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ABSTRACT

NITRIC OXIDE AND THE CONTROL OF CORONARY VASCULAR TONE 
RUSSELL E A SMITH

Nitric oxide (NO), synthesised from L-arginine by a 
constitutive, endothelial enzyme, nitric oxide synthase, 
plays an important role in the physiological regulation of 
vascular tone. A second, inducible enzyme may modulate 
vascular tone in endotoxin shock.
Using L-arginine, three inhibitors of nitric oxide 
synthase; N^-monomethyl-L-arginine (L-NMMA), N-iminoethyl- 
L-ornithine (L-NIO) and N^-nitro-L-arginine methyl ester 
(L-NAME), and the endothelium-dependent vasodilator 
acetylcholine, a dissociated control of basal and agonist- 
stimulated NO synthesis was demonstrated in the isolated 
perfused rabbit heart. The inhibitors had different 
effects on resting tone and only inhibited the duration of 
the acetylcholine response.
Inhibition of nitric oxide synthesis was demonstrated to 
potentiate the vasodilatation induced by the endothelium- 
independent vasodilator glyceryl trinitrate. This was due 
to an increase in the peak effect of glyceryl trinitrate. 
This may have important implications in situations where 
endothelial nitric oxide synthesis is impaired. In 
contrast, the inhibitors had no effect on the 
vasodilatation induced by adrenaline which was inhibited 
by propranolol. This disputes a link between the 
adrenergic nervous system and NO in the coronary 
circulation.
The coronary vascular tone of hearts from rabbits with 
endotoxin shock was shown to be resistant to 
vasoconstriction with the thromboxane mimetic U46619. 
However it was more responsive to L-NMMA and L-NIO and 
these effects were prevented by prior administration of 
dexamethasone. This suggests that the vasodilatation and 
resistance to vasoconstrictors observed in septic shock is 
due to the induction of nitric oxide synthase and it may 
explain some of the cardiac changes in sepsis.
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Chapter 1
BACKGROUND INFORMATION - REVIEW OF THE LITERATURE

1.1 History of vascular tone control

The first theory of the vascular system which is
compatible with our present knowledge was proposed by
Harvey in "De Motu Cordis" in 1628 (see Hamilton and
Richards 1964). Harvey deduced that the heart was active 
in systole, not diastole, and pumped blood away from the 
heart in arteries, with it returning via veins. Thus, the 
circular motion of blood was proposed, finally disbanding 
the theory of vital and animal spirits of Galen (2nd 
century AD) in which blood and air were mixed within the 
heart (see Cournand 1964). The presence of capillaries, 
the anastomoses between arteries and veins assumed by 
Harvey were confirmed by Malpighi in 1657 and Leeuwenhoek 
in 1674 (see Landis 1964).
The first measurement of blood pressure was made by Hales 
in 1733 (see Hamilton and Richards 1964) by inserting a 
flexible tube into the carotid artery of the horse and 
measuring the height of the column. Hales also deduced 
that arteries acted as "elastic reservoirs" during 
diastole. The function of arterioles acting as resistance 
vessels was proposed by Poiseuille in 1823 and 
substantiated by Roy and Brown in 1880 (see Landis 1964) 
showing that the pressure drop occurred between the 
smallest arteries and the low pressure veins.
The vasoconstricting role of the sympathetic nervous 
system was first demonstrated by Bernard in 1851 and 
Brown-Sequard in 1852. Bernard demonstrated flushing of
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the rabbit ear after cutting the cervical sympathetic 
nerve and Brown-Sequard demonstrated vasoconstriction by 
stimulating the cut end. The action of the catecholamines 
as vasoconstrictors was demonstrated by Oliver and Schafer 
in 1894 using adrenal gland extract. The distinction 
between adrenaline from the adrenal gland and 
noradrenaline as the post-ganglionic sympathetic 
neurotransmitter was not conclusively proven, however, 
until 1947 (see Heymans and Folkow 1964).
Up to the 1970's the vascular system was considered to be 
in a state of active vasoconstriction secondary to this 
tonic sympathetic activity mainly on arteriolar resistance 
vessels. Other vasoconstrictor and vasodilator agents were 
thought to be blood-borne and altering this tone.

1.2 The endothelium and nitric oxide
In 1976 Moncada et al discovered prostacyclin, a 
vasodilator synthesised in the vessel wall, especially the 
endothelium (Moncada et al 1976 and 1977). Prostacyclin 
was also shown to inhibit platelet aggregation and thus an 
antithrombotic role for the endothelium was proposed. It 
was shown to act by stimulating adenylate cyclase leading 
to an increase in cyclic AMP (Gorman et al 1977, Tateson 
et al 1977).
In 1980 one of the key discoveries in vascular biology was 
published: The obligatory role of endothelial cells in the 
relaxation of arterial smooth muscle by acetylcholine 
(Furchgott and Zawadzki 1980). This explained the paradox 
of in vivo vasodilatation with acetylcholine but 
contraction of isolated arteries, now shown to be due to
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inadvertent endothelial removal. These experiments led to 
the term endothelium-derived relaxing factor (EDRF) and a 
new era of vascular biology. Other agents, including 
bradykinin, substance P, histamine, serotonin, thrombin, 
adenine nucleotides and the calcium ionophore A23187, were 
also shown to induce endothelium-dependent relaxation (see 
Furchgott 1984).
EDRF was also shown to inhibit platelet aggregation and 
adhesion and to cause disaggregation of aggregated 
platelets. The antiaggregatory effects were also shown to 
synergise with prostacyclin (Radomski et al 1987a,b,c,d), 
although effects on vascular smooth muscle were only 
additive (Lidbury et al 1989).
Thus the endothelium was identified as a functional tissue 
and not just a structural barrier between blood and 
vascular wall. It was found to modulate both vascular 
smooth muscle tone and the thrombosis-haemostasis axis. 
Between 1980 and 1987 there was a great deal of work to 
identify the chemical nature of EDRF (see Moncada et al 
1991a). In 1986 Furchgott and Ignarro independently 
suggested that EDRF might be nitric oxide (NO) (see
Furchgott 1988 and Ignarro et al 1988). Important
experiments identifying EDRF as NO were published in 1987 
by Palmer et al. Using bioassay techniques to detect EDRF 
and chemiluminescence to identify NO they found that
bradykinin and NO solutions had identical effects. The 
identity was confirmed by subsequent detailed comparative 
pharmacology in vascular tissues and platelets (see
Moncada et al 1988) . Importantly NO was shown to act by 
stimulating soluble guanylate cyclase to increase cyclic
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GMP which was known to regulate EDRF-induced vascular 
relaxation (Rapoport and Murad 1983) and inhibition of 
platelet aggregation (Mellion et al 1981).
Although there is good evidence that EDRF is NO, 
controversy remains. This involves differences in half- 
life and effect observed in some situations and poor 
correlation between biological activity and NO detection 
in others. Where differences are suggested, a comparison 
under identical conditions was often not made or there 
were other methodological problems (see Moncada et al 
1991a). However these arguments do not exclude the 
existence of an intermediate such as a nitrosothiol (Myers 
et al 1990) and there is recent evidence demonstrating the 
activity of these agents (Stamler et al 1991, Furchgott 
and Jothianandan 1991). On balance there is little doubt 
that NO is the agent synthesised and finally acting on the 
soluble guanylate cyclase so a physiological role for any 
intermediate has to be demonstrated. Similarly, additional 
agents having endothelium-dependent effects may exist 
although there is again only limited evidence. For 
example, following the observation that acetylcholine 
could induce smooth muscle cell hyperpolarisation (Komori 
and Suzuki 1987) the presence of an endothelium-dependent 
hyperpolarising factor (EDHF) was suggested. Although NO 
can cause hyperpolarisation (Tare et al 1990) the effect 
was not inhibited by haemoglobin or methylene blue (Chen 
et al 1988), two agents known to inhibit the actions of 
EDRF (Martin et al 1985). Although the pharmacological 
effects of EDHF have been characterised (Chen and Cheung
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1992) they are small and there are no definitive 
experiments illustrating a physiological role.
In 1988, using bioassay, chemiluminescence and mass 
spectrometry, L-arginine was identified as the source of 
NO (Palmer et al 1988) . This led to the use of L-arginine 
analogues to inhibit NO synthesis by the enzyme which was 
named nitric oxide synthase (NOS). The first, and most 
used, of these is N^-monomethyl-L-arginine (L-NMMA) which 
was shown to inhibit, in an enantiomerically specific 
manner, the synthesis of NO by cultured endothelial cells 
(Palmer et al 1988b). Subsequent work has identified this 
constitutive enzyme to be NADPH- and Ca2+-calmodulin
dependent (see Moncada et al 1991a). This distinguishes it 
from a Ca2+-independent inducible NO synthase identified 
in macrophages and vascular tissue after stimulation with 
cytokines (see section 1.6).
A diagrammatic representation of the endothelial synthesis 
of NO is illustrated in Fig 1. How this integrates with 
all the other vasoactive agents is not yet clear (see Fig 
2) .
L-NMMA has been extremely useful in investigating the 
biological significance of the L-arginine:nitric oxide 
pathway in the cardiovascular system. It was shown to 
induce an endothelium-dependent contraction of rabbit 
aortic rings and to inhibit the endothelium-dependent 
relaxation induced by acetylcholine and bradykinin (Palmer 
et al 1988b) . These effects were all reversible by L- 
arginine stereospecifically. In vivo, using anaesthetised 
rabbits, L-NMMA significantly increased blood pressure and 
inhibited the hypotensive effect of
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Fig 1: Diagrammatic representation of endothelial and
smooth muscle layers of the vascular wall illustrating the 
endothelial synthesis of nitric oxide. NOS = nitric oxide 
synthase. SGC = soluble guanylate cyclase.
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Fig 2: Diagrammatic representation of endothelial and
smooth muscle layers of the vascular wall illustrating the 
numerous agents that act on vascular tone.
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acetylcholine (Rees et al 1989). This has been confirmed 
in the anaesthetised guinea pig (Aisaka et al 1990) and in 
the conscious rat the increase in blood pressure is 
associated with increased vascular resistance in renal, 
mesenteric, carotid and hindquarter vascular beds 
(Gardiner et al 1990a). These effects were stereospecific 
and reversible by L-arginine.
Recently catecholamines have also been linked to the L- 
arginine:nitric oxide pathway. The vasodilatation induced 
in some vascular beds by adrenaline in conscious rats was 
markedly reduced by the NO synthase inhibitor N^-nitro-L- 
arginine methyl ester (L-NAME) while not affecting the 
response to lemakalim (Gardiner et al 1991a). A similar 
vasodilatation induced by salbutamol was also reduced by 
L-NAME in the same preparation (Gardiner et al 1991b). In 
rat aorta Gray and Marshall (1991) have demonstrated that 
isoprenaline-induced relaxation is NO-dependent and in the 
rat tail artery Vo et al (1991) demonstrated enhanced 
vasoconstrictor responses to noradrenaline and 
perivascular nerve stimulation with N^-nitro-L-arginine 
(L-NA). Similarly, Bauknight et al (1991) recently 
presented data showing that L-NA potentiates the 
vasoconstriction induced by noradrenaline in rabbit pial 
arterioles in vivo. Sato et al (1991) have also recently 
presented data suggesting that basal NO synthesis in the 
anaesthetised cat is dependent on tonic sympathetic 
activity. Additionally, in the anaesthetised rat, Vargas 
et al (1990) demonstrated attenuation of the 
vasoconstrictor action of L-NA after sympathectomy 
suggesting the adrenergic nervous system, by increasing
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resting tone, induces NO synthesis. However, in other
denervated or ganglion-blocked preparations, with 
consequent lower resting tone, NO synthase inhibitors 
still induced vasoconstriction (Ross et al 1991, Gardiner 
et al 1991a, Du et al 1991). Some limited work on the link 
between the adrenergic nervous system and NO has been
performed on coronary arteries (see section 1.3) but 
further clarification is required and any physiological
role is not yet clear.
Other determinants of basal NO synthesis and, thus, 
resting vascular tone include pulsatile flow and shear
stress (Pohl et al 1986a, Rubanyi et al 1986). 
Endothelium-dependent, flow-induced vasodilatation has 
been well documented in several preparations (Pohl et al 
1986b, Rubanyi et al 1986 1988, Hull et al 1986).
Furthermore, using cultured endothelial cells Kelm et al 
(1991) demonstrated flow- but not pressure-dependent NO 
synthesis.
The mechanism by which cGMP, as the second messenger 
induces vascular relaxation is still uncertain. There is 
good evidence for a role of Ca2+ availability via several 
mechanisms including a cGMP-dependent protein kinase (see 
Van Breemen and Saida 1989, Kamm and Stull 1989, Lincoln 
1989) .
Thus, basal NO synthesis produces a vasodilator tone that 
can be stimulated by many agonists. The cardiovascular 
system is, therefore, in a state of active vasodilatation. 
This contrasts with earlier theories although 
vasoconstrictor agents are still involved. The control 
mechanisms are not yet fully understood and thus
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pathological defects in the system are just beginning to 
be elucidated.

1.3 Coronary vascular tone control
The coronary vasculature has many similarities to 
vasculature elsewhere, although there are some important
differences. The most important of these is that blood
flow is primarily diastolic. In other tissues flow is 
continuous, driven by the systolic pressure head. However 
generation of this pressure head by the myocardium 
increases intramyocardial pressure above systolic pressure 
thus preventing flow. This was elegantly demonstrated by 
Kirk and Honig (1965) using a curved needle with a
collapsible segment inserted into dog ventricular 
myocardium. They also demonstrated that peak systolic 
tissue pressure was greatest closer to the endocardium. 
This is particularly important with tachycardia when 
diastolic time is shortened and is compounded by the high 
resting oxygen extraction by the myocardium (see Keele and 
Neil 1971). The early theories of coronary blood flow
regulation relied on metabolic control, particularly via 
adenosine (Feigl 1983) with the exact mechanisms unclear. 
The first demonstration of involvement of endothelium- 
derived nitric oxide in controlling coronary vascular tone 
was by Amezcua et al (1988). Using the isolated perfused 
rabbit heart they demonstrated vasodilatation and NO 
release (by chemiluminescence) induced by acetylcholine. 
Subsequently, using L-NMMA, they demonstrated a resting 
vasodilatation due to basal NO synthesis and confirmed 
acetylcholine-stimulated synthesis (Amezcua et al 1989).
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Indeed acetylcholine-induced vasodilatation was converted 
to vasoconstriction. This basal NO synthesis has also been 
demonstrated in the isolated guinea-pig heart using a 
specific spectrophotometric assay (Kelm and Schrader 
1988). Basal and acetylcholine-stimulated NO synthesis 
have been confirmed using L-NA in the rabbit heart 
(Lamontagne et al 1991) and in the guinea-pig heart (Brown 
et al 1992) . Lamontagne et al (1991) and Pohl and Busse 
(1989) also used cGMP concentrations in platelets perfused 
through the coronary circulation to demonstrate basal and 
acetylcholine-stimulated NO release. This technique has 
been applied to demonstrate that basal NO synthesis in the 
perfused rabbit heart is dependent on flow, shear stress 
and mechanical deformation of the vessel wall (Lamontagne 
et al 1992).
Other endothelium-dependent agonists have been confirmed 
as causing NO-induced vasodilatation of coronary 
resistance vessels. Using haemoglobin in the guinea-pig 
heart Stewart and Piper (1988) demonstrated inhibition of 
acetylcholine-, A23187- and bradykinin- induced 
vasodilatation. Using L-NA in the rat heart Baydoun and 
Woodward (1991) demonstrated inhibition of bradykinin- 
induced vasodilatation and using L-NMMA in the rat heart 
Mankad et al (1991) demonstrated inhibition of serotonin- 
induced vasodilatation. Kelm and Schrader (1990) in the 
guinea-pig heart confirmed NO and cGMP release basally and 
following stimulation with acetylcholine, bradykinin, 
serotonin and ATP. The NO-dependent effect of ATP was not 
confirmed by Brown et al (1992) using constant pressure
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perfused guinea-pig hearts whereas the other workers all 
used constant flow perfusion.
Coronary artery rings in organ bath preparations have also 
been studied as a model of coronary vascular tone although 
they represent conductance rather than resistance vessels. 
Jiang et al (1991) and Corr et al (1991) confirmed the 
endothelium-dependence of acetylcholine-induced relaxation 
in the rabbit coronary artery. Using glibenclamide Jiang 
et al additionally suggest a small proportion of 
acetylcholine-induced relaxation at higher concentrations 
is due to hyperpolarisation. Similar conclusions have been 
obtained with canine coronary smooth muscle using 
intracellular microelectrodes (Feletou and Vanhoutte 1988) 
although a functional role was not identified. Corr et al 
(1991) also studied the relaxation induced by adrenoceptor 
agonists noradrenaline, isoprenaline and salbutamol. They 
found no endothelium-dependent component to their actions. 
In the canine coronary artery however, some adrenoceptor 
agonist-induced relaxation was endothelium-dependent
although this seemed to be linked to arachidonic acid
metabolism (Rubanyi and Vanhoutte 1985). This conflicts 
with earlier data showing porcine coronary arteries
releasing EDRF in response to noradrenaline (Cocks and 
Angus 1983). Although the mechanism was unclear, 
adrenaline has been shown to induce a P2"dependent
coronary vasodilatation in the anaesthetised cat (Chilian 
et al 1987).
Recently some of this in vitro data has been confirmed in 
vivo. Using radiolabelled microspheres in the conscious 
rabbit Humphries et al (1991) demonstrated an increase in
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coronary vascular resistance at rest with L-NA of 
approximately 30%. Using the same methodology in 
anaesthetised cats, Benyo et al (1991) obtained similar 
results. In anaesthetised dogs, Richard et al (1991) 
demonstrated an increased coronary resistance with L-NMMA 
and L-NAME using an electromagnetic flow probe but 
radiolabelled microspheres failed to show any change in 
myocardial tissue perfusion. Both L-NMMA and L-NAME 
markedly inhibited acetylcholine-induced vasodilatation. 
Woodman and Dusting (1991) demonstrated L-NA reducing 
coronary diameter (piezoelectric transducer) in the 
anaesthetised dog. Coronary resistance was increased but 
not significantly in only 5 dogs. Acetylcholine-induced 
vasodilatation was also inhibited.
Using conscious dogs with piezoelectric transducers and 
Doppler flow probes, Chu et al (1989) first demonstrated 
coronary vasodilatation in response to stabilised EDRF 
from stimulated cultured endothelial cells. Using L-NMMA 
in the same preparation they confirmed a resting 
vasodilator tone (Chu et al 1990) and NO-dependence of 
acetylcholine- and flow-induced vasodilatation (Chu et al 
1991).
In all these in vivo experiments the NO synthase 
inhibitors altered systemic haemodynamic parameters even 
when injected directly into the coronary artery. This 
confirms the importance of the L-arginine:NO pathway but 
makes it difficult to study single organs in vivo if 
different effects are to be compared.
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1.4 Human vascular tone control
Much of the understanding of human vascular tone control 
comes from in vitro and in vivo animal studies. 
Confirmation of the physiological role of the L- 
arginineiNO pathway in man came from Vallance et al
(1989). Infusing L-NMMA into the human brachial artery
they demonstrated a 50% fall in basal forearm blood flow 
and attenuation of acetylcholine-induced vasodilatation 
using venous occlusion plethysmography. Subsequently 
Nakaki et al (1990) demonstrated a fall in systemic blood 
pressure infusing L-arginine intravenously. This 
hypotension was more marked in hypertensive subjects. 
However there were no controls and Calver et al (1990) 
demonstrated that this was not a stereospecific effect so 
unlikely to be due to NO synthesis. Additionally, L-
arginine does not induce hypotension in animals (Rees et 
al 1989). The role of the L-arginine:NO pathway in 
hypertension remains to be clarified although there is
evidence of impairment (Panza et al 1990, Calver et al 
1991).
In the human coronary circulation a basal NO synthesis has 
yet to be confirmed in vivo. Vasodilatation of resistance 
vessels (measured by coronary sinus thermodilution) 
induced by acetylcholine has been demonstrated (Horio et 
al 1988). The diameter of epicardial coronary arteries (by 
quantitative angiography) also responds to acetylcholine. 
In normal arteries there is dilatation, whereas the 
response is constriction in atherosclerotic arteries 
(Ludmer et al 1986, Yasue et al 1990). A comparable 
change in response to acetylcholine is caused by
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endothelial removal or NO synthase inhibition and suggests 
a possible defect in the L-arginine:NO pathway in 
atherosclerosis. This has been further investigated using 
isolated human coronary arteries. Relaxation of arteries 
from cardiac transplant recipients to endothelium- 
dependent agonists is attenuated in the presence of 
atherosclerosis (Forstermann et al 1988), confirmed by 
Chester et al (1990). Using L-NMMA Chester et al 
demonstrated a basal NO synthesis in control arteries that 
was reduced with atherosclerosis and also showed impaired 
agonist-stimulated NO synthesis in atherosclerosis. Beta- 
adrenergic induced relaxation have also been shown to be 
impaired in atherosclerosis but this has not been 
elucidated as endothelium or nitric oxide dependent 
(Berkenboom et al 1989) and was not shown by Forstermann 
et al (1988).
Thus, human vasculature, and specifically human coronary 
arteries, have basal and stimulated NO synthesis that is 
physiologically important and may be impaired 
pathophysiologically.

1.5 Organic nitrates and vascular tone
The organic nitrates or nitrovasodilators such as glyceryl 
trinitrate (GTN) have been used for more than 100 years to 
treat cardiovascular disease including angina pectoris and 
cardiac failure (see Abrams 1987). In many studies these 
agents have been shown to have a vasodilator action on the 
coronary as well as other vasculature. In spite of its 
extensive use, little was known about its mechanism of 
action until recently. In 1977 Schultz et al and Katsuki
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et al independently demonstrated that nitrates induced a 
dose-dependent increase in smooth muscle cGMP levels. 
Activation of the soluble guanylate cyclase by nitrates 
was subsequently confirmed by Murad et al (1978) and 
Kukovetz et al (1979) . More recently it has been shown 
that nitrates generate NO and the stimulation of the 
soluble guanylate cyclase is dependent on this NO 
(Feelisch and Noack 1987). Schror et al (1991) have also 
recently shown the on-line conversion of GTN to NO by the 
rabbit coronary circulation using the oxyhaemoglobin 
technique. Thus nitrate therapy and the endogenous L- 
arginineiNO pathway act via a common mechanism. An effect 
of endogenous NO synthesis on the effect of exogenous 
nitrates has therefore been studied. In 1985 Shirasaki and 
Su demonstrated that endothelial removal in rat aortic 
rings augmented the relaxation induced by sodium 
nitroprusside and sodium azide. Using specific or non
specific inhibitors of endothelial NO synthesis this has 
been confirmed by several investigators (Alheid et al 
1987, Busse et al 1989, Flavahan and Vanhoutte 1987, 
Luscher et al 1987) although the mechanism was unclear. 
Recently Moncada et al (1991b) have demonstrated this 
increased sensitivity to nitrovasodilators after 
endothelial removal or NO synthase inhibition to be due to 
supersensitivity at the level of the soluble guanylate 
cyclase. They also confirmed the phenomenon in the 
anaesthetised rat. Jackson and Busse (1991), however, 
observed potentiation distal to the soluble guanylate 
cyclase as the effect of the cGMP analogue, 8-Br-cGMP was 
also potentiated in hamster aorta with high basal NO
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synthesis. Moncada et al (1991b) and Shirasaki et al 
(1986), however, observed little change in the effect of 
8-Br-cGMP. Measuring potentiation is complicated by the 
inevitable changes in baseline induced by changing 
endogenous NO synthesis. Further study of this effect and 
its mechanism is required and additionally the 
physiological and pathophysiological role of the 
regulation of vascular reactivity by changes in basal NO 
synthesis need investigation. For example, the mechanism 
may contribute to the phenomenon of nitrate tolerance 
although other mechanisms are also likely to be involved 
(Packer 1990). Thus, just as reduced NO synthesis 
potentiates the effect of nitrates so exogenous NO, by 
increasing cGMP would reduce sensitivity to additional NO 
(Moncada et al 1991b).
Just as interactions between endogenous NO and 
prostacyclin synthesis have been demonstrated, the effect 
of the exogenous nitrates have also been studied. Schror 
et al (1988) have shown increased prostacyclin synthesis 
in bovine coronary artery in the presence of several 
nitrates.

1.6 Endotoxin shock and vascular tone
Endotoxin shock, characterised by peripheral arteriolar 
vasodilatation leading to a low systemic vascular 
resistance, high cardiac output, hypotension and 
inadequate tissue perfusion has a high mortality. The 
vasodilatation is often refractory to conventional 
vasoconstrictor agents and the mechanisms have been 
unclear (Glauser et al 1991, Parrillo et al 1990).
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Furthermore the incidence is increasing partly due to the 
greater use of chemotherapy and immunosuppressive drugs. 
Endotoxin administration to normal humans has been shown 
to produce comparable haemodynamic changes (Suffredini et 
al 1989). In spite of the increased cardiac output there 
is good evidence of impaired myocardial contractility 
although again the mechanism is not clear (Parker et al 
1989). They demonstrated a dilated left ventricle with 
reduced ejection fraction compared to critically ill non- 
septic patients. Interestingly this correlated with 
survival and indices comparable to the control group were 
more likely to be from non-survivors. Further studies have 
demonstrated an increased coronary blood flow (Cunnion et 
al 1986, Dhainaut et al 1987) suggesting ischaemia is not 
the cause of the myocardial dysfunction although the cause 
of the increased flow is unclear.
Conventional treatment of endotoxin shock involves full 
intensive care treatment with haemodynamic support, fluids 
and antibiotics (Parrillo et al 1990). Three large trials 
of corticosteroids in established shock have failed to 
show any benefit (Sprung et al 1984, Veterans 
Administration 1987, Bone et al 1987). Human monoclonal 
antibody against endotoxin has been used to treat septic 
shock with benefit in some patients (Ziegler et al 1991). 
However, more work is required and this agent cannot 
reverse the haemodynamic problems of established shock. 
Recent experimental work has suggested that nitric oxide 
may be involved in the pathophysiology of endotoxin shock. 
At the same time as the L-arginine;NO pathway was being 
elucidated in vascular endothelium Hibbs et al (1987)
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demonstrated the need for L-arginine in the cytotoxicity 
of macrophages against tumour cells. The synthesis of NO 
from L-arginine by these cells was subsequently 
demonstrated by Marietta et al (1988), Hibbs et al (1988) 
and Stuehr et al (1989) . It was demonstrated that the 
enzyme was not present in resting cells but required 
induction with cytokines such as interferon gamma and 
lipopolysaccharide (LPS, endotoxin). This was also found 
to be involved in the activity of macrophages against some 
micro-organisms (see Moncada et al 1991a). The enzyme was 
demonstrated to be Ca2+-independent but was inhibited by 
the same L-arginine analogues as the constitutive NO 
synthase.
Cultured endothelial cells have been shown to express this 
Ca2+-independent NO synthase following in vitro induction 
with interferon gamma and LPS (Radomski et al 1990). 
Induction has also been demonstrated in endothelium 
denuded rings of rat aorta after incubation with LPS in 
vitro (Rees et al 1990a) and in vivo (Knowles et al 1990) 
and in cultured vascular smooth muscle cells (Busse and 
Mulsch 1990) . This induction follows a 2 hour lag phase 
and accounts for the reduced vasoconstrictor effect of 
phenylephrine (Rees et al 1990a). Similar results with 
conductance vessels have been obtained in other studies 
(Joulou-Schaeffer et al 1990, Fleming et al 1991). The 
induction, but not the activity of either enzyme, was 
prevented by the glucocorticoid dexamethasone only if 
given prior to LPS (Radomski et al 1990, Rees et al 1990, 
Knowles et al 1990). Glucocorticoids are known to inhibit 
the induction of protein synthesis (Haynes and Murad
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1985). The schematic representation of NO synthesis in 
endothelial cells in Fig 1 may thus also be present in 
smooth muscle cells but only after induction by cytokines 
and involves a different, Ca2+-independent enzyme 
comparable to that in the macrophage.
More recently in vivo animal models have confirmed the 
role of NO in the hypotension of endotoxin shock in the 
rat (Thiemermann and Vane 1990) and the dog (Kilbourn et 
al 1990). A potential therapeutic role for NO synthase 
inhibitors has subsequently been developed in the rat 
(Nava et al 1991) and rabbit (Wright et al 1992) . These 
two studies also demonstrated the potential deleterious 
effect of excessive inhibition either due to inhibition of 
the constitutive enzyme or loss of some protective role of 
the inducible enzyme. Animal models of endotoxin shock 
differ from the clinical syndrome because they are rarely 
adequately fluid loaded.
In man an excess production of nitrite and nitrate has 
been observed in sepsis and correlated with the low 
vascular resistance and high endotoxin levels (Ochoa et al 
1991).
These studies led Vallance et al (1991) , Geroulanos et al 
(1992) and others to successfully treat the hypotension of 
human endotoxin shock with L-NMMA. Cardiac and coronary 
function were not studied.
It may be important that endotoxins are also present in 
cardiopulmonary bypass (Nilsson et al 1990) and renal 
dialysis equipment (Nisbeth et al 1987) although the 
significance of these observations is not clear.
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In vivo models of endotoxin shock have investigated the 
myocardial dysfunction. Atrial muscle from guinea-pigs 
with endotoxin shock showed inotropic dysfunction (Parker 
and Adams 1981). Dysfunction has also been demonstrated in 
in vivo models in the rabbit (Velkov et al 1989) and sheep 
(Sugi et al 1991) . The coronary circulation has also been 
studied in animal models of endotoxin shock. In a canine 
model Groenveld et al (1991) confirmed a reduced coronary 
vascular resistance although the increase in blood flow 
was not significant which may be accounted for by the lack 
of fluid loading. In addition, however, they demonstrated 
a maldistribution of flow that could lead to focal 
ischaemia. Isolated coronary arteries from endotoxaemic 
dogs failed to show any change in response to 
vasoconstrictors (Parker et al 1991). The cause for this 
was unclear.
Recently, the constitutive NO synthase has been 
demonstrated in endocardial cells (Schulz et al 1991) 
which are ontogenetically similar to endothelial cells. 
Endocardial-derived NO has been shown to reduce myocardial 
contractility in opposition to a positive inotropic 
endocardial-derived factor ("endocardin", Shah et al 1991, 
see Henderson et al 1992). The inducible NO synthase has 
also recently been demonstrated in the myocardium (Schulz 
et al 1992). Whether excess NO synthesised by the 
inducible enzyme in endocardial, myocardial or vascular 
tissue contributes to myocardial dysfunction in endotoxin 
shock remains speculative.
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Chapter 2
OBJECTIVES OF THESIS

The aim of this thesis was to use the isolated perfused 
rabbit heart to investigate the roles of nitric oxide (NO) 
in the regulation of vascular tone and in particular 
coronary vascular tone. In the first part the constitutive 
NO synthase was studied. Using L-arginine and three 
analogues (L-NMMA, L-NIO and L-NAME) as inhibitors of NO 
synthesis the objective was to differentiate between basal 
and agonist-stimulated NO synthesis. The actions of these 
agents, which may mimic endothelial dysfunction, on the 
effects of nitrate-induced vasodilatation and a proposed 
link between the adrenergic system and NO were then 
investigated. In the second part the inducible NO synthase 
was studied. The objective was to develop a rabbit model 
of endotoxin shock to study the role of NO in resistance 
vessels and coronary function in septic shock.
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Chapter 3
GENERAL METHODOLOGY

3.1 The isolated perfused rabbit heart
The isolated perfused mammalian heart preparation was 
first described by Langendorff in 1895. There are numerous 
variations employed (see Doring and Dehnert 1988) which 
are often referred to eponymously although the term 
Langendorff heart refers to a constant pressure, non
working heart (see below) . The principle is to force 
perfusate retrogradely towards the heart through a cannula 
in the ascending aorta. This closes the aortic valve, as 
in vivo, and perfuses the coronary circulation 
anterogradely draining out of the right atrium via the 
coronary sinus. The cardiac chambers remain essentially 
empty. There are two main variations: constant pressure
and constant flow perfusion. If one variable is constant 
then change in resistance is directly related to change in 
the other by Ohms law:

PRESSURE DIFFERENCE
RESISTANCE = ----------------------

FLOW
According to the Poiseuille equation:

8.1.T1
RESISTANCE =

jc r*
l=length
il=viscosity
r=radius

As 1 and T| are constant, resistance is dependent on vessel 
radius and therefore the degree of vascular constriction
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and relaxation. In a whole organ it is the total 
resistance to flow that is recorded which is the sum of 
all the sequential and parallel resistance.
The constant flow preparation is more commonly employed, 
as here, although a constant pressure preparation may be 
more physiological as homeostasis regulates pressure at 
the expense of flow. However, for studies involving drug 
administration constant flow ensures constant drug 
concentration. In contrast to Langendorff*s era it is now 
relatively easy to measure pressure at constant flow. In 
the early century it was only possible to fix pressure by 
perfusate height and measure effluent flow rate.
It is also now possible to make the heart perform work and 
measure the pressure changes within the ventricle. This is 
useful if an index of myocardial function is required but 
may shorten the life of the preparation. It also increases 
oxygen consumption which may be important with crystalloid 
perfusate (see below). Although it increases intracardiac 
pressure this effect on flow may be opposed by metabolite- 
induced vasodilatation. Providing the heart is beating, 
flow will remain diastolic as in vivo, and changing rate 
may thus also alter the mean resistance over the cardiac 
cycle. Unless chronotropic studies are planned this is one 
of the arguments for fixed rate pacing above the sinus 
rate as employed throughout these experiments.

Surgical technique:
Male New Zealand White rabbits (2.0-2.5kg) were studied. 
They had been fed a normal laboratory diet. A marginal ear 
vein was cannulated and the animal heparinised
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(lOOunits/kg). Anaesthesia was induced with sodium 
pentobarbitone (50-70mg/kg iv) and the animal fixed in a 
supine position. A longitudinal incision was made on the 
ventral surface to enable the skin to be dissected clear. 
An upper transverse laparotomy was then performed and the 
diaphragm opened from below. Having opened the chest the 
following procedure was performed rapidly. The thoracic 
cage was opened by cuts either side of the sternum 
avoiding the internal mammary arteries and the central 
flap including the sternum was elevated over the head and 
secured. The thymus, which lies over the heart and is 
relatively avascular, was removed and the pericardium over 
the great vessels opened. The ascending aorta was freed by 
blunt dissection and a silk thread passed behind it. A 
small transverse incision was then made in the ascending 
aorta to allow a cannula to be inserted retrogradely. This 
cannula, which had been filled with perfusate, excluding 
air bubbles, was clipped and then tied in place. The heart 
was then rapidly freed from its attachments and mounted on 
the perfusion apparatus. Removal of excess tissue was 
completed once perfusion had begun to avoid hypoxia.
There are several variations to this technique available 
(see Doring and Dehnert 1988). Firstly, the dose of 
heparin is variable but doses from 100 to 1000 units/kg 
produce satisfactory preparations (Amezcua et al 1988 and 
1989). Secondly, an alternative anaesthetic can be used 
although it is generally accepted that the short acting 
barbiturates are the least cardiotoxic. It is possible to 
ventilate the animal during dissection although with
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Fig 3 : Diagrammatic representation of the isolated
perfused heart for recording coronary perfusion pressure 
at constant flow.
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practice the time from thoracotomy to perfusion approaches 
1 minute. With smaller animals, and thus more complex 
dissection, ventilation may be required although the 
slowest step involves cannula insertion and reperfusion 
when perfusion is interrupted by either technique. Some 
groups remove the heart without cannulation and immerse it 
in cooled perfusate to slow the metabolic rate during 
cannulation. This may again be more useful with smaller 
animals.

Perfusion apparatus:
The apparatus is diagrammatically illustrated in Fig 3. 
The cannula is attached to a connector for immediate 
perfusion after extraction. The perfusate is stored in a 
reservoir warmed to 37®C and perfused at constant flow by 
a Gilson pump via a heat exchanger set at 37*C. The heart 
is paced at a fixed rate of 170 beats/min via platinum 
electrodes in the ventricular apex and base of the heart. 
Coronary perfusion pressure (GPP) was recorded as an 
averaged signal from a side arm using a pressure 
transducer (Elcomatic) connected to a recorder (Gould).
A flow rate of 25 ml/min was chosen to achieve stable mean 
perfusion pressures of 35-55mmHg with the addition of the 
thromboxane mimetic U46619. Previous work (Amezcua et al 
1989) had demonstrated that this would produce a basal NO 
synthesis and changes in GPP with endothelium-dependent 
and -independent vasodilators. In vivo a rabbit of 2.5kg 
would have an approximate coronary blood flow of 20 ml/min 
with a mean arterial pressure of 60-100mmHg and a heart 
rate of 120-150 beats/min (from Doring and Dehnert 1988).
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The heart is suspended in an air chamber warmed to 37°C 
and made moist by the evaporation of perfusate effluent. 
It is allowed to equilibrate for 20 mins before any 
experimental protocol. Representative histological 
sections are shown in the appendix.

Perfusate:
The heart was perfused with Krebs' buffer (see below for 
composition) and indomethacin 5pM (to inhibit prostacyclin 
synthesis) was perfused via a side arm at O.lml/min in all 
experiments except when investigating adrenaline (Chapter 
4.2B). The buffer was made from sterile, filtered 
concentrate diluted with filtered double distilled and de
ionised water. Various additions to this isotonic 
crystalloid fluid have been tried in an attempt to reduce 
tissue oedema and prolong the preparation life (Doring and 
Dehnert 1988). Most offer little proven advantage while 
introducing problems such as frothing with protein. Blood 
itself can be used although this requires re-circulation 
often via a donor animal which alters drug effects. The 
buffer is gassed with carbogen (95% O2 and 5% CO2) to 
oxygenate and buffer to pH 7.4. There has been debate over 
whether this can supply enough oxygen especially to the 
working heart (Paradise et al 1984 and Chemitius et al 
1985). Recent evidence (Murashita et al 1991) suggests 
this is adequate even in the working heart although they 
employed flow rates of 50-60 ml/min. In the non-working 
rabbit heart flow rates of less than 25 ml/min are 
generally accepted as sufficient for oxygenation.
All experiments were complete within 2 hours of isolation.
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3.2 Inhibitors of nitric oxide synthase and other drugs 
The observation that nitric oxide was synthesised from L- 
arginine (Palmer et al 1988a) led to the development of L- 
arginine analogues to inhibit the enzyme nitric oxide 
synthase. The first of these was N^-monomethyl-L-arginine 
(L-NMMA, Palmer et al 1988b). More recently N-iminoethyl- 
L-ornithine (L-NIO) and N^-nitro-L-arginine (L-NA) and its 
methyl ester (L-NAME) which improves solubility have been 
identified (Rees et al 1990b) . The structure of these 
compounds and their relationship to L-arginine are 
illustrated in Fig 4. All the compounds were shown to 
inhibit NO synthase in cultured endothelial cells, to 
cause endothelium-dependent contraction and inhibit 
acetylcholine-induced relaxation in aortic rings and 
increase blood pressure and reduce acetylcholine-induced 
hypotension in the anaesthetised animal. These effects 
were all dose-dependent, enantiomer-specific and reversed 
in a dose-dependent manner by L-arginine. Different rank 
orders of potency in different preparations were observed 
and also differences in effect on basal and stimulated NO 
synthesis although these were not specifically 
investigated.
L-arginine and L-NAME were obtained from SIGMA 
L- and D-NMMA, L- and D-NIO and D-NAME were synthesised at 
the Wellcome Research Laboratories by methods described by 
Patthy et al (1977) and Scannell et al (1972).
The relative molecular weights were: L-ARG 174.2; L-NMMA
266.0; L-NIO 209.7 and L-NAME 269.7.
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Fig 4 : Diagrammatic representation of the structures of L- 
arginine (L-ARG) , N^-monomethyl-L-arginine (L-NMMA), N- 
iminoethyl-L-ornithine (L-NIO) and N^-nitro-L-arginine 
methyl ester (L-NAME).
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other drugs were obtained from the following sources; 

Acetylcholine, indomethacin, adrenaline, propranolol:
SIGMA

Glyceryl trinitrate (TRIDIL):
AMERICAN HOSPITAL SUPPLIES (UK) 

9, ll-dideoxy-9a, lla-methanoepoxy-Prostaglandin F 2 0.

(U46619): CAYMAN CHEMICAL COMPANY
Lipopolysaccharide (w.s. typhosa 0901): DIFCO
Dexamethasone: MERCK SHARP AND DOHME
Heparin: EVANS
Sodium Pentobarbitone (SAGATAL): MAY AND BAKER

All drugs were diluted in normal saline prior to infusion.
U46619 was initially diluted in ethanol and indomethacin 
in 5% sodium bicarbonate.
The Krebs' buffer had the following composition:
NaCl llSmM
KCl 4.7mM
KHPO4 1.2mM
MgSO* 1.17mM 
CaCl2 2.5mM
NaHCOg 25mM 
Glucose 8 .4mM

3.3 Data analysis
Coronary perfusion pressure (CPP) was recorded as an 
average signal on a Gould recorder calibrated against a 
mercury-in-glass manometer at the beginning of each 
experiment and re-checked at the end. Integrated effects
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(Fig 5) were measured by computerised planimetry using a 
digitising pad and Apple Mackintosh "area under the graph" 
program and taking the mean of three readings. Data was 
stored on a Lotus Symphony spreadsheet and presented as 
mean and standard error of the mean for n experiments. The 
mean only is given when only 2 experiments performed. 
Statistical analysis was performed using student's t-test 
and analysis of variance as appropriate with GraphPad 
Instat statistical package. A p value of 0.05 was taken as 
significant.

3.4 Effects of acetylcholine and glyceryl trinitrate.
In 6 preliminary experiments concentrâtion-response curves 
to acetylcholine (ACh, Fig 6) and glyceryl trinitrate 
(GTN, Fig 7) were constructed. Resting coronary perfusion 
pressure (CPP) was first increased to approximately SOmmHg 
(Table 1) with a continuous infusion of U46619. ACh (0.03- 
0.3/iM) and GTN (0.3-3.0/xM) were then infused for Imin, 
Smin apart with the order randomised by Latin square. 
Response was recorded as (a) peak fall in CPP (mmHg) , (b)
duration of CPP fall (min) and (c) area under the trace by 
computerised planimetry. A schematic response is 
illustrated in Fig 5.
Both agents induced concentration-dependent falls in CPP 
(Figs 6 and 7). ACh (0.1/xM) and GTN (l.OpM) produced 
comparable effects and were in the middle of the dose- 
response curve so were chosen for further investigation.
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Fig 5: Diagrammatic representation of mean coronary
perfusion pressure (CPP) during 1 min infusion of acetyl 
choline (ACh). P=peak fall in CPP, t=duration of response 
and A=area under trace.
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Fig 6: The effect of acetylcholine (ACh) on coronary
perfusion pressure (CPP). ACh infused for 1 min and effect 
recorded as (a) peak fall in CPP (mmHg) , (b) duration of 
response (min) and (c) area under trace. Each bar 
represents the mean and standard error of the mean of 6 
experiments. The order of infusion was randomised by Latin 
square. The resting CPP is recorded in Table 1.
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Fig 7: The effect of glyceryl trinitrate (GTN) on coronary 
perfusion pressure (CPP). GTN infused for 1 min and effect 
recorded as (a) peak fall in CPP (mmHg) , (b) duration of
response (min) and (c) area under trace. Each bar 
represents the mean and standard error of the mean of 6 
experiments. The order of infusion was randomised by Latin 
scjuare. The resting CPP is recorded in Table 1.
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ACETY]LiCHOLINE GLYCERYL "]CRINITRATE
cone pM CPP mmHg cone pM CPP mmHg
0.03 48.3(3.7) 0.3 47.8(3.7)
0 10 48.6(3.6) 1.0 49.3(3.7)
0.30 50.5(3.8) 3.0 49.8(3.3)

Table 1; Resting coronary perfusion pressure (CPP) prior 
to infusion of acetylcholine and glyceryl trinitrate. Data 
as mean (standard error of the mean) for 6 experiments. 
There were no significant differences between the 
pressures.

48



Chapter 4
INVESTIGATION OF THE CONSTITUTIVE NITRIC OXIDE SYNTHASE
4.1 Resting tone control
(i) Method

The hearts from 68 rabbits were studied in this section
and section 4.2A. Resting CPP was first elevated to
approximately SOmmHg with an infusion of U46619. After a 
lOmin baseline period, three 20min experimental periods 
followed. In control experiments saline or L-arginine (300 
pM) were infused at O.lml/min for the SOmins and resting 
CPP recorded. In inhibitor experiments 3 concentrations of 
one of the L-arginine analogues (0.3-300pM) were infused
with stepwise increase in concentration and resting CPP 
recorded. In some experiments 300pM L-NMMA or L-NIO, 
or lOpM L-NAME were infused followed by 300pM L-arginine, 
each for 20min and resting CPP recorded. In additional 
control experiments a single concentration of the D- 
enantiomers of the three inhibitors was infused and
resting CPP recorded.
The vasodilators acetylcholine and glyceryl trinitrate 
were also infused in these experiments but this will be 
considered in section 4.2.

(ii) Results
In the control experiments saline, L-arginine and the D- 
enantiomers of each inhibitor had no effect on resting CPP 
(Table 2) . The L-enantiomers, however, induced 
significant, concentration-dependent increases in resting 
CPP (Fig 8). The onset of the CPP increase was within 2min 
and stable between 10 and 20min. The 20min reading is
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U46619 
cone nM

BASELINE 
CPP mmHg

CHANGE IN CPP mmHg 
20 min 60 min

SALINE
n=6

12.7(7.6) 48.5(1.1) -1.8(0.9) 0.3(1.5)

L-ARG 
300pM n=5

27.8(18.5) 48.1(1.0) 01(0.9) -1.7(1.9)

D—NMMA 
lOOpM n=2

3.0 56.5 -0.5 ND

D-NIO 
100|jM n=2

25.0 55.0 0.5 ND

D-NAME 
30pM n=2

38.0 50.0 -0.3 ND

Table 2: The effect of saline, L-arginine and the D-
analogues of the nitric oxide synthase inhibitors on 
resting coronary perfusion pressure (CPP). After baseline 
readings infusions were for 20 or 60 min. Data as mean 
(standard error of the mean for n>2) for n experiments. 
The U46619 concentration remained constant. ND = not done. 
There were no significant effects on resting CPP.
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Fig 8 : The effect of inhibitors of nitric oxide synthase 
on resting coronary perfusion pressure (CPP). N^-
monomethyl-L-arginine (L-NMMA), N-iminoethyl-L-ornithine 
(L-NIO) and N^-nitro-L-arginine methyl ester (L-NAME) were 
infused with stepwise increase in concentration for 20 min 
at each concentration and the increase in CPP recorded. 
Each point represents the mean and standard error of the 
mean for 3-9 experiments. There was no difference between 
resting CPP prior to inhibitor infusions (Table 3).
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CPP mmHg U46619 nM
L-NMMA lO-lOOpM n=6 49.8(3.0) 19.8(7.3)

300pM n=3 48.0(2.8) 19.5(15.4)
L-NIO lO-lOOpM n=6 50.1(1.9) 16.9(6.7)

300pM n=3 50.0(3.8) 1.7(0.3)
L-NAME 0.3-3.0HM n=3 48.3(7.3) 36.0(14.0)

3.0-30HM n=6 49.5(3.9) 26.5(15.2)
300pM n=3 47.8(2.5) 37.0(31.6)

Table 3; Resting coronary perfusion pressure (CPP) and 
U46619 concentration prior to infusion of the nitric oxide 
synthase inhibitors L-NMMA, L-NIO and L-NAME. Data as mean 
(standard error of the mean) for n experiments. There were 
no significant differences.
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represented in Fig 8 . The baseline data is given in Table 
3 with no significant differences.
Fig 8 illustrates that L-NAME was more potent and 
efficacious than L-NIO and L-NMMA. At 30pM, L-NAME 
increased resting CPP by 48. 0 (9.6)ininHg. However, L-NIO and 
L-NMMA increased CPP by 27.3(3.0) and 19.5(5.8)mmHg 
respectively at the maximum concentration studied (300pM). 
The vasoconstriction induced by L-NMMA was reversed by an 
equimolar infusion of L-arginine (300pM, Table 4). Similar 
infusions of L-arginine after L-NIO (300pM) and L-NAME 
(lOpM) caused a similar trend toward reduction in CPP 
which was not significant with 3 experiments and was only 
small for L-NAME (Table 4).

4.2 Stimulated changes in tone
(A) Acetylcholine and glyceryl trinitrate
(i) Method
During investigation of resting tone control Imin 
infusions of ACh (0. IpM) and GTN (1. OpM) were given during 
the baseline period, the second lOmin of each inhibitor 
concentration and control infusions with 5min between ACh 
and GTN infusions. Because the effects of the inhibitors 
on the response to the vasodilators appeared to be 
dependent on the change in resting tone and the duration 
of the experiment as well as the inhibitor (see below) a 
second series of experiments were designed to complement 
the first. A single concentration of each inhibitor was 
chosen from Fig 8 that would increase resting CPP by 
ISmmHg (L-NAME 4|iM, L-NIO 25pM and L-NMMA lOOpM) . This 
concentration was infused for 20min after a similar 
baseline period with resting CPP elevated to approximately
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BASELINE 
resting 
CPP mmHg

INHIBITOR 
increase in 
CPP mmHg

L-ARGININE 
increase in 
CPP mmHg

L—NMMA 
300pM n=3

48.0(2.8) 19.5(5.8) 33(4.1)*

L-NIO 
300pM n=3

50.0(3.8) 26.7(2.9) 13.3(7.0)

L—NAME 
lOuM n=3

46.3(4.0) 16.3(6.9) 10.7(2.7)

Table 4: The change in coronary perfusion pressure (CPP) 
from baseline during infusion of nitric oxide synthase 
inhibitors for 20 min and subsequent infusion of L- 
arginine (300pM, 20 min) . Data as mean (standard error of 
the mean) for n experiments.
* significantly less than inhibitor effect.

54



SOmmHg with U46619. The inhibitor-induced rise in CPP was 
then prevented by reduction in U46619 concentration. 
Following inhibitor infusion a three-fold molar excess of 
L-arginine was infused for 20min and resting CPP again 
maintained by adjusting infused U46619 concentration. 
During the second lOmin of each of these three phases ACh 
(0.IpM) and GTN (1.OpM) were infused for Imin, 5min apart. 
The results were compared to effects during control saline 
infusion. The effects during D-enantiomer and L-arginine 
infusion were also compared.

(ii) Results
Over the course of the control saline experiments there 
was a gradual and consistent reduction in vasodilator 
response illustrated in table 5. The final response was 
decreased to 67% of baseline area under the trace for ACh 
and 65.5% for GTN although the second series of 
experiments compares earlier responses. Infusion of the D- 
enantiomers of the inhibitors had no significant effect on 
responses to ACh or GTN (table 6).
Table 7, from the first series of experiments, 
demonstrates the effect of increased resting CPP induced 
by the inhibitors on the vasodilator responses. The CPP 
prior to vasodilator infusion can be observed in fig 8 
with L-NAME having the greatest effect then L-NIO then L- 
NMMA. The peak fall in CPP and the area under the trace 
induced by GTN was increased by! 560±360% compared to the 
control effect. This effect was greatest for L-NAME then 
L-NIO then L-NMMA. There was no significant effect on the 
duration of the GTN-response. In contrast, the effect on
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% OF BASELINE
2nd 3rd 4 th

ACh P 76.U9.7) 66.1(9.3) 63.5(10.5)
ACh t 91.0(6.0) 77.3(5.2) 82.1(6.4)
ACh A 86.1(13.7) 80.0(10.8) 67.0(7.7)
GTN P 73.4(6.6) 55.9(10.0) 42.0(7.9)
GTN t 103.2(14.0) 110.1(6.1) 110.0(10.2)
GTN A 77.8(14.9) 83.0(9.8) 65.5(12.5)
CHANGE IN 
CPP mmHg -1.8 0.4 0.3

Table 5: The effect of saline infusion on acetylcholine 
(ACh)- and glyceryl trinitrate (GTN)-induced changes in 
coronary perfusion pressure (CPP). Effect of 1 min 
infusion of ACh (0. IpM) and GTN (l.OpM) as peak fall in 
CPP (P), duration of response (t) and area under trace (A) 
expressed as percentage change from baseline (mean 
(standard error of the mean) for n=6 experiments). 
Baseline data in Table 9. Pairs of infusions at 20 min 
intervals, 5 min apart. Mean change in CPP from baseline 
also given.
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% OF CONTROL
D-NMMA n=2 
lOOHM

D-NIO n=2 
lOOHM

D-NAME n=2 
30pM

ACh P 111.6 91.9 109.4
ACh t 104.8 91.7 82.1
ACh A 109.2 105.1 84.2
GTN P 115.4 111.3 97.4
GTN t 107.1 102.0 109.2
GTN A 120.0 103.3 95.5

Table 6: The effect of the D-analogues of the nitric oxide 
synthase inhibitors on acetylcholine (ACh)- and glyceryl 
trinitrate (GTN)-induced changes in coronary perfusion 
pressure (CPP). Effect of 1 min infusion of ACh (0.IpM) 
and GTN (l.OuM) as peak fall in CPP (P) , duration of 
response (t) and area under trace (A) expressed as 
percentage difference from control (saline) effect. 
Compounds infused for 20 min. Data as mean of 2 
experiments. Baseline CPP in Table 2. Baseline effects of 
ACh and GTN not significantly different from control 
(saline) data (Table 9).
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% OF BASELIN]2

L-NMMA IOOmM L-NIO lOOpM L-NAME 30nM
ACh P 48.8(10.3) 81.6(23.8) 168.1(65.7)
ACh t 36.5(7.2) 36.9(7.7) 46.5(11.0)
ACh A 25.0(8.6) 41.2(18.4) 125.2(83.6)
GTN P 95.8(17.2) 237.1(53.1) 560.9(362.3)
GTN t 85.3(10.9) 99.9(14.6) 98.9(15.9)
GTN A 79.1(12.4) 263.4(72.7) 386.6(196.6)
INCREASE IN 
CPP mmHg 12.2 25.3 43.3

Table 7: The effect of nitric oxide synthase inhibitors on 
acetylcholine (ACh)- and glyceryl trinitrate (GTN)-induced 
changes in coronary perfusion pressure (CPP). Effect of 1 
min infusions of ACh (0.IpM) and GTN (1.OpM) as peak fall 
in CPP (P), duration of response (t) and area under trace
(A) expressed as percentage change from baseline (mean 
(standard error of the mean) for n=6 experiments). The 
effects are the 4th pairs of responses (see Table 5). Mean 
change in resting CPP also given.
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the ACh-response was variable. There was a trend with all 
inhibitors to shorten the duration of vasodilatation with 
peak fall and area under the trace increased with L-NAME, 
reduced with L-NMMA and an intermediate response with L- 
NIO. The second series of experiments were thus performed 
as described and comparisons made between the second and 
third vasodilator responses. The maintained CPP by 
adjustment in U46619 concentration is given in table 8 
with baseline CPP and vasodilator responses in table 9 
(with no significant differences).
Figure 9 demonstrates that the concentrations of 
inhibitors that were equieffective on resting CPP (L-NMMA 
lOOpM, L-NIO 25pM and L-NAME 4|iM, fig 8) had differing 
effects on ACh-induced changes in CPP. None of the 
inhibitors affected peak fall in CPP and only L-NMMA 
significantly shortened the effect (by 45.5±6.2%) with a 
reduction in area under trace of 57.2±5.0%. This effect of 
L-NMMA was reversed by a three-fold molar excess of L- 
arginine (fig 10). A three-fold molar excess of L-arginine 
after L-NIO (25pM) and L-NAME (4pM) had no significant 
effect (Table 10).
In addition to inhibiting vasodilatation the inhibitors 
produced a subsequent ACh-induced vasoconstriction. The 
frequency and amount of vasoconstriction is documented in 
table 11. It can be seen that L-NMMA (lOOpM) always 
induced vasoconstriction which was always reversed by L- 
arginine excess. L-NIO (25pM) and L-NAME (4pM) induced it 
2/6 and 4/6 times respectively. The two occasions L-NIO 
induced vasoconstriction there was a trend toward 
inhibition of vasodilatation not observed in the other 4
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INHIBITOR L-ARGININE
CPP mmHg U46619 % CPP mmHg U46619 %

L-NMMA 100 
L-ARG 300pM 0.9(1.0) 5.2(3.4)* 0.5(0.?) 33.5(16.2)
L-NIO 25 
L-ARG 75mM 0.1(1.3) 10.1(4.9)* -04(1.1) 82.8(30.6)
L-NAME 4 
L-ARG 12pM 1.7(0.9) 6.2(2.?)* 1.0(1.0) 23.9(7.4)
CONTROL
(SALINE) -0.4(1.3) 100 1.2(2.0) 100

Table 8 : The change in resting coronary perfusion pressure 
(CPP) and U46619 concentration during infusion of L-NMMA, 
L-NIO and L-NAME. Inhibitor concentrations were chosen 
from Fig 8 to be equieffective on resting CPP. They were 
infused for 20 min after baseline readings and followed by 
a 20 min infusion of L-arginine (L-ARG) at a three-fold 
molar excess. The U46619 concentration was adjusted to 
maintain CPP. Data as mean (standard error of the mean) 
change from baseline (Table 9) for 6 experiments each.
* significantly less than baseline (p<0.05).
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SALINE L-NMMA L-NIO L-NAME L-ARG
CPP 48.1(1.9) 46.5(2.2) 48.4(2.6) 47.4(3.9) 46.8(1.8)
U46619 12.7(7.6) 42.0(20.0) 41.8(18.8) 56.5(23.4) 27.8(18.5)
ACh P 14.6(1.5) 14.9(2.2) 16.4(2.5) 18.1(3.2) 19.0(3.3)
ACh t 1.82(0.13) 1.82(0.12) 2.02(0.10) 1.52(0.09) 1.56(0.10)
ACh A 72.4(12.3) 76.7(10.8) 90.6(14.1) 71.2(11.8) 83.2(14.3)
GTN P 14.0(1.3) 14.9(3.5) 10.7(0.9) 16.6(1.3) 16.7(3.5)
GTN t 2.07(0.22) 1.92(0.18) 1.68(0.09) 1.70(0.07) 1.60(0.05)
GTN A 76.8(8.5) 87.1(23.4) 59.4(7.2) 74.2(7.3) 71.0(16.1)

Table 9: The baseline coronary perfusion pressure (CPP,
mmHg), U46619 concentration (nM) and acetylcholine (ACh, 
0.IpM) and glyceryl trinitrate (GTN, 1.OpM) effect prior 
to infusion of saline (control), L-NMMA (lOOpM), L-NIO 
(25mM), L-NAME (4pM) and L-ARG (300pM) . Effect of 1 min 
infusions of ACh and GTN as peak fall in CPP (P, mmHg) , 
duration of response (t, min) and area under trace (A) . 
Data as mean (standard error of the mean) for n=6 (n=5 for 
L-ARG) experiments. There were no significant differences 
between the baseline readings.
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Fig 9: The effect of inhibitors of nitric oxide synthase 
on acetylcholine (ACh)-induced changes in coronary 
perfusion pressure (CPP). Inhibitor concentrations of L- 
NMMA, L-NIO and L-NAME were equieffective on resting CPP 
(see Fig 8) but this was maintained at baseline level by 
reducing the U46619 concentration (Table 8). The effect of 
ACh is illustrated as (a) peak fall in CPP, (b) duration 
of response and (c) area under trace all expressed as a 
percentage (mean and standard error of the mean) of the 
effect during control (saline) infusion (n=6 for each 
inhibitor and saline). Baseline data in Table 9.
* significantly less than during saline control (p<0.05).
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Fig 10: The effect of L-NMMA and L-arginine (L-ARG) on
acetylcholine (ACh)-induced changes in coronary perfusion 
pressure (CPP). The effect of L-NMMA (lOOpM) is as 
illustrated in Fig 9 and the effect of a subsequent 
infusion of L-ARG (300pM) is added. CPP was maintained by 
adjusting the U46619 concentration (Table 8) . The effect 
of ACh is illustrated as (a) peak fall in CPP, (b) 
duration of response and (c) area under trace all 
expressed as a percentage (mean and standard error of the 
mean) of the effect during control (saline) infusion) (n=6 
for both). Baseline data in Table 9.
* significantly less than during saline control (p<0.05).
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% OF CONTROL
L-NIO 25pM L-NIO + 

L-ARG 75pM
L-NAME 4pM L-NAME + 

L-ARG 12pM
ACh P 108.5(5.4) 111.3(6.7) 116.3(9.7) 116.7(21.8)
ACh t 83.8(9.4) 103.0(8.2) 94.2(3.0) 95.0(11.1)
ACh A 80.2(8.5) 95.6(11.7) 108.3(12.7) 83.6(19.2)

Table 10; The effect on acetylcholine (ACh, 0.IpM), 1 min) 
-induced vasodilatation of a three-fold molar excess of L- 
arginine (L-ARG) after the nitric oxide synthase 
inhibitors L-NIO and L-NAME. ACh effect as peak fall in 
CPP (P), duration of response (t) and area under trace (A) 
expressed as a percentage of the effect during control 
(saline) infusion. Data expressed as mean 
of the mean) for 6 experiments each, 
significant effects.

(standard error 
There were no
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INHIBITOR L-ARGININE
No. P mmHg No. P mmHg

L-NMMA 
lOOpM, n=6 6 70(1.8) 0
L-NIO 
25pM, n=6 2 7.2 0
L-NAME 
4pM, n=6 4 22.8(11.3) 2 6.5

Table 11: The vasoconstrictor effect of acetylcholine 
(ACh, 0.IpM, 1 min) during infusion of the nitric oxide 
synthase inhibitors and subsequent L-arginine infusion at 
a three-fold molar excess. Data expressed as number (No.) 
of experiments out of 6 demonstrating vasoconstriction and 
the peak rise in CPP (P, mmHg) given as mean (standard 
error of the mean when n>2). ACh-induced vasoconstriction 
was only observed in the presence of nitric oxide synthase 
inhibitors and followed the vasodilatation.
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experiments. This effect was reversed by L-arginine. With 
L-NAME there was no such trend in any of the experiments 
and the vasoconstriction was not always reversible but was 
attenuated.
In the same experiments the effects of GTN were 
significantly potentiated with L-NMMA and L-NIO but not L- 
NAME by increasing the peak fall in CPP without affecting 
the duration of the response (fig 11). As for ACh the 
resting CPP prior to GTN were unaltered by adjusting the 
U46619 concentration (table 8). A three-fold molar excess 
of L-arginine after the three inhibitors had a mixed 
effect on the GTN response (Table 12) . After L-NMMA it 
reduced the overall vasodilatation toward baseline but 
without significant effect on either the peak fall or 
duration of CPP fall. It had no significant effect after 
L-NIO (25pM) or L-NAME (4pM) , although there was a 
tendency for the L-NAME effect to increase toward 
significance.
The effect of L-arginine (300pM) infusion alone was to 
potentiate the response to ACh by increasing the peak fall 
and the duration of fall in CPP while not affecting the 
response to GTN (fig 12). The baseline CPP is given in 
Table 2.

66



CNJ LU

4024-̂Coo
H—o

80

120

160

200

LU
ZZJl z z

_l 3zJj

(a) (b) (c)

Fig 11: The effect of inhibitors of nitric oxide synthase 
on glyceryl trinitrate (GTN)-induced changes in coronary 
perfusion pressure (CPP). Inhibitor concentrations of L- 
NMMA, L-NIO and L-NAME were equieffective on resting CPP 
(see Fig 8) but this was maintained at baseline level by 
reducing the concentration of U46619 (Table 8). The effect 
of GTN is illustrated as (a) peak fall in CPP, (b) 
duration of response and (c) area under trace all 
expressed as a percentage (mean and standard error of the 
mean) of the effect during control (saline ) infusion (n=6 
for each inhibitor and saline). Baseline data in Table 9.
* significantly greater than during saline control 
(p<0.05).
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% OF CONTROL
L-NMMA +L-ARG L-NIO +L-ARG L-NAME +L-ARG
IOOmM 300nM 25pM 75nM 4|iM 12pM

GTN P 175.6(11.0) 161.6(15.9) 168.8(24.1) 190.0(24.4) 113.1(24.2) 134.0(10.7)
GTN t 98.7(3.7) 103.5(5.7) 96.1(3.2) 95.0(8.6) 91.2(8.3) 96.8(10.9)
GTN A 165.0(10.9) 117.3(12.7)* 148.8(9.1) 142.3(12.2) 119.0(16.1) 129.3(14.5)

Table 12: The effect on glyceryl trinitrate (GTN, 1.OpM, 1 
min) - induced vasodilatation of a three-fold molar excess 
of L-arginine (L-ARG) after the nitric oxide synthase 
inhibitors L-NMMA, L-NIO and L-NAME. GTN effect as peak 
fall in CPP (P) , duration of response (t) and area under 
trace (A) all expressed as a percentage of the effect 
during control (saline) infusion. Data expressed as mean 
(standard error of the mean) for 6 experiments with each 
inhibitor and saline.
* significantly less than during inhibitor infusion 
(p<0.05).
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Fig 12: The effect of L-arginine on acetylcholine (ACh,
O.luM, 1 min) and glyceryl trinitrate (GTN, 1. OpM, 1 min) 
- induced changes in coronary perfusion pressure (CPP). L- 
arginine (300pM) was infused after baseline readings 
(Table 9) . Responses illustrated are after 20 min 
infusion. L-arginine did not alter resting CPP (Table 2) . 
ACh and GTN effect illustrated as (a) peak fall in CPP, 
(b) duration of response and (c) area under trace all 
expressed as a percentage (mean and standard error of the 
mean) of the effect during control (saline) infusion (n=5 
for L-arginine and n=6 for saline control).
* significantly different from saline control (p<0.05).
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4.2 Stimulated change in tone
(B) Adrenaline
(i) method

The hearts from 20 rabbits were studied. Resting CPP was 
first elevated to approximately 40mmHg with an infusion of 
U46619. The lower CPP was chosen as vasoconstriction as 
well as vasodilatation was to be studied. Indomethacin was 
not infused routinely so that any effect of prostacyclin
could also be investigated. In the first series of
experiments three concentrations of adrenaline (0.03, 0.10 
and 0.30 nM) were infused for Imin, lOmin apart in order 
of increasing concentration and CPP recorded as for ACh 
and GTN. L-NMMA (lOOpM, O.lml/min, n=4) or control 
(saline, n=4) was then infused and U46619 concentration 
adjusted to maintain the CPP. After 15min the infusions 
were repeated and the responses expressed as a percentage 
of the maximum response during the first infusions.
In the second series of experiments a single concentration 
of adrenaline (0. IpM) was studied. This was infused for 
Imin, three times lOmin apart and the sequence repeated
15min after the start of one of four infusions: L-NIO
(25pM), Indomethacin (5pM), Propranolol (1.OpM) or control 
(saline, n=3 for each) . The mean of the fourth and fifth 
responses were expressed as a percentage of the second and 
third responses.

(ii) Results
Tables 13 and 14 give the baseline data for the first 
series. The CPP was the same in both groups and did not
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ADRENALINE BASELINE BASELINE CHANGE IN U46619 % OF
cone CPP mmHg U46619 nM CPP mmHg BASELINE
SALINE
O.OSuM 40.4(3.1) 7.1(21) 1.0(1.4) 100
O.lOuM 38.5(3.2) 3.4(1.9) 2.2(0.3) 100
O.SOuM 40.3(2.5) 80(4.5) -1.9(10) 100
L—NMMA
O.OSuM 39.4(3.5) 64.0(45.6) -1.2(0.8) 12.7(7.9)
O.lOuM 40.1(3.2) 59.5(47.2) 1.1(1.1) 25.8(9.8)
0.30nM 38.9(2.6) 61.3(46.6) 1.2(2.3) 14.4(3.3)

Table 13: The coronary perfusion pressure (CPP) and U46619 
concentration at baseline and during infusion of L-NMMA 
(lOOpM) or control (saline). The U46619 concentration was 
adjusted during L-NMMA infusion to maintain CPP. Data 
expressed as mean (standard error of the mean) of 4 
experiments in each group.
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change significantly due to the reduction in U46619 
concentration in the L-NMMA group (by approximately 82%). 
Adrenaline at each concentration induced a short 
vasoconstriction followed by a longer vasodilatation. The 
data as peak fall, duration of fall and area under the CPP 
trace for the first infusions are given in Table 14. There 
was a concentration-dependent increase in vasodilatation 
and less marked reduction in vasoconstriction. Fig 13 
illustrates the subsequent effects of adrenaline as area 
under the trace expressed as a percentage of the maximum 
first vasoconstriction or vasodilatation and compares 
control (saline) with L-NMMA (lOOpM) . It can be seen that 
there was no significant effect of L-NMMA on adrenaline 
induced vasoconstriction or vasodilatation. The equivalent 
data for peak fall and duration of CPP fall is given in 
Table 15. The small differences observed were not 
significant and may be due to the slightly different 
baseline effects which were also not significant.
Table 16 gives the baseline data for the second series of 
experiments. Resting CPP was again the same in each group 
and maintained throughout the experiment although only the 
L-NIO (25pM) infusion required a marked change in U46619 
concentration. The baseline vasoconstriction and 
vasodilatation are given in Tables 16B and 17. The effects 
of the three infusions, L-NIO (25pM), Indomethacin (5pM) 
and Propranolol (1.OpM) compared with control (saline, n=3 
for each group) are illustrated in Fig 14 for area under 
the trace as a percentage of mean baseline response. The 
comparable data for peak fall and duration of CPP fall is
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BASELINE PEAK CHANGE IN CPP (mmHg)
VASOCONSTRICTION VASODILATATION

ADRENALINE SALINE L—NMMA SALINE L—NMMA
0.03mm 3.90.1) 5.9(3.0) 7.U2.1) 10.0(3.0)
O.lOpM 2.9(0.8) 6.50.0) 21.00.4) 20.0(2.5)
0.30mM 7.0(4.2) 8.9C2.3) 25.8(0.9) 23.9(2.1)

BASELINE DURATION OF RESPONSE (min)
VASOCONSTRICTION VASODILATATION

0.03mM 1.00(0.29) 0.80C033) 2.90(0.73) 3.23(0.85)
O.IOmM 0.33(0.09) 0.55(0.17) 5.00(0.88) 4.15(0.74)
0.30mM 0.28(0.09) 0.35(0.06) 6.00(0.50) 4.93(0.39)

BASELINE AREA UNDER TRACE
VASOCONSTRICTION VASODILATATION

0.03mM 11.6(4.0) 20.6(14.2) 62.3(30.2) 53.7(27.2)
O.IOmM 4.7(1.5) 11.1(4.3) 303.2(74.3) 137.9(52.8)
0.30mM 8.9(59) 11.2(3.6) 499.3(84.2) 317.7(63.3)

Table 14: The baseline effect of adrenaline on coronary 
perfusion pressure (CPP) prior to infusion of L-NMMA 
(lOOpM) or saline. Adrenaline infused for 1 min induced a 
vasoconstriction followed by a vasodilatation. Both 
effects are recorded as peak change in CPP, duration of 
response and area under trace. Baseline CPP was maintained 
by adjustment of U46619 concentration (Table 13). Data as 
mean (standard error of the mean) of 4 experiments in both 
groups.
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Fig 13: The effect of L-NMMA on adrenaline-induced changes 
in coronary perfusion pressure (CPP). Three concentrations 
of adrenaline were infused for 1 min, 10 min apart, with 
stepwise increase in concentration. This induced a
vasoconstriction followed by a vasodilatation and was 
repeated during either L-NMMA (lOOpM, hatched bars) or 
control (saline, open bars) infusion. Resting CPP was
maintained by adjustment in U46619 concentration. Results 
are illustrated for area under trace and expressed as a 
percentage (mean and standard error of the mean for 4 
experiments in each group) of the initial maximum
response. Baseline data given in Table 13.
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PEAK FALL IN CPP (% ]CNITIAL MAX RESPONSE)
VASOCONSTRICTION VASODILATATION

ADRENALINE SALINE L-NMMA SALINE L-NMMA
0.03mm 68.9(18.5) 68.2(27.9) 40.0(12.7) 49.7(13.2)
O.IOmM 58.4(6.2) 72.4(13.1) 78.2(10.5) 67.0(18.7)
0.30pM 66.7(19.5) 73.5(25.6) 92.6(6.4) 104.3(20.2)

DURATION OF RESPONSE (4Ï INITIAL MAX RESPONSE)
VASOCONSTRICTION VASODILATATION

0.03mM 98.5(28.4) 112.2(14.9) 52.5(12.6) 65.7(7.3)
O.IOmM 70.0(35.4) 73.9(11.2) 67.1(10.0) 87.6(13.4)
0.30mM 51.1(25.7) 46.4(2.4) 81.5(7.8) 76.7(15.9)

Table 15: The effect of L-NMMA (lOOpM) on adrenaline-
induced changes in coronary perfusion pressure (CPP). 
Adrenaline infused for 1 min induced a vasoconstriction 
followed by a vasodilatation. The peak change in CPP and 
the duration of response are recorded as a percentage 
(mean and standard error of the mean) of the initial 
maximum response. The effect on area under trace is 
illustrated in Fig 13. Baseline data is given in Table 14. 
CPP was maintained by adjustment in U46619 concentration. 
There was no significant difference between the response 
during L-NMMA or control (saline) infusion (n=4 in both 
groups).
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BASELINE 
CPP mmHg

BASELINE 
U46619 nM

CHANGE IN 
CPP mmHg

U46619 % OF 
BASELINE

SALINE 36.1(4.6) 68.1(66.0) 0.6(0.5) 100
L-NIO 25pM 37.5(2.5) 100.3(57.4) -0.3(1.1) 13.1(11.0)
INDO S.OpM 36.5(4.1) 10.3(6.1) 01(0.8) 68.3(28.6)
PROP l.OpM 36.4(2.4) 89.2(57.0) -0.2(0.7) 82.8(22.4)

B
BASELINE AREA UNDER TRACE

VASOCONSTRICTION VASODILATATION
SALINE 14.3(10.3) 115.4(34.4)
L-NIO 25mM 10.9(2.6) 170.5(86.0)
INDO S.OuM 9.0(0.1) 130.4(29.6)
PROP l.OpM 8.0(1.2) 248.6(36.3)

Table 16: The baseline coronary perfusion pressure (CPP), 
U46619 concentration and effect of adrenaline (0.IpM, 1 
min) on CPP prior to infusion of L-NIO, indomethacin 
(INDO), propranolol (PROP) or control (SALINE). Adrenaline 
induced a vasoconstriction followed by a vasodilatation. 
Data expressed as mean (standard error of the mean) for 3 
experiments in each group. Data from each experiment was 
the mean of 2 readings. Change in CPP and U46619 
concentration to maintain CPP also given in A. Other 
baseline data in Table 17.
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PEAK CHANGE IN CPP
VASOCONSTRICTION VASODILATATION
P mmHg % change P mmHg % change

SALINE 6.70.7) 94.702.7) 15.5(4.7) 92.0(5.1)
L-NIO 25mM 8.10.6) 115.0(22.6) 15.5(5.7) 109.0(37.5)
INDO S.OpM 5.30.2) 69.7(0.3) 16.5(5.0) 91.4(3.4)
PROP I.OmM 5.80.3) 300.3(95.6) 19.8(2.9) 73.9(4.8)

DURATION OF RESPONSE
VASOCONSTRICTION VASODILATATION
t min % change t min % change

SALINE 0.62(0.22) 98.3(4.3) 3.35(0.30) 95.6(3.0)
L-NIO 25nM 0.58(0.26) 113.4(17.4) 3.15(1.20) 92.3(16.8)
INDO 5.0mm 0.60(0.13) 103.7(3.7) 3.38(0.36) 97.3(3.9)
PROP I.OmM 0.33(0.09) 621.1(268.1) 4.37(0.33) 71.1(10.9)

Table 17: The effect of L-NIO, indomethacin (INDO),
propranolol (PROP) and control (SALINE) on adrenaline- 
induced changes in coronary perfusion pressure (CPP). 
Adrenaline (0.IpM, 1 min) induced a vasoconstriction 
followed by a vasodilatation. The baseline peak fall in 
CPP (P) and duration of response (t) are recorded with 
effect of saline, L-NIO, indomethacin or propranolol 
expressed as percentage change (mean(standard error of the 
mean) for n=3 experiments for each group with the data 
from each experiment the mean of 2 readings. Resting CPP 
was maintained by adjusting the U46619 concentration. 
Baseline data in Table 16.
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Fig 14: The effect of L-NIO, indomethacin (INDO),
propranolol (PROP) and control (SALINE) on adrenaline- 
induced changes in coronary perfusion pressure (CPP). 
Adrenaline (0.IpM, 1 min) induced a vasoconstriction 
followed by a vasodilatation. After baseline infusion this 
was repeated during one of the four infusions and resting 
CPP maintained by adjusting the U46619 concentration. Data 
is illustrated as percentage change in area under trace 
(mean (standard error of the mean) for 3 experiments with 
each compound with the data from each experiment the mean 
of two readings). Baseline data is given in Table 16.
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given in Table 17. It can be seen that L-NIO and 
Indomethacin had no significant effect on adrenaline- 
induced vasoconstriction or vasodilatation although 
propranolol markedly increased vasoconstriction (by 11- 
fold) with a reduction in vasodilatation.
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Chapter 5
DISCUSSION
THE PHYSIOLOGICAL CONTROL OF VASCULAR TONE

The inhibitors of NO synthase, L-NMMA, L-NIO and L-NAME 
all induced significant, concentration-dependent, 
enantiomer-specific increases in coronary vascular 
resistance in the isolated rabbit heart. This confirms the 
in vitro data of Amezcua et al (1989) using only L-NMMA in 
a similar model. It supports the conclusion that there is 
a basal synthesis of NO in coronary resistance vessels. 
Amezcua et al, however demonstrated a much greater 
increase in perfusion pressure: approximately 135% at
lOOpM L-NMMA compared to 31% in these experiments. The 
increase they observed is more comparable to that observed 
with L-NAME in these experiments (96% increase at 30pM). 
This difference in L-NMMA response may be due to 
differences in experimental design or the age or strain of 
the rabbits. Amezcua et al only reported small numbers 
(n=4) and did not give exact resting perfusion pressures 
(35-70mmHg) before L-NMMA infusion although these minor 
differences seem inadequate to explain the different 
results. Their experiments were complete within 2 hours of 
extraction of the heart so it seems unlikely that the 
differences are due to in vitro induction of NO synthase 
although prior, in vivo induction by natural infection 
remains a possibility. This is supported by the data from 
these experiments showing an approximate 117% increase in 
perfusion pressure with L-NMMA (lOOpM) after LPS 
treatment. Using the isolated guinea-pig heart at constant 
flow and resting perfusion pressure above 55mmHg Kelm and
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Schrader (1990) demonstrated a 7% increase in perfusion 
pressure (n=4) with L-NMMA (lCG|iM) which is more 
comparable to these results.
The increased vascular tone induced by L-NIO and L-NAME 
confirms, in coronary resistance vessels, that observed 
in rat aortic rings and the anaesthetised rat (Rees et al 
1990b) . L-NAME was the most potent and efficacious in the 
coronary circulation followed by L-NIO and then L-NMMA. 
This compares to the anaesthetised rat where L-NAME was 
more potent and L-NIO possibly more efficacious. This 
contrasts with the data for rat aortic rings when L-NIO 
was significantly more potent and efficacious. The 
differences with L-NIO in those experiments is comparable 
to that observed with L-NAME in these experiments. The 
increase in CPP in these experiments with L-NAME 
(approximately 96%) compares with a 52% increase with L-NA 
at the same concentration (30pM) observed by Lamontagne et 
al (1991) in the rabbit heart. In a constant pressure 
perfused guinea-pig heart, however, Kostic and Schrader 
(1992) demonstrated only a 16% reduction in flow with L- 
NAME (30pM) with a reduction in NO in the effluent. Brown 
et al (1992) also demonstrated a 16% reduction in basal 
flow in the same preparation using L-NA (SOOpM) . Some of 
these differences may be accounted for by differing 
inhibitor pharmacokinetics and pharmacodynamics in the 
differing models. This would be in addition to different 
basal levels of NO synthesis.
The majority of studies have demonstrated all these 
effects to be enantiomerically specific (see Moncada et al 
1991a). One study, however, demonstrated that L-NA and D-
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NA both induced vasoconstriction in a conscious rat model 
(Wang et al 1991) . Although D-NA was less effective and 
had a slower onset of action both were reversed by L- 
arginine and not D-arginine. This was taken to imply that 
D-NA was active by inhibition of the L-arginine:NO pathway 
although has not been confirmed in other studies or with 
supporting biochemical or enzyme data.
Apart from Rees et al (1990b) few studies have directly 
compared more than one L-arginine analogue. Richard et al 
(1991) compared the effects of L-NMMA and L-NAME on 
systemic and coronary resistance in the anaesthetised dog 
with 5-6 animals per inhibitor. While similar systemic 
effects were observed, L-NAME was more potent in the 
coronary circulation. Further comparison in a single 
vascular bed during in vivo studies is limited by 
indirect effects due to systemic haemodynamic changes. 
L-arginine infusion after infusion of the inhibitors 
induced a consistent reduction in resting CPP which did 
not achieve the baseline level. With only 3 experiments 
with each inhibitor this reversal was only significant
after L-NMMA and was least effective after L-NAME in spite
of a proportionately greater excess of L-arginine. This 
confirms the reversal of the L-NMMA-induced increases in 
resting CPP by L-arginine observed by Amezcua et al (1989) 
in the rabbit heart. Similarly, L-arginine excess was 
shown to reverse the effects of L-NMMA in most
preparations (see Moncada et al 1991a) . In the
anaesthetised rat, L-arginine reversed the hypertensive 
effect of all 3 inhibitors although a greater excess was 
required with L-NAME (Rees et al 1990b) . In the in vivo
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models of coronary vascular resistance, L-arginine 
reversed the effects of inhibitors when studied; 
significantly in the conscious dog (n=4 and 7) with L-NMMA 
(Chu et al 1990 and 1991) ; non-significantly in the 
anaesthetised dog (n=5-6) with L-NMMA and L-NAME (Richard 
et al 1991).
L-arginine infusion alone had no significant effect on 
resting coronary vascular resistance over 60 mins. This 
agrees with other isolated heart data (Amezcua et al 
1989) , the in vivo heart (Benyo et al 1991) and 
systemically (Rees et al 1989 and 1990b) . This suggests 
that both in vitro and in vivo L-arginine supply is not 
rate limiting to basal NO synthesis. The duration of this 
effect in vitro suggests synthesis of L-arginine 
presumably from citrulline, the co-product of NO 
synthesis.
It is unclear why the inhibitors have different efficacies 
and potencies which vary between species and tissues. 
There may be differences in the enzyme or differences in 
the uptake and handling of inhibitors. Bogle et al (1992) 
have recently demonstrated that the inhibitors have 
different effects on arginine transport compared to NO 
synthase inhibition which might be more widely applicable 
although differences in the enzyme could also occur.
The mechanism for this "basal" NO synthesis is probably 
dependent on physical forces and the true basal synthesis 
may be much lower. For the purpose of these experiments 
the distinction is between that due to the physical forces 
compared to that due to chemical agonist stimulation. 
Before the discovery of NO, flow (without pressure or
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pulse pressure changes) was shown to stimulate EDRF 
synthesis (Hull et al 1986, Rubanyi et al 1986, Pohl et al 
1986b) which could be augmented by increasing the 
magnitude of the pulsatile changes (Rubanyi et al 1986, 
Pohl et al 1986a). Distinction between effects due to flow 
and pressure have been characterised by Kelm et al (1991) 
but only using cultured endothelial cells. They found flow 
but not pressure was responsible for "basal” NO synthesis 
although they did not study pulsatile pressure changes. 
The importance of flow including pulsatile flow and shear 
stress has recently been confirmed in the in vitro rabbit 
heart by Lamontagne et al (1992). Hutcheson and Griffith
(1991) have recently presented data suggesting it is the 
frequency rather than the amplitude of pulsatile flow that 
is important in stimulating NO synthesis. Indeed, 
increasing amplitude reduced NO synthesis. An 
understanding of the stimuli producing "basal" NO 
synthesis and thus resting vascular tone is important 
when considering comparisons with agonist stimulated NO 
synthesis and changes in tone.

Acetylcholine (ACh) was confirmed to induce a 
concentration-dependent vasodilatation in rabbit coronary 
resistance vessels. This has previously been shown to 
involve NO synthesis in this preparation (Amezcua et al 
1988) and others (see Moncada et al 1991a). Investigation 
of the effects of NO synthase inhibitors without 
controlling for changes in resting tone demonstrated the 
effect of resting tone on agonist-induced changes in tone. 
This was more marked for glyceryl trinitrate. In rat
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aortic rings the acetylcholine-induced relaxation has been 
shown to be dependent on the initial length / tension 
(Dainty et al 1990) . With increasing length and thus 
tension the change in tension induced by acetylcholine 
increased although when expressed as a percentage 
reduction there was a small decrease. In the guinea-pig 
heart, elevation of basal tone with platelet activating 
factor has been shown to increase the vasodilator response 
to acetylcholine (Stewart and Piper 1988). The effect in 
these experiments is probably explained from Pouseuille's 
law with resistance changes dependent on radius changes to 
the fourth power. Thus a given change in radius has a 
proportionately greater effect on resistance if the 
initial radius is small. In spite of these variables some 
studies have shown a significant inhibition of 
acetylcholine effect without controlling for resting tone 
although they use different inhibitor and vasodilator 
concentrations in different models, making direct 
comparison difficult. The effect probably occurs in those 
models in which NO represents a greater proportion of the 
ACh-response although other reasons may also be involved. 
Thus, Amezcua et al (1989) in the isolated rabbit heart 
demonstrated inhibition of the acetylcholine response at a 
concentration of 0.3|iM ACh and 30pM L-NMMA (which 
increased resting CPP by approximately 36%). They 
demonstrated the characteristic vasoconstriction with ACh 
in the presence of L-NMMA which was restored to a 
vasodilatation by excess L-arginine. Similarly, Lamontagne 
et al (1991) demonstrated near-abolition of the 
vasodilator response to ACh (1. OpM) in the presence of L-
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NA (30pM) as well as abolition of the cGMP response of 
platelets perfused through the heart. They controlled for 
the 52% increase in resting pressure by increasing the 
pressure in control hearts with endothelin-1. In the 
isolated rat heart Baydoun and Woodward (1991) 
demonstrated an approximate 50% reduction in the duration 
of the bradykinin-induced vasodilatation using L-NA 
(lOOpM) which increased resting pressure by 28% which was 
not controlled for. They observed greater inhibition of 
higher concentrations of bradykinin although other 
inhibitors of NO activity such as haemoglobin and 
methylene blue had no effect on the bradykinin response 
which reduces the strength of their conclusions. In the 
constant pressure perfused guinea-pig heart Brown et al
(1992) demonstrated the conversion of the ACh-induced 
vasodilatation to a vasoconstriction by L-NA (500pM) with 
a 16% reduction in flow.
In the experiments without control of resting CPP, there 
was a consistent, though non significant trend toward 
inhibition of the ACh response with L-NMMA (lOOpM) by 
shortening the duration of the vasodilatation. Although 
there was a trend toward shortening of the vasodilatation 
with the other inhibitors the effect was attenuated by 
increasing peak fall in perfusion pressure compared to 
control. Thus, vasodilator responses were studied with CPP 
maintained by reduction in the infused concentration of 
U46619 during inhibitor infusion. Concentrations of 
inhibitors were chosen from fig 8 that would increase CPP 
by approximately 15mmHg. Greater increases in CPP could 
not be prevented by cessation of U46619 infusion. An
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alternative approach would have been to increase the CPP 
in control experiments with increased U46619 or additional 
vasoconstrictors. This might have been achievable although 
it would have been more difficult to standardise the 
perfusion pressures between the groups and would have 
reset the baseline vasodilator responses without having 
any advantages other than being able to study higher 
inhibitor concentrations. This would have been necessary 
to produce concentration-response curves for the 
inhibitors on ACh-induced vasodilatation to match those 
for basal tone. This would have required a very large 
number of experiments while adding only a little new 
information. Thus to investigate any difference between
basal and agonist stimulated NO synthesis single
concentrations of each inhibitor that were equieffective 
on basal tone were studied. With this approach it was 
demonstrated that, at the concentrations studied, none of
the inhibitors altered the peak fall in CPP and only L-
NMMA (lOOpM) shortened the duration and thus the area 
under the trace. This was enantiomer-specif ic and was 
reversed by L-arginine excess. This suggests that basal 
and agonist stimulated NO synthesis are under dissociated 
control although the level of this control is not clear. 
Although L-NIO and L-NAME did not inhibit the ACh response 
at the concentrations studied it is likely they would at 
higher concentrations with adequate controls as they 
inhibit the response in other preparations where L-NMMA is 
effective (Rees et al 1990b, Moncada et al 1991a). 
Additionally, in support of this, there was the trend to 
shorten the ACh-response at higher inhibitor
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concentrations in the experiments without control of the 
resting CPP.
These experiments confirmed the vasoconstriction with ACh 
in the presence of L-NMMA inhibiting the vasodilatation 
which were reversed by L-arginine excess. The two 
experiments with L-NIO that induced vasoconstriction also 
demonstrated some inhibition of vasodilatation which was 
reversible. However, there is no explanation for the 
vasoconstriction observed in the presence of L-NAME when 
there was no reduction in the vasodilatation so an 
additional mechanism may be involved.
This dissociation of effect is suggested by other 
experiments not specifically designed to investigate it. 
Thus Amezcua et al (1989) observed that L-NMMA was better 
at inhibiting the ACh response than basal perfusion 
pressure. Conversely Rees et al (1989b) studying rings of 
rabbit aorta demonstrated that more L-NMMA was required to 
inhibit ACh-induced NO synthesis than basal NO synthesis 
(ED50 for ACh inhibition was 16 times greater than that 
for basal tone). Also in rings of canine basilar artery 
Cosentino and Katusie (1991) recently presented data 
showing L-NA as a selective inhibitor of vasopressin- 
stimulated NO synthesis compared to L-NMMA. In the 
anaesthetised rabbit Rees et al (1989a) were only able to 
demonstrate inhibition of ACh-induced vasodilatation by L- 
NMMA by comparing it to controls with blood pressure 
elevated by a similar amount with phenylephrine infusion. 
They also demonstrated that lower concentrations of ACh 
were inhibited more than higher concentrations (in 
contrast to Baydoun and Woodward (1991) using bradykinin



in the isolated rat heart) . In the in vivo coronary 
circulation of the conscious dog Chu et al (1991) 
demonstrated that 5mg/kg increased resting tone but 24 
times this dose was needed to inhibit ACh-induced 
vasodilatation (by approximately 50%). In contrast Woodman 
and Dusting (1991) in the anaesthetised dog demonstrated 
that L-NA 5mg/kg reduced coronary artery diameter by 
approximately 13% with a non-significant increase in 
coronary vascular resistance of 59% and a 50-70% 
inhibition of ACh-induced vasodilatation. Also in the 
anaesthetised dog Richard et al (1991) demonstrated L-NAME 
was more potent than L-NMMA on ACh-induced vasodilatation 
and resting tone. The greater increase in tone with L-NAME 
might have opposed the effect on the ACh response, so this 
data suggests L-NAME is more potent on basal than agonist- 
stimulated NO synthesis in this preparation. Interestingly 
they noted that the compounds inhibited the plateau phase 
rather than the peak effect of ACh (by 93% with L-NAME 
Img/kg).
Considering other vascular beds Aisaka et al (1989) 
demonstrated that L-NMMA in the anaesthetised rat 
increased blood pressure and shortened the duration of the 
ACh response. If the increase in blood pressure was 
controlled for with a noradrenaline infusion then the peak 
fall in pressure was also inhibited. In contrast, Gardiner 
et al (1991b) demonstrated that L-NAME in conscious rats 
only inhibited the ACh response in some vascular beds and 
only when ACh was given as an infusion although blood 
pressure was always elevated. In earlier studies (1990b) 
they had only shown inhibition of bolus ACh injection in
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the presence of neuromuscular blockade and by comparing 
the response to that of glyceryl trinitrate to take 
account of the baseline haemodynamic changes. In the 
rabbit hind limb Mugge et al (1991) showed that L-NMMA and 
L-NA increased resting tone and potentiated the response 
to ACh (with resting tone not controlled for). There was 
however inhibition of the ACh response with the femoral 
arteries in vitro. Additionally, in the denervated cat 
hind limb L-NMMA only inhibited the duration of the ACh 
response when infused intraarterially (Ross et al 1991).
It thus appears that there are species and vascular bed 
differences in the role of NO in the acetylcholine 
response. It is the prolonged effect, particularly during 
infusion, that seems more NO-dependent with other factors 
responsible for the initial changes. The proportion of the 
ACh-effect due to NO will partly determine differences in 
inhibitor effect on basal and stimulated changes in tone. 
The conclusions are thus limited if only one inhibitor is 
studied. The other factors responsible for the ACh-effect 
may be other endothelium-dependent or independent 
vasodilators (although the latter could only have a small 
effect due to endothelium-independent vasoconstriction), 
NO not inhibited by conventional NO synthase inhibitors or 
direct ACh effects (other than the conventional 
vasoconstriction). Their importance obviously varies 
between species and vascular beds. These, and the changes 
in resting tone contribute to some of the apparent 
differences between the effects of inhibitors on basal and 
stimulated changes in tone. Thus in these experiments 
resting tone was controlled for and three inhibitors at
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concentrations equieffective on resting tone were studied 
on the ACh-induced changes in tone. The inhibition by L- 
NMMA but not L-NIO or L-NAME at equief fective 
concentrations, strongly suggests a dissociation of basal 
and stimulated NO synthesis in this preparation. The level 
of this control is not clear and may be due to more than 
one enzyme or due to differences in substrate (L-arginine) 
supply for basal and agonist stimulated NO synthesis. If 
this latter mechanism involved arginine uptake then 
inhibitors blocking arginine uptake more or less than NO 
synthase activity might produce the observed results. 
However as L-NAME did not block arginine uptake in porcine 
endothelial cells (Bogle et al 1992) this could not 
explain these results unless the effect was reversed in 
rabbit coronary resistance vessels. Further work is 
required to investigate this dissociation which will 
involve studying the enzyme(s) and any intracellular 
arginine "compartments". Forstermann et al (1991) have 
already suggested several isoforms of the constitutive NO 
synthase although this has yet to be substantiated and no 
role in basal and agonist stimulated differences have been 
reported. Interestingly BelIon et al (1991) recently 
presented data from the cat hind limb preparation 
suggesting different times of onset of action for L-NA 
inhibiting basal or stimulated NO synthesis which would 
support the conclusion of dissociated control. However, 
the times to 50% of maximum inhibition were 14.3 min for 
basal and 38.1 min for stimulated synthesis which are much 
longer than in other preparations questioning the wider 
application of the results.
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When considering the effects of NO synthase inhibitors on 
acetylcholine-induced relaxation it may be important to 
consider the supersensitivity to exogenous NO, probably at 
the level of the soluble guanylate cyclase, in the 
presence of reduced basal NO synthesis (Moncada et al 
1991b). Thus a preserved peak response to acetylcholine 
may in fact represent an inhibition when considered 
alongside the response to glyceryl trinitrate, or other NO 
donors, as the soluble guanylate cyclase is unlikely to be 
able to distinguish between endogenous and exogenous NO. 
This adds further complexity to the understanding of 
acetylcholine responses.
Although predominantly an endothelium-dependent response, 
as described by Furchgott and Zawadzki (1980), factors 
other than NO stimulation of the soluble guanylate cyclase 
have a role in the acetylcholine response. Prior to the 
identification of endothelium-derived relaxing factor as 
nitric oxide (Palmer et al 1987), acetylcholine was shown 
to induce cell membrane hyperpolarisation. This led to the 
term Endothelium-derived hyperpolarisation factor (EDHF). 
Komori and Suzuki (1987) using rabbit saphenous artery 
demonstrated a transient (1-4 min) endothelium-dependent 
hyperpolarisation associated with relaxation induced by 
ACh. However, another muscarinic agonist, oxotremorine, 
similarly relaxed the tissue without inducing 
hyperpolarisation. They postulated muscarinic receptor 
subtypes with only one affecting potassium permeability - 
the proposed mechanism for hyperpolarisation. In agreement 
with this, Feletou and Vanhoutte (1988) using canine 
coronary artery demonstrated inhibition of ACh-induced
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hyperpolarisation without affecting the relaxation using 
the sodium-potassium pump blocker cubain. Additionally, 
Chen et al (1988) in rat aorta and pulmonary artery 
demonstrated substantial inhibition (>90%) of the 
sustained relaxation to ACh with methylene blue and 
haemoglobin which did not alter the transient 
hyperpolarisation. They also showed that the methylene 
blue and haemoglobin inhibited the cGMP accumulation but 
not the ®^Rb efflux. In contrast to these data showing NO- 
independent hyperpolarisation with little effect on 
vascular tone, Tare et al (1991) in several arteries from 
the guinea-pig demonstrated NO and ACh both induced 
hyperpolarisation and relaxation, and both ACh responses 
were inhibited by L-NMMA and haemoglobin. They 
demonstrated that the effect of NO was dependent on a 
small amount of baseline depolarisation and also the 
resting tension. Also in conflict, Jiang et al (1991) in 
rabbit coronary artery demonstrated that the potassium 
channel blocker glibenclamide reduced ACh-induced 
relaxation by up to approximately 19% without affecting 
resting tone (thus reducing the likelihood of NO 
involvement) although they did not measure membrane 
potential. In pig coronary arteries, however, Chen and 
Cheung (1992) demonstrated that glibenclamide had no 
effect, but other potassium channel blockers did inhibit 
ACh-induced hyperpolarisation. L-NMMA and L-NA however, 
had no effect on this ACh response which was not mimicked 
by 8-bromo-cGMP or nitroprusside again disputing a role 
for NO. The resting membrane potentials were not 
specifically given but were in the same range as Tare et
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al (1991). In rat mesenteric artery Garland et al (1992) 
did demonstrate NO-induced hyperpolarisation which was
abolished by glibenclamide which did not alter ACh-induced 
hyperpolarisation. Thus, acetylcholine and nitric oxide 
can induce hyperpolarisation although any effect appears
small but would occur early in the ACh response and may
thus account for some of the NO-independent ACh-effect. 
The data are affected by the different responses to ACh by 
species and vascular bed and also contributes to these 
differences. Understanding the role of hyperpolarisation 
of resistance vessel smooth muscle cells in isolated or in 
vivo vascular beds is impaired by technical difficulties 
but it might contribute to the early phase of the ACh
response in these experiments.

The effect of L-arginine (300pM) infusion alone increasing 
both the peak fall and the duration of the ACh response 
while not altering the GTN response may not clarify the 
mechanisms of the ACh response. It does, however, support 
the conclusion of a dissociation of control for basal and 
stimulated NO synthesis with resting tone unaffected by L- 
arginine. It suggests that arginine supply is rate 
limiting for agonist-stimulated, but not basal, NO 
synthesis. The effect of arginine excess on the 
hyperpolarisation induced by ACh has not been studied but 
any effect is likely to be due to NO synthesis (which 
probably has the minor role in ACh hyperpolarisation) as 
arginine is not known to affect the membrane potential 
directly. There is again controversy over the effect of 
arginine on the ACh response which is to be expected in
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view of the apparent differences in ACh response by 
species and vascular bed. Amezcua et al (1989) in the 
isolated rabbit heart found no effect of L-arginine 
(lOOpM) on the ACh response (while demonstrating marked 
inhibition with L-NMMA). The reason for this difference, 
in a comparable model, may relate to the different 
concentration, or to the other differences between these 
two sets of data already discussed. Their data contrasts 
with the early data showing L-arginine excess increased NO 
synthesis induced by bradykinin in cultured porcine aortic 
endothelial cells (Palmer et al 1988b). In rabbit aortic 
rings Rees et al (1989b) showed a small potentiation of 
the ACh (1. OpM) response with L-arginine (lOOpM, 9% 
increase, non-significant with n=3) but in separate
experiments L-arginine (lOOjiM) infusion through aortae did 
not increase the release of NO induced by ACh. In the 
anaesthetised guinea-pig, however, L-arginine increased 
the duration of ACh-induced hypotension and, if the blood 
pressure was elevated (by noradrenaline), it also 
proportionately increased the peak fall in pressure
(Aisaka et al 1989) . This is in spite of L-arginine 
circulating in the blood in vivo. These differences may 
again be due to species or vascular bed differences 
although the basal level of NO synthesis determined by the 
physical forces could play a role but this has not been 
investigated. It is interesting that L-arginine increased 
the peak fall in pressure with ACh as well as the duration 
of the response in these experiments while L-NMMA only
inhibited the duration. This may simply be a concentration 
effect as concentration response curves were not
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constructed. Alternatively, it may support the hypothesis 
that the peak fall in pressure induced by ACh was indeed 
inhibited when compared with the GTN response. The effect 
of arginine levels on ACh-stimulated effects has recently 
been confirmed in vivo in rats using arginase to reduce 
systemic concentrations with a reduction in peak and 
duration of ACh-response (Griffith et al 1991).

L-NMMA and L-NIO significantly increased the vascular 
relaxation of the isolated heart to glyceryl trinitrate 
(GTN) . This was achieved by a specific increase in the 
peak fall in pressure with no effect on duration of 
response. That the effect occurred with L-NIO at a 
concentration which inhibited basal NO synthesis but not 
ACh-stimulated synthesis suggests the effect was due to 
the change in basal synthesis. Why a concentration of L- 
NAME that was equief fective on resting tone did not have 
the same effect is unclear. It may relate to the very 
different potency of L-NAME although there is no other 
mechanism known by which L-NAME increases vascular tone 
and the effect was enantiomer specific. In the first 
experiments peak fall but not duration of effect was 
increased with L-NAME but with the additional effect due 
to resting pressure increase. It is interesting that 
during L-arginine (12pM) infusion after L-NAME the GTN- 
response continued to increase so there may have been a 
delayed effect with the L-NAME effect again not easily 
reversible.
Potentiation of the effect of nitrates in endothelium- 
denuded conductance vessels had been observed prior to the
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identification of EDRF as NO (Shirasaki and Su 1985, 
Shirasaki et al 1986, Alheid et al 1987, Pohl and Busse 
1987). Shirasaki and Su (1985) demonstrated a potentiation 
of the relaxation induced by sodium nitroprusside and 
sodium nitrite by endothelial denudation of rat aortic 
rings. They subsequently confirmed this in aortic and 
mesenteric rings and demonstrated that the effects of 
atrial natriuretic factor and 8-bromo-cGMP were unaltered 
(Shirasaki et al 1986). Alheid et al (1987) confirmed the 
phenomenon in rabbit coeliac artery with potentiation of 
the GTN effect by endothelial denudation or the EDRF 
inhibitor gossypol with an unaltered response to 
prostaglandin E^. Pohl and Busse (1987) confirmed the 
response in rabbit femoral artery with sodium 
nitroprusside and teopranitol which was also produced by 
another EDRF inhibitor NDGA (nordihydroguaiaretic acid). 
However, they failed to demonstrate the effect in aortae 
from the same animals and using ACh or EDRF from donor 
endothelium suggested this difference was due to higher 
basal EDRF synthesis in the femoral artery. Similarly the 
effect was not found in canine saphenous vein with a lower 
basal NO synthesis (Komori and Vanhoutte 1989). With the 
identification of EDRF as NO, and nitrates acting by 
generating NO, an interaction between the two at the
effector level was proposed. With the advent of NO 
synthase inhibitors it was confirmed to be due to altered 
basal NO synthesis (Luscher et al 1989 using L-NMMA in
human and porcine arteries). In 1991 Moncada et al
confirmed the phenomenon in vivo (and therefore in 
resistance vessels) in rats using L-NMMA, L-NIO and L-
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NAME. To control for the increased blood pressure they 
elevated blood pressure by a comparable amount in controls 
using phenylephrine. In the aortic rings they supported 
earlier data that the 8-bromo-cGMP response was only 
increased a small amount when the GTN response was greatly 
potentiated. They were able to demonstrate a significantly 
greater elevation in cGMP in the rings following GTN in 
the presence of the NO synthase inhibitors. This suggests 
that the potentiation is at the level of the soluble 
guanylate cyclase. Busse et al (1989), however, were not 
able to demonstrate greater cGMP formation using purified 
soluble guanylate cyclase which could have different 
properties to that in intact cells. Also in disagreement 
is the work of Jackson and Busse (1991) in hamster 
thoracic aorta (which has a high basal level of NO 
synthesis) showing that endothelial removal, L-NA and 
methylene blue increased the effects of sodium 
nitroprusside and 8-bromo-cGMP by similar amounts.
Thus the effect of endothelium derived NO on the response 
to nitrates seems to depend on basal NO synthesis and may 
be modulated, at least partly, by the sensitivity of the 
soluble guanylate cyclase and partly by a more distal, as 
yet unknown, mechanism. The effect is shown in these 
experiments to be present in coronary resistance vessels. 
Any therapeutic role of this effect will be considered 
later along with the possible contribution of the 
mechanism to the understanding of nitrate tolerance. Why 
the effect should be on peak fall rather than on the 
duration of the response is unclear. The exact mechanisms 
of action of GTN are only just being elucidated. Feelisch
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1991, recently presented data showing two phases to the 
GTN-response although it is not clear how these would 
relate to sensitivity of the soluble guanylate cyclase.

The experiments investigating the effects of adrenaline 
demonstrate that adrenaline induces a vasoconstriction 
(that reduces with increasing concentration) followed by a 
vasodilatation (that increases with increasing 
concentration) in rabbit coronary resistance vessels. The 
NO synthase inhibitors L-NMMA and L-NIO had no effect on 
either of these responses, nor did indomethacin.
Propranolol, a P1/P2 adrenoceptor antagonist greatly
potentiated the vasoconstriction and reduced the
vasodilatation suggesting that the predominant vasodilator 
effect is P2-dependent and independent of NO and 
prostacyclin. This conflicts with some data from other 
models using a variety of adrenoceptor agonists. Before 
the discovery of NO, Angus and Cocks (1983) using canine
and porcine isolated coronary arteries demonstrated 
potentiation of contraction to noradrenaline in the 
absence of endothelium, suggesting the release of EDRF by 
noradrenaline opposing its contraction in comparable 
fashion to acetylcholine. Similarly, in canine coronary 
arteries, Rubanyi and Vanhoutte (1985) showed endothelial 
removal reduced noradrenaline induced relaxation although 
the effect was linked to arachidonic acid metabolism. In 
rings of rat aorta. Gray and Marshall (1991), recently 
presented data showing that isoprenaline-induced 
relaxation was partly endothelium and NO-cGMP dependent. 
Also, Vo et al (1991) in rat tail artery demonstrated
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enhanced constrictor effects of noradrenaline and
perivascular nerve stimulation in the presence of L-NA. In 
some vascular beds of the conscious rat Gardiner et al 
(1991 a & b) demonstrated inhibition of adrenaline- and 
salbutamol- but not lemakalim-induced vasodilatation by L- 
NAME but they did not study the coronary circulation. In 
rabbits, Bauknight et al (1991), recently presented data 
showing that noradrenaline-induced cerebral
vasoconstriction was potentiated by L-NA. Thus, some 
adrenergic agents in some vascular beds in some species 
directly stimulate NO synthesis but this is not the case 
with adrenaline in rabbit coronary resistance vessels. 
Additionally, the sympathetic system, by generally
increasing tone in vivo, may increase NO synthesis
indirectly. This action may account for some of the 
"basal" release of NO already discussed. Some studies have 
specifically investigated this effect and confirmed a role 
for sympathetic tone stimulating NO synthesis (Vargas et 
al 1990, Sato et al 1991) although the mechanism may be 
complex. The coronary vasodilatation known to occur in 
vivo in response to adrenaline (Chilian et al 1987 in the 
anaesthetised cat) which was P2-dependent is unlikely to 
be due to NO synthesis. It is important that NO synthase 
inhibition did not potentiate the adrenaline-induced
vasodilatation either. This supports the potentiation of 
the GTN-effect being specific to an NO generator rather 
than a non-specific vasodilator effect.

In summary, this part of the thesis has added new, 
important information on the roles of the constitutive
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L-arginine : NO pathway in coronary resistance vessels. 
They have confirmed a basal NO-dependent tone in the 
isolated rabbit heart and species and vascular bed 
differences in this tone have been discussed. It has been 
demonstrated that probably only the sustained response to 
acetylcholine is NO-dependent in this preparation although 
the other components are not fully understood. It has 
contributed to the evidence for a dissociation of control 
of basal and agonist-stimulated NO synthesis. The 
potentiation of exogenous nitrate effect in the presence 
of reduced basal endogenous NO synthesis has been 
demonstrated in coronary resistance vessels although the 
mechanism remains controversial. In this preparation it 
was due to an increased peak effect with no effect on 
duration of response. Finally the stimulation of NO 
synthesis by adrenaline, as demonstrated in some models, 
was not confirmed in coronary resistance vessels. All 
these experiments were complete within 2 hours of 
isolation of the heart so only studied the constitutive, 
endothelial, Ca2+-dependent NO synthase.
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Chapter 6
INVESTIGATION OF THE INDUCIBLE NITRIC OXIDE SYNTHASE
6.1 Method
The hearts from 39 rabbits were studied. 
Lipopolysaccharide (LPS) from Salmonella typhosa (S. 
typhosa 200jig/kg) given intravenously via the marginal ear 
vein was used to induce endotoxin shock. There is only 
limited use of the rabbit as a model of endotoxin shock 
and in other species a wide range of doses of LPS is 
required to produce shock. A similar dose of S. minnisota 
was subsequently used in an in vivo rabbit model of 
endotoxin shock (Wright et al 1992). After 4 hours the 
isolated perfused heart was prepared as discussed in 
chapter 3. Control rabbits were untreated and a third 
group received intravenous dexamethasone (4mg/kg) 90 min 
prior to LPS treatment. Two animals received dexamethasone 
alone 5.5 hours before isolation of the heart.
Three aspects of vascular responsiveness were studied. 
Firstly the response of CPP to U46619 (3-30nM) with
stepwise increase in concentration was studied. CPP was 
then adjusted to approximately 40mmHg (the lower CPP 
chosen due to the difficulty elevating CPP in endotoxin 
shock) by altering the U46619 concentration and the 
response to ACh (O.l^M) and GTN (1.OpM) for 1 min, 5 min 
apart was studied as previously. Finally the response to 
either L-NMMA or L-NIO (1-lOOjiM) was studied from a 
resting CPP of approximately 40mmHg.
One heart each from control and LPS-treated rabbits were 
prepared in the usual way and after 10 min perfusion with 
Krebs buffer hearts were perfuse-fixed with 4%
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paraformaldehyde solution in O.IM phosphate buffer (pH 
7.2) for 15 min and slices immersed in the fixative 
overnight. They were subsequently rinsed in distilled 
water and immersed in 1 part 2% osmium - 3 parts O.IM 
phosphate buffer (pH 7.2) buffer overnight. After further 
rinsing they were dehydrated through an ascending series 
of ethanol concentrations. They were passed through 
propylene oxide into a 50:50 propylene oxide / epoxy resin 
mixture for 30 min at 37“C and fresh epoxy resin for 1 
hour (Taab Premix Embedding Kit). They were embedded in 
Beem capsules in fresh epoxy resin at 60 “C for 24 hours 
before 80nm sections were cut using an LKB Ultratome Nova. 
These sections were picked up onto a celloidin coated 200 
mesh copper grid and stained with uranyl acetate and lead 
citrate with an LKB Ultrostainer. They were viewed and 
photographed with a Philips 301 transmission electron 
microscope.

6.2 Results
The vasoconstrictor response to U46619 is illustrated in 
Fig 15 with the initial baseline CPP in Table 18. U46619 
induced a significant, concentration-dependent increase in 
CPP which was significantly reduced (by 46% at 30nM 
U46619) by prior treatment with LPS. This effect of LPS 
compared to control was prevented by the prior 
administration of dexamethasone.
Acetylcholine and GTN induced vasodilatation comparable to 
that observed in chapters 3 and 4 (Fig 6 and 7, Table 9). 
There was no significant difference between the responses 
from control, LPS-treated or dexamethasone pre-treated

103



hearts (Fig 16) . There was a trend for increased ACh- 
response and reduced GTN-response with LPS treatment but 
this was not significant.
The U46619 concentrations required to obtain comparable 
resting CPP of approximately 40mmHg were higher in the 
LPS-treated hearts but this was not significant due to the 
wide range of concentrations (Table 18) . L-NMMA and L-NIO 
induced significant, concentration-dependent increases in 
CPP in all groups of hearts. The responses in the LPS- 
treated hearts was significantly greater (by 231% for 
lOOpM L-NMMA and 233% for lOOpM L-NIO) from the same 
baseline. This response was significantly attenuated by 
dexamethasone (Fig 17) . Dexamethasone alone had no 
significant effects compared to control hearts on any of 
the responses studied (Fig 15, 16, 17, Table 18) although 
there was an increased response to GTN.
Fig 18 (appendix) illustrates electron micrographs of the 
hearts from control and LPS-treated rabbits demonstrating 
that there was no evidence of ultrastructural damage in 
either group. Specifically, the mitochondria, which are a 
sensitive index of damage, in the LPS-treated hearts 
appear normal.
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Fig 15: The effect of endotoxin on U46619-induced changes 
in coronary perfusion pressure (CPP). The thromboxane 
mimetic U46619 (3-30nM) was infused with stepwise increase 
in concentration into isolated hearts from control (CON) 
rabbits or those treated with endotoxin 
(lipopolysaccharide, LPS, 200^ig/kg) or dexamethasone 
(4mg/kg) prior to LPS (LPS+DEX). The increase in CPP from 
baseline (Table 18) was recorded and illustrated as mean 
and standard error of the mean for 11-12 experiments in 
each group. Pre-treatment with dexamethasone alone (n=2) 
produced an 82mmHg increase in CPP with 30nM U46619.
+ significantly less than control, * significantly less 
than LPS+DEX (p<0.05).

105



BASELINE 
CPP mmHg

PRE INHIBITOR 
CPP mmHg

PRE INHIBITOR 
U46619 nM

CON n=ll 15.9(1.9) 38.7(1.0) 16.8(8.7)
LPS n=12 12.3(0.8) 40.0(1.4) 40.4(10.9)
LPS+DEX n=12 13.9(1.1) 40.7(1.3) 12.1(8.3)
DEX alone n=2 9.0 39.8 9.5

NS NS NS

Table 18: The baseline coronary perfusion pressure (CPP) 
and U46619 concentration in control (CON) , LPS-treated, 
dexamethasone pre-treated (LPS+DEX) and dexamethasone 
(DEX) alone treated rabbits. Data expressed as mean 
(standard error of the mean for n>2) for n experiments.
NS = not significant.
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Fig 16: The effect of endotoxin on acetylcholine (ACh)-
and glyceryl trinitrate (GTN)-induced changes in coronary 
perfusion pressure (CPP). ACh (O.l^M) and GTN (1.OpM) were 
infused for 1 min into hearts from control (CON) rabbits 
or those treated with endotoxin (lipopolysaccharide, LPS, 
200fig/kg) or dexamethasone (4mg/kg) prior to LPS 
(LPS+DEX) . The response was recorded as (a) peak fall in 
CPP, mmHg, (b) duration of response, min and (c) area 
under trace. Each bar represents the mean and standard 
error of the mean for 11-12 experiments. There were no 
significant differences. Resting CPP is given in Table 18. 
Dexamethasone alone pre-treatment (n=2) produced similar 
responses: ACh: (a)16.8mmHg, (b)1.8min, (c)89.7; GTN:
(a)15.5mmHg, (b)2.6min, (c)121.0.
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Fig 17: The effect of endotoxin on L-NMMA- and L-NIO-
induced changes in coronary perfusion pressure (CPP). L- 
NMMA and L-NIO (1-lOO^M) were infused with stepwise 
increase in concentration into hearts from control (CON) 
rabbits or those treated with endotoxin 
(lipopolysaccharide, LPS, 200jig/kg) or dexamethasone 
(4mg/kg) prior to LPS (LPS+DEX). Resting CPP is given in 
Table 18. The increase in CPP is expressed as mean and 
standard error of the mean for 7-8 experiments in each 
group with L-NMMA and 4-5 with L-NIO. Pre-treatment with 
dexamethasone alone (n=2) induced a 19.8mmHg increase in 
CPP with L-NMMA lOOpM.
+ significantly greater than control, * significantly 
greater than LPS+DEX (p<0.05).
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Chapter 7
DISCUSSION
THE PATHOLOGICAL CONTROL OF VASCULAR TONE
Endotoxaemia with S typhosa lipopolysaccharide (LPS) 
induced a resistance to the vasoconstrictor actions of the 
thromboxane mimetic U46619 in coronary resistance vessels. 
This is comparable to the well recognised resistance to 
vasoconstrictors observed in human endotoxin shock (see 
Parrillo et al 1990) and also to that observed in in vivo 
animal models of endotoxin shock (Julou-Schaeffer et al
1990) and in conductance vessels following in vitro or in 
vivo exposure to endotoxin (Rees et al 1990a, Julou- 
Schaef fer et al 1990, Fleming et al 1991) . Rees et al 
(1990a) demonstrated impaired contraction to phenylephrine 
after exposure of rat aorta to mixed endotoxins in vitro. 
A similar effect was observed on the response to 
noradrenaline following intraperitoneal exposure of rats 
to E coli LPS (Fleming et al 1991). Julou-Schaeffer et al 
(1990) demonstrated a similar ex vivo resistance to 
noradrenaline following E coli LPS and also in vivo 
resistance. Using in vitro exposure to the cytokines 
interleukin-l or tumour necrosis factor plus interferon 7, 
Busse and Mulsch (1990) showed resistance to the 
constrictor action of noradrenaline in rabbit aorta. These 
in vitro and ex vivo data were all endothelium-independent 
effects.
The importance of NO in producing this resistance to 
U46619 was demonstrated by the greatly increased effect of 
the NO synthase inhibitors L-NMMA and L-NIO from the same 
baseline pressure and compared to controls. The results
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from the control experiments were similar to those 
described in chapter 4. The comparable baseline pressures 
prior to inhibitor infusion were produced by a higher 
concentration of U46619 in the hearts from LPS-treated 
rabbits and it was this U46619 which caused the extra 
vasoconstriction when the NO was removed. If a second 
U46619 concentration-response curve had been constructed 
in the presence of NO synthase inhibition it would have 
been more left-shifted in hearts from LPS-treated rabbits 
compared to controls. This was observed in rat conductance 
vessels after in vitro and in vivo exposure to LPS (Rees 
et al 1990a, Julou-Schaeffer et al 1990, Fleming et al 
1991).
The effect can be explained by the induction, by LPS, of 
the Ca2+-independent NO synthase which has been 
demonstrated in endothelial cells (in addition to the 
constitutive enzyme) and vascular smooth muscle cells 
(which normally do not synthesise NO) . Radomski et al 
(1990) using cultured porcine aortic endothelial cells 
demonstrated induction of a Ca2+-independent NO synthase 
following incubation with LPS and interferon 7. Busse and 
Mulsch (1990) using either smooth muscle cells from rabbit 
aortae exposed to interleukin-1 or tumour necrosis factor 
plus interferon 7 or cultured smooth muscle cells from the 
same preparation exposed to the same cytokines 
demonstrated the induction of Ca2+-independent NO synthase 
activity. In rat aorta, following in vivo exposure to S 
typhimurium LPS Knowles et al (1990) demonstrated 
induction of the enzyme with 83% in the muscle layers and 
17% in the endothelium.
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The effects observed were significantly inhibited by the 
prior treatment with high-dose dexamethasone. This has 
been similarly observed in conductance vessels following 
in vitro or in vivo induction (Rees et al 1990a, Knowles 
et al 1990) and in cultured endothelial cells (Radomski et 
al 1990). Other inhibitors of protein synthesis such as 
cycloheximide have also prevented induction (Rees et al 
1990a, Radomski et al 1990, Busse and Mulsch 1990). In 
cultured endothelial cells the glucocorticoid receptor 
antagonist cortexolone inhibited the effect of 
dexamethasone (Radomski et al 1990). As important, is the 
observation that, once induced, dexamethasone has no 
effect on the activities of either enzyme (Rees et al 
1990, Radomski et al 1990). Similarly, dexamethasone 
alone, as in other experiments (Radomski et al 1990, 
Knowles et al 1990) had no effect on any of the responses. 
There was no significant effect of endotoxaemia on the 
responses to acetylcholine (ACh) or glyceryl trinitrate 
(GTN) suggesting that the endothelium and vascular smooth 
muscle remained functionally intact as supported by their 
structural integrity shown in the electron micrographs. 
There was a non-significant trend towards a reduction in 
the GTN-response and an increase in the ACh-response. If 
this were correct then at least two explanations could be 
considered. Firstly, the inducible NO synthase might be 
stimulated by agonists or there might be increased 
activity of the constitutive enzyme. However only the 
inducible enzyme has been induced by endotoxins and is 
considered only to be controlled by substrate supply 
(Moncada et al 1991a). Radomski et al (1990) did, however,
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show a non-significant (but n=3) stimulation of NO 
synthesis by cultured endothelial cells following 
stimulation with bradykinin in a Ca2+-free medium. 
Secondly, one must consider the effect of basal NO 
synthesis on the response to exogenous NO. The increased 
NO synthesised following induction would be expected to 
reduce the GTN response by reducing the sensitivity of the 
soluble guanylate cyclase. As any effect in these 
experiments seemed to be on the duration of the GTN- 
response rather than the peak effect this does not seem to 
be important. If the mechanism were important it would 
probably affect the ACh-response in the same way unless 
other mechanisms prevented it. Few other studies have 
investigated the effects of NO synthase induction on 
endothelium-dependent and -independent responses. In 
isolated coronary arteries from dogs with E coli 
endotoxaemia Parker et al (1991) demonstrated impaired 
relaxation to ACh (by about 20%) and preserved relaxation 
to nitroprusside with unaltered contraction to potassium 
chloride and prostaglandin F2a. The results are difficult

to explain and were not designed to investigate the L- 
arginine : NO pathway. Again differences between
conductance and resistance vessels as well as species 
difference may explain the different results. The reason 
for the increased GTN-response following dexamethasone 
alone is equally unclear and requires further evaluation. 
Thus, induction of NO synthase in resistance vessels, as 
demonstrated in these experiments may explain the 
hypotension and resistance to vasoconstrictors observed in 
endotoxin shock. In coronary resistance vessels it may
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also explain the increased coronary blood flow observed. 
Cunnion et al (1986) and Dhainaut et al (1987) 
demonstrated increased coronary blood flow in man with 
endotoxin shock. In 7 patients Cunnion et al (1986) 
demonstrated increased flow which did not correlate with 
myocardial depression. Similarly, Dhainaut et al (1987) in 
40 patients demonstrated a 44% greater coronary blood flow 
than in a control group and the increase was greatest in 
non-survivors. Several animal studies have demonstrated a 
similar increase (Shapiro et al 1985) although some found 
no change (Parker et al 1991, Groeneveld et al 1991) . 
Animal studies, however, have generally been limited by an 
inadequate volume replacement for the degree of 
vasodilatation. Thus, Groeneveld et al (1991) observed a 
fall in coronary resistance with no increase in flow and 
without measuring filling pressures. Their data also 
suggested the occurrence of a maldistribution of flow but 
their protocol only lasted 120 min after endotoxin 
administration so NO synthase was unlikely to have been 
induced so the effects may be due to other mechanisms. In 
contrast to problems with animal studies including their 
duration, limited by anaesthesia, human studies are 
limited by the use of vasoconstrictor agents often in high 
doses which will affect the coronary.circulation directly 
and indirectly via systemic and myocardial effects.
Several in vivo animal models of endotoxin shock have 
recently been applied to investigating the role of the 
inducible NO synthase. In the anaesthetised dog Kilbourn 
et al (1990) demonstrated a reversal of tumour necrosis 
factor-induced hypotension with L-NMMA. However, this
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might not represent induction of NO synthase as the blood 
pressure started to fall after 20 min and plateaued by 30 
min and studies over 2 hours were not reported. A similar 
time-course was demonstrated in the rat following E coli 
LPS administration and prevention of the early hypotension 
with L-NMMA (Thiemermann and Vane 1990) . Also in the rat, 
Nava et al (1991) demonstrated that L-NMMA prevented the 
early hypotension and also that after 3 hours of S typhosa 
endotoxaemia. The dose of L-NMMA was critical in these 
experiments with too high a dose aggravating the 
hypotension. Similarly, high dose L-NMMA in a rabbit model 
of endotoxin shock (Wright et al 1992) was also 
detrimental unless given with an NO donor when the late 
(2-4 hour) hypotension was prevented. Dexamethasone 
preceding LPS-administration also prevented the 
hypotension. There is, therefore, the need to further 
explore the time course of the effects of endotoxaemia 
with reference to the induction of the Ca2+-independent NO 
synthase. Although the organ bath work has demonstrated 
induction predominantly in vascular smooth muscle the role 
of the macrophage, especially in vivo, still needs to be 
investigated. They were the first cells in which induction 
was demonstrated for tumour cell and micro-organism 
killing (Hibbs et al 1987, Hibbs et al 1988, Marietta et 
al 1988, Stuehr et al 1988). The NO generated could 
theoretically have a role in controlling vascular tone 
particularly following widespread cytokine induction as in 
endotoxin shock.
The effect of dexamethasone inhibiting induction of the 
enzyme but having no effect on its activity once induced
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might explain the lack of effect of steroids in treating 
human endotoxin shock as they can only be given once shock 
is established (Sprung et al 1984, Bone et al 1987, 
Veterans Administration 1987).
Whether induction of the inducible NO synthase explains 
the clinical features of endotoxin shock in man requires 
further study but it seems likely that it will have a 
significant role. The haemodynamic features of 
vasodilatation and resistance to conventional 
vasoconstrictors (see Parrillo et al 1990) with elevated 
levels of NO2V N O 3” (Ochoa et al 1991) support the 
conclusion. Additionally intravenous L-NMMA dramatically 
increases blood pressure in the few patients given it 
(Petros et al 1991, Geroulanos et al 1992).
The recent observations that nitric oxide, synthesised by 
the endocardium, has a role in regulating myocardial 
function as a negative inotrope opposing the action of a 
positive, endocardium-derived, inotrope endocardin (Shah 
et al 1991, Schulz et al 1991, Henderson et al 1992) has 
led to speculation that NO may explain some of the cardiac 
dysfunction observed in endotoxin shock and other 
pathologies. The myocardium has recently been shown to 
express the inducible NO synthase in rats treated with 
endotoxin (Schulz et al 1992). Certainly there is evidence 
of myocardial dysfunction in vitro and in vivo in animals 
(Parker and Adams 1981, Velkov et al 1989, Sugi et al
1991) and in man (Cunnion and Parrillo 1989, Parrillo et 
al 1990). Any role for NO has yet to be identified, and if 
it is, its source from either endothelial, endocardial,
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vascular smooth muscle, myocardial or macrophage cells 
will have to be clarified.

In summary, this part of the thesis has demonstrated, at a 
functional level, the induction of NO synthase in coronary 
resistance vessels of the rabbit following in vivo 
administration of lipopolysaccharide. This effect was 
prevented by dexamethasone, responses to vasodilators were 
unimpaired and there was no observable ultrastructural 
damage. The effect may explain the vasodilatation and 
resistance to vasoconstrictors, as well as the increased 
coronary flow, observed in human endotoxin shock. Whether 
it also contributes to myocardial dysfunction requires 
further investigation.
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Chapter 8
CONCLUSIONS

This thesis has confirmed a basal synthesis of nitric 
oxide (NO) regulating coronary vascular resistance. This 
has now been demonstrated in vivo in all circulations 
studied including the coronary circulation of many 
species. It has been confirmed in the human forearm 
(Vallance et al 1990) and is highly likely to occur in the 
coronary circulation of man. The different potencies and 
efficacies of the inhibitors studied, compared to that in 
other vascular beds and species, suggests differences in 
the enzyme(s) or arginine metabolism between species and 
vascular beds. Further work is required to clarify these 
differences and their physiological and pathophysiological 
roles.

The mechanism of acetylcholine-induced vasodilatation is 
confirmed to be complex and to involve, only partially, 
stimulated NO synthesis. The NO is likely to be
predominantly responsible for the sustained rather than 
the immediate ACh-response. These experiments have led to 
the conclusion, previously only suggested by other data, 
that basal and agonist-stimulated NO synthesis are 
differentially controlled. The mechanism(s) remain to be 
elucidated but could also involve differences in NO
synthase or arginine metabolism. This differential control 
may be important when considering defects in the L- 
arginine : NO pathway in disease processes such as
atherosclerosis. In vitro basal NO synthesis in human
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coronary conductance vessels has been shown to be impaired 
by atherosclerosis (Chester et al 1990). Similarly 
agonist-stimulated synthesis is impaired (Forstermann et 
al 1988, Chester et al 1990) but direct comparison has not 
been made. Acetylcholine has been used in vivo in man to 
demonstrate conductance and resistance vessel dilatation 
in normal vessels and constriction in atherosclerotic 
vessels (Ludmer et al 1986, Horio et al 1988, Yasue et al 
1990). In certain situations the resistance vessels may 
dilate in the presence of constricting conductance vessels 
(Horio et al 1988) which supports a difference between 
conductance and resistance vessels in pathology as well as 
normal physiology. Thus endothelial dysfunction can be 
demonstrated by the use of endothelium-dependent 
vasodilators that stimulate NO synthesis. It has been 
suggested that this endothelial dysfunction and exposure 
of the direct vasoconstrictor action of acetylcholine may 
pre-date overt atherosclerosis and can be predicted by the 
presence of risk factors for coronary artery disease such 
as hypercholesterolaemia (Vita et al 1990). Interestingly, 
L-arginine excess has been shown to restore the 
endothelial dysfunction induced by hypercholesterolaemia 
in rabbits ex vivo (Cooke et al 1991) and man in vivo 
(Drexler et al 1991). L-arginine in control groups did not 
affect the ACh-response which has been demonstrated in 
these and some other animal experiments. The effects of L- 
arginine on baseline tone was only studied in man and was 
not altered (Drexler et al 1991). There may, therefore, be 
a defect in L-arginine transport in coronary artery

118



disease which may have a greater effect on stimulated 
compared to basal NO synthesis.

The potentiation of the glyceryl trinitrate response 
following reduction in basal NO synthesis is demonstrated 
in coronary resistance vessels. This may have important 
clinical implications in conditions, such as 
atherosclerosis, when endothelial NO synthesis is 
impaired. Additionally, intervention such as angioplasty 
impairs conductance vessel endothelial function. 
Potentiation demands that the underlying smooth vessel 
function is preserved which may not always be the case. If 
it is not preserved then the mechanism may still act to 
limit the effect of the impairment. Studies so far have 
simply reported a "normal" response to GTN in 
atherosclerosis without investigating it in detail. 
Whether a reduced sensitivity to nitrates in the presence 
of excess NO might contribute to nitrate tolerance remains 
to be investigated. Nitrate tolerance is undoubtedly a 
complex effect with many contributing factors (Packer et 
al 1990) . It is also important that the sensitivity 
phenomenon occurs within 10 min whereas problems with 
nitrate tolerance occur mainly after the 12-24K time 
period. So any effect may be small but might alter nitrate 
effect if not affect nitrate tolerance.

Although in certain species and vascular beds some 
adrenergic agonists stimulate NO synthesis this is not so 
with adrenaline in rabbit coronary resistance vessels. It 
is not known whether this may occur in man. In other
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higher species the role of NO in adrenergic coronary 
vasodilatation has not been investigated.

Nitric oxide synthesis was induced in coronary resistance 
vessels with endotoxin which may explain some of the 
systemic and coronary haemodynamic changes in endotoxin 
shock including the vasodilatation, resistance to 
vasoconstrictors and increased coronary blood flow. 
Whether the induction also explains the myocardial 
dysfunction observed needs further investigation. New 
therapeutic areas are likely to develop in this field. 
Whether induction of NO synthase could be used in 
conditions with impaired endothelial NO synthesis is 
uncertain. On current evidence the resultant NO synthesis 
might be excessive and uncontrolled with widespread 
pathological effects.
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Fig 18A: Transmission electron micrograph (X17,500) of
left ventricular wall from control rabbit showing muscle
fibres (F), mitochondria (M) and a capillary (C).
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Fig 18B: Transmission electron micrograph (X17,500) of
left ventricular wall from LPS-treated rabbit showing
muscle fibre (F), mitochondria (M) and capillary (C).
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Fig 18C: Transmission electron micrograph (X65,000) of
left ventricular wall from control rabbit showing muscle
fibre (F) and mitochondria (M).
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Fig 18D: Transmission electron micrograph (X65,000) of
left ventricular wall from LPS-treated rabbit showing
intact muscle fibre (F) and mitochondria (M).
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