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The subject of this thesis was an investigation of the mechanism of

action of smooth muscle relaxants and included two projects.

I. the Nature of the NANC Neurotransmitter in the Bovine Retractor

Penis and the Rat Anococcygeus Muscles

(1) The relaxant action of endothelium-derived relaxing factor
(EDRF), the smooth muscle inhibitory factor (IF) isolated fram the
bovine retractor penis (BRP) muscle, nitric oxide (NO) and scdium
nitroprusside (NaNP) were examined on four isolated smooth muscle
preparations; the rabbit aortic strip, the BRP muscle, the rat
anococcygeus muscle and the guinea-pig trachea. EDRF (released by
acetylcholine), the IF and NO produced powerful relaxation of the rabbit
aortic strip and the BRP muscle but had little or no effect on the rat
anococcygeus muscle or the guinea-pig trachea. The same rank order of
potency of these stimuli in all four muscles suggests all might owe
their effects to NO. NaNP, however, produced camplete relaxation of
the rabbit aortic strip, the rat anococcygeus and the BRP muscles at low
concentrations but the guinea-pig trachea was much less sensitive.
This suggests an action in addition to the release of NO.

(2) Haemoglobin added to solutionsof the IF, NO or EDRF released

from a donor aorta, campletely abolished their relaxant properties.
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Haemoglobin added to the bath solution also greatly reduced effects of
NANC nerve stimulation in the BRP and the rat anococcygeus muscles and
that of EDRF released in situ, consistent with all acting by virtue of
NO.

(3) Suspensions of erythrocytes with an intracellular haemoglobin
concentration equivalent to that in (2) were as effective as free
haemoglobin in abolishing the relaxant effect of NO or EDRF rel-eased
from the donor aorta. Erythrocytes were less effective in abolishing
the response to EDRF released in situ. Erythrocytes had no effect on
the inhibitory response induced by the IF or NANC nerve stimulation in
the BRP or the rat anococcygeus muscles.

(4) The superoxide anion generators, pyrogallol and hydroquinone,
both significantly reduced the response to NANC nerve stimulation in the
rat anococcygeus muscle but had no effect in the BRP muscle. The
inhibition of the NANC response in the rat anococcygeus muscle by
pyrogallol was campletely reversed by superoxidedismutase.Pyrogallol
also inhibited the response to NO in the rat anococcygeus muscle but not
that to 3-iscbutyl-l-methyl-xanthine (IBMX) confiming this is a
selective action.

(5) These results suggest the neurotransmitter in the rat
anococcygeus muscle may be NO or a substance releasing NO. The
transmitter in the BRP muscle which is unaffected by superoxide anions
or the enviromment in which it acts may be different. In additicn,

EDRF, the IF and the NANC transmitter in the BRP and the rat
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anococcygeus muscles may rely ori NO for activity, but the IF, like the

NANC transmitter, may be a less diffusible substance than NO itself.

II. The Effects of Cromakalim on Spasmogen—- or Stretch-induced

Contraction of a Variety of Smooth Muscle Preparations

(1) The relaxant effect of cramakalim has been examined on four
isolated preparations, the rabbit aortic strip, the BRP muscle, the
guinea-pig trachea and the guinea-pig taenia coli contracted by either
histamine, carbachol, noradrenaline or KCl. Even though the
contribution of external calcium entering through voltage-operated
channel (VOC) in these tissues varied, the expected greater
effectiveness of cromakalim on tissues using this pathway was not
observed.

(2) Desensitization was observed in the guinea-pig trachea when the
tissue was exposed to cramakalim 30 min before the spasmogen was added.
This did not happen when cromakalim was added at the peak of
contraction. Such desensitization was not found in the rabbit aortic
strip.

(3) Verapamil significantly reduced the relaxant effect of
cranakalim in the guinea-pig trachea. In contrast, cromakalim
potentiated the relaxant effects of isoprenaline and NaNP in the
guinea-pig trachea.

(4) The relaxant effects of cromakalim on the BRP muscle and the

guinea-pig taenia coli were unaffected by haemoglobin (3.3 uM) or apamin
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(0.5 M) in concentrations which block campletely the relaxant effect of

respectively
NANC nerve stimulation in these tissues, Methylene blue (30 pM)

greatly reduced the response to both cromekalim and NANC nerve
stimulation in the BRP suggesting a non-specific action.

(5) Cramakalim in concentrations causing maximal relaxation did not
increase the tissue level of either cyclic AMP or cyclic GMP in the BRP
muscle, although the appropriate synthetic enzymes were present and
could be stimulated by forskolin or NaNP.

(6) In the BRP muscle, isoprenaline (30 pM) caused maximal
relaxation but did not raise the level of cyclic 2MP, even though lower
concentrations of 2 pM did raise the level of this nucleotide in the
rabbit uterus.

(7) A preparation was developed in which contraction could be
induced by a controlled stretch. In the rabbit femoral and renal
arteries removal of calcium from the Krebs' saline or adding the
non-selective calcium channel blocker cobalt abolished stretch-induced
contractions. Stretch-induced contraction, particularly that of the
renal artery was not sensitive to blockade by verapamil even at a
concentration of 300 pM

(8) sStretch-induced contraction in renal and femoral arteries is
only partially inhibited by cromakalim. The renal artery was
particularly resistant with a maximal inhibition of 10%. The femoral
artery on first application of the drug showed a larger inhibition

averaging 35% but this effect declined with time to about 10%.
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(9) In conclusion, cromakalim can produce relaxation in a variety of
smooth muscle preparations contracted by different spasmogens.
Cramakalim is relatively ineffective against contractions produced by
stretch in renal and femoral arteries. Desensitization to cromakalim
was found in the guinea-pig trachea and rabbit femoral artery. The
relaxant effect of cromakalim is not related in raising the level of

either cyclic AMP or cyclic GMP in the BRP muscle.
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The original identification of the unique anatamical features of the
autonamic nervous system by Gaskell (1916) and Langley (1921) was
accampanied by its separation into two divisions, the sympathetic and
parasympathetic. The ganglion cells of the formmer are a considerable
distance from the tissue innervated, the fibres leave the spinal cord in
the thoracic-lumber region. The parasympathetic, in contrast, has
ganglion cells close to or within the organ innervated; the nerve
fibres leave the central nervous system either from the brain stem as
parts of several cranial nerves or fram the sacral spinal cord. In the
1930's, as a result of the work of Dale and his collaborators, another
method of classifying nerves according to the neﬁrotransmitters they
released was introduced (Dale, 1933). With a few exceptions
sympathetic nerves liberate adrenaline (now recognized as noradrenaline)
and parasympathetic nerves acetylcholine. The temms adrenergic and
cholinergic become  exchangable with the older sympathetic and
parasympathetic terminology.

Even at this early time, however, findings of "atropine resistance"
of parasympathetic responses were reported. Such effects were cbserved
in the gastrointestinal tract and genito-urinary system, especially the
stamach and the urinary bladder (Langley & Anderson, 1895; Langley,
1898; Henderson & Roepke, 1934). At this time no equivalent blocking
agent to atropine for the sympathetic system was available so it was not
possible to detemmine if a single neurotransmitter was responsible for
all sympathetic responses. The introduction of the highly selective

adrenergic neuroné blocking agents such as guanethidine changed this.
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wWith these it was shown there were inhibitory fibres in the sympathetic
nerves to the gut which were not blocked (Burnstockl et al., 1963;
Martinson & Muren, 1963). From these observations sprang the belief
that there exist, in peripheral autonomic nerves, a group of neurones
whose transmitter was neither noradrenaline nor acetylcholine, the
non-adrenergic non-cholinergic (NANC) nerve fibres.

Several groups found that when the responses to both adrenergic and
cholinergic nerve stimulation had been blocked in same gastrointestinal
preparations, transient hyperpolarizations and relaxations were still
produced. Since these responses were abolished by tetrodotoxin, they
were established as inhibitory junction potentials (IJPs) resulting from
stimulation of non-adrenergic, non-cholinergic (NANC) neurones
(Burnstock et al., 1963; Martinson & Muren, 1963). Since then, NANC
nerves have been found in wide variety of smooth muscle preparations
including urinary bladder, lung, trachea and parts of the vascular
system (Campbell, 1970).

Although Holton & Holton (1954) in their studies of antidromically
elicited cutaneous vasodilatation were the first to suggest that ATP
might be a neurotransmitter, Burnstock and his colleagues demonstrated
that adenosine triphosphate (ATP) mimicked the nerve—mediated> response
in several tissues and was the most likely candidate as NANC
neurotransmitter to the smooth muscle of the gastrointestinal tract and
bladder (Burnstock et al., 1970; Burnstock et al.,1972). In 1971,
nerves utilizing ATP as the principal transmitter were termed

"purinergic" (Bummstock, 1971) and a tentative model of the storage,
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release and inactivation of ATP in purinergic nerves was proposed in
1972 (Bumnstock, 1972). Not all evidence was in favour of such a
scheme. For example, Gillespie (1982) indicated that in sare
preparations in the gastrointestinal system, : ' - - . the
concentration of ATP needed was too high for it to be a transmitter,
for example, in the guinea-pig taenia coli, and it produced contraction
in the rat anococcygeus muscle where the NANC nerve response is
inhibition. Stone (1981) indicated that in the central nervous system,
the pharmmacological agents which block responses to exogenous purines
had little effect on synaptic responses.

Between 1975 and 1977, important new findings suggested that it was
likely that same NANC nerves utilize transmitter substances other than
ATP. These findings were followed by numerous investigations based on
the new immunohistochemical methods for localizing various biologically
active polypeptides. Autonamic nerves containing enkephalins,
substance P, vasoactive intestinal polypeptide (VIf), vneurdtensin,
somatostatin, gastrin releasing peptide (GRP), bambesin (BN),
cholecystokinin (CCK), neuropeptide Y (NPY)/pancreatic polypeptide (FP),
calcitonin gene-related peptide (CGRP), galanin (GAL) have been reported
both in central and peripheral nervous system (for review see Burnstock,
1986).

Same nerve profiles contained a complex mixture of vesicles,
suggesting that they may contain more than one transmitter, giving rise
to the temm co-transmission. A variety of co-transmission system have

been found in recent years (for review see Campbell, 1987). For
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example, NA-ACh co-transmission in rat exocrine sweat glands (Landis &
Keefe, 1983); ACh-IHRH (luteinizing hormone-releasing hormone) in frog
sympathetic ganglia (Jan & Jan, 1982); ACh-SOM (scmatostain) in the
heart (Campbell & Jackson, 1985): and ACh-VIP (vasoactive intestinal
peptide) in exocrine glands (e.g. nasal, salivary, pancreatic and sweat
glands) (Lundberg et al., 1980; ILundberg, 1981) and ATP-NA in certain
smooth muscle preparations (for review see Bumnstock, 1986).

The clearest evidence for ATP and NA as co-transmitters is in the
vas deferens. The neurogenic response of this tissue is biphasic
(Swedin, 1971; McGrath, 1978), consisting of an initial twitch response
and a slow second camponent. The electrical responses underlying these
mechanical events could be separated by nifedipine which abolishes the
smooth muscle action potential and the initial twitch response without
reducing the excitatory junction potential (Blakeley et al., 1981).
The second phase is adrenergic in nature, whereas the twitch response
has been shown to be non-adrenergic, non-cholinergic in nature and is
due to the release of ATP (Levitt et al., 1984; Sneddon & Burnstock,
1984; Sneddon & Westfall, 1984a,b; Kirkpatrick & Burnstock, 1987;
Kasakov et al., 1988). ATP and NA are stored together in the same
vesicles in sympathetic nerve terminals (Carlsson et al., 1963). ATP
and NA released from the vas deferens has been shown to be of neuronal
origin, as release is not affected when the mechanical and electrical
responses are blocked by treatment with a,p-methylene ATP and prazosin
(Kasakov et al., 1988; Muir & Wardle, 1988). Furthermore, ATP release

is unaffected following depletion of NA by reserpine pretreatment,



-7-
suggesting that ATP release is not secondary to NA release (Kirkpartrick
& Burnstock, 1987).

Although such NANC nerve fibres have been recognized and widely
studied for about twenty years, the transmitter in some tissues is
still unknown. The interest in this project is in the transmitter of
one particular group of nerves which have their origin in the sacral
spinal cord and innervate such tissues as the anococcygéus musclé, the
retractor penis muscles and the penile artery.

The rat anococcygeus muscle receives a dense motor adrenergic
innervation via lumbar sympathetic nerves and an inhibitory innervation
via the sacral parasympathetic nerves (Gillespie & Maxwell, 1971;
Gillespie, 1972; Gillespie & McGrath, 1973). The retractor penis
muscle also receives an adrenergic motor innervation (Klinge &
Sjo6strand, 1974; Ambache & Killick, 1978) via the lumbar sympathetic
nerves (Langley & Anderson, 1895) and an inhibitory innervation via the
sacral parasympathetic nerves (Langley & Anderson, 1895). In view of
the anatomical continuity of the anococcygeus and retractor penis
rmuscles the similarity of their innervation, the dJemonstration from
ultrastructural evidence of nerve profiles in both tissues (Eranko et
al., 1976; Gibbins & Haller, 1979) morphologically similar to NANC
nerve profiles described elsewhere, it has been assumed that they share
a camon inhibitory neurotransmitter (Gillespie, 1982). The NANC
inhibitory response of the anococcygeus and retractor penis muscles can
also be obtained in stimulation of the extrinsic nerves either in vitre

or in vivo (Gillespie, 1972; Gillespie & McGrath, 1973; Langley &
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Anderson, 1895). Inhibitory responses to electrical field stimulation
in isolated preparations of both rat anococcygeus and BRP muscles are of
neural origin since they are blocked by tetrodotoxin (Gillespie, 1972;
Klinge & Sj6strand, 1974). Like other NANC nerve responses, the
inhibitory effects produced by field stimulation in both tissues cannot
be blocked by any conventional receptor or neurone blocking agents such
as a- or pB-adrenoceptor antagonists, guanethidine, atropine,
hexamethonium, d-tubocurarine, lysergic acid diethylamide, mepyramine or
burimamide (Gillespie, 1972; Klinge & Sjéstrana, 1974; Gillespie &
MceGrath, 1975). In contrast to others, the response to NANC nerve
stimulation in both tissues can be blocked by haemoglobin (Bowman &
Gillespie, 1981, 1982; Bowman et al., 1982) and anoxia (Bowman &
MeGrath, 1985). Evidence from the rat anococcygeus muscle shows that the
inhibitory innervation is not an example of co-transmission from
adrenergic nerves since the origin of the inhibitory fibres in the
sacral cord is several spinal segments away fram the sympathetic outflow
(Gillespie & MeGrath, 1973) and destruction of the adrenergic nerves
with 6-hydroxydopamine does not impair inhibitory responses to nerve
stimulation (Gibson & Gillespie, 1973). Attempts to detect the release
of inhibitory transmitter in response to nerve stimulation in a Loewi
type experiment or to extract it into buffered saline failed (Gillespie,
1987). Furthermore, the inhibitory response to NANC nerve stimulation
cannot be mimicked satisfactorily in either tissue by any known
substance. The majority of proposed inhibitory transmitter substances

have been tested on the rat anococcygeus muscle because this tissue
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offers the unique advantage that most potential relaxant transmitters
are either ineffective or cause contraction. For e.xardple , both NA and
ACh cause contraction in this tissue. Isoprenaline produces inhibitory
response in the BRP muscle (Klinge & Sjostrand, 1974) but not the rat
anococcygeus muscle (Gillespie, 1972). Substance P can produce
inhibitory responses in the latter but its action is slower and less
effective than the response to nerve stimulation (Gillespie & McKnight,
1978). Bradykinin relaxes the anococcygeus muscle of the rat, rakbit
and cat (Gillespie & McKnight, 1978) but produces a motor response on
the BRP at low tone (Klinge & Sjdstrand, 1974). Evidence suggesting
that ATP is the inhibitory neurotransmitter in the rat anococcygeus
muscle has been presented (Burnstock et al., 1978), but in these
experiments, the inhibitory effect of ATP was seen only when the
preparation was pretreated with indomethacin to block prostaglandin
synthesis. It is difficult to visualize how, in the absence of
indamethacin, the inhibitory nerves, through the release of ATP could
produce a powerful inhibition without the simultaneous production of
prostaglandins. In addition, ATP is known to contract both the rat
anococcygeus (Gillespie, 1972) and the BRP muscles (Klinge & Sjostrand,
1974).

In 1975, Ambache and his colleagues reported the presence of a
smooth muscle relaxant in acid extracts of the BRP muscle which may be
the neurotransmitter (Ambache et al., 1975). This finding wes
confirmmed by other workers (Gillespie & Martin, 1980; Gillespie et al.,

1981) and this relaxant substance termed inhibitory factor (IF) has been
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the subject of extensive investigation (Gillespie, 1987). IF from the
BRP or the rat anococcygeus muscles is soluble in water and methanol
and has a molecular weight about 500 (Gillespie et al., 1981).

Early experiments showed that the IF, unlike ATP, is not retained
on alunina colums at pH 9.0 and therefore, is presumably not ATP
(Bowman et al., 1979). Further evidence suggests that it is not a
polypeptide since a group of non-specific proteases—trypsin, subtilisin
and pepsinm—together with the peptidases, pyroglutamate aminopeptidase,
leucine aminopeptidase and carboxypeptidase had no effect on the IF
(Gillespie et al., 1981). 1In addition, the effects of the IF and of
NANC inhibitory nerve stimulation in rat anococcygeus and BRP muscles
are not potentiated by aprotinin, a general tissue protease inhibitor,
or by 8SQ20881, a specific angiotensin converting enzyme inhibitor
(Gillespie et al., 1981). The IF relaxes both BRP and rat anococcygeus
muscles though the latter is less sensitive (Gillespie & Martin, 1980).
In the BRP muscle, both the IF and NANC nerve stimulation produce
membrane hyperpolarization and mechanical relaxation (Byrme & Muir,
1985). Relaxation to IF or nerve stimulation is associated with a
selective rise in cyclic QP content and is blocked by haemoglobin or
N-methylhydroxylamine, two agents known to block stimulation of soluble
guanylate cyclase (Bowman & Drummond, 1984). The IF also produces
relaxation of spiral strips of various arteries from ox, cat, rabbit or
rat: this occurs whether tone is induced with noradrenaline, Kt or Ba*
(Bowman et al., 1981). Furthermore, relaxation is not dependent. on the

presence of endothelial cells, so it does not arise indirectly following
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release of EDRF (Bowman et al., 1986). Thus, it is possible that the
NANC neurotransmitter in the BRP and rat anococcygeus muscles and the IF
extracted fram both. tissues are = _ similar substances.

EDRF was accidentally discovered by Furchgott and his colleague in
1980 (Furchgott & Zawadzki, 1980). They found that the relaxation of
isolated preparations of rabbit arteries by ACh was strictly dependent
on the presence of endothelial cells on the intimal surface of the
preparations. They showed that endothelial cells exposed to ACh
release a diffusible substance(s), demonstrated by transfer experiments
where aortic strips without endothelium were layered with strips
containing it, and the endothelium-free strips regained the ability to
relax in response to ACh (Furchgott & Zawadzki, 1980). Further
evidence that endothelial cells release a humoral substance cames from
bicassay experiments in which the perfusate flowing through blood
vessels with endothelium was ©passed over or through another
endothelium-denuded blood vessel causing it to relax (FOrstemmann et
al., 1984; Griffith et al., 1984). From those experiments the
half-life of EDRF released by ACh could be measured and was shown to be
short, from 6 to 49 sec, depending upon the experimental conditions and
the species examined (Fdrstermann et al., 1984; Griffith et al., 1984;
Rubanyi et al.,1985). Subsequent to these experiments with ACh, other
agents known to possess a vasodilator action in vivo, were demonstrated
to produce all or part of their relaxing effects by release of EDRF
from endothelial cells. Same of these agents including the calcium

ionophore A23187, ATP, substance P, bradykinin, thrambin, etc. have been
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widely used as tools for testing EDRF on various blood vessels
(Furchgott, 1984).

The relaxation by EDRF was found to be associated with increased
production of cyclic GMP in smooth muscle (Holzmann, 1982; Rapoport &
Murad, 1983a; Diamond & Chu, 1983). Removal of the endothelium
abolished the relaxation and the accumulation of cyclic GMP (Rapoport &
Murad, 1983b). The phosphodiesterase inhibitors M&B 22948, papaverine,
and 3-isobutyl-l-methyl-xanthine (IBMX) potentiate the relaxant effects
of spontaneously released EDRF on both rat and rabbit aorta supporting
the hypothesis that it is the rise in cyclic @ which is responsible
for the mechanical inhibition (Martin et al., 1986). Haemoglobin and
methylene blue at high concentrations completely abolish
endotheliﬁn—dependent relaxation and the rise in cyclic GMP (Martin et
al., 1985). The likely mechanism of action of haemoglobin is to bind
EDRF, and that of methylene blue to oxidize the heme component of
guanylate cyclase. Thus, it appears likely that the inhibitory effect
of EDRF is mediated by soluble guanylate cyclase via the production of
cyclic @GP and the activation of cyclic @MP-dependent protein kinase in
vascular smooth muscle.

In addition to haemoglobin and methylene blue, a number of other
agents have been reported to block the effects of EDRF. These
include: the phospholipase A, inhibitor quinacrine (Furchgott &
Zawadzki, 1981) and mancalide (Long et al., 1987); lipoxygenase
inhibitors such as nordihydroguaiaretic acid (NDEA),

5,8,11,14-eicostatetraynoic acid (ETYA) and phenidone (Furchgott &
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Zawadzki, 1980; Singer & Peach, 1983); cytochrome - P-450
mono-oxXygenase inhibitors such as SKF 5257, metyrapone, and cimitidine
(Forstermann et al., 1988); low density lipoproteins (Andrews et al.,
1987); superoxide anion generator pyrogallol (Moncada et al., 1986);
and a free radical scavenger hydroquinone (van de Voorde & Lensen, 1983;
Furchgott, 1981) etc. The early interpretation of same of these
effects was that EDRF was a fatty acid derivative of arachidonic acid
(Furchgott & 2Zawadzki, 1980). This interpretation was incorrect: it
is now known that a common property of many of these substances is
ability to generate superoxide anions which accelerate the destruction
of EDRF (Moncada et al., 1986). Early studies ruled out adenosine,
adenosine monophosphate (AMP), and prostacyclin as possible candidates
for EDRF (Furchgott & Zawadzki, 1980; Gryglewski et al., 1986a). Both
adenosine and adenosine monophosphate induce smaller maximal relaxation
than ACh (Furchgott & Zawadzki, 1980). Prostacyclin has no
effect on rabbit and pig aorta (Furchgott & Zawadzki, 1980; Gordon &
Martin, 1983) whereas EDRF does and its action is unaffected by

indomethacin or asprin (Furchgott & Zawadzki, 1980). The
nitrovasqdilators are believed to produce smooth muscle relaxation by
releasing nitric oxide (NO) (Waldman & Murad, 1987). NO, like EDRF,
relaxes smooth muscle by stimulating soluble guanylate cyclase (Rapoport
& Murad, 1983a,b) this and the evidence that antioxidants or nonspecific
superoxide anion generators greatly reduce endothelium-dependent
relaxation (FOrstemmann & Neufang, 1984; Griffith et al., 1984; Rubanyi

et al.,1985) and that superoxide dismutase prolongs the half-life of
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EDRF (Gryglewski et al.,1986b; Rubanyi & Vanhoutte, 1986) prampted
Furchgott (1988) to propose that EDRF might be NO.

In 1987, Moncada and his colleagues finally confirmed this
suggestion by releasing EDRF from endothelial cells in culture and
measuring the appearance of NO (Palmer et al., 1987). In their
experiments NO was determined as the chemiluminescent product of its
reaction with ozone. They found that NO could always be detected when
EDRF was released and that the amount of NO was sufficient to account
for the relaxant effects observed. The relaxations induced by EDRF and
NO were inhibited by haemoglobin and enhanced by superoxide dismutase to
a similar degree. Thus NO released from endothelial cells is
indistinguishable fram EDRF in terms of biological activity, stability
and susceptibility to inhibitors and potentiators. Their conclusion
was that EDRF and NO are identical. However, same reports are disagree
with this conclusion. Shikano et al. (1987, 1988) found that
guinea-pig taenia coli relaxed to NO but not to EDRF released by ACh or
A23187. sSimilar report fraom Dusting et al. (1988) was that the
guinea-pig trachea was sensitive to NO but not to EDRF released by
bradykinin. In addition, Guerra et al. (1988) reported that using
chemiluminescence, the amount of NO detected from bovine aortic
endothelial cells and pig carotid artery was approximately 1/10th that
required to account for EDRF-induced relaxation. Greenberg et al.
(1988) reported that in the experiment when EDRF released from intact
artery was collected under vacuum through a colum of

methemoglobin-agarose and samples assayed by electron paramagnetic
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responace, EDRF did not give an NO spectral shift but NO did. However,
more recent work by Moncada and his colleagues has shown that NO can be
synthesizéd fran L-arginine by porcine aortic endothelial cells in
culture (Palmer et al., 1988a). They found that the release of NO
from endothelial cells cultured in the absence of L-arginine was
reversibly enhanced by infusions of L-arginine and L-citrulline, but not
by the steroisamer D-arginine. Mass spectrametry studies using
15N-labelled L-arginine also indicated that this enhancement was due to
the fommation of NO from the teminal guanidino nitrogen atam(s) of
L-arginine. In addition, the L~arginine analogue,
Né-monamethyl-L-arginine (L-NMMA), inhibited both the release of NO from
these cells and the endothelium-dependent relaxation of rabbit aorta
(Palmer et al., 1988b; Rees et al., 1989). Other workers in Germmany
found that the endothelium-dependent relaxation induced by ATP in rat
thoracic aorta was reduced following pretreatment with L-canavanine,
another guanidinoxy analogue of L-arginine which inhibits various
L-arginine-utilizing enzymes (Schmidt et al., 1988). The conclusion
from these results is that L-arginine is the physiological precursor for
NO synthesis by vascular endothelial cells.

Another factor that appears to act by stimulating soluble guanylate
cyclase in a number of neural tissues is contained in the brain extract
described by Deguchi and his colleagues (Deguchi, 1977; Deguchi et al.,
1978). Further work from this group has suggested that the active
constituent is L-arginine (Deguchi & Yoshicka, 1982). Recently,

Garthwaite et al. (1988) showed that a substance, similar to EDRF and
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NO is released through activation of glutamate receptors in the
cerebellum.

These results together with others suggested the possibility that
EDRF and the IF from the BRP or rat anococcygeus muscles are chemically
related. Both are vasodilators, both are unstable, both stimulate the
formation of cyclic &P, both effects are blocked by haemoglobin and
both, during their formation, appear to be sensitive to anoxia (Bowman &
MeGrath, 1985; Furchgott & Zawadzki, 1980).

As EDRF has been identified, though not yet perhaps to everyone's
satisfaction, as the very simple molecule NO and since cells in the
cerebellum can apparently liberate the same substance, it was of
interest to detemmine whether the NANC neurotransmitter in the rat
anococcygeus and BRP muscles and IF extracted fram the BRP muscle could
also be acting through NO.

The first experimental approach was based on the assumption that if
they were all the same substance then the rank order of sensitivity of
different smooth muscles to each would be the same. The second was to
test a variety of inhibitors to see again whether they would be equally

sensitive to the blocking actions.
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METHODS
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APPARATUS

In this project the response of tissues to drugs and nerve
stimulation was examined in two different kinds of in vitro apparatus.

(1) simple 10 ml organ baths.

(2) A cascade system in which EDRF released from a length of
perfused donor rabbit aorta could be rapidly transferred to an adjacent

chamber containing the test tissues.

Simple Organ Bath Studies

In these experiments tissues were suspended with braided silk thread
(5-0) on stainless steel hooks under 1 g tension in 10 ml jacketed organ
baths containing Krebs' saline at 36°C and oxygenated with 95%0, +
5%C0,. The composition of the Krebs saline in mM was: Na*, 145; K*,
5.9; Ca2*, 2.5; Mg+, 1.2; Cl-, 127; HCO;~-, 25; HPO,2-, 1.2;
80,2-, 1.2; and dextrose, 11. In experiments stimulating intramural
nerves, the lower end of the preparation was tied to a Ag/AgCl hook
which served as one electrode and the tissue threaded through a second
Ag/AgCl ring electrode embedded in araldite. The thread on the other
end of the tissue was tied to a Grass FTO3C force transducer the output
of which was displayed on a Grass Polygraph Model 7D. Intramural
nerves were field stimulated by a Grass S4 stimulator with 1 ms duration

pulses for 10 seconds at frequences between 0.2 and 10 Hz at
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Figure 1 A diagrammatic representation of the closed cascade system
used to release EDRF from a donor rabbit aorta and detect this on test
tissues in a chamber immediately above the perfused aorta. Drugs can be
introduced either into the upper chamber alone through inlet port 1 or
into the Krebs' saline perfusing the aorta (inlet port 2). The entire

cascade is jacketed on three sides with channels through which water at

33°C is pumped to maintain a constant temperature.
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supramaximal voltages. All preparations were allowed to equilibrate
for 60 minutes before beginning the experiment. When agonist drugs
were used to induce tone, the concentration used was one which produced
between 60-80% of the maximal tone. These concentrations were based on
cumilative  concentration-response curves in a preliminary set of
experiments. When noradrenaline was used as the agonist, the Krebs'
saline contained ascorbic acid 0.23 mM and EDTA 0.06 mM to stabilise it.
Stock sblutions of drugs (10-2M) were made in distilled water and final
dilutions made in normmal saline (0.9%). The maximal volume of saline
added to baths was 0.3 ml. Drug solutions were kept on ice during the

experiment and the final bath concentrations quoted are in molar termms.

Cascade Studies

The perfusion cascade apparatus used to study EDRF is illustrated in
figure 1. A 6 am length of donor rabbit aorta with intact endothelium
was mounted on a cannula in the lower chamber. The oxygenated Krebs'
saline perfusing this artery then passed to an upper chamber containing
the test tissues. The intention was to test whether smooth muscle
other than blood vessels is sensitive to EDRF. At the time the
experiments were done there was no information on whether any other
smooth muscle responded to EDRF, it was therefore essential to have
present at all times, a preparation known to be relaxed by EDRF. For

this reason the upper chamber of the cascade system always contained two
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test preparations, an endothelium-free rabbit aortic strip plus one of
the other smooth muscle preparations being tested: the BRP muscle, rat
anococcygeus muscle or guinea-pig trachea. EDRF is an unstable
substance with a half-life in Krebs' saline at 36°C of about 6-8
seconds. For this reason it was essential to transfer the released
EDRF from the perfused donor aorta to the test chamber as rapidly and
with as little dilution as possible. This was achieved by keeping the
volumes of the two chambers as low as possible (the total volume of two
chambers is 1.6 ml), by arranging the test chamber immediately above the
donor aorta chamber and detemining experimentally the optimal rate of
perfusion. This was found to be relatively fast (4 ml min-1). Same
experiments to test the optimal temperature were also made. The
sensitivity to temperature variation was less than that to flow rate and
339C was adopted for all experiments. The temperature in the cascade
was maintained by pumping wamm water from a themmostatially controlled
reservoir through the water jacket surrounding three sides of the
chambers. The Krebs' saline was oxygenated with 95%0, + 5%C0, in the
reservoir but, in addition, the upper chamber was separately bubbled
with the same gas mixture. After a 60 minutes period of equilibration
the tone of the preparations in the upper chamber was raised by the
continuous infusion of 5-HT and ACh to produce a concentration of 10-5M
of each in the Krebs' saline entering the chamber. This mixture of
agonists was more effective than either alone in producing maintained
tone in all the test preparations. The infusion was regulated by a

B.Braun continuocus infusion apparatus so that only small volumes of drug
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were infused. Once tone had stabilized in the test preparations, ACh
in concentrations fram 10-7M to 10-4M was infused into the Krebs' saline
perfusing the donor artery to release EDRF. Tension in test tissues
was detected by Grass FTO3C isametric transducers and displayed on a
Grass Polygraph Model 7D. Indamethacin (5 x 10-6M) was added to the
Krebs' saline to prevent the formation of prostaglandins and the
development of spontaneous tone in the non-vascular smooth muscle

preparations.

PREPARATION OF TISSUES

(1) Rabbit Aorta New Zealand Rabbits (2-3 kg, either sex) were

killed by exposure to carbon dioxide followed by exsanguination. The
aorta was removed carefully and cleaned gently of surrounding connective
tissue and fat. The abdaminal aortic strips were cut ét an angle of
30°to the line of the artery to produce preparations 1.5 an long by 2-3
mn wide under 1 g tension in the bath. The retention of endothelium on
these strips was confimmed by testing the ability éf ACh (10-¢M) to
relax 10-5M 5-HT-induced tone by over 90%. The endothelium was removed
from some preparations by gentle abrasion of the luminal surface with
filter paper. Such preparations did not relax with ACh.

As the donor preparation for EDRF in the cascade system, a 6 an
length of thoracic aorta was tied to a cannula in the lower chamber of

the cascade.
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(2) Bovine Retractor Penis Muscle Bovine retractor penis

muscles were obtained from Glasgow Abattoir and kept in Krebs' saline
until required. They were nommally used within 3 hours of the
bullock's death. Strips of muscle 2-3 mm wide and 15 mm long were
dissected from the middle portion of the bovine retractor penis, cutting
along the lines of cleavage separating the smooth muscle bundles. Same

preparations were kept in Krebs saline at 49C overnight.

(3) Rat Anococcygeus Muscle Male Wistar rats (200-350 g) were

killed either by a blow on the head or by exposure to carbon dioxide
followed by exsanguination. The abdamen was opened in the mid-line,
the pelvis split, bladder and urethra removed exposing the colon until
the two anococcygeus muscles came into view. The muscles were cleaned,
and after cutting through the ventral bar, each muscle was tied at
either end and then removed into Krebs' saline. Indamethacin (5 x

10-6M) was present in Krebs' saline for cascade studies.

(4) Guinea-Pig Trachea Guinea-pigs (200-300 g, either sex) were

killed either by a blow on the head or by exposure to carbon dioxide
followed by exsanguination. The trachea was - exposed, cleaned and
removed and paired rings of trachea prepared. The cartilaginous bars
were then cut through in the mid-line and the preparation tied at both

cartilaginous ends. When using this preparation, Indomethacin was
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present in Krebs' saline for both the organ bath (10-8M) and cascade

studies (5 x 10-6M) to reduce the background tone.

OTHER TECHNIQUES

Extracting the IF from the Bovine Retractor Penis Muscle

Fresh BRP muscles were weighed and minced by passing them through a
Moulinex mincer. The minced muscle mixed with glass beads was ground
in a pestle and mortar for 10 min with five times its volume of 100%
methanol. The whole operation was performed on ice. After stirring
in an MSE homogenizer for 15 minutes, the methanol extract was filtered
through Whatman No.l filter paper under reduced pressure, chilled with
liquid nitrogen and centrifuged at 4000 rpm at 4°C for 10 minutes to
remove  lipids. The supernatant was passed through a Cl8 HPIC
preparation cartridge, degassed and applied to a freshly prepared 10 x 1
an Bio Rad anion exchange column which formed part of an HPLC system.
After applying the sample, the colum was washed with H,0 then eluted
with 150 mM sodium nitrate (NaNO;) at a flow rate of 5 ml min"1. A
sample was collected between 15-18 minutes where the IF is known to
elute. 2 ml aliquots containing the IF were freeze dried and sealed in
glass ampoules. The dried extracts were weighed and reconstituted,
usually in distilled water, but sometimes in half-normal saline (0.45%),

particularly for experiments involving erythrocyte binding. The
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concentration of IF stock solution was approximately 20 mg/ml which was
then activated at pH 2 with 1IN HCl, then neutralized with 1IN NaOH after

10 min and kept on ice till tested.

Erythrocyte Suspensions and Haemoglobin Solutions

Male rats (250-350 g) were anaesthetized with sodium pentobarbitone
(60 mg kg-1, i.p.) and a cannula was inserted into a carotid artery.
Blood was collected from this cannula into tubes containing heparin (20
IU ml-* blood), centrifuged at 1000 rpm for 20 min (4°C), and the
plasma and buffy ocoat removed carefully by aspiration. The
erythrocytes were washed three times in sodium phosphate buffer at pH
7.4 and then resuspended in phosphate-buffered isotonic saline to
restore the solution to its original volume. This erythrocyte
suspension solution could be stored in the fridge (4°C) and was used up
to three days after preparation. Such washed erythrocytes proved more
fragile than unwashed cells, so that when added to an oxygenated organ
bath the turbulence caused a variable degree of lysis. The extent of
haemolysis was tested at the end of each experiment by removing the bath
fluid, centrifuging to remove unlysed cells, then assaying
spectrophotametrically the haemoglobin content of the supernatant.
The released haemoglobin caused interference in several experiments and
limited the concentration of erythrocytes which could be used. Whole

blood was much more stable and, since previous experiments (Bowman &
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Gillespie, 1982) showed plasma to be quite ineffective against the NANC
relaxation, suspensions of erythrocytes were produced by adding an
appropriate volume of heparinised whole blood to the bath. The
concentration of free haemoglobin in the bath fluid was measured at the
end of each experiment and on all occasions was below the level of
detection (10-7M).

Haemoglobin solutions were freshly prepared every second day.
Blood was removed as before into heparinised tubes then haemolysed by
pipetting 1 ml of the washed erythrocyte suspension into 19 ml of
hypotonic phosphate buffer (20 mM). The resulting solution was
centrifuged at 20,000 rpm for 40 min (4°C); the supernatant constituted
the haemolysate and the concentration of haemoglobin in it was measured
spectrophotanetrically at 540 nm after conversion to methaemoglobin.
The standard was made up from haemoglobin supplied by Sigma which was
converted to methaemoglobin by adding Drabkin's solution which contains
sodium bicarbonate, 100 parts, potassium ferricyanide, 20 parts and

potassium cyanide, 5 parts (also supplied by Sigma).

Erythocyte and Haemoglobin Binding Experiment

Freshly prepared solutions of haemoglobin or erythrocyte
suspensions were mixed with NO stock saline solution or IF both
activated and unactivated. The IF was dissolved in half-saline to

allow for the increased osmolarity during the activation procedure.
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The final concentration of haemoglobin was 10-5M and the erythocyte
suspensions contained an equivalent amount. The mixtures were left for
10 minutes at room temperature. Haemoglobin was then removed by
filtration through an Amicon ¥YM 10 ultrafiltration membrane with a
retention value of 10,000 Daltons. In experiments with NO special care
was taken to prevent its loss by processes other than its binding to
haemoglobin. Two problems in particular caused difficulties. Firstly,
in spite of deoxygenating solutions with helium, the stirrer action in
the Amicon cell caused a near camplete loss of activity. No stirring
was therefore done in these experiments. Secondly, the membrane of
these filters can bind NO. The latter problem was controlled by using
a solution of NO one half of which was filtered alone and the other
after mixing with haemoglobin. The difference between the two was
attributed to binding to haemoglobin. Separating erythrocytes fram the
mixtures was done by centrifugation at 2000 rpm for 10 minutes (4°C).
The unactivated IF was activated after separation. All these solutions
were then assayed on endothelium-free rabbit aortic strips.

Such techniques could not be applied to EDRF because the humoral
substance released from aorta in the oxygenated cascade system has very
short half-life. For this campound therefore, haemoglobin or
erythrocytes were infused into the Krebs' saline in the cascade system
in the upper chamber immediately above the donor aorta. This allowed a

short period of time for interaction between EDRF and its blockers.
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DRUGS AND SOLUTIONS

Nitric Oxide Solution

The method used was similar to that described by Palmer et al.
(1987). Briefly, gaseous nitric oxide (99% pure), was obtained fram
BDH. A soft rubber tube was attached to the gas cylinder with its
other end under water and enough gas allowed to escape to expel all air
fram the tubing. With the gas still flowing, the tubing wall close to
the cylinder was pierced with a fine hypodemmic needle attached to a
gas-tight syringe and 6.5 pl of gas was removed. This was then
injected into a rubber-sealed 65 ml brown bottle campletely filled with
normal saline previously purged for 1 hour with helium. This produced
a 4.4 pM stock solution of nitric oxide which was made freshly each day
and used within 10 hours. In same experiments, particularly with the
rat anococcygeus, which is rather insensitive to NO, a five- or

ten-times more concentrated stock solution was prepared.

Buffer solutions

The following solutions were used for preparing erythrocytes and
haemoglobin.  Sodium phosphate buffer was made as described by Dodge et
al. (1963). Stock solutions of sodium dihydrogen orthophosphate

(NaH,PO,, 0.155M) and disodium hydrogen orthophosphate, (Na,HPO,,
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0.103M) were prepared and stored at 4°C. Isotonic phosphate buffer was
made by mixing appropriate volumes of these solutions to give a pH of
7.4. Hypotonic phosphate buffer, 20 mM, was made by diluting isotonic
phosphate buffer 1 with 15.5 distilled water. Isotonic phosphate
buffered saline was made by mixing four volumes of 0.9% NaCl with one

volume of isotonic phosphate buffer.

Drugs

Drugs used during the project were acetylcholine chloride (Sigma);
atropine sulphate (Sigma); guanethidine sulphate (CIBRA); hydroquinone
(Sigma); S5-hydroxytryptamine sulphate (Sigma); indomethacin (Sigma);
3-Isobutyl-1-methyl-xanthine (Sigma); noradrenaline bitartrate
(Koch-Light); pyrogallol (BDH); sodium nitroprusside (BDH) ;

superoxide dismutase fram bovine erythrocytes (Sigma).

Statistical Analysis

Results are expressed as mean * standard error. N=number of
experiments. Datawere analysed using Student's t-test and P< 0.05 was

considered significant.
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RESULTS
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THE SENSITIVITY OF DIFFERENT SMOOTH MUSCLE PREPARATIONS TO EDRF, THE IF

AND NO

Because of the similarities in the responses and in the mode of
action of EDRF, the IF, and NANC nerve stimulation it is possible that
all are mediated by a common substance, i.e. NO or samething which
readily liberates NO. If this is true then the rank order of the
sensitivity of different smooth muscles to each of these stimuli would
be the same. At the time the present studies were begun there were no
reports on the effects of EDRF on non-vascular smooth muscle. However,
when the experiments were almost camplete, and at a time when the high
sensitivity of the BRP to EDRF had been demonstrated, a report did
appear describing the failure of EDRF to relax guinea-pig taenia coli
(Shikano et al., 1987). This paper suggested that only vascular smooth
muscle was sensitive to EDRF. As the present work will show this is
not so. It would be helpful if the NANC transmitter, 1like EDRF, could
have been detected in the perfusing fluid. If this had been possible
then the sensitivity of the different smooth muscle preparations to the
transmitter could also have been tested. Unfortunately, it was
impossible to demonstrate any smooth muscle relaxant activity in the
fluid bathing a preparation of BRP following nerve stimulation
(Gillespie, unpublished observation). This section therefore describes
the differential sensitivity of four smooth muscle preparations, the
rabbit aortic strip, the BRP muscle, the rat anococcygeus muscle and the

guinea~-pig tracheal strip, to four stimuli: EDRF; the IF; NO; and
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Figure 2 The relaxant responses of isolated rabbit aortic strips,
with or without endothelium, to EDRF released by different
concentrations of acetylcholine (ACh). Tone was raised by
5-hydroxytryptamine (5-HT, 10-5M). ACh (10-7M or 10-¢M) produced a
concentration-related relaxation in the aortic strip retaining its own
endothelium (upper panel) but had no effect or gave a small contraction

in the endothelium-free aortic strip (lower panel).
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sodium nitroprusside (NaNP).

(1) The Release of EDRF from Aorta Retaining Its Endothelium The

effects of different concentrations of ACh on rabbit aortic strips, with
or without endothelium, was tested simply to confirm that EDRF could be
released fram the intact aorta. The experiment was carried out in 10
ml organ baths and tone was raised with 5-HT at a concentration of
10-5M. In preparations retaining their endothelium ACh produced a

concentration-related relaxation with a threshold at about 3 x 10-5M and
a maximum at 10-6M. High concentrations of ACh (>10-8M) usually
produced a slightly smaller relaxation. In preparations devoid of
endothelium, as a result of gentle rubbing, ACh never produced
relaxation. Indeed concentrations of 10-8M and higher regularly
produced small contractions (Fig 2). Both relaxation and contraction
were abolished by atropine 10-6M (data is not shown). These results
are similar to those reported by Furchgott & Zawadzki (1980) who
suggested that the relaxation was due to the release of EDRF from

endothelial cells and the contraction was due to a difect stimulation
of smooth muscle cells. Presumably it is the direct smooth muscle
stimulation which reduces the EDRF-mediated relaxation at very high

concentration of ACh.

(2) EDRF Released from the Perfused Rabbit Aorta These

experiments were performed in the closed cascade system (as shown in Fig
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Figure 3 The response of isolated rabbit aortic strips to EDRF
liberated by acetylcholine (ACh) from a donor aorta and superfused over
the test tissues at different temperatures and perfusion flow rates.
Tone was raised in the test preparations by infusing ACh and
5-hydroxytryptamine (5-HT) into the upper chamber to give a
concentration of 10-5M of each. In all experiments, ACh (5x10-5M) was
infused into the Krebs' saline perfusing the donor aorta for a period
shown by the black bar. Various temperatures (upper panel) and perfusion
flow rates (lower panel) were tested as shown under each response. The

Krebs' saline contained indomethacin (5x10-6M).
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1). Since ACh at high concentration produced a small contraction in
endothelium-free aortic strips (Fig 2), this might reduce the relaxant
response to EDRF when using high concentrations of ACh. To overcame
this problem ACh (10-5M) was cambined with 5-HT at the same
‘concentration and infused into the upper chamber only. The test
preparation was therefore already contracted with ACh and the additional
low concentration of ACh fram the donor preparation would have no
additional effect. The other reason for using this cambination of
spasmogens is that in some preparations the tone is more stable than
with 5-HT alone. Indomethacin at a concentration of 5 x 10-6M was
present in the Krebs' saline in all cascade experiments.

As only a limited concentration of EDRF could be released fram the
donor aorta, it was first necessary to optimise the conditions to give
the maximal concentration of EDRF. This requires the maximal release
of EDRF, which is dependent on the ACh concentration, the minimal
dilution and the maximal rate of transport from the donor aorta to the
test tissues. These last two conditions place contradictory
requirements on the system, fast transport requires a rapid flow rate
while minimal dilution requires a slow flow rate. It is also desirable
to reduce EDRF destruction which is temperature dependent.

With these precautions it was relatively easy to demonstrate a
concentration-related release of EDRF from the donor aorta in temms of a
graded relaxation of the rabbit aortic strip. Water temperature in the
reservoir and the perfusion flow rate were varied and the effects of

relaxation studied. Figure 3 shows that a temperature of 33°C and flow
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Figure 4 A camwparison of the responses of an endothelium-free
rabbit aortic strip (Aorta) and bovine retractor penis (BRP) to EDRF
liberated by acetylcholine (ACh) from a donor rabbit aorta and
superfused over test tissues by the method shown in Figure 1. Tone was
induced in test preparations by infusing ACh and 5-hydroxytryptamine
{5-HT') into the upper chamber to give a concentration of 10-5M of each.
Indomethacin (5x10-6M) was present in the Krebs' saline throughout. ACh
was infused into the Krebs' saline perfusing the donor aorta for the
period shown by the black bar to produce concentrations of ACh shown
above each record. EDRF liberated from the donor aorta produced
concentration-related relaxation of tone in both the rabbit aortic strip

and the BRP preparations.
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Figure 5 A camparison of the responses of an endothelium-free
rabbit aortic strip and the rat anococcygeus (ANO) to EDRF liberated by
acetylcholine from a donor aorta and perfused over test tissues by the
technique shown in Figure 1. Tone was induced in test preparations by
infusing ACh and 5-hydroxytryptamine (5-HT) into the upper chamber to
give a concentration of 10-5M of each. Indamethacin (5x10-6M) was
present in the Krebs' saline throughout. ACh was infused into the Krebs'
saline perfusing the donor aorta for the period shown by the black bar
to give concentrations shown above each record. While EDRF liberated
from the donor aorta produced concentration-related relaxation of tone

in the rabbi aortic strip, it had no effect on the rat anococcygeus.
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Figure 6 A camparison of the responses of an endothelium-free
rabbit aortic strip and quinea-pig trachea (Trachea) to EDRF liberated
by acetylcholine (ACh) froam a donor rabbit aorta superfused over test
tissues by the technique shown in Fiéure 1. Tone was induced in test
preparations by infusing ACh and S5-hydroxytryptamine (5-HT) into the
upper chamber to give a concentration of 10-5M of each. Indamethacin
(5x10-6M) was present in the Krebs' saline throughout. ACh was infused
into the Krebs' saline perfusing the donor aorta for the period shown by
the black bar to give concentrations shown above each record. EDRF
liberated fram the donor aorta produced concentration-related relaxation

of tone in the rabbit aortic strip but not in the guinea-pig trachea.
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Figure 7 Log concentration-response curves for the relaxant effect
induced by acetylcholine (EDRF), nitric oxide (NO), the inhibitory
factor (IF) extracted from the bovine retractor penis and sodium
nitroprusside (NaNP) on four smooth muscle preparations: spiral strips
of endothelium-free rabbit aorta (e ); strips of BRP (®); the rat
anococcygeus (4 ); and the guinea-pig trachea (A ). EDRF caused a
concentration-related relaxation of the rabbit aortic strip and the BRP
but had no effect on the rat anococcygeus or guinea-pig trachea. NO and
the IF also relaxed the rabbit aortic strip and the BRP but had no
effect on the rat anococcygeus or the guinea-pig trachea except at high
doses. No concentration of NO tested relaxed the guinea-pig trachea.
NaNP was equally effective in relaxing the rat anococcygeus, the rabbit
aortic strip and the BRP, producing a maximal response of equal
magnitude in all three tissues, however, it was much less effective in
the guinea-pig trachea. Each point is the mean of between 6 and 42
observations and the bars represent * s.e. Indamethacin (5x10-6M) was

present in the Krebs' saline throughout.
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rate of 4 ml min-! were optimal for this experiment. All subsequent

experiments were performed under these conditions.

(3) Effects of EDRF on the Four Smooth Muscle Preparations Since

there was no information on whether non-vascular smooth muscle was
sensitive to EDRF, in every experiment an endothelium-free rabbit aortic
strip was always included as one of a pair of test preparations in the
upper chamber. In this way the release of EDRF could always be
measured. Examples of the effect of EDRF on the three non-vascular
smooth muscle preparations compared with aortic strips are illustrated
in Figure 4-6. Figure 7 summarizes all of the information.

Different concentrations of ACh perfused through the donor aorta
produced a concentration-related relaxation on endothelium-free aortic
strips. The maximal relaxation of the aortic strip, on average, was
45% at a concentration of 5 x 10-6M ACh. Greater relaxation was
obtained in aortic strips retaining their own endothelium as shown in
Figure 2, presumably because the short diffusional distance between the
endothelial and smooth muscle cells allows EDRF to act before it is
destroyed; the concentration of EDRF could also be expected to be
higher than in cascade experiments. An alternative explanation is that
higher concentrations of ACh were producing a motor effect, by the
direct action on the muscarinic receptors of the smooth muscle of the
test tissues, which masked the relaxant effect induced by the release of
EDRF. This would also explain the decline in the relaxant effect of

ACh at concentrations greater than 5 x 10-6M which is seen in Figure 7.
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Figure 8 The effect of atropine on the response of an
endothelium-free rabbit aortic strip to EDRF liberated fram a donor
aorta. Tone was induced by 5-hydroxytryptamine (5-HT, 10-5M) infused
into the upper chamber. Acetylcholine (ACh) was infused into the Krebs'
saline perfusing the donor aorta for the period shown by the black bar
to give concentrations shown above each response. In the absence of
atropine, the relaxation to the highest concentration of ACh fell
slightly (upper panel). The lower panel shows that in the presence of
atropine infused only into the upper chamber, the response to EDRF did
not fall at high concentrations of ACh. The Krebs' saline contained

indomethacin (5x10-6M).
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Nevertheless, the relaxation at a concentration of 5 x 10-8M ACh in the
cascade probably did represent the maximal release of EDRF and therefore
the maximal concentration of EDRF which could be obtained in this type
of experiment. This was confimed in a few experiments in which
atropine 10-6M was infused into the upper chamber and at the same time
using 5-HT 10-5M alone to induce tone in rabbit aortic strips. Under
these conditions there was no decline in the response of the test tissue
to concentrations of ACh above 5 x 10-6M, suggesting the motor effect on
the smooth muscle was responsible for the decline. However, the
maximal relaxation was still observed at this concentration (Fig 8).
This result further proved that the relaxation of endothelium-free
aortic strip was due to the release of EDRF from the donor aorta because
the same concentration of atropine campletely abolished this relaxant
effect when it was infused through the donor aorta in the lower chamber
(data is not shown).

With this background information it was possible to campare the
effects of EDRF on each non-vascular smooth muscle preparation in
camparison with the rabbit aortic strip set in the same chamber as a
control. EDRF relaxed the BRP muscle in a concentration-related
manner in response to ACh being perfused through the donor aorta. The
BRP muscle was almost as sensitive to EDRF as the aortic strip (Fig 4).
This relaxation was due to the action of EDRF from the donor aorta
rather than to ACh itself stimulating the smooth muscle directly. This
was shown by infusing atropine (10-8M) into the upper chamber only;

this did not change the relaxant effect of EDRF on the BRP muscle.
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Figure 9 The effect of atropine on the response of the bovine
retractor penis (BRP) and an endothelium-free rabbit aortic strip to
EDRF liberated from a donor aorta. Tone was induced in the test
preparations by infusing acetylcholine (ACh) and 5-hydroxytryptamine
(5-HT) into the upper chamber to give a concentration of 10-5M of each.
ACh (5x10-6M) was infused into Krebs' saline perfusing the donor aorta
for the period shown by the black bar to release EDRF which produced
relaxation in both preparations (left panel). The right panel shows the
same responses in the presence of atropine (10-8M) infused into the

upper chamber only. The Krebs' saline contained indamethacin (5x10-6M).
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Figure 10 The responses of four smooth muscle preparations, the
endothelium-free rabbit aortic strip (Aorta), the bovine retractor penis
(BRP), the rat anococcygeus (ANO) and the guinea-pig trachea (Trachea),
to nitric oxide (NO). In all the preparations, tone was induced by
acetylcholine (ACh) and 5-hydroxytryptamine (5-HT) each at a bath
concentration of 10-5M. NO, at concentrations ranging fram 11 to 1100
nM, produced relaxation in the aorta and BRP; only higher concentrations
of NO relaxed the rat anococcygeus and even the highest concentration

had little effect on the guinea-pig trachea.
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Atropine perfused through the donor aorta abolished the response (Fig
9). similar experiments were also carried out in the rat anococcygeus
muscle and guinea-pig trachea, but neither was relaxed by EDRF (Fig
5,6). The possibility that this failure to relax was due to a limited
concentration of EDRF was considered, and therefore, the effects of

other related relaxants were tested on these preparations.

(4) Effects of NO, IF and NaNP on Smooth Muscle Preparations

Three relaxants, NO, the IF and NaNP were tested on the four muscles in
10 ml organ baths rather than the cascade system. In all these
tissues, tone was induced with the same mixture of 10-5M 5-HT and 10-5M
ACh as used in the cascade experiment for assaying EDRF. Indomethacin
(5 x 10-6M) was present in the Krebs' saline to inhibit prostaglandins
synthesis. An endothelium-free rabbit aortic strip or BRP preparation,
previously shown to be sensitive to EDRF, was always included in each
experiment as a control.

Both the rabbit aortic strip and the BRP muscle relaxed in a
concentration-dependent manner to the freshly prepared NO solution
whereas the rat anococcygeus muscle and the guinea-pig trachea gave
little or no response (Fig 10). A further increase in the
concentration of NO stock solution by five times did produce small
relaxations in the rat anococcygeus muscle, but even the highest
concentration (1.1 pM) tested did not relax the guinea-pig trachea.

The effect of the IF on these four preparations was similar to the







Figure 11 The responses of four smooth muscle preparations, an

endothelium-free rabbit aortic strip (RAorta), the bovine retractor penis
(BRP), the rat anococcygeus (ANO) and the guinea-pig trachea (Trachea)
to the inhibitory factor (IF) extracted from the BRP. Tone was induced
by acetylcholine (ACh) and 5-hydroxytryptamine (5-HT) each at a bath
concentration of 10-5M. The IF was dissolved in distilled water to a
concentration of 20 mg ml-! and was acid-activated. The values above
each response represent the volume in pl of the IF solution added to the
bath. The IF produced concentration-related relaxation of both aorta

and BRP but had no effect on the rat anococcygeus or guinea-pig trachea.
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Figure 12 The responses of four smooth muscle preparations, an
endothelium-free rabbit aortic strip (Aorta), the bovine retractor penis
(BRP), the rat anococcygeus (ANO) and the guinea-pig trachea (Trachea),
to sodium nitroprusside (NaNP). The rabbit aortic strip and BRP were
tested in the upper chamber of the cascade apparatus, as shown in Figure
1, with no donor aorta in the lower chamber. The rest of the tissues
were tested in organ baths. Tone was induced by acetylcholine (ACh) and
5-hydroxytryptamine (5-HT) each at a concentration of 10-5M. In the
aortic strip and BRP preparations, NaNP was infused at the
concentrations shown above each black bar representing the perfusion
period. In the rat anococcygeus and guinea-pig trachea, NaNP was added
to the bath solution cumlatively. Unlike the other relaxants, NaNP
produced powerful relaxation in the rat anococcygeus, as in the aortic

strip and BRP, but its effect on the guinea-pig trachea was still very

poor.
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effect of NO. Both the rabbit aortic strip and the BRP muscle relaxed
in a concentration-dependent manner with a similar sensitivity but even
the concentration of IF which gave maximal relaxation on these
preparations had little effect on either the rat anococcygeus muscle or
the guinea-pig trachea (Fig 11). Further increases in the
concentration of the IF again produced same relaxation in the rat
anococcygeus muscle but had no effect in the guinea-pig trachea.

To sodium nitroprusside (NaNP), the rabbit aortic strip and the BRP
muscle were tested in the cascade system, the remaining tissues were
tested in the organ baths. The sensitivities of the aortic strip and
the BRP muscle were high. The pattermn of response of the rat
anococcygeus muscle however was quite different fram the other
relaxants. While the rat anococcygeus muscle gave little or no
response to EDRF, NO and IF it was readily relaxed by NaNP (Fig 12).
The guinea-pig trachea remained the least sensitive.

The concentration-response curves of the four stimuli on each of the
four smooth muscle preparations are summarized in Fig 7. The
sensitivities of four muscle preparations to EDRF, NO and the IF were
the same, consistent with NO being the final mediator in relaxation
induced by both EDRF and the IF as suggested by Furchgott (1988) and
Martin et al. (1988). The effect of NaNP on the rat anococcygeus
muscle was unexpected. Either the liberation of NO within the muscle
cells in this tissue is much more effective than NO added to the bath,
Or NaNP has same additional mechanism of action independent of the

release of NO.
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EFFECTS OF HAEMOGLOBIN AND ERYTHROCYTES

Haemoglobin is known to block the responses to EDRF in the rabbit
aorta (Martin et al, 1985), to NANC nerve stimulation and to the IF in
the BRP and rat anococcygeus muscles (Bowman & Gillespie, 1981; 1982;
Bowman et al, 1982). As NO is known to be a rapidly diffusible
substance, it should easily pass through cell membranes. If this is so
and all these stimuli were acting through NO, then erythrocytes should
be as effective as haemoglobin in blocking responses to these stimuli,
since NO will rapidly penetrate the membrane and bind to haemoglobin
within the cells. According to this hypothesis, erythrocytes would be
as effective as solutions of haemoglobin in blocking these responses.
This was tested in a variety of ways depending on the nature of each
relaxant. The effect on the response to NANC nerve stimulation was
tested in 10 ml organ baths by adding haemoglobin or erythrocytes to the
bath solution. The responses to the IF and NO were also assayed in
organ baths but the IF or NO solutions were previously exposed to either
haemoglobin or erythrocytes and then separated by ultrafiltration or
centrifugation before assay. EDRF was tested both in organ baths,
where the preparations were aortic strips retaining their endothelium,
and in the cascade system where EDRF was liberated from a donor aorta
and detected on a separate endothelium-free aortic strip. Haemoglobin
solutions or erythrocyte suspensions were either added to the bath fluid

or, in the cascade system, infused into the Krebs' saline between the




NO

];{IE3(:3 :zaég

| R
10

Figure 13 The binding of nitric oxide (NO) by 10-5M haemoglobin
(Hb, upper records) or an equivalent concentration of erythrocytes (RBC,
lower records). The first marker (o) in each pair indicates the control
response of an endothelium-free rabbit aortic strip precontracted with
5-HT (10-5M), to NO and the second (e) the response to the same solution
of NO previously mixed either with haemoglobin or erythrocytes, left
for 10 min, and then separated either by ultrafiltration (Hb) or
centrifugation (RBC). Both haemoglobin and erythrocytes campletely

abolished the relaxant effect of a solution of NO.
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donor aorta and test tissues.

(1) Effects on NO-induced Relaxation Theoretically, haemoglobin

which binds NO, should not only abolish the response to NO when it was
added to the organ bath but, if added to a solution of this relaxant and
then removed, it should also abolish the relaxant effect when it was
subsequently assayed on the test preparation. This was tested by
mixing haemoglobin with the NO solution at a haemoglobin concentration
of 10-5M and allowing 10 min for binding. Haemoglobin was then removed
by ultrafiltration and the haemoglobin-free filtrate was then assayed on
the rabbit aortic strip. An example of this type of experiment is
shown in Figure 13. Haemoglobin campletely abolished the relaxant
effect of NO.

In a separate experiment, erythrocytes at a concentration equivalent
to a 10-5M solution of haemoglobin were added to the NO solution and
again allowed 10 min for binding. Erythrocytes were then removed by
centrifugation and the activity of the supernatant solution assayed on
the endothelium-free rabbit aortic strip. Figure 13 shows that

erythrocytes, as expected, campletely abolished the effect of NO.

(2) Effects on IF-induced Relaxation In this experiment the IF

was used in two formms:

1. Acid-activated, where the IF was acidified to pH 2 for 10 min by
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Figure 14 The binding of the inhibitory factor (IF) extracted fram
the bovine retractor penis by 10-5M haemoglobin (Hb, upper records) or
an equivalent concentration of erythrocytes (RBC, lower records). In
each pair of responses the first (0) is the control response of an
endothelium-free rabbit aortic strip precontracted with 5-HT (10-5M), to
the IF and, the second (e) the response after exposure of the IF either
to haemoglobin or erythrocytes, left for 10 min, and then separated
either by ultrafiltration (Hb) or centrifugation (RBC). The unactivated

IF was exposed to solutions of haemoglobin or erythrocytes, prior to
separation, activation, and assay. Haemoglobin had no effect on the
unactivated IF but greatly reduced the relaxant activity of
acid-activated IF. Erythrocytes had no effect on the relaxant action of

either activated or unactivated IF.
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Figure 15 The responses of the bovine retractor penis (upper
records) and the rat anococcygeus (lower records) to field stimulation
of their NANC nerves. The nerves were stimulated for 10 seconds at the
marker (e) at the frequencies shown. Guanethidine (3x10-°M) was present
throughout to block the motor adrenergic nerves and raise tone.
Haemoglobin (Hb, 3x10-6M) as seen in the last panel, reduced responses
at all frequencies in both preparations by more than 50%, whereas a
camparable concentration of haemoglobin, but held within erythrocytes

(RBC's, middle panel) was without effect.
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using 1N HCl and then neutralized to pH 7 by using 1N NaCH prior to the
binding experiment.

2. Unactivated, where the IF was activated only after separation
fram haemoglobin or erythrocytes. The activated IF was then assayed.

Both forms of the IF were tested on the same day and fram a single
aliquot of the same sample of extract. The results are shown in Figure
14. Haemoglobin greatly reduced the effect of the activated IF but had
no effect on the unactivated extract which, after separation from
haemoglobin followed by activation, retained all of its activity.
Erythrocytes, which abolished the effect of NO, were without effect on
either activated or unactivated IF suggesting the acid activated

principle is not identical with NO.

(3) Effects on NANC Nerve Stimulation Field stimulation at

supramaximal voltages produced a frequency-related NANC relaxation
(frequencies between 0.2 and 10 Hz) in both BRP and rat anococcygeus
muscles whose tone has been raised by guanethidine (3 x 10-5M). The
same stimulation was repeated immediately after adding haemoglobin
(3 x 10-8M) or a suspension of erythrocytes, at an equivalent
concentration of haemoglobin to the bath solution. An example of this
type of experiment is illustrated in Figure 15. 1In early experiments
with washed erythrocytes a variable degree of inhibition of the NANC
relaxation was observed. This was due to haemolysis of the

erythrocytes and the liberation of free haemoglobin.  For this reason
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Figure 16 Camparison of inhibitory effects of different
concentrations of haemoglobin solution on the response of the BRP and
rat anococcygeus to field stimulation of their NANC nerves, with the
inhibition produced by suspensions of erythrocytes which have undergone
variable degrees of haemolysis. The solid line (w———=) represents the
inhibitory effect of solutions of haemoglobin at the concentrations
shown, on the BRP and rat anococcygeus muscles. The individual points
indicate the levels of free haemoglobin found in the bath solution at
the end of experiments in which suspensions of erythrocytes had been
added to the bath. The values are a measure of the degree of haemolysis
which had taken place. Open circles are from experiments in which the
concentration of erythrocytes was equivalent to 10-5M haemoglobin and
the closed circles equivalent to 3x10-6M haemoglobin. The inhibition of
the NANC response by the erythrocyte suspensions correlated reasonably
well with the free haemoglobin they gave rise to though most values lay
below the haemoglobin concentration-response curve presumably because
same additional cell rupture took place during centrifugation. The NANC

nerves in these experiments were stimulated at 5 Hz for 10 seconds.
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Figure 17 Log frequency-response curves to field stimulation of
NANC nerves at frequencies between 0.2 and 10 Hz for 10 seconds in the
BRP (left panel) and the rat anococcygeus (right panel). Control
responses (®&——e) and responses in the presence of erythrocytes with a
haemoglobin concentration equivalent to 3x10-6M (m—-—-w) were
indistinguishable whereas haemoglobin solutions of 3x10-8M (0—o©0)
produced a significant reduction in response at almost all frequencies.
Tone was raised by guanethidine (3x10-5M). Bars represent * s.e.. N=5,

*P<0.05, **P<0.01, ***pP<0.001.
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the level of free haemoglobin was measured at the end of each experiment
and as Figure 16 shows these levels correlate reasonably well with the
degree of inhibition of the NANC nerve responses. Erythrocytes are
made more fragile by repeated washing and centrifugation. If whole
blood rather than washed cells were used, much less haemolysis occurred.
Since previous experiments have shown plasma to be without effect on the
response to NANC nerve stimulation (Bowman & Gillespie, 1982), whole
blood was used on subsequent experiments. In these circumstances the
concentration of free haemoglobin in the bath fluid at the end of the
experiment was below the level of detection by spectrophotametry
(10-7M). Figure 17 sumarizes the effects of haemoglobin and a
haemoglobin-equivalent suspension of erythrocytes. While haemoglobin
produced a 50% or greater inhibition of relaxation in both the rat
anococcygeus and BRP muscles, equivalent suspensions of erythrocytes

were campletely without effect. Comparison of these results with the
effect of erythrocyte suspensions on the action of NO suggests that both
the IF and the NANC neurotransmitter in both tissues either cannot
penetrate the erythrocyte membrane or cannot reach the erythrocytes in

the bath fluid.

(4) Effects on EDRF-mediated Relaxation Because of the short

half-life of EDRF, it is impossible to perform the binding experiment in
the same way as with NO and the IF. The blocking actions of

haemoglobin and erythrocytes were therefore tested first in the cascade
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Figure 18 The effect of superfusing haemoglobin (Hb, 10-¢M), or
an equivalent concentration of erythrocytes (RBC's) over an
endothelium-free rabbit aortic strip, on the tissue's response to EDRF
released by infusing acetylcholine (ACh, 5x10-6M) through the donor
aorta. Tone was raised by infusion of 5-HT and ACh at a concentration of
10-5M of each. The open bars show the control responses to ACh infused
in the absence of Hb or RBC's; the solid bars show the responses in the
presence of either Hb or RBC's; the RBC's were as effective as Hb in

abolishing the relaxant effects of EDRF.
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system infusing the haemoglobin or erythrocytes into the Krebs' saline
between the donor aorta and the test aortic strips. Sécondly, effects
were examined on aortic strips retaining their endothelium in organ
baths. Figure 18 shows a typical response in the cascade experiment.
Both haemoglobin (10-6M) or that present in an equivalent concentration
of erythrocytes perfused into the upper chamber campletely abolished the
response of the test tissues to EDRF released by infusion of 5 x 10-6M
ACh through the donor aorta.

The results just described for the NANC neurotransmitter and EDRF
were quite different. Erythrocytes readily blocked the response to
EDRF but had no effect on the response to NANC nerve stimulation. One
conclusion could be that the NANC transmitter, unlike EDRF, cannot
penetrate easily into the erythrocyte membrane. The second, and more
obvious, explanation lies in the experimental conditions. EDRF in
these cascade experiments is liberated into the perfusing saline and
carves into close contact with the erythrocytes. In the BRP and the rat
anococcygeus muscles the transmitter is liberated within the tissue and
must diffuse to the muscle/bath-fluid boundary before it is exposed to
the erythrocytes. This argument assumes that few, if any, erythrocytes
will penetrate into the muscle itself. A closer camparison with the
BRP and the rat anococcygeus would be the rabbit aortic strip retaining
its own endothelium. EDRF liberated in these circumstances can diffuse
directly to the underlying smooth muscle and is separated from the
erythrocytes by the thickness of the endothelial cell. The effects of

haemoglobin and erythrocytes on such preparations was tested in 10 ml
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Figure 19 The response of a rabbit aortic strip with intact
endothelium to EDRF liberated by two dose levels of acetylcholine (0.1
and 1 pM), and the effect on this of haemoglobin (Hb, 3 pM) or a
suspension of erythrocytes (RBC's) with an equivalent haemoglobin
content. Haemoglobin abolished the response to the low concentration of
acetylcholine and greatly reduced that to the high concentration (end
panel). Erythrocytes also reduced the responses at both concentrations
(middle panel), although the reduction was less than with haemoglobin.
Tone was raised with 5-HT. In the presence of erythrocytes or
haemoglobin the sensitivity to 5-HT was increased. To produce
contractions of comparable magnitude the 5-HT concentration used in
controls, 10 pM, was reduced to 1 pM in the presence of erythrocytes and

to 0.1 pM in the presence of haemoglobin solutions.




% Relaxation
100 —
@ Control

/

50 + | ¢ /E RBC's

EE// Hb

- 1
10-"M 10-6M
Log (Ach)

Figure 20 Log concentration-response curves to EDRF in the rabbit
aortic strip with its endothelium intact and the effect on these curves
of haemoglobin solutions and erythrocyte suspensions. EDRF was liberated
by acetylcholine at concentrations shown. Haemoglobin (Hb, 3 M)
(0—0) and its equivalent concentration of erythrocytes (RBC's)
(m----m) greatly reduced the control response to EDRF (e&——e ). Tone
was raised by 5-HT. In the presence of erythrocytes and haemoglobin the
sensitivity to 5-HT was increased. To produce contractions of comparable
magnitude the 5-HT concentration used in controls, 10 pM, was reduced to
1 pM in the presence of erythrocytes and to 0.1 pM in the presence of

haemoglobin solutions. Bars represent t s.e.. N=9-15.
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Figure 21 A camparison of the effects of free haemoglobin (0——o)
and a suspension of erythrocytes with an equivalent haemoglobin content
(s—---m) on the response of the rabbit aortic strip to EDRF (e&—®9,
left panel) and the rat anococcygeus to NANC nerve stimulation (e——e,
right panel). These results have already appeared in Figures 17 and 20.
EDRF was liberated by acetylcholine at the concentration shown; the NANC
nerves were supramaximally stimulated between 0.2 and 10 Hz for 10
seconds. Tone was raised using 5-HT (10 pM) in the aortic strip and
with guanethidine (30 pM) in the rat anococcygeus. Haemoglobin (3 pM)
reduced the response to EDRF more than it reduced the response to NANC
nerve stimulation. Erythrocytes reduced the response to EDRF but had no
effect on the response to NANC nerve stimulation. In the presence of
erythrocytes or haemoglobin the sensitivity to 5-HT was increased. To
produce contractions of camparable magnitude the 5-HT concentration used
in controls, 10 pM, was reduced to 1 pM in the presence of erythrocytes
and to 0.1 pM in the presence of haemoglobin solutions. Bars represent *

s.e.. N=5 for the rat anococcygeus and 9-15 for the aorta.
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organ baths with 10-5M 5-HT as spasmogen. As Figure 19 shows, the
relaxation to EDRF released by 10-7M ACh was campletely abolished by
haemoglobin (3 x 10-6M) but reduced, not abolished, by an equivalent
suspension of erythrocytes. A higher oconcentration of ACh (10-6M)
produced a greater relaxation which, though greatly reduced, could not
be campletely blocked even by the solution of haemoglobin. Again
relaxation was much less affected by the suspension of erythrocytes (Fig
19). The results of all experiments with EDRF in the organ bath
studies are summarized in Figure 20. In all these experiments, the
lysis of erythrocytes in the bath fluid was measured at the end of
experiment and the concentration of haemoglobin was found to be below
the 1level of detection (10-7M). Both haemoglobin and erythrocytes
significantly reduced the EDRF-mediated relaxation at all concentrations

but free haemoglobin was clearly more effective than that contained

within erythrocytes.

(5) Effects of Higher Concentrations of Erythrocytes Figure 21,

brings together the effects of haemoglobin and erythrocytes on responses
of the rabbit aortic strip to EDRF and the rat anococcygeus muscle to
NANC nerve stimulation. Haemoglobin is clearly a more effective
inhibitor of the response to EDRF than to NANC nerve stimulation.
Since even in the aorta érythrocytes are less effective than
haemoglobin, it is possible that in the rat anococcygeus muscle, the

effect of erythrocytes is simply below threshold. To test this
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Figure 22 A camparison of the effects of free haemoglobin (6——0)
and a suspension of erythrocytes with an equivalent haemoglobin content
(8-———-®) on the response of the rabbit aortic strip to EDRF (left
panel) and the rat anococcygeus to NANC nerve stimulation (e&——e,
right panel). EDRF was liberated by acetylcholine at the concentrations
shown; the NANC nerves were supramaximally stimulated at 0.5, 1 and 5 Hz
for 10 seconds. In these experiments the concentration of haemoglobin,
and the erythrocyte equivalent, remained at 3x10-6M for the rabbit
aortic strip but was raised to 10-5M for the rat anococcygeus. As a
result the inhibition of the response by haemoglobin in the two tissues
was roughly equal (compared with Fig 21). In spite of the greater
inhibition by haemoglobin, erythrocytes in a camparably high
concentration had no effect on the response to NANC nerve stimulation.
Tone was raised with 5-HT (10 pM) in the aortic strip and with
guanethidine (30 pM) in the rat anococcygeus. In the presence of
erythrocytes or haemoglobin the sensitivity to 5-HT was increased. To
produce contractions of camparable magnitude the 5-HT concentration used
in controls, 10 pM, was reduced to 1 pM in the presence of erythrocytes,
and to 0.1 pM in the presence of haemoglobin solutions. Bars represent +

s.e.. N=6 for the rat anococcygeus and 9-15 for the aorta.
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possibility it would be necessary to use haemoglobin concentrations in
the rat anococcygeus muscle which produced as great an inhibition of the
NANC response as 3 x 10-¢M haemoglobin gave of EDRF in the aortic strip.
It would then be possible to ask the question whether erythrocyte
suspensions, with an equivalent high concentration of haemoglobin, were
still ineffective against the response to NANC nerve stimulation.
There were t echnical difficulties in doing this experiment because it
was found that erythrocytes in a vigorously bubbled organ bath can be
partially haemolysed and the high concentrations of haemoglobin they
release may interfere with the results. This problem was solved by
cutting the time course of the experiment and reducing the degree of
bubbling. Three frequencies between 0.5 and 5 Hz, instead of six (fram
0.2 to 10 Hz) were tested by adding 10-5M haemoglobin or its equivalent
in erythrocytes to the bath solution. Figure 22 shows the results.
Haemoglobin then produced a degree of inhibition of the NANC nerve
response in the rat anococcygeus muscle equal to its effect on EDRF in
the aortic strip but still erythrocytes, containing the same
concentration of haemoglobin, had no effect on the rat anococcygeus
muscle response to NANC nerve stimulation.

The ineffectiveness of erythrocytes on the response to NANC nerve
stimulation in both the BRP and the rat anococcygeus muscles suggests
that the NANC neurotransmitter, despite its action being blocked by

haemoglobin, is not as diffusible a substance as NO or EDRF.
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Figure 23 Log frequency-response curves to ‘field stimulation of
NANC nerves at frequencies between 0.2 and 10 Hz for 10 seconds in the
BRP. Tone was induced by guanethidine (30 uM). Control responses
(#—o) and responses in the presence of pyrogallol (left panel) or
hydroquinone (right panel) both at 0.1 ™M (®——--®) are
indistinguishable. Bars represent * s.e.. N=4 for with pyrogallol, N=5

with hydroquinone.
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THE EFFECT OF SUPEROXIDE ANION ON NANC RELAXATION

Moncada et al. (1986) reported that a number of substances which
were believed to block the effect of EDRF were generators of superoxide
anion and their effects could be reversed by superoxide dismutase. Two
of these substances, pyrogallol and hydroquinone, have been tested on
the response to NANC nerve stimulation in both the BRP and the rat
anococcygeus muscles to see whether they inhibited responses to the NANC
nerve stimulation and if so whethgr, as with EDRF, this effect could be

reversed by superoxide dismutase.

(1) Effects of Superoxide Anions on the Response of the BRP muscle

to NANC Nerve Stimulation The effects of pyrogallol and hydroquinone

on the response to MNANC nerve stimulation in the BRP muscle are
illustrated in Figure 23. The NANC nerves were field stimulated for 10
seconds with supramaximal voltages at a range of frequencies between 0.2
and 10 Hz. The same field stimulation repeated in the presence of
pyrogallol or hydroquinone, produced results similar to the controls:

both drugs (10-4M) had no effect on the frequency-response curves to

NANC nerve stimulation.

(2) Effects of Superoxide Anions on the Response of the Rat

Anococcygeus muscle to NANC Nerve Stimulation The effects of
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Figure 24 Log frequency-response curves to field stimulation of
NANC nerves at frequencies between 0.2 and 10 Hz for 10 seconds in the
rat anococcygeus. Tone was induced by guanethidine (30 pM). Camparison
of control responses (&——e) and responses in the presence of
pyrogallol (left panel) or hydroquinone (right panel), both at 0.1 mM
(#—— ——w), show a significant reduction particularly with pyrogallol.

Bars represent * s.e. N=5. *P<0.05, **P<0.01, ***P<0.001.
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Figure 25 ILog frequency-response curves to field stimulation of
NANC nerves at frequencies between 0.2 and 10 Hz for 10 seconds in the
rat anococcygeus. The left panel shows the graded inhibitory effect of

pyrogallol at 10 pM (- —-—w), 30 pM (A----—-A) and 100 M (M- — —m) in

comparison with the control (&——e). The right panel shows the

control responses (@®———@), their inhibition by pyrogallol (100 pM,
=———#) and the complete reversal of that inhibition by superoxide
dismutase (100 U ml-1, O-------0). Tone was induced by guanethidine (30

pM). Bars represent * s.e.. N=4-6. *P<0.05, **P<0.01, ***P<0.001.
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pyrogallol and hydroquinone were also tested on the response of the rat
anococcydgeus muscle to NANC nerve stimulation. The exXperimental
procedures were the same as for the BRP muscle. NANC nerves were
stimulated at frequencies between 0.2 and 10 Hz with supramaximal
voltages for 10 seconds. The same range of stimulation was repeated in
the presence of pyrogallol or hydroquincne. The results however were
quite different. At a high concentration pyrogallol (10-4M) reduced
the tone in the rat anococcygeus muscle though in most cases the tone
returned to the original level after a few minutes. More importantly,
both drugs (10-4M) significantly inhibited the response to NANC nerve
stimulation (Fig 24). Pyrogallol was more effective than hydroquinone.
If the inhibitory effect of both drugs is due to the generation of
superoxide anion, it should be reversed by superoxide dismutase, a
superoxide anion scavenger. This was tested by adding superoxide
dismutase (100 U ml-1) to the bath solution together with pyrogallol
(10-4M). The results are illustrated in Figure 25. Pyrogallol
inhibited the response to NANC nerve stimulation and this inhibition was
canpletely reversed by superoxide dismutase. Indeed the responses in
the presence of both pyrogallol and superoxide dismutase exceeded the
control response suggesting that, even in the absence of pyrogallol, the
generation of superoxide radicals in a vigorously oxygenated solution is
sufficient to produce same reduction of the response. These results
confim the suggestion that the effect of pyrogallol on the response to
NANC nerve stimulation in this tissue is due to the generation of

Superoxide anions.
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Figure 26 Log concentration-response curves of the rat anococcygeus
to nitric oxide (NO) and 3-iscbutyl-l-methyl-xanthine (IBMX) and the
effect on these of pyrogallol (0.1 mM). The control curve (¢——=@) for
nitric oxide is shifted to the right by pyrogallol (w-----m) consistent
with its accelerated destruction by superoxide anions whereas the curve
for IBMX is unaffected by pyrogallol. Tone was induced by guanethidine

(30 pM). Bars represent * s.e. N=6.
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(3) Responses to Other Relaxants The effect of pyrogallol on the

response to same relaxants other than NANC stimulation was also tested
in the rat anococcygeus muscle. NO, a direct stimulant of soluble
guanylate cyclase, and IBMX, an inhibitor of phosphodiesterase, both
produced concentration-related relaxation in the rat anococcygeus
muscle. As shown in Figure 26, pyrogallol (10-4M) shifted the

concentration-response curve of NO to the right but had no effect on
that of IBMX. These results are further confirmation that pyrogallol
acts by superoxide | anion generation and has no effect on cyclic

nucleotides formation.
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DISCUSSION
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At the time when this project was started the chemical nature of
EDRF was unknown and there was no information on its effects on any
smooth muscle other than blood vessels. Recently, Shikano et al.
(1987, 1988) tested the sensitivity of the rabbit and guinea-pig taenia
coli to EDRF released by ACh or A23187. EDRF was ineffective on this
non-vascular smooth muscle and they concluded that EDRF may selectively
relax vascular smooth muscle. Since authentic NO could relax the
taenia coli they further concluded that EDRF is not NO. In their
experiment, NO was tested in the preparations in the absence of EDRF
stimulator ACh or 223187. Similar results were reported by another
group (Dusting et al., 1988), who found that guinea-pig trachea relaxed
to NO but not to EDRF released by infusing bradykinin through columes of
cultured bovine aortic endothelial cells on microcarrier beads. The
experiments in testing the effects of EDRF, NO, the IF and sodium
nitroprusside in this thesis showed that sensitivity to EDRF is not
confined to vascular smooth muscle; the BRP muscle is only slightly
less sensitive than the rabbit aortic strip. Furthemore, by looking
at concentration-response curves rather than a single concentration of
each relaxant the origin of the misinterpretation in the paper of
Shikano et al. (1987) is clear. The maximal concentration of EDRF
which can be achieved by increasing concentrations of ACh is limited.
In the present experiments the maximal relaxation in the aortic strip
was about 45%. With this restriction only those tissues with the
highest sensitivity to EDRF will be relaxed, e.g. the aortic strip and

the BRP muscle. A similar restriction in the sensitivity of all these
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tissues to NO was also found. Even when a greater degree of relaxation
of the most sensitive tissues of between 70% and 100% is induced, the
rat anococcygeus muscle and guinea-pig trachea were apparently
insensitive to NO. Yet if the concentration of NO was increased
tenfold, relaxations of rat anococcygeus muscle were produced. When
these effects of differential sensitivity are taken into account, it is
clear that the rank order of sensitivity of the four different smooth
muscles was similar for EDRF, the IF and NO, consistent with the first
two stimuli acting through NO. Sodium nitroprusside was also tested on
these four muscles in the early experiment as an example of a
nitrovasodilator, which is believed to owe its relaxant properties to
the liberation of NO within the smooth muscle cells (Waldman & Murad,
1987). The sensitivity of different muscles to this agent was expected
to parallel that to NO. This is not so, however, the rat anococcygeus
muscle relaxes only slightly to concentrations of NO which almost
campletely relax tone in the rabbit aorta and the BRP muscle, but is
highly sensitive to sodium nitroprusside. The reasons for this are not
clear. One possibility is that extracellular NO could be rapidly
destroyed in the oxygenated bath solution. NO released intracellularly
might be protected by superoxide dismutase within the cell. The high
sensitivity to sodium nitroprusside would therefore represent the true
Sensitivity of the tissue to NO. If this was true then all
nitrovasodilators would show a similar high potency in the rat
anococcygeus muscle. This is not so. In experiments not reported in

this thesis sodium nitrite was found to be a poor relaxant of rat
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anococcygeus muscle but a powerful relaxant of the rabbit aortic strip.
Other explanations such as easier access of sodium nitroprusside to the
guanylate cyclase or preferential accumulation of sodium nitroprusside
are unlikely given the high membrane permeability of NO. At present
the most likely explanation is that in addition to releasing NO, sodium
nitroprusside can directly relax smooth muscle by an alternative unknown
mechanism.

Furchgott (1988) and Martin (1988) and their colleagues recently
suggested that the IF extracted from the BRP muscle is nitrite, which
yields NO when the extract was acid activated. The similar sensitivity
of the IF campared with NO and EDRF of four smooth muscle preparations
seems consistent with this view. Furchgott's evidence was essentially
that the muscle-relaxing potency of solutions of nitrite was greatly
enhanced by acidification, which would be expected to release NO, and
the additional activity is, like the IF, evanescent. A criticism of
this work was that while acidification undoubtedly increased the
relaxant activity of solution of nitrite, the actual quantities of
nitrite (10 pM) necessary even after acidification to produce a response
were unreasonably high. Martin et al. (1988) have measured the levels
of nitrite in extracts of the BRP muscle and showed that they fall upon
acidification. They attributed this to the presence of a stabilizing
factor in the extracts.

The present experiments comparing haemoglobin solutions with an
equivalent concentration of haemoglobin in erythrocyte suspensions on

the activity of EDRF, the IF and NO were not entirely consistent with
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these explanation. If the activated IF owed its relaxant properties to
NO released into solution by the acid then this NO should diffuse as
easily as EDRF or a solution of pure NO into the erythrocytes and be
bound to haemoglobin within the cells. This did not happen.
Erythrocytes were quite ineffective in abolishing the relaxant
properties of activated IF even though they could abolish the effects of
EDRF and NO. If the explanation of this difference lies in NO in the
solutions of activated IF remaining bound to the stabilizing factor
postulated by Martin et al. (1988), then the molecular weight of the
cambination might be too large to allow easy passage into the
erythrocytes. Such a theory postulates that subsequent to release of
NO from nitrite, the released NO cambines with a stabilizing factor in
the solution to produce a complex analogous to a nitrovasodilator.

An alternative suggestion would be that the IF is some other
campound which as a precursor, can liberate NO or have effects similar
to NO. Higher concentration of the IF in the high-speed sediment from
hamogenized BRP muscle (Gillespie & Hunter, 1982), a molecular weight
about 500, irreversible destruction by boiling (Gillespie et al., 1981)
and the ability to isolate a material with similar properties from
connective tissue and the vitreous humour of the bovine eye (Gillespie,
1987) are properties difficult to reconcile with nitrite as precursor.

Unlike the IF, responses to EDRF were abolished equally well by
haemoglobin or erythrocytes in cascade-type experiments. This is
consistent with the concept of Palmer et al. (1987) that EDRF is NO.

However, the organ bath experiments showed that erythrocytes were
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significantly less effective than haemoglobin in abolishing the response
of an aortic strip to the release of EDRF from its own intact
endothelium. The most obvious explanation is the inability of

haemoglobin in erythrocytes to gain access to the interstitial space in
the artery. Nevertheless, erythrocytes (containing 3 x 10°5M
haemoglobin) did reduce by more than 50% the response to even the
highest concentration of ACh (10-6M). In contrast, the same
concentration of erythrocytes was completely ineffective in reducing the
response to NANC nerve stimulation in either BRP or rat anococcygeus
muscle. In the rat anococcygeus muscle even higher concentration of
erythrocytes (containing 10-5M haemoglobin) still had no effect on the
NANC-induced relaxation. Does this mean the transmitter, while it is
able to react with haemoglobin, is unable to penetrate the erythrocyte
membrane, or is it simply that the sites of release are too deeply
buried within the muscle for erythrocytes to be effective? The
effectiveness of erythrocytes will depend on two factors: f£first, the
diffusional distance between the endothelium or nerve varicosity and the
muscle layer and, secondly, the distance between the endothelial cells
or varicosities and the bath fluid. The mean gap between nerve
varicosities and muscle cells in the rat anococcygeus muscle is about
260 mm (Gillespie & Lillmann-Rauch, 1974) and between the deep surface
of the endothelial cells and the underlying muscle in aorta 50-100 nm
(Simionescu & Simionescu, 1977). In temms of the immediate diffusional
distance, therefore, the endothelium would be the more difficult site to

block. 0On the other hand, the total distance between erythrocytes and
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luminal surface of the endothelium is negligible, whereas there is a
substantial distance between the muscle surface and the nerve
varicosities in the BRP and anococcygeus muscles. Nevertheless, the
rat anococcygeus is a flat and relatively thin tissue averaging 250-300
M in thickness and the nerves are uniformly distributed through the
tissue (Gillespie & Liillmann-Rauch, 1974). Same reduction in response
as a result of diverting transmitter from superficial muscle bundles,
might have been expected. The results may indicate that either the
NANC transmitter is not NO or the NO is bound in a form not easily
diffusible through the erythrocyte membrane.

The concentration of haemoglobin or erythrocytes will also affect
the rate of loss by binding. In the cascade experiments this was
usually at 10-6M, in the organ bath experiments with EDRF it was 3
X 10-6M and in experiments with NANC stimulation it was 3 x 10-6M and
10-5M. In many ways EDRF released in the cascade experiments had the
shortest time for binding before reaching the test tissues yet this
response was greatly reduced by erythrocytes in lower concentration.
This suggests, especially for the endothelial cell in situ, that it is
the relative closeness of the endothelial cell to the underlying smooth
muscle which prevents the erythrocytes from inactivating all of the
released NO, since haemoglobin was more effective and capable of
campletely blocking the response to EDRF in situ. This may indicate
that haemoglobin can permeate into the interstitial space behind the
endothelium. The highest concentration of erythrocytes (10-5M) with a

relatively long time allowed for binding still showed no effect on the
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response to NANC nerve stimulation in the rat anococcygeus muscle. This
may suggest the transmitter in this tissue is not free NO.

The ability of erythrocytes with a haemoglobin equivalent of 3 pM,
i.e. about 600 times less than whole blood, to reduce the response to
EDRF raises a question mark against the physiological role of EDRF. To
determine the extent to which concentrations of erythrocytes closer to
physiological 1levels might ©reduce the response, much higher
concentrations of haemoglobin equivalent 500 pM were used. This
concentration abolished EDRF-induced responses stimulated by low
concentrations of ACh (10-8M-10-6M), though occasionally a transient
small relaxation could be seen if concentrations of ACh higher than 1 uM
were used. Unfortunately, interpretation of these results is difficult
since some haemolysis always occurred as measured by the haemoglobin
content of the solution at the end of each experiment. Nevertheless,
in same preparations the free concentration of haemoglobin was less than
3 pM, this is the level used in previous experiments yet the inhibition
of the EDRF-induced response was much greater. It is almost certain
that ACh reduces blood pressure in vivo by stimulating EDRF released
from the endothelium. However, the results from this project seems
against this view since the response to EDRF, as well as to NO, could be
greatly reduced by erythrocytes in physiological circumstances. There
are several possible explanations for this paradox. For example, there
may be more than one substance released from endothelium stimulated by
ACh. Prostacyclin could be one of the substances and responses to it

are resistant to haemoglobin, on the other hand, it does not relax the
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aorta. Recently, several groups have reported that in various arteries
ACh may release another substance (Bolton & Clapp, 1986; Kamori &
Suzuki, 1987; Taylor et al., 1987), endothelium-derived hyperpolarizing
factor (EDHF) which is resistant to haemoglobin and methylene blue (Chen
et al., 1988). The response to EDHF can only be seen by using a
relatively high concentration of ACh (>1 pM, occasionally, >10 pM) (Chen
et al., 1988). This hyperpolarization is transient which may explain
the small transient relaxation which can be detected in high
concentration of erythrocytes in present study. This explanation is
unlikely since treatment with gossypol, a nonspecific inhibitor of
endothelium-dependent relaxant abolish the response to
endothelium-dependent vasodilators in vivo (Dudel & Forstermann, 1988).
More recently, Rees et al. (1989) reported that Né-moncmethyl-L-arginine
(L-NMMA), a specific inhibitor of its formation from L-arginine, but not
its D-enantiamer, increased blood pressure in the aneasthetized rabbit.

This hypertensive action of L-NMMA is reversed by L-arginine which is
believed to be a precursor of EDRF (Palmer et al., 1988b). Other
possibilities could be that for anatamical reasons, EDRF itself is most
easily blocked in large arteries and the blocking action of erythrocytes
demonstrated in this thesis could not be demonstrated if the experiments
were performed on the small vessels which constitute the peripheral
resistance vessels. It is also possible that prolonged
exposure to Krebs' saline rather than the nomal blood results in loss
of endothelial cells. For example, at the end of same experiments, the

artery had only retained 60-75% of its endothelial coverage although the
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percentage of relaxation did not change (Furchgott & Zawadzki, 1980).
In this case either same erythrocytes can get behind the endothelium or
more likely the diffusional path from the endothelium to the smooth
muscle is increased, and the balance between diffusion to the bath fluid
and to the muscle is tilted in favour of the former.

A similar problem does not arise with the bovine retractor penis
muscle since erythrocytes had no ability to reduce the NANC response in
this tissue. This has been interpreted in this thesis as suggesting a
transmitter different from EDRF. It would of course be possible that
if the erythrocytes were brought into closer proximity with the
nerve/muscle junction, for example, by perfusing the capillary bed with
Krebs' saline containing erythrocytes, same reduction would be seen.
Such experiments are technically possible and the results would be very
interesting.

Although there is no direct ev_idence that the NANC inhibitory nerves
present in the BRP and rat anococcygeus muscles are identical, same
experiments showed that they have very similar properties. First, the
anococcygeus and the retractor penis muscles in dog, pig and sheep are
innervated by sacral parasympathetic nerves (Gillespie & McGrath, 1973;
Langley & Anderson, 1895) produce inhibitory response to field
stimulation (Gillespie, 1972; Klinge & Sjdstrand, 1974). Secondly,
the inhibitory response to NANC nerve stimulation in both tissues can be
blocked by haemoglobin (Bowman et al., 1982) or hypoxia (Bowman &
MeGrath, 1985), but not by erythrocytes. Finally, the anatamical

continuity of the anococcygeus and retractor penis muscles also
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suggested that they share a cammon inhibitory nerve releasing the same
transmitter (Gillespie, 1982). Certain results are not consistent with
this hypothesis. Both pyrogallol and hydroquinone significantly
reduced the response to NANC nerve stimulation in the rat anococcygeus
muscle but had no effect in the BRP muscle. Pyrogallol and
hydroquinone both inactivate EDRF through the formation of superoxide
anion (Moncada et al., 1986; Ignarro et al., 1988). The inhibition of
NANC nerve stimulation in the rat anococcygeus muscle is not a
non-specific effect since pyrogallol at the same concentration did not
affect the inhibitory action of IRMX. Furthermore, this inhibitory
action on NANC nerve stimulation was completely reversed by superoxide
dismutase. The lack of effect on IRMX also suggests pyrogallol did not
interfere with the spontaneous synthesis of cyclic nucleotides. Two
possible explanations could be offered. First, the neurotransmitter in
these two test preparations is not the same. In the rat anococcygeus
muscle the transmitter is susceptible to destruction by superoxide anion
and destroying these with superoxide dismutase restores the response. NO
would readily fit the bill as such a transmitter. Other evidence
supporting this view has been obtained in the laboratory. The response
to NANC nerve stimulation in the rat anococcygeus but not the BRP musc;le
is blocked by L-MMMA (Gillespie & Xiaorong, 1989; Gillespie et al.,
1989). The inhibition was stereospecific; D-ILNMMA was
ineffective. The inhibition was reversed by L-arginine. The simplest
explanation would be to assume that the neurotransmitters in two tissues

are different and only in the rat anococcygeus muscle is free NO



58~
involved. A major difficulty with this explanation is that the BRP
muscle is much more sensitive to NO as well as to EDRF and the IF than
the rat anococcygeus muscle yet the experimental evidence for NO as
transmitter lies entirely with the rat anococcygeus muscle. An
alternative proposition would be to assume that the neurotransmitter is
the same but the interaction with superoxide dismutase differs in same
way in the two muscles. One possibility 1is to assume a
neurotransmitter which readily liberates NO within the tissue, i.e. a
substance functionally related to the nitrovasodilator. If this
neurotransmitter liberates NO intracellularly, then the ability of
superoxide anion to inhibit its effect will depend on the ease of
penetration of the superoxide anion into the smooth muscle cells and the
concentration of endogenous superoxide dismutase within the cell. The
failure of superoxide anion generators to block the BRP muscle response
could be attributed to high concentration of endogenous superoxide
dismutase. This might also explain the high sensitivity of this tissue
to NO, EDRF and the IF campared with the rat anococcygeus muscle. In
these experiments, the rat anococcygeus muscle was set up in the organ
bath as an intact muscle but the BRP muscle was cut as a strip from the
retractor penis. This cutting could damage a large number of muscle
cells surrounding the surface of the BRP muscle strip and endogenous
superoxide dismutase from these cells might be released into the bath
solution. In the rat anococcygeus muscle a careful dissection may not
damage the cells so that probably only small amounts of superoxide

dismutase are released. If this is the case, the concentration of
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endogenous superoxide dismutase in both tissues might be not very
different but the higher concentration of this enzyme from damaged cells
on the surface of the BRP muscle may be the reason for this tissue
having a sensitivity to NO and low sensitivity to blockade by the
superoxide anion. One problem with this explanation is that it is
inconsistent with the results of work with L-NMMA which on this scheme
should be as effective in the BRP muscle as in the rat anococcygeus
muscle. Clearly more experimental work is required to explain the
difference between the BRP and the rat anococcygeus muscles.

It is obvious that the NANC transmitter in the rat anococcygeus
muscle, is not as diffusible a substance as NO since erythrocytes even
at high concentration had no effect on its effect. An explanation,
though perhaps an improbable one, which might reconcile scme of these
conflicting observations is to assume the NANC transmitter is same
unstable campound capable of liberating NO. If this decayed to NO in
the bath fluid in certain circumstances and was also taken up into
muscle cells to liberate even more NO intracellularly, then the effect
of pyrogallol or hydroquinone would depend on the relative importance of
these two sources of NO. It has been reported that effects of same
nitrovasodilators in stimulating guanylate cyclase is increased in the
presence of reducing agents (Murad et al., 1979). This could be due to
more NO being released in such circumstances. If the NANC
neurotransmitter is a campound like nitrovasodilator, then more NO could
be released extracellularly in the presence of reducing agents such as

pyrogallol or hydroquinone in the bath solution. NO in the
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extracellular fluid would be highly susceptible to superoxide anion,
this would be a major source in the rat anococcygeus and would explain
that tissues susceptibility to pyrogallol and hydroquinone. The BRP
muscle would be more dependent on NO liberated intracellularly and less
affected by pyrogallol and hydroquinone. Such an explanation suggests
that any drugs whose relaxant action was solely dependent on the release
of NO intracellularly would be as effective in the two tissues. This
immediately explains the sodium nitroprusside results where both tissues
were equally sensitive. Unfortunately sodium nitrite which might have
been expected to be similar was not particularly effective on the rat
anococcygeus muscle.

In conclusion, the response to NANC stimulation in both BRP and rat
anococcygeus muscles can be blocked by haemoglobin but not erythrocytes
suggesting that if the transmitter in both tissues acts through NO it is
present as a less diffusible substance. The similar rank order of
potency of EDRF, NO, and the IF on four different smooth muscles
suggest, however, that NO may be the cammon mediator. The effects of
all three can be blocked by haemoglobin but those of the IF, unlike the
other two, is not blocked by erythrocytes suggesting it may be related
to the NANC neurotransmitter. There is a difference between the BRP
and rat anococcygeus muscles since pyrogallol and hydroquinone can only
block the response to NANC nerve stimulation to the latter. The reason
for this is not clear but it may indicate that in the rat anococcygeus

muscle NO can be released in the extracellular enviromment.
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Smooth muscle cells, unlike skeletal muscle cells, possess a wealth
of membrane receptors which allow them to respond to a large number of
external stimuli. The coupling of these receptor-mediated events to
changes in cell activity can be brought about either electrically
through changes in membrane potential or biochemically by the production
of a second messenger. As well as responding to chemical stimuli,
smooth muscle cells respond to stretch, acting in effect as
mechano-electrical transducers. Smooth muscles may also be
spontaneously active in the absence of any external stimulus. In many
tissues this spontaneous mechanical activity is dependent upon changes
in electrical activity, usually slow waves of depolarization with action
potentials superimposed on the crest of the wave (Bllbring, 1954, 1955;
Marshall, 1962; Gillespie, 1962; Small, 1982). In other smooth
muscles, for example, same blood vessels, tone may be produced with very
little evidence of electrical activity (Drocmans et al., 1977; Casteels
et al., 1977a,b).

Whatever the coupling mechanism, electrical or biochemical, there is
a general belief that contraction is wusually accompanied and indeed
caused by a rise in the free, ionized calcium levels in the cell
cytoplasm (Bolton, 1979). Intracellular calcium concentrations can be
increased from two major sources: an influx of extracellular calcium as
a result of opening membrane calcium channels, and a release of calcium
from intracellular stores within which it is bound and therefore not
available for contraction.

Intracellular calcium release fraom the stores is associated mainly
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with the production of the second messenger inositol triphosphate (IP;)
(Berridge & Irvine, 1984). A variety of substances such as NA or ACh,
in addition to stimulating receptor-operated calcium channels, also
stimulate calcium release from these calcium stores. For example, in
vascular smooth muscles, NA-induced contraction has two phases: an
initial phasic component followed by a tonic contraction. The former
is Dbelieved mainly due to the stimulation of calcium release
intracellularly as a result of increased phospho-inositol metabolism and
the latter the entry of extracellular calcium. Removal of external
calcium can reduce the tonic contraction but does not interfere with the
phasic one (Golenhofen, 1981).

Calcium crossing the cell membrane is believed to pass through
calcium channels. Two channels have been widely studied and accepted:
the receptor-operated calcium channels (ROC) and the voltage-operated
(VOC) calcium channels (Bolton, 1979). The former is opened by drugs
or neurotransmitters acting on appropriate receptors, for example, NA
and ACh, acting on o-adrenoceptors and muscarinic receptors
respectively. Activation of these channels is blocked by receptor
antagonists but is relatively insensitive to inhibition by calcium
channel antagonists such as verapamil (Bolton, 1979). The
voltage-operated calcium channel can be activated by a variety of
substances which change the membrane potential. Potassium-induced
contractions in various smooth muscle preparations are due solely to
stimulation of this channel and campletely blocked by caléium channel

antagonists (Bolton, 1979). Recent electrophysiological studies in the
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neurone of chick dorsal root ganglion has suggested the existence of
three types of voltage-operated calcium channels, L-, T-, and N-type
which differ in their conductance and rate of activation and
inactivation (Nowycky et al., 1985). Moreover, L- but not T- and
N-type calcium channels are sensitive to dihydropyridines, and L- and N-
but not T-type calcium channels are blocked by w-conotoxin, a 27-amino
acid peptide neurotoxin fraction isolated from Conus geographus vencm
(Nowycky et al., 1985; McCleskey et al., 1986). In the rabbit ear
artery, two types of voltage-operated channels have been found, a T-type
calcium channel which is resistant to dihydropyridines and the L~type
calcium channel which is campletely blocked by PN 202-791 and
potentiated by the calcium channel agonist EAY K 8644 (Benham & Tsien,
1987). 1In fact, calcium entry through VOC and ROC can be influenced in
a variety ways. VOC are primarily altered by changes in membrane
potential which in turn may be due to alteration in membrane
pemmeability to other ions such as potassium, sodium or chloride. In
addition, the Nemnst potential for any one of these ions may be altered
by altering its external concentration; the most frequent example of
this is the depolarizing effect of raised external potassium. The
probability of the VOC being in the open configuration may be altered by
phosphorylation as for example in the heart as a result of raised cyclic
AMP dependent kinase (Osterrieder et al., 1982) but in vascular smooth
muscle cyclic AMP increased calcium binding in stores (Baudoum-Legros &
Meyer, 1973). ROC are primarily affected by the particular receptor

coupled to the calcium channel so that receptor agonists and antagonists
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are the obvious point of attack. At present no drug exists that
blocks ROC in a manner analogous to the effects of calcium channel
blocking agents at VOC, but the diffusion gradient for calcium will
influence the membrane potential and increase the rate of entry by
stimulating of VOC. However, calcium channel antagonists would be
expected to be most effective in blocking VOC but in some preparations,
the opposite results can be obtained although the mechanism is not
clear. For example, Church & Zsotér (1980) reported that diltiazem and
nifedipine caused significantly greater reduction of NA- than of
potassium-induced contraction in the rat portal vein and rabbit
mesentery artery. Walus et al. (1981) reported that nifedipine is very
effective in tissues contracted with either NA or KCl and produced
almost camplete relaxation of NA-induced contraction even when no
extracellular calcium was present in the medium presumably by
antagonizing the release of intracellular calcium. In addition to
these, van Breeman et al. (1979) reported that there is a significant
influx of calcium in quiescent vascular smooth muscle in the absence of
depolarization or an appropriate receptor ligand, a report which has
received little attention. Supporting this view Kuno et al. (1986) and
Rosenberg & Tsien (1987) found that in helper T lymphoctes and cardiac
sarcolemma there is a similar calcium leak channel open at resting
membrane potentials.

Another stimulus that induces contraction in smooth muscle
independent of external chemical stimulation is stretch. One of the

first to report a response of smooth muscle to stretch was Bozler
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(1947), who found that stretch-induced contraction in the dog ureter was
associated with a depolarization of the membrane. Biilbring (1954,
1955) also reported that in the guinea-pig taenia coli a similar
response was oObserved. This was further confimed by Burnstock &
Prosser (1960) who examined the response of a variety of smooth muscle
preparations to stretch. Most of these, including the pig oesophagus
muscularis mucosae, guinea-pig and rabbit taenia coli, cat circular and
longitudinal intestinal muscle, rat and guinea-pig ureter, guinea-pig
vas deferens, rabbit bladder and dog retractor penis, gave contractions
with an fall in membrane potential in response to quick stretch.
However, in the cat nictitating membrane, pig renal vein and carotid
artery, no response was elicited to stretch. Evidence of a link
between contraction and depolarization in response to stretch was also
reported by Gillespie (1962) who measured both the electrical and
mechanical activity of the smooth muscle cells of the longitudinal
muscle coat of the rabbit colon. The stretched cells showed a membrane
potential lower than average and with strong stretch the depolarization
produced was itself sufficient to keep the membrane potential
permanently in the firing zone and as a consequence the discharge of
spike potentials was continuous.

There is good evidence that the active response to stretch in smooth
muscle preparations is a myogenic response. For example, the chick
amnion (Evans & Schild, 1956) and the human umbilical artery strip
(Sparks Jr, 1964), are both nerve-free preparations, and both contract

in response to stretch. Further support is provided by the inability
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of tetrodotoxin to block pressure-induced depolarization in rabbit and
cat cerebral arteries (Nakayama, 1982; Harder, 1984).

Bayliss in 1902 first suggested that the arterial vessel wall
contracts in response to the stretching force of the blood pressnre.
This may be the mechanism involved in autoregulation to maintain blood
flow constant in the face of changes in the level of the blood pressure
(Bayliss, 1902). Since the tone induced by stretch may be the basis of
the basal vascular tone that develops in response to increase in
transmural pressure in vivo (Folkow, 1949; Winquist & Bevan, 1981), the
response of a variety of vascular smooth muscle preparations to stretch
has been studied by several groups. An early investigation in
helically cut strips of the wall of small branches of dog superior
mesenteric artery in response to a stepwise increase in stretch was
reported by Harvey et al (1962). Contraction (tension developed)
increased with stretch, until a certain optimal length was reached,
after which the response decreased with further stretch. Other blood
vessels including rabbit basilar artery (Nakayama, 1982; Bevan, 1982;
Nakayama et al., 1986), facial vein (Laher & Bevan, 1987; Laher et al.,
1988), coronary artery (Nakayama, 1982), ear artery (Hwa & Bevan,
1986a,b), renal artery (Nakayama, 1982), canine basilar artery (Toda et
al., 1978; Katusic et al., 1987) and rat portal vein (Johansson &
Mellander, 1975) have also been examined. All these blood vessel
preparations contracted to stretch, and in most cases the contraction
was not campletely abolished by calcium antagonists.

Several possible mechanisms underlying this stretch-induced
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contraction have been considered. First, the contractile mechanism may
be directly activated by stretch (Peiper et al., 1974); secondly, the
plasma membrane is depolarized when it is mechanically deformed by
stretch, and the resulting calcium influx activates the contractile
mechanism (Bohr, 1964); and finally, upon stretch, calcium is released
fram intracellular sources and this calcium activates the myosin light
chain kinase producing phosphorylation of the 1light chain and
contraction (Ledvora et al., 1983). The stretch-induced contraction
does not take place in chemically skinned rabbit basilar artery
suggesting that the first possibility seems to be unlikely (Nakayama et
al., 1986). Removal of extracellular calcium or the presence of
calcium antagonists can reduce or abolish the stretch-induced
contraction (Winquist & Bevan, 1981; Nakayama, 1982; Bevan, 1983; Hwa
& Bevan, 1986a,b; Nakayama et al., 1986) consistent with the idea that
not only is the contraction to stretch calcium dependent, but the source
is extracellular. Supporting this is the recent observation that
stretch-dependent myogenic tone in the rabbit facial vein is accompanied
by an increased uptake of 45Ca2+ (Laher et al., 1988). This influx,
however, does not seem to occur through the conventional voltage-gated
calcium channels since neither the extent of myogenic tone nor 45Ca?*
influx is affected by 1,4-dihydropyridine (PN200-110) though this drug
reduces tone and 45Ca2* influx in response to depolarization by
potassium. Similarly, in the rabbit ear artery, the myogenic tone
induced by stretch is also resistant to PN200-110 or nimcdipine, but can

be completely abolished by the inorganic calcium antagonist Mn2+,
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suggesting that entry is through a calcium channel (Hwa & Bevan,
1986a,b). The influx of calcium in response to stretch seems therefore
to be through channels distinct from voltage-operated channels (Winquist
& Baskin, 1983; Hwa & Bevan, 1986b). Only very few authors suggest
that intracellular calcium can be involved in stretch-induced
contraction. Nakayama et al.(1986) assumed that the stretch-induced
mechanical response is associated with calcium release fram the inner
surface of the plasma membrane since dantrolene and ryanodine, drugs
known to prevent calcium release from the endoplasmic reticulum of
skeletal muscle, inhibited stretch-induced contraction in rabbit basilar
artery. There is same doubt about this interpretation, however, as
dantrolene and ryanodine have been found to inhibit calcium movement
across the membrane in cardiac (Sutko et al., 1979; Sutko & Willerson,
1980) and smooth muscles (Graves, 1978; Mahmoudian et al., 1981).
Ledvora, who also believed intracellular calcium could be released by
stretch demonstrated stretch-induced phosphorylation of the light chain
of myosin in porcine caroid artery, however this was not accompanied by
contraction in this tissue (Burnstock & Prosser, 1960; Ledvora et al.,
1983). In conclusion, from the literature, stretch-induced contraction
in smooth muscle is myogenic in origin. In vascular smooth muscle the
active response to stretch is calcium dependent and is relatively
resistant to the organic calcium channel antagonists but blocked by
inorganic antagonists such as manganese. Thus, the stretch-induced
mechanism involves a calcium channel system different fram either the

conventional receptor operated or voltage-operated calcium channels.
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Although the calcium channel antagonists, as a major new class of
therapeutic drugs, have been available for more than twenty years, and
potassium channel blockers such as TEA or 4-aminopyridine for even
longer, potassium channel activators which open potassium channels are
relatively new. The first drug to be studied in this group was
nicorandil (Furukuwa et al., 1981). This vasodilator possesses an
ability to hyperpolarize smooth muscle cell membranes in both porcine
and guinea-pig coronary arteries (Furukuwa et al., 1981). Based on
electrophysiological studies, an increase in the membrane K+ conductance
was suggested to be responsible for this hyperpolarization (Furukawa et
al., 1981; Karashima et al., 1982). The subsequent demonstration that
nicorandil can elicit86Rb* efflux fram preloaded tissues (Weir &
Weston, 1986a,b) supported this conclusion. However, the vasorelaxant
effects of nicorandil are not due solely to an opening of membrane K*
channels. The nitro group within its structure also contributes to its
vasodilatory action (Holzmann, 1983). A significant advance in this
field of research has been the discovery that the benzopyran compound
cramakalim (BRL 34915) which was reported to lower blood pressure both
in animals and humans in vivo (Ashwood et al., 1984; Buckingham et al.,
1984 a,b; Vandenburg et al., 1986, 1987) and appears to relax a variety
of smooth muscles by opening K+ channels. Weston and his colleagues
were the first to provide evidence in vitro that in the rat aorta,
portal vein and gquinea-pig taenia coli, cromakalim produces mechanical
relaxation and this is associated with cell membrane hyperpolarization

and an increase of 86Rb+ efflux in all three test preparations (Hamilton
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et al., 1986; Weir & Weston, 1986a,b). Very recently, a number of
other antihypertensive drugs have been reported to have similar
properties, i.e. the ability to activate potassium channels. They
include pinacidil (Bray et al., 1987; Hemsmeyer 1988 ; Southerton et
al., 1988; Iongman et al., 1988; Steingerg et al., 1988; Weston et
al., 1988), minoxidil sulfate (Meisheri et al., 1988; Winquist et al.,
1989) and diazoxide (Trube et al., 1986).

Since cramakalim was identified initially as a novel
antihypertensive agent (Astwood et al., 1984; Buckingham et al., 1984a,
b), not surprisingly the effect of this drug has been tested on a
variety of vascular smooth muscle preparations which include the rat and
rabbit aorta (Weir & Weston, 1986b; Bray et al., 1988a,b,; Cook et
al., 1988a,b; Chiu et al., 1988; Taylor et al., 1988; Quast &
Baumlin, 1988), guinea-pig portal vein (Quast, 1987), rat portal vein
(Hamilton et al., 1986; Shetty & Weiss, 1987; Beech & Bolton, 1987;
Quast & Cook, 1988a; Winquist et al., 1989), and rabbit mesenteric
artery and vein (Coldwell & Howlett, 1986, 1988; Clapham & Wilson,
1987; Nakao et al., 1988). The results of these studies suggest that
cramakalim produces relaxation of vascular smooth muscle preparations by
opening membrane potassium channels. The evidence is that muscle
relaxation is accampanied by an increase in 86Rb* or 42K* efflux and at
the same time hyperpolarization of the cell membrane occurs (Hamilton et
al., 1986; Weir & Weston, 1986a,b; Kreye et al., 1987a,b; Southerton
et al., 1987; Quast, 1987, 1988; Quast & Cock, 1988a; Cook et al.,

1988b). Electrophysiological studies with cultured rabbit and bovine



-73-
aortic cells (Kusano et al., 1987) and enzymatically dispersed smooth
muscle from rabbit portal vein (Beech & Bolton, 1987) and human inferior
mesenteric artery (Trieschmann et al., 1988) provide evidence that
cramakalim induces an increase in membrane potassium conductance.
Additional support for the concept of in creased potassium permeability
cames from studies in which potassium channel blockers such as TEA and
4-aminopyridine inhibit the relaxant effect and the stimulation of 85Rb*
or 42K+ efflux by cramakalim (Coldwell & Howlett, 1986; Quast, 1987,
1988).

Cramakalim has also been tested on a variety of non-vascular smooth
muscles. In the guinea-pig trachea, cramakalim suppressed spontaneous
tone, depressed the foot of the concentration-response curve for KC1,
and caused minor rightward shifts in the concentration-response curves
of ACh and histamine (Allen et al., 1986). 1In this tissue cromakalim
also produced a marked hyperpolarization and increased 85Rb* efflux.
The relaxant action of cramakalim can be inhibited by non-specific
potassium channel blockers such as procaine and 4-aminopyridine, it is
depressed by TEA at high concentrations but unaffected by apamin. In
chemical-skinned preparations, tension development induced by low
calcium was unaffected by cromakalim (Allen et al.,1986; small et al.,
1988) suggesting it has no effect on the contractile machinery or the
ability of calcium to activate that machinery. 1In vivo, cromakalim
inhibits 5-HT-induced bronchospasm for at least 60 min in anaesthetized
guinea-pig whereas the calcium blocker nifedipine shows very weak or no

protective effect (Arch et al., 1988). In human, pig, and guinea-pig
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urinary bladder cromakalim abolishes spontaneous activity, increases
membrane conductance and causes a concentration-dependent
~hyperpolarization of the cell membrane, consistent with its reported
actions on other smooth muscles (Foster et al., 1989a,b). In the
guinea-pig taenia coli cramakalim abolishes spontaneous tone and
increases 86Rb* efflux. An effect resistant to apamin (Weir & Weston,
1986a). Cramakalim can also reduce motility of the small intestine in

mice both in vivo and vitro (Buchheit & Berthrolet, 1988). It can also

suppress the contraction evoked by field stimulation or by TEA and
increase 86Rb* efflux in the rat oesophagal tunica muscularis mucosa
(Akbarali et al., 1988). ©Not all tissues, however, show this pattern
of mechanical inhibition, increased potassium efflux and membrane
hyperpolarization. For example, in the rat uterus, cramakalim produces
concentration-dependent inhibition of spontaneous contractions but shows
little hyperpolarization of the cell membrane and no detectable increase
in 86Rb* or 42K+ efflux (Hollingsworth et al., 1987; Hollingsworth et
al., 1988). The inhibitory effects of cramakalim in the uterus may
involve an action only on pacemaker cells and the depolarization
responsible for the pacemaker potentials. Such cells may possess other
kind of potassium channels. It also produces long lasting inhibition
of uterine contraction but there appears to be tolerance to the uterine
relaxant action of cromakalim in vivo (Downing et al., 1989).

Cromakalim was also tested in tissues other than smooth muscle. In
the heart it has been examined in the guinea-pig (Cain & Metzler, 1985;

Scholtysik, 1987; Sanguinetti et al., 1988) and in dog (Gotanda et al.,
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1988). As in smooth muscles, cromakalim can activate potassium
channels in cardiac muscle and as a result shorten action potential
duration and produce a negative inotropic action. Fortunately,
cramakalim is about 10-30 times less potent in cardiac muscle than in
vascular smooth muscles (Sanguinetti et al., 1988). Such a
discrimination will be essential if it is to be used to treat
hypertension.

The action of cramakalim on nervous tissue has also been examined.
In gquinea-pig hippocapal slices it can reduce the spontaneous activity
and the rate of spike generation (Alzheimer & Bruggencate, 1988), an
effect consistent with hyperpolarization. It has only slight affinity
to monoamine binding sites in the rat neocortex and corpus striatum
(Coldwell & Howlett, 1987). There is also a report that cramakalim can
antagonize a behavioural response to pilocarpine in the mouse which may
suggest that cromakalim probably can influence the central cholinergic
system (Tricklebank et al., 1988).

Almost all of this experimental work suggests that the effect of
cramakalim on smooth and cardiac muscles and on the central nervous
system is due to the activation of potassium channels. Several types
of potassium channels have been identified by the cambination of
phamacological and single channel electrical studies.
Calcium-activated potassium channels are sensitive to both potential and
to the intracellular concentration of free ionized calcium. Two of
them have been well studied. One potassium channel with a

high-conductance is sensitive to charybdotoxin (Miller et al., 1985;
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Gimenez-Gallego et al., 1988), while another channel with a
low-conductance can be blocked by apamin (Maas et al., 1980). The
ATP-activated potassium channel is sensitive to the level of
intracellular ATP and has been found in pancreatic and cardiac tissues
(Cook & Hales, 1984; Nama, 1985). Sulphonyureas such as glyburide
have been shown to Dblock this type of potassium channel
(S&mid—Antcmarchi et al., 1987). Non-selective potassium channel
blockers such as TEA, 4-aminopyridine and procaine can partly blocked
the relaxant effect of cramakalim in vascular smooth muscle, guinea-pig
trachea and rat uterus (Coldwell & Howlett, 1986; Allen et al., 1986;
Hollingsworth et al., 1987; (Quast, 1987; Wilson et al., 1988b).
These drugs, however, provide 1little information on the type of
potassium channel involved. Clearly cromakalim does not stimulate an
apamin-sensitive potassium channel since several reports using different
preparations agree that apamin does not prevent the response to
cromakalim (Weir & Weston, 1986a; Allen et al., 1986; Cook & Hof,
1988). The high conductance calcium-activated potassium channel at
first sight 1looks to be a more likely candidate. Charybdotoxin which
has been isolated fram the venom of of the Israeli scorpion (Leinurus
quinquestriatus) by Miller et al. (1985) blocks this channel in
mammalian skeletal muscle T-tubules (Bolton & Clark, 1981). This venam
is also a potent blocker of the action of cromakalim in stimulating
86Rb* efflux in the rat portal vein (Quast & Cock , 1988a).
Unfortunately purified charybdotoxin itself has little or no effect on

the action of cramakalim, and the only other toxin isolated from the
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venam by Castle & Strong (1986) acts to block apamin-sensitive calcium
activated potassium channels which are known not to be involved in the
action of cramakalim. Clearly, both of these toxins can be ruled out
as responsible for the inhibitory effect of the venam (Winquist et al.,
1989). It is likely that the scorpion venom contains same other
selective toxin capable of blocking the action of cromakalim. Only
when this material is isolated and its effect on detemmined will it be
possible to use these venam—derived proteins to analyse the potassium
channels acted on by cromakalim.

More interesting perhaps are the ATP-sensitive potassium channels.
Very recently, several groups reported that sulphonylureas such as
glibenclamide, glyburide and glypizide can antagonize the relaxant
action of cromakalim in vivo and in vitro. (Quast & Cook, 1988Db;
Escande et al., 1988; Wilson et al., 1988a; Winquist et al., 1989;
Buckingham et al., 1989; Wilson, 1989; Cavero et al., 1989). These
drugs also prevent the hypotensive action of cromakalim (Cavero et al.,
1989). In cardiac muscle these drugs inhibit the ATP-sensitive
potassium channels (Sanguinetti et al., 1988; Escande et al., 1988).
There are several publications linking the ability of sulphonylureas to
stimulate insulin secretion from the a-cells of the pancreatic islets to
the blockade of ATP-sensitive potassium channels (Cook & Hales, 1984;
Schmid-Antomarchi, et al., 1987). It is tempting to conclude that the
site of action of cromakalim is on these ATP-sensitive channels, and
that when the toxin in scorpoin venom is isolated it too will be found

to act at this site. Caution, however is needed in that in rats the
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sensitivity of vascular smooth muscle and of the pancreatic islct cells
to glybenclamide is quite different (Buckingham et al., 1989; Cavero et
al., 1989).

Although most of a large body of experimental evidence supports the
hypothesis that cramakalim acts by increasing potassium permeability,
hyperpolarizing the membrane, and as a result preventing the entry of
external calcium there are same inconsistencies. For example, in the
guinea-pig portal vein, spontaneous activity was modified by cromakalim
at concentrations below those at which a stimulation of 86Rb* efflux
could be detected (Quast, 1987; Cook et al., 1988a; Shetty & Weiss,
1987). In the guinea-pig urinary bladder again the concentration of
crcmakalim required to reduce the spontaneous activity was lower than
that required to change the membrane potential and increase 43K+ efflux
(Foster et al., 1989a). In the rat uterus, cromakalim produces
inhibitory effect similar to those observed in other tissues, but at
concentrations up to 10 pM has no effect on 86Rb* or 42K+ efflux and
produced only minor (5mv) hyperpolarization of the membrane
(Hollingsworth et al., 1987, 1988).  Recently, Nakao et al. (1988)
reported that the hyperpolarization induced by cromakalim in rabbit
mesenteric vein comprised two camponents, one of which was Mn2+
sensitive. In the mesenteric artery, however, the hyperpolarization
induced by cromakalim was relatively insensitive to Mn2+ (Nakao et al.,
1988). In addition, during prolonged exposure to cramakalim, both
hyperpolarization and relaxation were observed during the early exposure

period, but in mesenteric artery the hyperpolarization decayed while the
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relaxation was maintained, suggesting that hyperpolarization is not
essential for relaxation. The early reports also showed that there is
not much difference in the effect of cramakalim on the
concentration-response curves of KCl, ACh and histamine in the
guinea-pig trachea (Allen et al., 1986). Similar evidence was observed
in vascular smooth muscles contracted by NA or KC1 (Hamilton et al.,
1986; Weir & Weston, 1986b). Clearly same of these agonists are
believed to stimulate receptors and increase the calcium concentration
mainly by activating receptor-operated channels and by releasing calcium
fram the intracellular stores. If the effect of cromakalim is solely
to open potassium channels it would be expected to inhibit more
effectively contractions induced by KCl1 than by receptor-dependent
agonists.

Based on these information, the first approach in this project is to
canpare the relaxant activity of cfanakalim on different smooth muscle
preparations contracted by different stimuli. The possible involvement

of second messengers was also examined.
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METHODS
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APPARATUS

In this project the response of tissues to drugs and stretch
was examined in two different kinds of in vitro apparatus.

(1) simple 10 ml organ baths.

(2) A Golenhofen organ bath so arranged as to allow controlled

stretch to be applied to the muscle and its contractile response

measured.

Simple Organ Bath Studies

All the simple organ bath studies were conducted as described in

previous project.

Apparatus for Controlled Stretch

In studying the smooth muscle relaxant effect of cromakalim, the
distinction between tone induced by biochemical coupling and that due to
depolarization was important since cromakalim is believed to act by
hyperpolarization. The usual method of causing depolarization is by
adding potassium. At all but small increases in potassium
concentration, this is unsatisfactory since high potassium so alters the

Nemst potential for this ion that even if a relaxant drug opens
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Figure 27 A diagrammatic representation of the apparatus used to
apply controlled stretch to smooth muscle preparations. This consists of
electromagnetic puller controlled by variable current pulses from a
control box. The fraction of the current pulses can be controlled by the
digitimer. The tissue was tired to a stainless-steel wire cormected to
the puller in the Golenhofen jacketed glass chamber. The other end of
the muscle was connected to the Grass transducer. The movement of the
puller was recorded on one channel of the Grass Polygraph and on a
second channel the pull stimulus transmitted through the muscle plus the

muscle response was recorded.
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Figure 28 This shows the effect of varying the "Pull" setting at a
constant time (a) or of varying '"Time" setting at a constant pull (b) on
the stretch stimulus applied to the tissue. Variation in either setting
also varies the rate of stretch. With a fixed setting of both (T3P4) the
digitimer can be used to stretch on the pull for a controlled time (c);
this produces a constant rate of stretch in which increases in the
degree of stretch are accampanied by proportional increases in time. If
the digitimer setting exceeds the T setting the final stretch is

maintained until the end of the digitimer pulse.
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Table 1 This shows the distances corresponding to the five pull
settings and the duration of stretch corresponding to the five time

settings geberated by the control box.
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potassium channels, it is eventually ineffective in causing
hyperpolarization.

Another method of causing depolarization is by stretch and this has
been observed in a variety of smooth muscle preparations (Blilbring,
1954, 1955; Burnstock & Prosser, 1960; Gillespie, 1962; Harder,
1984). The apparatus illustrated in Figure 27 is designed to produce a
controlled stretch stimulus. The artery strip was horizontally mounted
in a central chamber of a Golenhofen organ bath jacketed with water at
360C and perfused with Krebs' saline gassed with 95%0, + 5%CO, at a rate
of 2 ml min-?. Each end of the test tissue was tied with silk thread
(5-0), one attached to a Grass FT03C transducer and the other end to a
fine stainless steel rod whose other end was attached to an
electramagnetic puller (the <central core of a large diameter
loudspeaker). The electro-magnetic coil was activated by current
pulses fram a specially designed control box. This produced a
saw-tooth wave form so that two parameters could be controlled: first,
the eventual height of the saw-tooth determined the distance pulled (the
P setting); secondly, the duration of the saw-tooth controlled the
duration of the pull (the time, or T setting). The combination of P
and T detemined another important variable, the rate of the pull, for
example, the fastest rate of pulling was to combine P5, the longest
pull, with T1, the shortest time. The number of settings available and
the corresponding distances and durations are given in Table 1, and
Figure 28(a,b) illustrates the effects of changing P and T on the rate

of pull. These two variables alone produced insufficient control since
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changing P to increase the stretch stimulus also changed the rate of
stretch. The only way to avoid this would be simultaneocusly to change
the duration of the pull, so that the rate was kept constant. This was
difficult to do since the settings of both P and T were fixed. The
rate of pull is an important variable and for this reason a third method
of control was used. In this case the gate of a digitimer was used to
produce pulses of variable duration. These pulses were then used to
trigger the central control box so as to allow only a fraction of the
waveform generated by the puller unit to reach the electramagnetic coil.
The effect is illustrated in Figure 28(c) which shows that with the help
of the digitimer, it was possible to maintain a constant rate of pull
but vary the distance pulled. For example, with T3 which produces an
800 ms saw-tooth the digitimer might allow only half of this to reach
the puller coil. The rate of pull would be appropriate to the T3
setting, but the distance travelled would be only half whatever setting
was chosen for P. The digitimer could also be set to exceed the T
value, in which case the coil would remain activated and the pull "held"
till the end of the digitimer pulse. The first saw-tooth wave fom was
available for display on a second channel of the polygraph and it
magnitude and rate of rise was a measure of the stretch stimulus applied
to the muscle.

The effect of stretch is likely to be influenced by the initial
length and cross-sectional area of the muscle. To control this,
tissues were dissected to give a 10 mm long preparation when placed

under a resting tension of 500 mg. The actual length was measured in
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Table 3 This shows a degree to which the length of the two
preparations varied around the intended length of 10 mm. Also shown is
the percentage inhibition of the response to stretch produced by
cromakalim (BRL), verapamil (VER), cobalt bramide (Co2*) and the removal
of calcium plus the addition of EGTA to the Krebs' saline. While cobalt
and zero calcium in effect abolished the response, verapamil and
cramakalim produce more modest inhibition. Values are mean * s.e.

N=number of experiments.
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each experiment and the results are shown in Table 3. At the end of
the experiment the tissue's wet weight was detemined. This
measurement was made only as a check on the degree to which

standardization of preparations was achieved.

PREPARATION OF TISSUES

(1) Rabbit Arteries New Zealand Rabbits (2-3 kg, either sex)

were killed by exposure to carbon dioxide followed by exsanguination.
The aorta, and renal and femoral arteries were removed carefully and
cleaned gently of surrounding connective tissue and fat. Since the
percentage étretch of the tissue depends on the initial length,
considerable care was taken to obtain preparations all of a similar
length and this was measured once the preparations were mounted under
tension in the bath. Abdaminal aortic strips, and renal and femoral

arteries were 10 mm long by 1.5 mm wide.

(2) Bovine Retractor Penis Muscle (see Methods in previous

project).

(3) Guinea-Pig Trachea (see Methods in previous project).
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(4) Guinea-Pig Taenia Coli Animals were killed as previously

described. The abdamen of the animal was opened in the midline and 15
mn long preparations of the taenia dissected fram the caecum and tied at

each end.

OTHER TECHNIQUES

Haemoglobin Solutions (see Methods in previous project).

Measurement of Cyclic Nucleotides

The cyclic AMP and cyclic QP contents of bovine retractor penis
muscles were measured by radioimmunocassay. Tissues were set up in
organ bath as usual and removed at various times after exposure to
different concentrations of relaxant drugs, but always after relaxation
had reached a maximum. The tissue was immediately frozen in liquid
nitrogen and stored in 5% trichloracetic acid at 4°C ovemighﬁ.
Aliquots of the acid-soluble fraction were freed of trichloracetic acid
by extracting the samples four times with three volumes of
water-saturated diethyl ether.

Cyclic AMP in the samples was measured after acetylation with acetic

anhydride followed by exposure to goat antiserum raised to cyclic AMP.
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Radiocactive iodine-labelled cyclic AMP was then added for 1 hour to bind
to sites not already occupied by cyclic AMP from the sample and the
excess unbound radiocactivity absorbed b} activated charcoal. The
radioactivity remaining in the supernatant was then measured on a gamma
counter and compared with a standard curve for known concentrations of
cyclic AaMP.

Cyclic QP was similarly measured by radioimmunoassay with a kit
supplied by Amersham. The tritium-labelled cyclic GMP was used as
campetitor for the cyclic &P in the extracts. The amount of
radicactivity bound to the antibody was measured by precipitating the
antibody complex with ammonium sulphate, separating the precipitate by
centrifugation in a refrigerated centrifuge at 4°C, redissolving the

precipitate in water and measuring its radioactivity on a beta counter.

DRUGS AND SOLUTIONS

Drugs used during the section were apamin (Sigma); carbachol
(sigma); cobaltous bromide  (BDH); cramakalim  (Beecham
Pharmaceuticals); forskolin (Sigma); guanethidine sulphate (CIBA);
histamine acid phosphate (Sigma); indomethacin (Sigma); isoprenaline

sulphate (Burroughs Wellcame); noradrenaline bitartrate (Koch-Light);
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prazosin (Pfizer); sodium nitroprusside (BDH); verapamil chloride

(Sigma).

Solutions

Calcium-free Krebs' saline was identical to nomal Krebs' except

that CaCl, was amitted and ethylene glycol bis-(B-aminoethyl ether)

N,N,N' ,N'-tetraacetic acid (EGTA) 1 mM was added.

Statistical Analysis

Results were expressed as mean * standard error. In stretch studies,
the peak of the maximal response was considered to be 100% contraction.
N=number of experiments. Data was analysed using Student's t-test and

" P< 0.05 was considered significant.
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RESULTS
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Cramakalim is believed to cause relaxation by opening membrane
potassium channels, hyperpolarizing the membrane, and as a consequence,
closing voltage operated calcium channels previously opened by agonist
action (Cook, 1988). Although there is much evidence in support of
this, other effects of the drug seem inconsistent with this scheme. For
example, cromakalim causes relaxation of tissues contracted by agonists
which act mainly through biochemical coupling and which do not cause
depolarization, for instance, noradrenaline on same vascular smooth
muscles (Casteels et al., 1977a,b; Droogmans et al., 1977). It is
therefore possible that hyperpolarization is not the only, or indeed the
main mechanism of inhibition induced by cramakalim. The experiments in
this project were intended to explore more fully the mechanisms of
relaxation. In particular to examine whether cyclic nucleotides were
involved, whether contraction induced by potassium depolarization was
more sensitive to the relaxant action of cramakalim than that induced by
agonists coupled biochemically, and finally whether contraction induced
by stretch, which decreases the membrane potential in a variety of
smooth muscles (Biilbring, 1954, 1955; Burnstock & Prosser, 1960;

Gillespie, 1962; Harder, 1984), could be reduced by cramakalim.

TISSUE AND AGONIST SENSITIVITY TO CROMAKALIM

Cromakalim was tested on four smooth muscle preparations, the BRP

muscle, the rabbit aortic strip, the guinea-pig taenia coli and the
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Figure 29 Log concentration-response curves for the relaxant effect
of cromakalim (BRL 34915) on the bovine retractor penis (BRP, upper
left) contracted by noradrenaline (O ; guanethidine 1uM) or histamine
(® ; 3pM), the rabbit aortic strip (Aorta, upper right) contracted by
either noradrenaline (¥ ; 50 nM) or histamine (® ; 3 pM), the guinea-pig
trachea (Trachea, lower left) contracted@ by histamine (@ ; 3pM) or
carbachol (A ; 0.1 pM) and the guinea-pig taenia coli (Taenia, lower
right) contracted by KC1 (m ; 10mM) or carbachol (A ; 30 nM). Each point
is the mean of at least six preparations. Indamethacin ( 10-6M) was
present in the Krebs' saline in experiments with the guinea-pig trachea.

Bars represent * s.e. *P<0.05, **P<0.01.



Table 2 ICs, values (in M) for relaxation of agonist-induced spasm

by cramakalim
agonist BRP Aorta Trachea Taenia
NA 0.27+0.04 0.52+0.11 -_— E—
(15) (19)
Hist 0.32+0.05 0.69%0.38 3.32%1.64 —
(11) (6) (6)
Cch _ —_— 9.7245.16 1.51+0.38
(6) (8)
KCl1 — —_ e 0.65%0.07
(12)

Four tissues, the bovine retractor penis (BRP), rabbit aortic strip

(Aorta), guinea-pig trachea (Trachea) and taenia coli (Taenia), were

contracted with either noradrenaline (NA), histamine (Hist), carbachol

(cCh) or potassium chloride (KCl). The values are the means * s.e. of

the number of preparations indicated by the number in parentheses.

Within any tissue there was no significant difference between the IC;,

values of cromakalim to against agonists, with the exception of the

taenia coli where P<0.05.
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guinea-pig trachea; and against tone induced by four agonists,
histamine, carbachol, guanethidine (noradrenaline) and low
concentrations of potassium (10mM). Preliminary concentration-response
curves to each spasmogen were constructed and a standard concentration
producing about 60%-80% of maximal contraction in each tissue was
selected for studies with cramakalim. Cramakalim relaxed all four
preparations. The concentration-response curves are shown in Fig 29
and ICs;, values for inhibition in Table 2. In the BRP muscle the
concentration-response curves for relaxation of histamine (3 x 10-6M) or
guanethidine (noradrenaline, 10-6M) induced tone were almost identical,
as were the IC;, values. ICs;, values for cramakalim were also similar
in rabbit aortic strips precontracted with noradrenaline (5 x 10-8M) or
histamine (3 x 10-6M), and in guinea-pig trachea precontracted with
histamine (3 x 10-6M) or carbachol (10-7M). In each tissue the
relaxation induced by cromakalim was similar for each spasmogen except
the maximal relaxation by cramakalim in the trachea with
carbachol-induced tone was less than with tone induced by histamine and
in the aorta where histamine-induced tone was less reduced than that
induced by noradrenaline (Fig 29). 1In the guinea-pig taenia coli the
ICs, value for relaxation of contractions induced by a low
concentrations of potassium (10 mM) was significantly lower than that
for 3 x 10-8M carbachol-induced contraction (Fig 29). Although for
each spasmogen, there was only a slight difference in the sensitivity to
relaxation in any given tissue, there was same difference between

tissues as measured by the IC;, values (Table 2).
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Figure 30 In (a) the concentration-response curves for the relaxant
action of cramakalim (BRL 34915) have been campared in three tissues,
the bovine retractor penis (A ; BRP), guinea-pig trachea (B) and rabbit
aortic strip (®), all contracted by the same concentration of agonist,
histamine (3 pM). There was a tissue difference in sensitivity. In (b)
the concentration-response curve for relaxation in the guinea-pig taenia
coli contracted with 10" mM KCl1 (0) has been campared with the most
sensitive preparation, the BRP contracted by noradrenaline (A), and the
least sensitive, the guinea-pig trachea contracted by carbachol (m).
Contractions to a low concentration of potassium in the taenia coli were
intermediate in sensitivity between the other two tissues. Indamethacin
(10-6M) was present in the Krebs' saline for the guinea-pig trachea.

Each point represents the mean and bars represent * s.e.



97~

The BRP muscle was marginally the most sensitive tissue to the
relaxant action of cramakalim but there was little difference between it
and the rabbit aorta or guinea-pig taenia coli. However, the
guinea-pig trachea was ten times less sensitive than the BRP muscle (Fig
30). It was not possible to use all of the agonists on each tissue
since not all produced maintained contraction to each spasmogen.
Histamine (3 x 10-¢M) was generally the most effective agonist and
Figure 30a illustrates the concentration-response relationships for
relaxation by cramakalim on three of the tissues, the BRP muscle, the
rabbit aorta and the guinea-pig trachea all contracted by this agonist.
The relatively low sensitivity of trachea is clear. Figure 30b also
illustrates the extremes of sensitivity to relaxation by cromakalim.
The most sensitive cambination was the BRP muscle contracted with
noradrenaline and the least sensitive the guinea-pig trachea contracted
by carbachol. For camparison, the concentration-response curve for the
guinea-pig taenia coli contracted by 10mM KC1 has been superimposed and,
as can be seen in Figure 30b, there is no evidence that it is

particularly sensitive to the relaxant effect of cromakalim.

DESENSITIZATION TO CROMAKALIM IN THE GUINEA-PIG TRACHEA

Recently, there have been a few reports that desensitization occurs
in response to cromakalim in same smooth muscle preparations. For

example, Nakao et al. (1988) reported desensitization to cromakalim
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Figure 31 The response to cramakalim (BRL) of the guinea-pig
trachea (Trachea) and rabbit aortic strip (Aorta). In both tissues, tone
was induced by histamine (3 pM). In each pair of records, the first is
the control response to histamine and the second is in the presence of
cramakalim either added-at the peak of the response to histamine (a) or
30 min before adding the agonist (b). In (a) cromakalim (30 pM) caused
about 80% relaxation of histamine-induced tone in both tissues. In (b)
cromakalim (30 pM) produced almost the same degree of inhibition of the
response to histamine as in (a) but in the trachea cramakalim produced
only about 40% inhibition. Indomethacin (10-6M) was present in the

Krebs' saline in experiments with the guinea-pig trachea.
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evoked membrane hyperpolarization in the guinea-pig mesenteric artery
and Downing et al. (1989) reported tolerance to cramakalim in the rat

uterus motility in vivo. However, desensitization of mechanical

responses to cramakalim in vitro have not been discovered.

(1) Differential responses of the guinea-pig trachea & rabbit aorta

to cramakalim In the course of constructing the

concentration-response curves described in the previous chapter, it was
found that relaxation to high concentrations of cromakalim developed
fairly rapidly, whereas low concentrations took up to 30 minutes to
reach equilibrium. Measurements of small relaxations developing over
such long periods are difficult to make. A different regime of drug
exposure was therefore studied. Instead of adding the spasmogen first
and cramakalim at the plateau of contraction, cromakalim was added 30
minutes before the agonist, and its inhibitory effect measured by the
difference between the response to spasmogen in the absence or in the
presence of cramakalim. This method worked well in the rabbit aortic
strip, where the inhibitory effect of cromakalim added 30 minutes before
the spasmogen produced a very similar degree of inhibition to that
produced at the height of the contraction, but in the guinea-pig trachea
quite different results were obtained. This is shown in Figure 31,
where in both test preparations histamine (3 x 10-6M) was used as the
spasmogen. In the rabbit aortic strip, cramakalim produced about 85%

inhibition whether added at the peak of contraction or 30 minutes before
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Figure 32 A histogram of the inhibitory effects of differenf
concentrations of cramakalim (BRL) on the rabbit aortic strip (Aorta)
contracted by noradrenaline (NA, 0.1 pM) or histamine (Hist, 3 pM)
and on the guinea-pig trachea (Trachea) contracted by carbachol (CCh,
0.1 pM) or histamine (Hist, 3 pM). The open columns show the inhibition
by craomakalim when it was added in the presence of spasmogens and the
closed colums that obtained when cromakalim was added 30 min before
spasmogens. Cramakalim produced a similar inhibition of the tone in the
aortic strip whether it was added before or during contraction induced
by spasmogens, but in the trachea cramakalim added before spasmogens
produced only a small inhibition compared with its effect when added at
the peak of the contraction. Indamethacin (10-6M) was present in Krebs'
saline in experiments with the guinea-pig trachea. N=6. Bars represent *

s.e. N=6. *P<0.05, **P<0.0l.
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the spasmogen whereas in the trachea, cramakalim added at the peak of
the contraction again produced a similar 85% inhibition but when added
30 minutes before, reduced the response to only 30%. In both tissues
the effects of cromakalim were independent of the nature of the
spasmogen, either noradrenaline (10-7M) or histamine (3 x 10-6M) was
used in the rabbit aortic strip, and carbachol (10-7M) or histamine (3 x
10-¢M) in the guinea-pig trachea. The inhibitory action of cromakalim
added 30 minutes before either agonist in the trachea was very much
reduced, campared with similar concentrations added after the
contraction had reached a plateau. The histograms in Figure 32
sumnarize all of these experiments.

These results indicated that desensitization to cromakalim appears
to occur in the guinea-pig trachea but not in the rabbit aortic strip.
The explanation of how this desensitisation is brought about is much

less clear.

(2) Effects of cramakalim on the guinea-pig trachea in the presence

of verapamil In guinea-pig trachea, organic calcium channel

blockers, such as verapamil, have little effect on contractions induced
by carbachol, whereas they suppress contractions induced by excess
potassium, although both are dependent on the external calcium (Baba et
al., 1985). The contraction due to excess potassium is the consequence
of depolarization and opening of voltage-operated calcium (VOC)

channels. In most cases, verapamil is known to be particularly
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Figure 33 A histogram of the inhibitory effects of different
concentrations of cromakalim (BRL) and isoprenaline (ISO) on the
guinea-pig trachea contracted by carbachol (0.1 pM, open column)
compared with the responses in the presence of verapamil (1 pM, closed
column). The Krebs' saline contained indomethacin  (10-8M). Bars
represent * s.e. N=8 for cramakalim and N=6 for isoprenaline. ** P<

0.01, *** P< 0.001.
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effective on such channels. Cramakalim is believed to produce
relaxation in the guinea-pig trachea by opening potassium channels,
resulting in hyperpolarization and closure of the voltage-operated
calcium channels on the cell membrane (Allen et al., 1986). According
to this scheme, if verapamil is used in this tissue to block WVOC
channels and tone is then raised with carbachol, the effect of
cramakalim should be reduced. This was tested in the guinea-pig
trachea, contracting the tissue with carbachol (10-7M) in the presence
of verapamil (10-6M). As expected, the concentration-related
relaxation induced by cromakalim was significantly reduced in the
presence of verapamil (Fig 33). Isoprenaline also produced
concentration-related inhibition of the tone induced by carbachol
(10-7M). In the presence of verapamil, however, the response to
isoprenaline was greatly potentiated (Fig 33). Since the inhibitory
effect of cramakalim is reduced in the presence of verapamil, this
suggests that verapamil-sensitive calcium channels play a role in the
effect of cramakalim. The residual inhibitory effect suggests other
mechanisms may also participate in the relaxant action. With
isoprenaline it is equally clear that verapamil-sensitive calcium
channels are not involved in the response. Presumably cyclic AMP
acting through cyclic AMP kinase is responsible. What is difficult to

explain is why the relaxant effect of isoprenaline should be enhanced.
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Figure 34 A histogram of the inhibitory effects of different
concentrations of isoprenaline (ISO) and sodium nitroprusside (NaNP) on
the guinea-pig trachea contracted with histamine (3 pM) in the
absence (open column) and presence of cromakalim (10 pM, closed
column). Cromakalim significantly potentiated the inhibitory effect of
both relaxants. The Krebs' saline contained indamethacin (10-6M). Bars
represent * s.e. N=10 for isoprenaline and N=6 for sodium nitroprusside.

* P< 0.05, ** P< 0.01 and *** P< 0.001.
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(3) Influence of cromakalim on responses to isoprenaline & sodium

nitroprusside The effects of cramakalim on the guinea-pig trachea

declined if the drug was added 30 minutes before the spasmogen, i.e.
desensitization occurred. The present experiments were intended to
determine whether the desensitization extended to other relaxants whose
mode of action is different from cromakalim. Two were chosen,
isoprenaline and sodium nitroprusside. It is generally accepted that
isoprenaline acts through membrane a-adrenoceptors coupled to adenylate
cyclase resulting in raised levels of cyclic AMP. Sodium nitroprusside
acts inside the cell where it is believed to release NO which activates
soluble guanylate cyclase with a consequent increase in cyclic GMP.
These, therefore, are examples of biochemical coupling, mechanisms
different from membrane hyperpolarization or electro-mechanical coupling
observed with agents such as cromakalim.

Since the aim was to produce desensitization to cromakalim, the drug
(3 x 10-5M) was added 30 minutes before testing the other two relaxants.
Histamine (3 x 10-6M) in these circumstances can still produce about 60%
of the contraction it would have produced in the absence of cramakalim.
Concentration-response curves for isoprenaline or sodium nitroprusside
were obtained in the presence or absence of cromakalim. As Figure 34
shows there was no desensitization of the relaxant action of these
campounds, indeed both were significantly potentiated, an effect
reminiscent of the potentiation of isoprenaline described above and

illustrated in Figure 33.
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APAMIN, HAEMOGLOBIN AND METHYLENE BLUE ON THE RESPONSE TO CROMAKALIM

Bowman et al. (1981,1982) have demonstrated the selective action of
haemoglobin and apamin in blocking the relaxant effect of NANC nerve
stimulation in different smooth muscle preparations. In the BRP muscle
haemoglobin blocks the response to NANC nerve stimulation and apamin is
without effect, whereas the reverse is true in the guinea-pig taenia
coli. Haemoglobin inhibits stimulation of soluble guanylate cyclase
(Murad et al., 1978) and this is probably its mechanism of action in the
BRP muscle (Bowman & Dnmmnd,1984), whereas apamin blocks one of the
calcium-operated potassium channels (Banks et al., 1979). The effects
of methylene blue which blocks soluble guanylate cyclase (Ignarro &
Kadowitz, 1985) were also examined. From previous results, it was
known that both the BRP muscle and guinea-pig taenia coli were sensitive
to the relaxant effect of cromakalim. The effects of apamin,
haemoglobin and methylene blue were then tested in both tissues to éee

whether they could interfere with the relaxation induced by cromakalim.

(1) Effects of Apamin Guinea-pig taenia coli preparations were

set up within ring electrodes for field stimulation. Tone was raised
with 10 mM KCl and the cholinergic and adrenergic nerves blocked by
adding atropine (3 x 10-7M) and guanethidine (3 x 10-6M) to the bath.
NANC nerves were stimulated for 10 seconds with supramaximal voltages at

a range of frequencies followed by a control concentration-response
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Figure 35 Representative records of the effects of apamin on the
relaxant responses to NANC nerve stimulation and to two concentrations
of cramakalim (BRL 34915) in the guinea-pig taenia coli. The upper
records show the control response to supramaximal field stimulation of
the NANC nerves for 10 sec. The frequency of stimulation in Hz is shown
above each response. The relaxations produced by 0.3 pM and 1 M
cramakalim are also shown. The lower records fram the same experiment
show the responses to NANC nerve stimulation and to cramakalim in the
presence of apamin (0.5 pM). Apamin completely abolished the relaxation
to nerve stimulation but had no effect on the relaxation produced by
cramakalim. Tone was raised with 10 mM KCl and Krebs' saline contained

atropine (3x10-7M) and guanethidine (3x10-6M).
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Figure 36 Representative records of the effects of haemoglobin on
the relaxant 1responses to NANC nerve stimulation and to two
concentrations of cramakalim (BRL 34915) in the bovine retractor penis
(BRP). The upper records show the control responses to supramaximal
field stimulation of the NANC nerves for 10 sec (the motor adrenergic
nerves were blocked by 1 pM guanethidine). The frequency of stimulation
in Hz is shown above each response. The relaxations produced by 0.3 pM
and 1 pM cromakalim are also shown. The lower records, from the same
experiment show the responses to NANC nerve stimulation and to
cramakalim in the presence of freshly prepared guinea-pig haemoglobin
(3.3 uM). Haemoglobin completely abolished the response to nerve
stimulation without affecting the response to cromakalim. Atropine

(3x10-7M) was present in the bath solution.
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Figure 37 Representative records of the effects of methylene blue
on the relaxant responses to NANC nerve stimulation and to two
concentrations of cramakalim (BRL 34915) in the bovine retractor penis
(BRP). The upper records show the control responses to supramaximal
field stimulation of the NANC nerves for 10 sec (the motor adrenergic
nerves were blocked by 1 pM guanethidine). The frequency of stimulation
in Hz is shown above each response. Relaxations produced by 0.3 pM and
1 uM cromakalim are also shown. The lower records show the response to
NANC nerve stimulation and to cramakalim in the presence of methylene
blue (30 pM). Methylene blue almost campletely blocked the responses to

nerve stimulation and to cramakalim. Atropine (3x10-’M) was present in

the bath solution.
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curve to cramakalim. Apamin was then added to the bath solution and
the frequency-response curve to NANC nerve stimulation and the
concentration-response curve to cramakalim repeated in its presence.
Apamin (5 x 10-7M) completely abolished relaxation to the NANC nerve
stimulation but had no effect on that to cramakalim in the same
preparation (Fig 35). This result suggests that cromakalim does not

act through apamin-sensitive calcium-operated potassium channels.

(2) Effects of Haemoglobin and Methylene blue These were tested

in the BRP muscle where the NANC nerve response is sensitive to both
haemoglobin and methylene blue. The experimental procedure was the
same as with the guinea-pig taenia coli but tone was raised with
guanethidine (10-¢M) with atropine (3 x 10-7M) in the Krebs' saline.
Haemoglobin (3.3 x 10-6M) greatly reduced the NANC nerve response in the
BRP muscle but had no effect on the relaxation to cromakalim (Fig 36).
Similar experiments using methylene blue (3 x 10-5M) to block the
NANC nerve response were performed in the BRP muscle. In these
experiments, the responses to both NANC inhibitory nerve stimulation and
cramakalim were reduced in the presence of methylene blue (Fig 37).
Similar results on rabbit mesenteric arteries have been reported by
another group (Coldwell & Howlett, 1986). The reason for this may be
sane non-specific action of methylene blue which has been reported by
Bowman et al.(1986). The results of all the experiments with both

blockers on NANC nerve stimulation and cromakalim responses are shown in
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Figure 38 A histogram of the responses of BRP to superamaximal
field stimulation of the NANC nerves at the frequencies shown and to
three concentrations of cromakalim (BRL) in the absence (open column)
and presence of either haemoglobin (3.3 pM) or methylene blue (30 M,
(closed column). Tone was induced with guanethidine (1 pM). Haemoglobin
greatly reduced the response to NANC field stimulation but had no effect
on the response to cromakalim. Methylene blue significantly reduced
responses to both stimuli. Bars represent * s.e. N=6. *P<0.05, **P<0.01

and ***p<0.001.
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Figure 38. The frequency-response curves of NANC nerve stimulation in
the BRP muscle were significantly reduced by both haemoglobin and
methylene blue, whereas the concentration-response curves for cramakalim
were unaffected by haemoglobin but reduced by methylene blue. The
possible involvement of cyclic GMP or cyclic AMP was next investigated
directly by measuring the effects of cromakalim on the levels of these

second messengers.

EFFECTS OF CROMAKALIM ON CYCLIC NUCLEOTIDES LEVELS

From the results described earlier in this chapter the BRP muscle is
the most sensitive tissue to cramakalim. In this preparation, both
isoprenaline and sodium nitroprusside induce a powerful relaxation
(Gillespie et al., 1982; Bowman et al., 1982), the former through
B-adrenoceptors coupled presumably to adenylate cyclase and the latter
by direct stimulation of soluble guanylate cyclase. The BRP muscle was
therefore used to see whether cramakalim raises the level of either
cyclic nucleotide. As controls, isoprenaline was used to stimulate
cyclic AMP production and sodium nitroprusside was used to stimulate
cyclic @ production. Both cromakalim and isoprenaline at the highest
concentrations used caused camplete relaxation of the BRP muscle. The
measurements in the early experiments were made 2 minutes after adding
the relaxant drug to the bath and at a time, at least with the higher

concentrations of cramakalim (3 x 10-6M, 3 x 10-5M) when the relaxation
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Figure 39 A histogram to show the effects of increasing
~concentrations of cramakalim (BRL) on the levels of cyclic &P (upper)
and cyclic AMP (lower) in the bovine retractor penis. Concentrations of
cramakalim between 0.3 and 30 pM had no effect on the levels of either
nucleotide. The control levels of cyclic AMP and cyclic GMP in tissues
without adding drugs (c) are also shown. By contrast, sodium
nitroprusside (NaNP, 3 pM) increased cyclic GMP by about six times.
Isoprenaline (Iso, 30 pM) failed to increase cyclic AMP even though it
produced camplete relaxation in all preparations. The numbers in each
column show the number of animals used and the vertical lines the
S.e. mean. In the experiments with isoprenaline, prazosin (3x10-M) was

added to the bath to block a-adrenoceptors.
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Figure 40 A histogram to show the effects of cramakalim (BRL),
forskolin (For) and isoprenaline (Iso) at different times after addition
on the levels of cyclic AMP in the bovine retractor penis (open
colums). The effects of isoprenaline on the levels of cyclic AMP in the
rabbit uterus are also shown (hatched columns). The control levels of
cyclic AMP in tissues where no drugs were added (c) are also shown.
Neither cramakalim nor isoprenaline, each a at concentration of 30 M,
increased the levels of cyclic AMP either after 4 or 6 min exposure. In
contrast, forskolin at 6 min incubation time increased the levels of
this nucleotide, by approximately five times in the BRP. In the rabbit
uterus, isoprenaline in an even lower dose significantly increased the
levels at 3 min and had a greater effect at 6 min. The numbers in each
column show the number of experiments and the vertical 1lines the s.e.

mean. In all experiments with isoprenaline, including controls, Krebs'
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was at its maximum. As Figure 39 shows, cromakalim at all the
concentrations tested raised neither cyclic AMP nor cyclic QP levels.
Sodium nitroprusside (3 x 10-¢M), by contrast, increased cyclic QP
content about six fold (Fig 39a). Surprisingly, isoprenaline (3 x
10-5M), in spite of relaxing the muscle campletely, had no effect on the
levels of cyclic AMP (Fig 39b). The inability to show an effect of
this drug on cyclic AMP threw doubt on the significance of the negative
results with cramakalim.

It was considered that 2 minutes incubation period was not optimal
for observing cyclic AMP increases since in the rabbit uterus, for
example, the levels reached depends on the incubation time (Nesheim et
al., 1975). For this reason, the effects of both cramakalim and
isoprenaline on levels of cyclic AMP were examined at different
incubation times. Also, a new control, forskolin, which directly
stimulates adenylate cyclase was introduced. As Figure 39 shows
neither cramakalim nor isoprenaline raised cyclic AMP levels but
forskolin (10 pM), increased the cyclic AMP levels about five fold (Fig
40a). As an additional control the effects of isoprenaline on cyclic
AMP levels in the rabbit uterus was examined. As expected,
" isoprenaline at 3 pM produced an increase in cyclic AMP content which
was maximum at 6 minutes (Fig 40b), altime already examined in the
experiments on the BRP muslce.

In conclusion, cromakalim can produce powerful relaxation in a
variety of smooth muscle preparations. This effect is not linked to

changes in the levels of cyclic nucleotides.
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Figure 41 This shows typical responses to stretch in the rabbit
femoral artery (upper records) and renal artery (lower records). A 100
ms stretch with a setting of T1P4 produced contractions in both muscles.
In the femoral artery the response was phasic, but in the renal it was
long-lasting and returned to the baseline only after five minutes. Both

phasic and tonic responses were repeatable if sufficient time (15 min)

was allowed between stimuli.
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STRETCH-INDUCED CONTRACTION

These experiments were performed on vascular smooth muscle since
this is known to be relaxed by cromakalim and unlike the guinea-pig
trachea, desensitization does not occur. Three blood vessels were
chosen, the rabbit abdominal aortic strip and femoral and renal
arteries. These were prepared as spiral strips and with their
endothelium removed. These were chosen because the aorta is a large
elastic artery, the femoral is a muscular artery and the renal artery is
a vessel known to display autoregulation. It was felt the latter might
show a higher sensitivity to stretch since that is presumably the
stimulus for autoregulation. The abdominal aorta rarely contracted in
response to stretch. This may be because of the large proportion of
elastic and collagen fibres in its wall which probably take most of the
strain of the pull. Both femoral and renal arteries consistently
responded with a contraction in response to stretch. Typical responses
for each vessel to T1P4 at 100 ms are shown in Figure (41). In the
femoral artery the usual response was a phasic contraction reaching its
maximum after 5-10 seconds and gradually decaying back to the baseline.
In the renal artery the response to stretch was normally maintained for
up to 5 minutes or sometimes even longer (see Fig 41) and this may be
sare measure of its autoregulatory capacity. The response to a given
magnitude of stretch was repeatable. The responses to stretch in both
tissues are not due to the stimulation of nerve fibres, since

tetrodotoxin (5 x 10-7M) was without effect on both kinds of
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Figure 42 Stretch-response curves to different degrees of stretch
in rabbit renal and femoral arteries. Stretches at a constant T1 (200
ms) here with different pull distances as shown diagramatically above
each response produced contractions in both renal (e) and femoral

arteries (®). Bars represent * s.e. N=5 for renal artery and N=3 for

femoral artery.
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Figure 43 Stretch-response curves of the rabbit femoral (® ) and
renal (e ) arteries at a constant rate of stretch. The control unit was
set for TIP4 and fractions of the total pull selected by varying the
digitimer between 75 ms and 200 ms. The degree of stretch is shown
diagramatically above each response. Both arteries contracted in
response to stretch and there was little difference in their

thresholds. Bars represent * s.e. N=5.
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contractions. The responses to stretch are also not due to the
stimulation or release of endothelium-derived contractile factor (EDCF)
(Katusic et al., 1987) since the endothelium was removed in both test
preparations. The effects of varying the rate and the magnitude of
stretch fram T1 (200 ms) to TS5 (3900 ms) was investigated. 1In
preliminary experiments, different durations of stretch were tested (as
shown in Fig 28b). A quick pull at T1 was found most effective and TS
showed little or no effect in both tissues. This short duration of T1
(200 ms) was then used in experiments in which the length of the pull
was varied by altering the P setting. The maximal response was reached
with a fairly long pull of 15 mm (P4). The renal and femoral arteries
were equally sensitive to stretch. This is illustrated in Figure 42
where with a fast pull (T1), the distance was steadily increased from 5
mm (P1) to 17 mm (P5). The responses were graded, with a threshold at
or just above Pl and rapidly increasing to reach a maximum at P4.
However, in this case the rate of stretch was increased with the
distance pulled (as Fig 28a shown). To avoid this, the experiment was
repeated by using the digitimer to select increasing fraction of a fixed
saw-tooth waveform. In these experiments the rate of stretch was
constant and the length of the pull was controlled by the time setting
of the digitimer which detemmined how much of the full P value was used
(as Fig 28c shows). The results of the two tissues in response to this
kind of stretch are illustrated in Figure 43. In comparison with
Figure 42, the response to a constant rate of stretch shows little

change with time and distance of the pull. With a pull lasting only 75



-102-
ms there was no response to stretch in both arteries. Increasing this
to 100 ms produced a maximal response in the femoral artery and a near
maximm in the renal artery. A comparison of the results in Figures 42
and 43 suggests that the rate of stretch is an important variable.
Consistent with this was the observation that slow stretches produced no

active response from the muscle suggesting same adaptation can take

place.

The Mechanism of the Contractile Response to Stretch

From the above preliminary results it was decided to use the TI1P4
which corresponds to a maximal stretch with 200 ms every 15 minutes.
Smaller stretches but at the same rate, which produced nearly the
maximal response in both tissues, were then selected by the digitimer. A
digitimer setting of 100 ms corresponding to a 7 mm stretch was used as
the standard stimulus. With a preparation length of 10 mm, this
corresponded to a stretch of 70% of the initial length. This stimulus
elicited a stable contractile response which, with suitable rest
periods, could be continued for several hours without decline.

The intention in developing these preparations were to have an
alternative to raised potassium as a method of depolarizing smooth
muscle and causing contraction through voltage-operated calcium
channels. The assumption was that stretch caused depolarization

allowing extracellular calcium to enter through channels opened by the
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Figure 44 The responses to stretch of the rabbit femoral (upper
records) and renal (lower records) arteries and the effect of removing
calcium on this response. In each set of records the first response
is the control, the second in the presence of =zero calcium and the
third, 15 min after reintroduction of normal calcium-containing Krebs'
saline. The zero calcium Krebs' saline contained EGTA 1 mM. The stretch
stimulus was 100 ms of a pull at T1P4. Removing calcium campletely
abolished the response in both arteries and this effect was campletely

reversed by reintroduction of calcium containing Krebs' saline.
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Figure 45 [Log oconcentration-response curves for the effects of
cobalt bromide on the responses of the rabbit femoral (m) and renal (e)
arteries to stretch (a) and to 30 mM KC1 (b). The stretch stimulus was
100 ms with a puller setting of T1P4. Cobalt inhibited the response in
both arteries to either stretch- or potassium-induced tone. The tone
raised by potassium was about ten times more sensitive to inhibition
than that obtained to stretch. Bars represent * s.e. N=4 except for the

potassium stimulated femoral artery where N=5.
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lowered membrane potential. The first experiment, therefore, was to
confim the dependence on external calcium entry and whether the
channels involved had similar properties to those opened by raised

potassium.

(1) The Effect of Removing External Calcium After control

responses to the standard pull stimulus had been produced, the normal
. Krebs' saline was replaced by Krebs' saline containing no calcium and to
which EGTA 1 mM had been added. An example of the results obtained
under these conditions is shown on Figure 44. The amission of calcium
from the Krebs' saline plus the chelation of any residual calcium in
every instance resulted in a complete loss of the response to stretch
which was completely reversed by returning to nommal calcium-containing
Krebs' saline. This data suggests that ocontractions induced by
stretch in both renal and femoral arteries are entirely dependent on the

presence of external calcium.

(2) The Effect of Cobalt Bromide Cobalt can block

non-specifically all calcium channels (Anderson et al., 1971). Its
effect on the response to stretch and to raised potassium is illustrated
in Figure 45. In concentrations between 1.0 and 30 mM it blocked
canpletely the response to stretch, and at lower doses of between 0.1

and 3 mM it campletely abolished the contractile response to raised
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Figure 46 Log concentration-response curves for the effects of
verapamil on the responses of the rabbit femoral (®) and renal (e)
arteries to stretch (a) and to 30 mM KC1 (b). The stretch stimulus was a
100 ms setting of the digitimer at a TI1P4 setting of the puller.
Verapamil effectively and equally abolished the tone raised by potassium
but was much less effective on the tone induced by stretch.
Stretch-induced contraction of the renal artery was much less
susceptible to the blocking action of verapamil than was that of the
femoral artery. Bars represent * s.e. N=6 with the exception of the

potassium-stimulated renal artery where N=5. *P< 0.05, **P<0.0l.
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potassium (30 mM). There was no significant difference in sensitivity
between the renal and femoral arteries to blockade by cobalt bramide.
Taken with the previous results with zero calcium these results confimm
the coamplete dependence of the response to stretch and to raised
potassium on the entry of external calcium. The greater sensitivity of
the calcium channels opened by raised potassium to blockade by cobalt
might indicate a difference between the channels opened by the two
stimuli. Alternatively, it could be due to a greater number of
channels being opened by stretch though this is unlikely since the
magnitude of the response is smaller than the response to raised

potassium.

(3) The Effect of Verapamil Verapamil is an organic calcium

blocker which is <considered to be relatively selective for
voltage-operated channels. Its effects on the contractile response to
stretch and to raised potassium are shown in Figure 46. Verapamil's
effects revealed a considerable difference between the channels opened
by potassium and those opened by stretch. The response to raised
potassium was campletely blocked in both arteries at a concentration of
10-6M verapamil. In contrast, the response to stretch in the femoral
artery was reduced by a maximum of 60% and this required a concentration
bf 10- 4M verapamil. In the renal artery where the contraction is
maintained for a few minutes, as described previously, it contains two

canponents, the tonic and the phasic. The difference to the inhibition
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effect of verapamil between these two camponents was marked. The tonic
camponent of contraction in the renal artery was more sensitive than the
phasic one to verapamil. The inhibition of the tonic component by
verapamil was concentration-dependent. Since the percentage inhibition
was calculated by measuring the peak response, the inhibition of the
tonic component did not show on concentration-response curves to
verapamil. The phasic camponent of the renal artery was less sensitive
than that of the femoral artery to verapamil in which high
concentrations of verapamil produced even less inhibition of this
response and gave a maximum of 28%. This difference between the two
arteries together with the prolonged contractile response to stretch in
the renal artery may indicate the special properties of this vessel in

pramoting autoregulation.

Effects of Cramakalim on Contraction Induced by Stretch

From previous results, the contractions induced by stretch in both
renal and femoral arteries are due to the influx of extracellular
calcium. The nature of the channel controlling influx is not clear,
but it is obviously not a verapamil-sensitive calcium channel. As
cramakalim can open potassium channels in a variety of smooth muscles,
it was of interest to see whether it reduced contractions induced by
stretch. This drug proved difficult to study particularly in the

femoral artery because its effectiveness declined with time. Often the
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Figure 47 A histogram of the effects of cramakalim on
stretch-induced contractions in the rabbit femoral (A) and renal (B)
arteries. The open colums show the control response to stetch. The
closed columns show the response to the next four stretches in the
presence of cromakalim (10 pM). The initial inhibition of contraction
in the femoral artery diminished and almost disappeared with time. Even
increasing the concentration of cromakalim to 30 pM did not increase the
blockade. The renal artery gave a smaller initial inhibition with
cramakalim but this shows less evidence of desensization. Bars represent

* s.e. N=6 for femoral artery and N=4 for renal artery.



100

50 H

% of contraction

10

Figure 48 A histogram of the effects of cumulative additions of
cramakalim on stretch-induced contraction in the rabbit femoral artery.
The concentrations of cramakalim are shown. A low concentration (1 pM)
of cromakalim produced only 10% inhibition of the contraction.
Increasing the concentration of cromakalim did not increase the

magnitude of the inhibition. Bars represent * s.e. N=6.
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most  effective concentration was the first irrespective of
concentration. For this reason, a rather high concentration (10-5M)
was chosen and the effect of this single concentration measured. This
therefore, reduced the time available for desensitization. Figure 47a
sumarises all the experiments in which cromakalim (10-5M) was added
after the control response to stretch. In the femoral artery the first
contraction in the presence of cromakalim was reduced by about 35%, the
second by 24% and the third and subsequent contraction by less than 10%
(Fig 47a). 1In the renal artery the effects of cramakalim were slight.
The first contraction in the presence of cramakalim (10-5M) was reduced
by 15% and the degree of inhibition of the second contraction was
similar (Fig 47b). As the inhibitory effect of cromakalim on stretch
in this preparation was so small, it was difficult to construct
concentration-response curves. Figure 48 summarizes the responses to
stretch in the presence of cumlative oconcentrations of cramakalim
ranging fram 1 to 30 pM. Because desensitization to cromakalim
develops gradually, no concentration-dependent relationship could be
seen (Fig 47). The results with cramakalim resemble those obtained
with verapamil in so far as both were more effective in the femoral than
the renal artery but with the difference that there was no evidence of
desensitization with time to verapamil. The results with cramakalim
again point to the difference between the two blood vessels. The small
magnitude of the relaxation and the evidence of desensitization also
throw doubt on whether the effects demonstrated here are related to the

hypotensive action of cromakalim.
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DISCUSSION
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The first approach to the mode of action of cramakalim was to study
the influence of the mechanism underlying contraction on the efficacy of
the drug. Smooth muscle may be induced to contract through either
voltage-dependent or voltage-independent mechanisms (Bolton & ILarge,
1986). In soame smooth muscles such as the vas deferens and certain
blood vessels both mechanisms operate. In the present experiments four
different smooth muscles were examined and four differgnt agonists were
used to induced tone. The guinea-pig taenia coli is spontaneously
active, displaying waves of depolarization culminating in spike
potentials and contraction. Acetylcholine and histamine can augment
this spontaneous depolarization (Bllbring, 1955). The BRP muscle and
the guinea-pig trachea show no spontaneous spike potentials or rhythmic
mechanical activity but they do develop spontaneous tone probably
because their membrane potential is at a level at which
voltage-sensitive calcium channels are open. Finally, the rabbit
aortic strip which in the absence of agonist has a high steady membrane
potential and no tone (Casteels et al., 1977a,b). The four agonists,
though not all active on each preparation, were chosen to provide as
wide a range of coupling mechanism as possible. Potassium contractures
are entirely dependent on membrane depolarization and the opening of
voltage-sensitive calcium channels; consistent with this was the
observation in this thesis and by others that organic calcium
antagonists such as verapamil and nifedipine block these contractures in
several smooth muscles including the guinea~-pig and the rat tracheal

muscle (Cheng & Townley, 1983; Cerrina et al., 1983; Foster et al.,
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1984; Baba et al., 1985; Nielsen-Kudsk et al., 1986). Both
acetylcholine and histamine depolarize guinea-pig tracheal muscle
through muscarinic and histamine H;-receptors, respectively (Almed et
al., 1984). To this extent they might be expected to resemble the
effects of raised potassium. Organic calcium antagonists and removal
of external calcium do not, however, abolish the contractions induced by
acetylcholine and histamine (Ahmed et al., 1984; Ahamd, 1985; Foster
et al., 1984; Cerrina et al., 1983), suggesting other forms of coupling
and other sources of calcium must be important. Most authors conclude
that muscarinic agonists and histamine act mainly by releasing
intracellular calcium. A likely mechanism particularly for
acetylcholine is the production of inositol polyphosphates, especially
inositol triphosphate (IP;). An increase in IP; and phosphatidic acid
in dog tracheal muscle stimulated with acetylcholine has been
demonstrated (Hashimoto et al., 1985). The mechanism of action of
histamine on this tissue is 1less clear. In the guinea-pig ileum
histamine increases phosphatidyl-inositol turnover through H; receptor
stimulation (Jafforji & Michell, 1976). On the dog tracheal smooth
muscle, however, histamine failed to increase PI turnover (Hashimoto et
al., 1985). An additional camplication is the presence of H, receptor
for histamine mediating relaxation (Opkako et al., 1978) through the
activation of adenylate cyclase in the guinea-pig lung (Foreman et al.,
1986). The action of the fourth agonist, noradrenaline is also
camplex, at least on vascular smooth muscles. In same arteries,

endogenous neurotransmitter liberated by sympathetic nerve stimulation
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gives rise to excitatory junction potential (EJP's) and even spike
potentials which are insensitive to a-adrenoceptor blocking drugs.
This fast EJP is followed by a small, slow depolarization which is
sensitive to a-adrenoceptor blocking drugs and seems to be more
important than the EJP in pramoting muscle contraction (Bolton &
Large, 1986). Exogenous noradrenaline (<10-7M) added to the bath
mimics well the contractile effect of sympathetic nerve stimulation but
does not cause depolarization or spike potentials (Casteels et al.,
1977a,b). Two explations have been offered for this difference between
exogenous and endogenous (nerve-liberated) noradrenaline.
Noradrenaline liberated by the nerves only may have access to receptors
(junctional receptors) which can open ion channels and depolarize the
membrane potential whereas exogenous noradrenaline has access only to
extrajunctional receptors which are coupled biochemically (Hirst &
Nield, 1981). Alternatively, the nerves liberate la second transmitter
probably ATP (Sneddon & Burnstock, 1984a,b). ATP acting on purinergic
receptor is responsible for opening ion channels for membrane
depolarization. Evidence in supporting of this last hypothesis is
provided by the stable ATP analogue a,B-methylene ATP which reduces or
abolishes EJP's in the guinea-pig vas deferens and the rat tail artery
(Snedden & Burnstock, 1984a,b) and the rabbit ear artery (Allcom et
al., 1985). Stimulation of a,-adrenoceptors is known to activate PI
turnover (Jafforji & Michell, 1976; Bumstock, 1986) and this may be
the form of biochemical coupling which controls contraction. Recently,

Takuwa & Rasmussen (1987) have reported that both noradrenaline and
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histamine can act via the phosphoinositide system and lead to a rise in
free cytoplasmic calcium as measured by aequorin in the rabbit aorta.
The increase in cytoplasmic free calciumn could be divided into a
transient peak due to mobilization of calcium from a caffine-sensitive
intracellular calcium and a plateau after the peak which was due to
influx of extracellular calcium since it could be abolished by removing
calcium from the solution. These authors also reported the interesting
Observation that the atrial natriuretic peptide (ANP) could block the
plateau phase induced by both agonist and the transient phase produced
by noradrenaline but was ineffective against the transient phase due to
histamine. Their explanation was that ANP acted to inhibit the
coupling of the a-adrenoceptor to phospholipase C but had no similar
effect on the coupling of the histamine H, receptor. On the BERP
muscle, noradrenaline added to the bath, liberated by nerve stimulation,
or released indirectly by guanethidine causes small depolarization and
contraction (Samuelson et al., 1983; Bymme & Muir, 1984). Samuelson et
al. (1983) found no difference between the effects of guanethidine
(endogenous noradrenaline) and exogenous noradrenaline though Byme &
Muir (1984) found the electrical effects of nerve stimulation were not
blocked by prazosin whereas those of exogenous noradrenaline were.

Given these differences in the mode of action of agonists on the
four muscles same notable differences in the efficacy of cromakalim
might have been expected. In particular, given its proposed mode of
action through hyperpolarization, cramakalim would be expected to be

particularly effective against raised potassium in all tissues and the
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least effective against exogenous noradrenaline in blood vessels where
there is 1little or no depolarization. Such results were not found.
Potassium contractures were not particularly sensitive to cromekalim and
the aortic strip ocontracted with noradrenaline was not particularly
insensitive.

The stretch-induced tone in the rabbit renal and femoral arteries,
as in some other smooth muscle preparations is independent of
innervation since tetrodotoxin at 5 x 10-’M is without effect. The
myogenic tone in both test preparations is dependent on the influx of
calcium fram extracellular space since removal of calcium from the
Krebs' saline or in the presence of the non-specific calcium channel
blocker, cobalt, campletely abolished the active response to stretch.
In the femoral artery the stretch-induced tone was more sensitive than
renal artery to verapamil, although higher concentrations were required
than to block the tone induced by potassium (30 mM). Desensitization
to cramakalim was rapid in the femoral artery: the first
stretch-induced response was blocked by about 40% but the third response
was reduced by only 10%. However, both cramakalim and verapamil had
little effect on stretch-induced tone in the renal artery. The reason
for the difference between these two tissues are not clear. Very
recently, several groups have reported that cramakalim may stimulate an
ATP-sensitive potassium channel since the sulphonylureas such as
glibenclamide, glyburide and glypizide, all block its effects on both
mechanical and electrical activity in various tissues (Quast, 1988b;

Escande et al., 1988; Winquist et al., 1989; Buckingham et al., 1989;
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Wilson, 1989; Cavero et al., 1989). It is possible that the
contraction induced by stretch in the renal artery does not involve
ATP-sensitive potassium channels. Another possibility is that the
calcium channels opened in these two test preparations by stretch are
different. Similar results were reported by Bevan and his colleague
who found that the calcium antagonist, diltiazem, blocks stretch-induced
tone in the rabbit ear resistance artery and portal vein (Bevan, 1983;
Hwva & Bevan, 1986b) but not in the rabbit mesenteric, renal, or basilar
arteries etc. (Bevan, 1983). Since the myogenic tone in many blood
vessels is resistant to organic calcium channel antagonists such as
nimodipine, a potent calcium antagonist of potassium-induced
contraction, PN200-110 and nifedipine, the selective antagonists to
potassium-induced contraction (Hwa & Bevan, 1986b; Laher et al., 1988),
the calcium channel opened by stretch is probably different from the
voltage-sensitive calcium channel. If this is the case, then the
different sensitivities of stretch-induced contraction in renal and
femoral arteries to inhibition might reflect a difference in the ratio
of the two ion channels.

Little is known about stretch-activated ion channels. Recently,
stretch activated ion channels have been reported in single smooth
muscle cells from the stomach of the toad bufo marinus (Kirber et al.,
1987), yeast (Gustin et al., 1987), amphiuma red blood cells, xenopus
myocytes (Yang & Sachs, 1987), vascular endothelial cells (Lansman et
al., 1987) and chick skeletal muscle (MacGregor et al., 1989) etc. The

properties of these channels are still not clear. In the case of
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myogenically active vascular smooth muscle, mechanical distension
probably causes influx of calcium through these channels.

The most significant finding in the present study was the
desensitization to cromakalim in two test preparations, the guinea-pig
trachea and the rabbit femoral artery.

A report by Allen et al. (1986) indicated cromakalim to be
relatively ineffective against agonist-induced contractions but more
effective against spontaneous tone. Their experiments were performed
on the guinea-pig trachea, but instead of varying the concentration of
cramakalim as was donejntheexperinentsinthj.s thesis, they used a
fixed concentration of 10-5M cromakalim and varied the concentration of
agonist. The former was added sane time before the
concentration-response curve was established. As a result, cromakalim
caused minor rightward shifts in the concentration-response curves of
ACh and histamine. The explanation for the apparent insensitivity in
their experiments may be that desensitization to cromakalim occurred
when it was added before the agonist. In this thesis, cramakalim was
tested in two different ways and each gave different results. When
added at the height of the contracture it was a powerful relaxant but
when added 30 minutes before adding the spasmogens such as carbachol or
histamine, it lost half or more of its relaxant effect. The loss of
sensitivity (or desensitization) to cromakalim occurred only in certain
tissues such as the guinea-pig trachea; in the rabbit aortic strip no
difference was detected when cromakalim was tested both ways. Clearly,

the desensitization is not related to the spasmogen since the effect was
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observed with both carbachol and histamine. In contrast, no
desensitization to the effect of cramakalim was seen in the rabbit aorta
when it was contracted with noradrenaline or histamine. The reason for
the difference between these two tissues is not clear. It has been
reported that in both tissues, cromakalim produced membrane
hyperpolarization and increased 86Rb* efflux in the absence of spasmogen
(Allen et al., 1986; Kreye et al., 1987a,b). In these experiments the
longest time in measuring the membrane potential was 8 minutes after
test tissues exposure cromakalim (Allen et al., 1986). If
desensitization is time dependent, 8 minutes ocould be too short for
"escape" to occur. This was ruled ocut in the present study, since
cramakalim added 2 minutes before adding the spasmogen, still produced
desensitization (data is not shown). Another possibility could be that
the relaxant action of cromakalim may not always be associated with
membrane hyperpolarization, i.e. desensitization affects only the
mechanical response to cromakalim but not the electrical response.
However, a opposite report from Nakao et al. (1988) showed that in the
guinea-pig isolated mesenteric artery the hyperpolarizing action of high
concentrations of cromakalim steadily diminished in the continuing
present of drug for 13 minutes but the mechanical response was
maintained. In addition, several authors have shown that the increase
in 85Rb* efflux from the rat isolated portal vein induced by cromakalim
is not sustained during prolonged contact with the drug (Coldwell &
Howlett, 1986; Quast, 1987; Cook et al., 1988a). If this is the

case, the question is therefore raised why this desensitization is only
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abserved in the guinea-pig trachea but not the rabbit aorta. There is
no experimental evidence to explain this from present study. It is
possible that in the guinea-pig trachea, the relaxant effect of
cramakalim may depend on the concentration of intracellular calcium.
When the cytoplasmic concentration of calcium is high, for example, in
the presence of spasmogens such as carbachol or histamine, the enhanced
calcium concentration may sensitize the ion channel to cromakalim in
trachea. It is not clear in the rabbit aorta whether the higher
resting membrane potential is due to the higher concentration of
Ccytoplasmic calcium which reaches the threshold to open potassium
chanmnels. If this is true then it would be difficult to explain the
desensitization in the femoral artery as it is a branch of the aorta.
Whether at least a certain level of cytoplasmic calcium is requiréd for
the action of cramakalim cannot be deduced fram the present result. In
this thesis there was no cbservation of desensitization in the rabbit
aortic strips stimulated either by noradrenaline or histamine. It is
unfortunate that this tissue did not respond to stretch. If it had it
might have been possible to test whether cromakalim's effect on this
stretch response desensitized. If it did then clearly the
desensitization could not be related to the tissue but to the mechanism
of causing contraction. Equally, if it was known that the effect of
cramakalim on rabbit femoral artery stimulated by agonists did not
desensitize then a similar conclusion could be drawn. Unfortunately the
last type of experiment was not done. There is, however, evidence from

a similar potassium channel activator, nicorandil, which in addition to
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sharing the same mode of action as cromakalim, also showed
cross-desensitization in the guinea-pig mesenteric artery (Nakao et al.,
1988). This drug did not show desensitization in either the rabbit
renal or femoral artery contracted by noradrenaline (Shibata & Satake,
1987). If these results hold for cramakalim, which seems likely, then
it does seem that while cromakalim can acutely cause relaxation of
smooth muscle whatever the mechanism responsible for contraction, this
effect is very different from that of other drugs active on ion
channels. For example, the effect of cobalt or verapamil on the
stretch responses, showed no evidence of desensitization even though the
effect of verapamil was relatively weak. Furthermore drugs which block
potassium channels such as tetraethylammonium (TEA), 4-aminopyridine or
apamin do not show desensitization in a variety of test preparations.
Desensitization may be a unique feature of this new group of potassium
channel opening drugs rather than a characteristic of the potassium
channels involved.

Clearly, the relaxant effect of cramakalim is not mediated through
apamin-sensitive potassium channels. The results of this thesis are
consistent with those of Weir & Weston (1986) who found in guinea-pig
taenia coli that apamin failed to block the effects of cramakalim. In
the quinea-pig trachea, where the relaxant action is also unaffected by
apamin (Allen et al., 1986), verapamil induced a blockade. Kreye et
al.(1987a,b) reported that in the rabbit aorta where the increases in
86Rb* efflux induced by cromakalim are reduced by D600, nifedipine,

trifluperazine or exposure to Ca2+-free solution containing 2 mM EGTA.
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Following treatment with craomakalim, in the rabbit mesenteric artery,
action potentials evoked by outward current pulses ceased before
initiation of hyperpolarization, and in high K* solution, a small but
significant inhibition of contraction occurred (Nakao et al., 1988).
This also suggests that cromakalim can inhibit voltage-dependent calcium
entry. Chiu et al. (1988), using the 45Ca2+ flux techniques in rabbit
aortic strips, reported that cramakalim (1-10 pM) inhibited contraction
ard calcium entry in response to noradrenaline and angiotensin II.
Cain & Metzler (1985) showed that cramakalim is capable of reducing the
slow inward (Ca2+*) current in guinea-pig papillary muscle. However,
several pieces of evidence suggest that inhibition of a calcium current
plays little role in the inhibitory action of cromakalim. Coldwell &
Howlett (1987) have shown that cramakalim did not interact with
1,4-dihydropyridine binding sites in rabbit mesenteric artery. Clapham
(1988) tested the cardicaccelerator response in pithed rat that
distinguishes calcium entry blockers from other agents which have modes
of action not involving direct blockade of calcium entry; they found
that drugs such as nifedipine, verapamil, and diltiazem reduced
stimulation-evoked sustained cardicaccelator responses in the pithed rat
but cromakalim and nicorandil were without effect. This suggest
cramakalim and nicorandil do not act through voltage-operated calcium
channels. The results in this thesis are consistent with this
interpretation but since only part of the action of cromakalim is lost
in the presence of verapamil. The residual component may indicate an

action of cramakalim on other potassium channels.
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While verapamil reduced the relaxant effect of cramakalim on the
guinea-pig trachea it enhanced that of isoprenaline. In this tissue
isoprenaline is known to cause hyperpolarization; an effect reduced by
TEA or procaine and due therefore to opening of potassium channels
(Allen et al., 1985). However, while TEA blocked the hyperpolarization
it did not prevent the relaxant effect suggesting that hyperpolarization
does not play a large part role in the relaxant action of isoprenaline
(Allen et al., 1985). 1In addition, slow waves in tracheal muscle may
represent nascent action potentials (Kirkpatrick, 1981) and it might
therefore be proposed that the relaxation induced by isoprenaline in
this tissue results fram the reduced frequency or abolition of slow
waves. However, organic inhibitors of Ca2+ influx such as nifedipine
and verapamil can abolish slow waves without lowering the spontaneous
tone of guinea-pig trachea (Foster et al., 1984; Almed et al., 1985).
Since the 1link between slow wave discharge and the maintenance of
spontaneous tone is tenuous, slow wave suppression cannot be envisaged
as playing a major role in the relaxation which follows B-adrenoceptor
activation. If isoprenaline owes its relaxant effect to a cyclic AMP
mediated sequestration of calcium inside the cell, then it may be that
verapamil cuts off calcium entry through ion channels opened either by
agonists used to induce tone or by the spontaneocus fall in membrane
potential underlying spontaneous tone. Ito & Itoh (19845 have reported
that isoprenaline enhances the sequestration of free Ca?* into the
intracellular store sites in the cat trachea. In the case when calcium

entry was blocked by verapamil, the action of isoprenaline would be



-120-
enhanced.

More difficult to explain is the increase in the relaxant effect of
both isoprenaline and sodium nitroprusside in the presence of
cramakalim. These results certainly show that desensitization to
cramakalim did not extend to relaxants acting by other mechanisms.
They also indicated that cromakalim does not inhibit adenylate cyclase
and guanylate cyclase, a point of some importance in view of the failure
of cramakalim to raise the level of either of these cyclic nucleotides.
There - is insufficient evidence to analyse the reason for the
potentiation of isoprenaline and sodium nitroprusside. It may be that
in the presence of cramakalim the activation of adenylate and guanylate
cyclase is greater. Alternatively the effectiveness of the cyclic
nucleotides on the appropriate kinases may be enhanced or the
phosphorylation of target proteins by these kinases could be increased.
In the absence of such infommation further speculation is pointless.

The levels of both cyclic AMP and GMP were measured under the
influence of cramakalim, isoprenaline or sodium nitroprusside.
Cramakalim had no effect on either nucleotide and this was consistent
with the failure of haemoglobin to alter its effects. Methylene blue,
which unlike haemoglobin enters the cell to act directly on the
guanylate cyclase (in review see Ignarro & Kadowitz, 1985) did reduce
the effect of cramakalim but this appears to be a non-specific action
since- it also lowered both inhibitory and motor nerve responses in the
BRP muscle. This non-specific effect may explain an observation that

methylene blue inhibited the cromakalim-induced increase in 88Rb* efflux
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(Coldwell & Howlett, 1986). Cromakalim has also been reported to have
no effect on cyclic @ or AMP levels in the rabbit mesenteric artery or
rat heart (Coldwell & Howlett, 1987).

An unexpected finding was the failure of isoprenaline in
concentrations producing complete relaxation of the BRP muscle to raise
the levels of cyclic AMP. This is unlikely to be a technical failure
since increases in responses to forskolin could easily be measured as
could the rise in the rabbit uterus with isoprenaline. There are an
increasing number of references in the literature to similar
discrepancies between a rise in cyclic AMP and the relaxant effect of
isoprenaline. For example, in the bovine trachea and rat uterus
propranalol has been reported to block the relaxant effect of
isoprenaline but not the rise in cyclic AMP (Palocek & Daniel, 1971; Lau
& Lum, 1983). In the rabbit uterus the reverse has reported,
propranalol blocked the rise in cyclic AMP but not the relaxant effect
(Nesheim et al., 1975). In the rabbit uterus both isoprenaline and
prostaglandin E, (PGE,) raised cyclic AMP and activated cyclic AMP
dependent kinase but only isoprenaline caused relaxation; PGE, was a
spasmogen. If contraction was produced by PGE,, isoprenaline
subsequently caused relaxation with no further change in cyclic AMP
levels (Do Khac et al., 1986). The conclusion seems to be that not
only is relaxation by isoprenaline independent of the hyperpolarization
it sametimes produces, but it may also be independent of the rises in
cyclic AMP levels which it often but not invariably produces. There

may be a third mechanism of relaxation by isoprenaline acting through
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B-adrenoceptors and the BRP muscle is one other tissue where this
mechanism operates.

In conclusion, cramakalim relaxes four smooth muscle preparations
contracted by four spasmogens. There was little corresponding
variation in sensitivity to cramakalim. The relaxation of BRP muscle
induced by cromakalim is not associated with an increasing in either
cyclic nucleotide. An expected finding that isoprenaline caused
maximal relaxation but did not raise the levels of cyclic AMP in the
BRP muscle. The response to cramakalim in /the guinea-pig trachea is
partly lost in the presence of verapamil but it is unaffected by apamin
in the guinea-pig taenia coli.

Stretch-induced contractions in both rabbit renal and femoral
arteries are myogenic and calcium-dependent. Neither verapamil nor
cramakalim can abolish the stretch-induced contraction in both tissues.
The renal artery is less sensitive to these blockers than the femoral
one.

Desensitization to cromakalim was occurred in the guines-pig trachea

and rabbit femoral artery.
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