptor. The first is that when the a,-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 a,-C10 probe invariably identified the other
a,-adrenoceptor subtypes in Southern blots of human geno-
mic DNA (Kobilka e al., 1987; Regan & Cotecchia, 1992).
A second line of evidence is that the pharmacology of the
o,-F and the melanophore a,-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 pA, of 6 for UK 14304
which is in good agreement with the K; obtained for UK
14304 in binding studies with the expressed o,-F (1.6 uM).
In studies of the functional activity of fish melanophore
a-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 a,-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 a,-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 a,-F (Table 1). Stimulation
of the melanophore a,-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
B,-adrenoceptor (Collins et al., 1989) and the «,-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 a)-F. Thus, consensus sequences were found in
the 5’-untranslated region of the «,-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 a,-adrenoceptor: a consensus site for AP-2 and a CRE
have also been found in the 5-untranslated region of the
®,-C10 (Fraser et al., 1989). It is hoped that future studies on
the a,-F and its gene will provide us with a better under-
standing of the function, pharmacology and expression of all
the members of the a,-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
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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 uM)
and (+)-cis-dioxolane (0.1-100 uM), produced an inhibition of the mono-synaptic reflex and a depolari-
zation of motoneurones. Other muscarinic agonists, arecoline (10 nM—10puM) and oxotremorine
(10 nM—1 pM), 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—10 uM) and oxotremorine (10 nM—1 pM).

4 In the spinal cord-saphenous nerve-skin preparation, a slow VRP was evoked by application of
capsaicin (0.5 uM), bradykinin (3 uM), or noxious heat (47°C) to skin. This slow VRP was depressed by
the muscarinic agonists, arecoline (3 uM) and oxotremorine (1 uM).

5§ Of the (+)-cis-dioxolane-induced inhibition of mono-synaptic reflex and motoneurone depolariza-
tion, the M, antagonists, AF-DX 116 (0.1-1pM) and methoctramine (100-300 nM), preferentially
blocked the former response, whereas the M; antagonists, 4-DAMP (3-10 nM) and p-F-HHSiD (0.3-
3 uM), preferentially blocked the latter response. AF-DX 116 (0.1-1pM) and methoctramine (100-
300 nM) also effectively antagonized the arecoline- and oxotremorine-induced inhibition of the slow
VRP. The pA, 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 (5puM). AF-DX 116 (1 uM) 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 uM) and arecoline (1 puM) markedly depressed the depolarization of motoneurones
evoked by application of capsaicin (3 uM) 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 Mj-type receptors) and inhibitory (via M,-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 er 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

! 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 er 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 2.5mlmin~!. The
composition of artificial CSF was as follows (mM): NaCl
138.6, KCl 3.35, NaHCO; 20.9, glucose 10.0, CaCl, 1.25 and
MgCl, 1.15. The solution was equilibrated with a gas mixture
of 95% 0,:5% CO, and the temperature of the solution in
the chamber was kept at 27°C. 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 us 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 ps duration
and 30-40V 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 5mm) 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 15s 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 1h 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 E, (1 pM) for 3 min to enhance
the slow VRP (Yanagisawa et al., 1992).

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

The pA, 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 10 min
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 pA, 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 e al., 1980) was used to evoke a
muscarinic depolarizing response of motoneurones in the
presence of 0.3 uM 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, 11-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 E, 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—100 pM) and mus-
carine (0.1-30 uM; data not shown) evoked both types of

AF-DX 116

|

it
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b Control

response, whereas arecoline (10 nM-10puM) and oxotre-
morine (10 nM—1 pM) 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 uM (n = 16) and 0.32
0.05 uM (n = S), respectively. Both types of response to these
muscarinic agonists were completely antagonized by atropine
(100 nM; data not shown).

McN-A-343 (1-100 pM), a putative M,-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 uM), 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 uM), bradykinin (3 uM), 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 uM) or oxotremorine
(1 uM). Oxotremorine (1 puM) 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
M,, M, and M; subtypes (for review see Hulme et al., 1990).
The M, receptor is characterized by a high affinity for
pirenzepine (Hammer et al., 1980). The receptors with lower
affinities for pirenzepine are further divided into M, and M,
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-HHSIiD (Lambrecht et al., 1988).

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

4-DAMP

Figure 1 Effects of muscarinic antagonists on (+)-cis-dioxolane-evoked responses. Effects of AF-DX 116 (1 uM) (a) and 4-DAMP
(5 nM) (b) in normal artificial CSF. (+)-cis-Dioxolane was applied at 3 um for 30 s in (a) and at 10 uM for 10s in (b) during the
periods indicated by bars. Single-shock stimuli of supramaximal intensity were applied to the L4 dorsal root every 30s 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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a
(i) Control (ii) Arecoline (3 um) (iii) Wash
| | ' ' 2mV
1 min

b

(i) Control (ii) Oxotremorine (1 pm) (iii) + AF-DX 116 (1 pm)

c

(i) Control (ii) Oxotremorine (1 pum) (iii) +4-DAMP (10 nm)

oL

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 pM); 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 (1 puM); and (iii) after adding AF-DX 116 (1 uM) 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 uM); and (iii) after
adding 4-DAMP (10 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.

a Control Arecoline (3 pm) Wash
TmVv
P e O )
A A A 1min
Cap Cap Cap
b Control Oxotremorine (1 pm) Wash

|1mV

BK BK 1 min
¢ Control Oxotremorine (1 um) Wash
|1 mV
— 1 min
Heat Heat Heat

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 uMm) was applied to the skin with a pressure pulse of 0.45s
duration at (A). The skin was perfused with artifical CSF containing prostaglandin E; (1 uM). (b) Bradykinin (BK, 3 uM) was
applied during the periods (20 s) indicated by bars. (c) Heat (47°C) was applied during the periods (1 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 pM; Figures 1a and 2b), methoctramine (100-300 nM;
data not shown), and gallamine (5—30 puM; data not shown),
reduced the muscarinic inhibition of the mono-synaptic reflex
and slow VRP induced by (+)-cis-dioxolane, oxotremorine
or arecoline. The M, 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 M; antagonists, 4-DAMP (3-
10 nM; Figures 1b and 2c) and p-F-HHSIiD (0.1-3 pM; 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).

Effects of edrophonium and muscarinic antagonists on
the slow VRPs

In the spinal cord-saphenous nerve preparation, the anti-
cholinesterase, edrophonium (5puM) potentiated the slow
VRP evoked by saphenous nerve stimulation (Figure 4a).
This potentiating effect became evident within 10 min 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 M, antagonist, pirenzepine (10 nM) had little effect on
the slow VRP. However, the M, antagonists, AF-DX 116
(1 uM; Figure 4b) and methoctramine (100 nM; data not
shown), potentiated the slow VRP. In contrast, the M,
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 (5puM) and the muscarinic

a (i) Control

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
M; antagonist 4-DAMP (5-10 nM; Figure 4d) also signi-
ficantly depressed the motoneurone depolarization evoked by
application of capsaicin to the skin (—479 *14.8, %
change of the response compared to the control, n=3,
P<0.05 by Student’s ¢ test). 4-DAMP (5-10nM) also

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

Drugs % change n
Edrophonium (5 um) 77 £ 4** 17
Pirenzepine (10 nm) 11+1* 4
AF-DX 116 (1 u™m) 75+ 9* 5
4-DAMP (5 nm) - 50+ 9* 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 (5pM). 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 ¢ test.

(i) Edrophonium (5 pm)

A AN N

b (i) Control

1 min

(ii) AF-DX 116 (1 um)

o NG N A N N

¢ (i) Control

(i) 4-DAMP (10 nm)

A Ao L

d (i) Control

(ii) 4-DAMP (5 nm)

(iii) Wash

I1mV

2 min

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 uM). (b) and (c) (i) In normal artificial CSF containing edrophonium (5 pM) and (ii) after adding
AF-DX 116 (1 pM) and 4-DAMP (10 nMm), 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 uM) 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.
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depressed spontaneous depolarizing activities of moto-
neurones (data not shown).

Pharmacological analyses of muscarinic 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
(30-300 nM, data not shown), pirenzepine (0.1-3 puM; 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 ¢ 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 uM) 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
M; antagonist p-F-HHSiD was weak. Furthermore, increas-
ing the concentration of P-F-HHSIiD beyond 1uM did not
cause a further appreciable shift of the curve to the right
(Figure 6b; n=3). The effect of the M,; antagonist,
pirenzepine, was also weak (Figure 6c; n=6). The M,
antagonist AF-DX 116 considerably shifted the curve at
0.1 uM but the effect tended to be saturated at 0.3—1 puM
(Figure 6d; n=3). Owing to the non-parallel shifts of the
concentration-response curves it was not possible to obtain
pA, 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-

MSR (% control)

20

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

Antagonist pA; Slope n
Pirenzepine 6.59 £ 0.08 1.07 £ 0.12 4
AF-DX 116 6.79 £ 0.06 1.06 £ 0.15 3
Methoctramine 6.79 £ 0.12 1.04 £ 0.18 3
4-DAMP 8.16£0.19 1.16 £ 0.01 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 ¢ test).

tions induced by bath-applications of capsaicin (3 uM for
10s) and SP (10nM for 10s) 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 uM) (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 ez 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).

log (DR-1)

o
A

0 T T
1 10
Arecoline (um)

—log[AF-DX 116]

Figure 5 Antagonism by AF-DX 116 of arecoline-induced inhibition of mono-synaptic reflex. (a) Concentration-inhibition curves
to arecoline in the absence (O) and in the presence of AF-DX 116 at 0.1 pM (@), 0.3 um (A) and 1 um (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
(@), p-F-HHSID (b), pirenzepine () and AF-DX 116 (d). Concentration-depolarization curves to (+ )-cis-dioxolane were obtained
in the presence of tetrodotoxin (TTX, 0.3 um) and then the effect of each antagonist was examined in the continued presence of
TTX. (O) Control in (a), (b), (c) and (d). In (a) 4-DAMP: (®) 1 nm; (A) 3nM and (A) 10 nM. In (b) p-F-HHSID: (@) 0.3 pMm;
(A) 1 pM and (A) 3 pM. In (c) pirenzepine: (@) 10 nM; (A) 30 nM and (A) 100 nm. In (d) AF-DX116: (@) 0.1 pum; (A) 0.3 um and
(A) 1pM. 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 M,
agonists. Furthermore, the saphenous nerve-evoked slow
VRP was potentiated by the M, antagonists, AF-DX 116 and
methoctramine. These results suggest that cholinoceptor
inhibitory mechanism, via M,-type receptors, is involved in
the slow VRP and the nociceptive transmissions in the
neonatal rat spinal cord. The pA, 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 M, 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 M; and M, 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 M, receptors in the muscarinic inhibitory
responses has not been obtained. Although the putative M,
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 M, antagonist, pirenzepine, at
0.1-1 pM 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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Oxotremorine (300 nm)
N __f\__
Cap SP
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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 uM for 10s) and SP (10 nM for 10s) 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 M; 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 M, inhibitory muscarinic
receptors, excitatory M, 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 pA,
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 er al., 1985; Eglen &
Whiting, 1987). However, the pA, 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 M, 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 M, antagonist, pirenzepine
(10 nM) and M, 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 M, and M, 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 M; recep-
tor response of the guinea-pig ileum (pA, value: 9.0) (Clague
et al., 1985; Eglen & Whiting, 1987). However, the concent-
rations of another M, antagonist p-F-HHSIiD needed to
antagonize the depolarization were high (100 nM-3 pMm),
when compared with its concentrations of action on the ileal
M; receptor (pA, 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 M;-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 M- or M,-type (see Nicoll ez al., 1990). The
present study suggests the existence of an excitatory mus-
carinic response of central neurones mediated by M;-type
receptors.

We wish to thank Professors M. Otsuka and K. Kubota for
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research grants from the Ministry of Education, Science and Culture,
Japan.
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Mediation by B; and B, receptors of vasodepressor responses to
intravenously administered kinins in anaesthetized dogs

*+Nabil Nakhostine, 'fChristophe Ribuot, tDaniel Lamontagne, TRéginald Nadeau &

2*Ré¢jean Couture
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1 Vasodepressor responses to intravenous (i.v.) injection of bradykinin (BK) and des-Arg’-BK, a
selective B, kinin receptor agonist, were characterized following i.v. pretreatment with selective B,
([Leu®]-des-Arg’-BK) and B, (Hoe 140) kinin receptor antagonists in anaesthetized dogs.

2 De§-Arg9-BK (0.05-3.3 nmol kg~') produced dose-dependent decreases in mean arterial blood pres-
sure with a EDs, 0.4 nmol kg~'. The vasodepressor effects evoked by des-Arg’-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-Arg’-BK (0.6 nmol kg~!) was
significantly (P <<0.001) blocked by pretreatment with the B, receptor antagonist, Hoe 140.

4 The vasodepressor response to des-Arg’-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, [Leu®]-des-
Arg’-BK. Although both B, and B, 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 mgkg™', i.v.) but not that to BK or des-Arg’-BK (0.6 nmol kg™!).
6 These results suggest, firstly, that the vasodepressor responses to i.v. BK and des-Arg’-BK are
mediated by the activation of B, 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-Arg®-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 B, receptors on the vascular endothelium
(Taylor et al., 1989). Despite the very well known B,
receptor-mediated vasodepressor effect of kinins (Regoli &
Barabé, 1980; Bhoola et al., 1992), the cardiovascular activity
of the natural kininase I metabolite, des-Arg®-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 ez al., 1987). For instance,
des-Arg’-BK had no significant effect on the cardiovascular
system of rats and rabbits whereas exogenous des-Arg’-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 B,
receptors appear to mediate the vasodilator action of kinins
in the canine renal artery in vitro (Rhaleb ez 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 B, receptors are now
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2 Author for correspondence at: Département de physiologie, Faculté
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Montréal, Québec, Canada H3C 3J7.

available. The compound [Leu®]-des-Arg’-BK is considered as
the prototype antagonist for the B, receptor (Regoli &
Barabé, 1980) while Hoe 140 (D-Arg-[Hyp? Thi’,D-Tic’,
Oic’]BK) is the most potent, long-acting and selective B,
receptor antagonist so far described in vitro and in vivo
(Wirth et al, 1991; Hock et al., 1991; Bao et al, 1991;
Lembeck e al., 1991; Rhaleb et al., 1992).

The present study was designed to test the hypothesis that
vascular B, and B, receptors can mediate the vasodepressor
response to kinins in the dog under normal conditions. Thus,
the selective antagonists of the B, ([Leu®]-des-Arg®-BK) and
B, (Hoe 140) receptors were used to characterize kinin recep-
tors that mediate the blood pressure effects of BK and des-
Arg’-BK in anaesthetized dogs. BK-induced vasorelaxation
appears to be mediated by prostaglandins in arteries of some
species (Barabé et al., 1979; Taylor et al., 1989). Moreover,
unlike the endothelial B, receptor, canine muscular B, and B,
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 mgkg~' followed by
15-20 mg kg™' h~', i.v.). The animals were heparinized (200
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iu. 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-Arg®-BK (0.05 to
3.3nmolkg~!) 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 10min. In addition, the

Table 1 Haematological values for 3 dogs

vasodepressor effects induced by BK (0.2 nmol kg=') and
des-Arg®-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-Arg’-BK with the use
of [Leu®}-des-Arg’-BK, a B, receptor selective antagonist and
of Hoe 140, a B, receptor selective antagonist. BK or des-
Arg’-BK was injected at the same dose of 0.6 nmol kg~!, (a)
before and 3—5 min after the i.v. injection of [Leu®]-des-Arg’-
BK (6.0 nmol kg~! followed by an infusion of 0.6 nmol kg~!
min~! for 5min); (b) before and 10 min after the i.v. injec-
tion of Hoe 140 (4.5 nmolkg~!) or (c) Smin after the i.v.
injection of 5 ml saline followed by an infusion of saline at
7.6 ml min~! for S5min as control group.

The third series of experiments was to examine the par-
ticipation of prostaglandins in the BK and des-Arg’-BK in-
duced vasodepressor responses. Each agonist was tested at a

.dose of 0.6nmolkg~!, 1h after the i.v. injection of either

indomethacin (10 mgkg~') 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-Arg’-BK was purchased from Hukabel Scientific Ltd.
Montréal, Québec, Canada. BK, [Leu®]-des-Arg’-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 (1-10 mg ml~!) were made in
saline, divided into 100 pl 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 (1) animals. Statis-
tical significance of differences between means were cal-
culated with Student’s ¢ test for paired samples. Only pro-
bability values (P) smaller than 0.05 were considered to be
statistically significant.

Normal values'

Leukocytes 6.0-18.5x 10° 1-!
Erythrocytes 5.5-8.5 % 1012 |-!
Haemoglobin 133-192g1-!
Haematocrit 36.8-54.4%
MCV 59.9-75.211
MCH 21.5-27.2pg
MCHC 336-383gl-!
Platelets 200-900 x 10°1-!
Sodium 140-170 mmol 1!
Potassium 3.5-6.7 mmol 1-!
Calcium 2.1-3.1 mmol I-!
Glucose 3.0-6.5 mmol 1!
Urea 3.6-9.0 mmol 1-!
Creatinine 85—175 umol 1-!
Alkaline phosphatase 5-135 UI-!
GOT 17-58 U1-!

Total proteins 50-80gl-!

!Normal values are taken from Tvedten (1989).

Values before
Initial values experimentation

11,6+ 0.7 127+1.1
75%09 7208

1720 £ 15.6 164.0 + 14.0
48.7+43 472+3.7
658134 66434
23211 23010
353015 347032
375179 38159
151.0£ 2.5 150.1 £ 1.9
43+0.2 48+03
2.7+£0.04 37101
52104 54105
8.6+2.6 2.7%0.1
110.1 £8.5 85.0%9.6

33.0+6.1 55.0+18.0
377+ 138 417%79
653122 593+58

Abbreviations: MCV, mean corpuscular volume, MCH, mean corpuscular haemoglobin, MCHC, mean corpuscular haemoglobin

concentration, GOT, aspartate aminotransferase.
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Results

Vasodepressor effects of des-Arg’-BK and BK

Baseline mean arterial pressure (MAP) prior to des-Arg’-BK
or BK injections was 126 + 5mmHg (n = 8). Des-Arg’-BK
produced dose-dependent decreases in MAP between 0.05
and 3.3 nmol kg~! (EDs, = 0.4 nmol kg~'); the maximal fall
in MAP (- 41 *3mmHg) was elicited at 2.2 nmol kg~!
(Figure 1). The depressor response to 0.6 nmol kg~' des-
Arg®-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-Arg’-BK (—48*2mmHg vs —30% 3mmHg; 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-Arg’-BK
in anaesthetized dogs. Values are the mean * s.e.mean of 8 dogs
unless otherwise indicated by n.
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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-Arg’-BK (@) in anaesthetized dogs.
Values are the meantsemean of 11 dogs. The statistical
significance between bradykinin (BK) and des-Arg®-BK is indicated
by *P<0.05 and ***P <0.001.

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 nmolkg~' des-Arg’-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 0.2nmolkg~! BK was significantly (P<0.05,
n = 6) higher after i.a. administration (Figure 3). Thus, BK
appeared more potent than des-Arg’-BK in reducing MAP
whatever the route of administration.

Effect of [ Leif ]-des-Arg’-BK, a selective B, receptor
antagonist

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

Effect of Hoe 140, a selective B, receptor antagonist

Baseline MAP before Hoe 140 injection was 118 = 5 mmHg
(n=10). The iv. injection of 4.5nmolkg™' 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 10 min, 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-Arg®>-BK remained unaffected by the
pre-injection of Hoe 140 (Figure 6). The vasodepressor re-
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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-Arg®-BK or 0.2nmolkg-' 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 4 Example of traces showing the vasodepressor effects induced
by three iv. injections of 0.6nmolkg~' des-Arg’-BK (a),
6.0 nmol kg~' [Leu®}-des-Arg’-BK (b), 4.5 nmol kg~' Hoe 140 (d) and
0.6nmol kg-' bradykinin (BK) (f). The vasodepressor effect of
0.6 nmol kg~! des-Arg>-BK is blocked Smin after the prior i.v.
infusion of [Leuf]-des-Arg®>-BK (6.0 nmolkg~' plus 0.6 nmol kg~'
min~! X 5min) (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 10min. These
experiments were conducted in dogs; haematological values are pro-
vided in Table 1.

sponse to BK was still impaired by 92%, 30 min after the
injection of the antagonist (data not shown).

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

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

Indomethacin had no effect on vasodepressor responses to
BK or des-Arg’-BK. In contrast, the vasodepressor effect
induced by the iv. injection of arachidonic acid (1 mgkg™!)
was abolished in two animals pretreated with indomethacin
(Figure 7).

Discussion

This study has shown that des-Arg’-BK reduces systemic
blood pressure in a dose-dependent manner in the dog. To our
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Figure § Effects of [Leu®-des-Arg>-BK on the changes in mean
arterial blood pressure (MAP) induced by the i.v. injection of
0.6 nmol kg~! bradykinin (BK) or des-Arg>-BK in anaesthetized
dogs. Values are the mean * s.e.mean of 5 (BK) and 10 (des-Arg’-
BK) dogs in the absence (open columns) and presence (solid col-
umns) of the B, receptor antagonist (6.0 nmolkg~' plus
0.6 nmol kg~' min~! for Smin). Statistical significance is indicated
by ***P<0.001 and NS = not significant.
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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-Arg’-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 B, 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-Arg’-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 & Barabé,
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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-Arg>-BK and 1 mg kg~' arachidonic acid in
anaesthetized dogs. Values are the mean t s.e.mean of 10 (kinins) or
2 (arachidonic acid) dogs in the absence (open columns) and
presence (solid columns) of indomethacin (10 mgkg~', i.v. 1 h ear-
lier). NS = not significant.

1980). However, the vasodepressor effect of des-Arg’-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-Arg>-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-Arg®-BK after i.v. administration
has never been observed previously because in most species
(c.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 & Barabé, 1980; Bhoola et al., 1992).
The mechanism of the higher potency of des-Arg®-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 [Leu®]-des-Arg’-BK, a selective and competitive
antagonist of the B, receptor (Regoli & Barabé, 1980), reduced
significantly the vasodepressor response to des-Arg’-BK but
not to BK. In contrast, Hoe 140, a selective and potent
antagonist of B, receptors that was found to inhibit BK-
induced hypotensive responses in rats (Wirth ez 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-Arg®-BK in dogs are mediated by vascular B,
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 er al., 1992).

The fact that [Leu®]-des-Arg’-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 ug 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 [Leu®}-des-Arg’-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 (Barabé
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 [Leu®]-des-
Arg’-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-Arg’-BK in our paradigm and thus appears specific for B,
receptors.

The finding that [Leu®]-des-Arg®-BK and Hoe 140, at doses
sufficient to block exogenous des-Arg’-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-Arg’-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-Arg>-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-Arg’-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 B, receptors, respectively.
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Recherche. R.N. is a career investigator of the MRCC. R.C. is a
senior scholar and D.L. a junior scholar from the Fonds de la
recherche en sant¢ du Québec. We are grateful to Mrs Francine
Legault for her technical assistance.
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Effects of LY274614, a competitive NMDA receptor antagonist,
on the micturition reflex in the urethane-anaesthetized rat

M. Yoshiyama, 'J.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 gkg™!, 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 pg) similarly inhibited bladder and sphincter
activity during cystometry in intact rats.

4 In chronic spinal cord (Ts—T;) 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 mgkg~'.

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 3h following i.v.
(30 mgkg™!) or i.t. (6 pg) 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 er 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 er 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;

! Author 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 ez 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 gkg™', 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 T¢—T; laminectomy, the dura and spinal cord were
cut with scissors, and a sterile sponge (Gelfoam, The Upjohn
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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 Lglevel of the spinal cord. The
volume of fluid within the catheter was kept constant at 6 pl.
Cumulative dose-response curves were obtained by admini-
stering the drugs in 6 pl injections followed by 6 pl 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 (0.1-30 mgkg~', 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 (mgkg~!, 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 mgkg~'. Individual
doses are compared to control by paired ¢ test (*P<<0.05,
**P<0.001). As a comparison of dose-response curves between the
intact and chronic spinal rats at each dose, significant differences
were seen at 0.3-30mgkg~! (0.3-1mgkg~!, P<0.05; 3mgkg~!,
P<0.01; 10-30mgkg~', P<0.001, unpaired ¢ 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 T¢~Ts, 3 weeks prior to the experiment.



instead of saline), fine (76 um) 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 0.5-2.5h 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 er al., 1986), was also measured
during continuous cystometry. During single cystometry,
each dose of LY274614 was given 20 min prior to the first
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test. Two to four records were obtained after each dose. The
effects of the drug on volume threshold (Vy) to induce mic-
turition and the volume of fluid released (voided volume; Vy)
during each voiding reflex was measured. Based on this
value, voiding efficiency (%) (Ve =100 Vy(Vy)~!) could be
estimated. All values are expressed as mean % s.e.mean.
Repeated measures analysis of variance (ANOVA) and
Student’s ¢ test were used when appropriate for statistical
data analysis. For all statistical tests, P<0.05 was con-
sidered significant. The EDs, 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 1IN
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
(3-30 mg 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 mgkg~! 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.
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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 (V¢ or bladder capacity) and voided volume (Vy). Based
on Vy and Vy, voiding efficiency as percentage of bladder
volume (Vg = 100Vy (V1)~!) 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
32-43s (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 3-30mgkg~! with an EDs, of
2.3mgkg™'. 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 mlmin~!) 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 10-302s (mean=118s). The
amplitude of micturition contractions was reduced in a dose-
dependent manner following the administration of increasing
doses of LY274614 (3-30 mgkg~!, i.v.; Figures 3a and 4a)
with an EDj, 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,
30mgkg™' 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
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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=135) with an EDs, of 3.5mgkg~' (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 (@)
and chronic spinal (A) rats. Abscissa scale: the cumulative dose of
LY274614 (mgkg~', 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 ¢ 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 5 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. V1 = volume threshold.
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Figure 6 (a) The effect of LY274614 on the amplitude of micturition
contraction during single filling (0.04 mlmin~') cystometry in the
urethane-anaesthetized intact rats (n = 5). LY274614 (0.3-30 mgkg~',
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 V1 (volume threshold) in a
dose-dependent manner. (c) LY274614 decreases Vy (voided volume)
in a dose-dependent manner. Mean * s.e.mean is indicated for each
column. Individual doses are compared to control by paired ¢ 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 25-45s (mean =
34s). 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
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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
(0.04 ml min~') cystometry in the urethane-anaesthetized intact rats
(n=15). Voiding efficiency (Vg, %) is defined as 100 Vy (V1)~L. 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 ¢ test (*P <<0.05,
**p<0.01). C= control.

micturition (Figure 5). Control V; and Vy were 0.36—0.60 ml
(mean = 0.41 ml) and 0.13-0.53 ml (mean = 0.31 ml), respec-
tively, with a Vg of 74%. Increasing doses of LY274614
increased V1 (Figure 6b) and reduced Vy (Figure 6c). Vg 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 0.71-1.14 min~'
(mean = 0.96 min~') and durations of 33-41s (mean = 37 s).
As shown in Figure 1b, LY274614, at doses of 0.3 and
1 mgkg'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 (0.1-30 mg 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
(0.21 mlmin~!') of saline exhibited peak pressures ranging
from 10-42 mmHg (mean= 18 mmHg), durations of
24-46s (mean=31s) and intercontraction intervals of
8-42s (mean=18s). 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 30 mg kg~! of LY274614 (Figure 4a) with
an EDs, of 18.5mgkg™'. 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
EDs, of 4.7 mgkg~! (Figures 3b and 4b).

Intact rats: i.t. administration of LY274614

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 25-317s
(mean = 106 s) and durations of 22-287 s (mean = 925). An
i.t. administration of LY274614 (0.06—30 pg) produced a
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dose-related reduction in micturition contraction amplitude
(EDs of 0.11 pg) (Figures 8 and 9a). In 7 animals (greater
than 50% of animals tested) bladder activity was abolished at
a dose of 12 ug 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 pg. 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 pg, n = 8) (Figures 8 and 9b). A statis-
tically significant reduction in the EMG activity was noted at
a dose of 0.12 pg (64.0% of control) with an EDs, of 0.16 pg.

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=15 or 6 pg i.t., n=15) of LY274614 was
given to each animal and time course of recovery recorded
for up to 10h 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 of LY274614 (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 mlmin~!). Control micturition contractions
induced by saline infusion occurred at peak amplitudes of
21-78 mmHg, intercontraction intervals of 35-271s 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 (ug) plotted on a log scale. Ordinate scale: con-
traction of micturition amplitude (a) or peak firing of EMG in spikes
s~! (b) as a % control. Mean * s.e.mean is plotted for each point.
Individual doses are compared to control by paired ¢ test (a:
P<0.05, B: 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 (25-56s) 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
EDys for these effects were 24.3 mg kg~! and 16.6 mg kg™,
respectively. Although reduction in amplitude of micturition
contractions seemed to require a larger dose of LY274614 in
the acetic acid-infused bladder (Figure 11a), 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 L¢—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 pg). EUS = external urethral sphincter.



Table 1 The effects of acetic acid (0.1%) continuous filling
infusion (0.21 mlmin~') to the bladder
Continuous filling Intercontraction
cystometrogram Amplitude interval* Duration
(mmHg) (s) (s)
Saline 535 95+ 20 416
Acetic acid 52%3 276 40%3

*Significant difference between ‘saline’ and ‘acetic acid’
(P<0.01, paired ¢ 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 11b). A significant reduction in sphincter EMG
was only detected at a dose of 30 mgkg~' (23.2% of cont-
rol); and a significant difference from the control experiment
with saline infusion occurred at 10mgkg™' (two-way
repeated measures ANOVA followed by unpaired ¢ 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 LY235723 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 100 mg kg™!
with EDgs of 18 or 20 mg kg™, respectively. A significant
decrease in amplitude occurred at doses of 10 mg kg™' and
larger of LY235723, and 30mgkg~' 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 1 mgkg~! (P<0.05,
paired ¢ test) and 3 mgkg~! (P<<0.01, paired ¢ test).

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-
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Figure 10 Graph showing the time course of the effect of LY274614
(30mgkg~'iv., @ n=06 and 6 ug 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 ¢
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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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 (@) or 0.1% acetic acid (O) in intact
rats. Abscissa scale: the cumulative dose of LY274614 (mgkg~', i.v.)
plotted on a log scale. Ordinate scale: contraction amplitude (a) or
ratemeter output of EMG in spikes s™! as a % control (b).
Mean  s.e.mean is plotted for each point. Dose-response curves both
with saline (n=12, cystometrograms; n =S5, 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 10mgkg~' (two-way repeated measured ANOVA followed by
unpaired ¢ test, P<<0.05).

venously (i.v.) or intrathecally (i.t.). MK-801 is however more
potent (EDs, =0.36 mgkg™!) than LY274614 (EDs =12.2
mg kg~!) on i.v. administration but LY274614 is more potent
on i.t. administration (EDs, of MK-801 = 17 pug; of LY274614
=0.11 pg) (Yoshiyama et al., 1993). LY274614 has a slightly
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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 er 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 20 mmHg) 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 ez al.,
1993). Since an i.t. administration of LY274614 or MK-801 at
the level of L¢—S, 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
(30 mgkg™!), 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 (EDs, =3.5mgkg™') than bladder activity
(EDs, = 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 V; when injected directly
into the pontine micturition centre. LY274614, much like
MK-801 (Yoshiyama ez al., 1993), increased the V1 and de-
creased the Vy when given i.v. and tested using cystometry.
The EDs, 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



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 L'Y233053, 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
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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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