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ABSTRACT

This thesis examines the influence of perivascular nerves and 

the vascular endothelium on the local control of vascular tone with 

particular emphasis on how these mechanisms are affected by age and 

in atherosclerosis. Using the method of in vitro pharmacology, it was 

shown that ATP is a co transmit ter with noradrenaline (NA) in the 

hepatic artery of the rabbit and that the response of the vessel to 

the purine is mediated by ATP acting through post-junctional ?2x~ 

purinoceptors. Acetylcholine (ACh) induced a vasodilatation that was 

entirely dependent on the presence of an intact endothelium whereas 

adenosine, ATP and 2-methylthio ATP (a selective P2y-purinoceptor 

agonist) were shown to elicit a relaxation that was independent of 

the endothelium.

The presence of nerve fibres containing substance P (SP), 

calcitonin gene-related peptide (CGRP) and vasoactive intestinal 

polypeptide (VIP) were demonstrated in the hepatic artery of the 

rabbit. Furthermore, it was shown that CGRP and VIP mediated a 

vasodilatation in the absence of endothelium whereas SP produced a 

relaxation that was endothelium-dependent.

Changes in the reactivity of hepatic and saphenous arteries from 

male and female rabbits (2-36 months) in response to directly acting 

vasoconstrictor agents (NA, a,(5-methylene ATP (a,|5-meATP), KC1); 

endothelium-dependent vasodilator agents (ACh, SP); endothelium-



3

independent vasodilator agents (CGRP, VIP, ATP) and transmural nerve 

stimulation are described.

Male and female Watanabe Heritable Hyperlipidaemic (WHHL) rabbits 

(4-12 months) were used as a model for human homozygous 

hypercholesterolaemia. After an initial reduction in endothelium- 

dependent vasodilatation, there was an increase in relaxation at 12 

months, when plaques were present. Contractions to sympathetic nerve 

stimulation was also reduced at 12 months.

The effects of acrylamide, which is regarded as a model for 

autonomic neuropathy, on the response of the hepatic, saphenous and 

basilar arteries are also described.
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The cardiovascular system has a crucial role in the maintenance 

of an optimal environment for cellular function by supplying the 

appropriate concentrations of nutritive materials and oxygen to the 

tissues and by the transport of carbon dioxide and metabolites to the 

organs of excretion. Blood pressure and vascular tone are maintained 

in accord with the metabolic demands of the tissue by regulation from 

the autonomic nervous system and from locally released and 

circulating humoral agents.

Most studies of the neurochemical control of the vasculature 

have been dominated by the role of catecholamines released from 

sympathetic perivascular nerves and from the adrenal medulla into the 

bloodstream. During recent years, the availability of new and 

improved techniques in immunohistochemistry, electron microscopy, 

electrophysiology and pharmacology has led to the discovery that 

perivascular nerves of several types in man and other mammals contain 

a number of regulatory substances including purines and peptides as 

well as noradrenaline (NA) and acetylcholine (ACh). Vascular 

neurohumoral control mechanisms have been uncovered such as 

cotransmission and neuromodulation and in addition, the endothelium 

of blood vessels has been shown to be important in the regulation of 

vascular tone and in the dilator responses to substances such as ACh, 

substance P (SP), arachidonic acid, adenosine 5’-triphosphate (ATP) 

and adenosine 5'-diphosphate (ADP).

Purine nucleosides and nucleotides have been shown to have 

widespread vascular actions. ATP may be released as a cotransmitter
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with NA from perivascular sympathetic nerves to mediate a 

vasoconstriction via P2x_purinoceptors or from non-sympathetic 

inhibitory nerves, endothelial cells or from circulating blood to 

mediate a vasodilatation via P2y-purinoceptors that are usually 

located on the endothelium. Furthermore, adenosine can also mediate a 

vasodilatation via P^-purinoceptors located on the smooth muscle.

Several peptides have been shown to produce a vasodilatation 

that is independent of the endothelium, including calcitonin gene- 

related peptide (CGRP) and vasoactive intestinal polypeptide (VIP) 

whereas others, such as SP cause a relaxation of the vasculature that 

is dependent on the presence of an intact endothelium.

The aim of this thesis is to examine aspects of local regulation 

of vascular tone by perivascular nerves and endothelial cells with 

particular emphasis on the role played by ATP in the neuroregulation 

of blood vessel tone and the influence of the endothelium, if any, on 

vessel relaxation to ATP, adenosine, SP, CGRP and VIP. Furthermore, 

since certain physiological and pathophysiological conditions may 

alter vascular reactivity, this study aims in particular to 

investigate changes in the regulation of vascular tone that occur as 

a consequence of age, sex, atherosclerosis and autonomic neuropathy.

The background to the work is given in the General Introduction 

(Chapter 1). After a description of the general methods employed 

(Chapter 2) the experimental results are presented in four sections.
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Section A (Chapters 3 and k) deals with aspects of nerve- and 

endothelium-mediated control of vascular tone in the isolated rabbit 

hepatic artery. Chapter 3 presents pharmacological evidence for ATP 

as a sympathetic cotransmitter together with NA in this vessel. In 

chapter 4, the location*of purinoceptor subtypes are identified and 

the influence of the endothelium on the ability of ACh, SP, CGRP and 

VIP to relax the artery examined.

Section B (Chapter 5) examines the influence of age and sex on the 

reactivity of rabbit hepatic and saphenous arteries to vasoactive 

agents and to transmural electrical nerve stimulation.

Section C (Chapters 6, 7 and 8) examines the effect of 

atherosclerosis on the vascular reactivity of rabbit hepatic, 

saphenous and basilar arteries using the Watanabe heritable 

hyperlipidaemic (WHHL) rabbit as a model of familial 

hypercholesterolaemia. In Chapter 6, changes in the responsiveness of 

hepatic and saphenous arteries from male and female rabbits to 

contractile agents and the endothelium-dependent vasodilator, ACh, 

are examined. Morphological evidence of the progression of the 

disease is obtained using electron microscopy. Chapters 7 and 8 

further investigate the effect of atherosclerosis on the reactivity 

of hepatic, saphenous and basilar arteries from male and female WHHL 

rabbits in response to direct contractile agents, direct muscle 

vasodilators, endothelium-dependent vasodilators and nerve 

stimulation.
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Section D (Chapter 9) investigates the effects of acrylamide- 

induced autonomic neuropathy on the vascular reactivity of rabbit 

hepatic and basilar arteries.

The results of the experimental work are discussed at the end of 

each chapter and then assessed in a wider context in the General 

Discussion (Chapter 10).



Chapter 1 
GENERAL INTRODUCTION
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This chapter is a brief introduction to the regulation of the 

cardiovascular system. It is not intended to be a comprehensive 

review but rather a brief account of the general features of neural 

and endothelial control of the vasculature, thus giving a perspective 

on the features relevant to this thesis.

1.1 STRUCTURE OF BLOOD VESSELS
Muscular and elastic arteries consist of three morphologically 

distinct layers (Burnstock et al, 1980; Mulvany, 1985). The intima is 

innermost, and consists of a monolayer of endothelial cells lining 

the lumen of the vessel. A subendothelial layer, containing loose 

connective tissue, and in the newborn human, a small number of smooth 

cells constitutes the internal elastic lamina. In man, intimal smooth 

muscle cells increase in number with age.

The tunica media, or middle layer, forms the principal 

structural component of the artery wall and consists of smooth muscle 

cells, arranged in a circular or helical manner, surrounded by 

variable amounts of collagen, small elastic fibres and proteoglycans. 

In most instances, the smooth muscle cells are attached to one 

another by specific junctional complexes. As the diameter of the 

artery decreases, so does the number of smooth muscle cells. The 

smallest arterioles have only a single layer of smooth muscle cells 

and capillaries have no smooth muscle cells. The outermost layer is 

the adventitia, and is usually separated from the media by a 

discontinuous sheet of elastic tissue, the external elastic lamina. 

The adventitia consists of fibroblasts, connective tissue, vasa



21

vasorum and nerves. These do not penetrate deeply into the media 

being confined to the adventitia and outer third of the media.

1.2 THE AUTONOMIC NEUROMUSCULAR JUNCTION

In most vessels, perivascular autonomic nerves are confined to 

the adventitial side of the media (Burnstock, 1975)* Information from 

electron microscope and fluorescent histochemical studies (Hillarp, 

1946; Burnstock, 1970) of the relationship of individual nerves to 

smooth muscle cells together with studies of the electrophysiology of 

transmission (see Bennett & Burnstock, 1968) led Burnstock & Iwayama 

(1971) to propose a general model of the autonomic neuroeffector 

junction. The essential features are that the terminal regions of 

autonomic nerve fibres are long and branching, with extensive 

terminal varicose regions (1 - 2 pm) in diameter), free of Schwann 

cell envelopments, transmitter being released "en passage" during 

conduction of an impulse. The varicosities contain high levels of 

neurotransmitters and are separated by narrow (0.1 - 0.3 pm diameter) 

intervaricose regions. The minimum separation between nerve 

varicosities and muscle cells (the junctional cleft) is variable 

between different vessels. The minimal junctional cleft may be as 

little as 20 nm in vessels with dense innervation such as small 

muscular arteries or large arterioles and may be as much as 2000 nm 

in some large elastic arteries. The density of innervation is 

generally inversely related to vessel diameter, as is the size of the 

responses to nerve stimulation (Luff & McLachlan, 1989)• The effector 

is a muscle bundle and individual muscle cells are connected by low
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resistance "gap junctions" (or "nexuses") which allow electrotonic 

spread of activity between neighbouring smooth muscle cells 

(Burnstock, 1986a).

The autonomic neuroeffector junction between varicosities and 

smooth muscle is not a synapse with well defined pre- and 

postjunctional specializations as exemplified by the classical 

synapses of the skeletal neuromuscular junction and of those present 

in ganglia. The varicosity membrane sometimes has thickenings 

associated with vesicle groupings suggesting possible sites of 

transmitter release, but postjunctional specializations are rarely 

seen. The variable and often wide cleft of the vascular neuroeffector 

junctions makes this system amenable to both pre- and postjunctional 

modulatory influences from locally released and circulating 

substances, as well as being the site of neurotransmission 

(Burnstock, 1990a).

1.3 the sympathetic nervous system
(For reviews see Bowman &. Rand, 1980; Burnstock, 1986a)

Sympathetic outflow from the central nervous system is described

as thoracolumbar since the preganglionic neurones emerge in the

ventral roots of the spinal nerves of the first thoracic to third

lumbar segments of the spinal cord inclusive. Sympathetic 

preganglionic fibres are usually short and myelinated. They extend to 

the paravertebral sympathetic ganglion chain, which lies on either 

side of the spinal cord, where most synapse with the cell bodies of
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the postganglionic neurones. The postganglionic sympathetic nerves of 

the head originate in the superior, middle and stellate ganglia. The 

axons of the postganglionic neurones are mostly unmyelinated and end 

on visceral effectors. Sympathetic pathways supplying effectors 

located in the abdomen and pelvis have preganglionic fibres that pass 

straight through the paravertebral ganglia without synapsing.

Instead, they synapse with the cell bodies of postganglionic neurones 

in prevertebral ganglia and plexuses in the abdominal aorta. The 

coeliac and superior and inferior mesenteric ganglia are major 

components of this plexus.

The principal transmitter released from sympathetic nerve 

endings is noradrenaline (NA). NA is synthesized in the nerve 

varicosity from which it is released and is stored in small, dense- 

cored granular vesicles (35 " 60 nm). The release of NA is evoked by 

an action potential which invades the terminal axon causing a change 

in membrane permeability. Na+, Cl” and Ca^+ enter the cell and K+ 

emerges (Hodgkin & Huxley, 1952). The influx of Ca^+ triggers the 

release of NA from many storage vesicles into the junctional cleft 

(Cunnane, 1984). When NA is released from the prejunctional nerve 

terminal, it diffuses down its concentration gradient and initiates a 

response in the postjunctional tissue by reversibly combining with 

one of two main types of receptor called a-adrenoceptors and |5- 

adrenoceptors (Alqhist, 1948). Stimulation of the two basic types of 

adrenergic receptors on vascular smooth muscle produces opposing 

effects: stimulation of a-adrenoceptors causes smooth muscle 

contraction, leading to vasoconstriction; stimulation of (5-
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adrenoceptors causes muscle relaxation, leading to vasodilatation. 

c^-Adrenoceptors can also occur on the nerve endings (prejunctional 

o^-adrenoceptors), where they exert a negative feedback inhibition of 

NA release (Langer, 1981; McGrath, 1982, 1983)* There is also 

evidence that o^-adrenoceptors mediate the release of endothelium- 

dependent relaxation factor (EDRF) in many large and small arteries 

(see Angus, 1988).

A third type of adrenoceptor, the if-adrenoceptor, located on 

vascular smooth muscle cells at adrenergic neuroeffector junctions, 

has been proposed since vasoconstriction remains even after a- 

adrenergic blockade in some vessels (Hirst & Neild, 1980; Hirst et 

al., 1982). However, its existence remains controversial (Angus,

1982; Neild & Hirst, 1984).

1.3.1 NORADRENALINE AND ATP AS SYMPATHETIC COTRANSMITTERS

In 1957* Eccles introduced the term "Dale's Principle" to 

describe the concept that each nerve cell makes and releases only one 

transmitter. In 1976, Burnstock questioned this principle and the 

existence of nerves that can synthesize, store and release more than 

one pharmacologically active transmitter is now widely accepted (see 

Cuello, 1982; Chan Palay & Palay, 1984; HSkfelt et al., 1987; Bartfai 

et al., 1988; Furness et al., 1989; Kupferman, 1990).

Studies of chromaffin cells of the adrenal medulla (Blashko et 

al., 1956; Falck et al., 1956; Douglas & Poisner, 1966; Stevens et
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al., 1972) and of sympathetic nerves, demonstrate the costorage and 

corelease of adenosine 5’-triphosphate (ATP) with NA. Similar studies 

indicate that NA and ATP may also be stored together in sympathetic 

neurones in various ratios (Geffen & Livett, 1971; Lagercrantz & 

Stj&rne, 197*0*

The first indication that ATP might be released from sympathetic 

nerves was the demonstration that stimulation of periarterial 

sympathetic nerves led to the release of tritium from taenia coli 

preincubated in (^H)-adenosine (which is taken up and converted to 

(^H)-ATP ), and that the release of tritium and NA were blocked by 

guanethidine (Su et al., 1971)* Langer & Pinto (1976), were the first 

to suggest that the nonadrenergic, noncholinergic (NANC) response of 

the cat nictitating membrane, following depletion of NA by reserpine, 

might be due to the release of ATP remaining in sympathetic nerves. 

There is now a large body of evidence to show that NA and ATP act as 

cotransmitters, being released from sympathetic nerves in variable 

proportions depending on the tissue and species (Burnstock, 1986b; 

Burnstock, 1988a; 1988b). The most complete evidence for ATP as a 

cotransmitter with NA in sympathetic nerves comes from studies using 

the vas deferens where evidence for purinergic cotransmission 

includes: block of the prazosin-resistant component of the response 

to sympathetic nerve stimulation by the P2x~purinoceptor antagonist 

arylazido aminoproprionyl-ATP (ANAPP^) (Fedan et al., 1981; Sneddon 

et al., 1982) or by the selective desensitizer of the P2x~ 

purinoceptor, a,^-methylene ATP (a,|J-meATP) (Kasakov & Burnstock, 

1983); release of ATP during nerve stimulation, which is abolished by
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tetrodotoxin (TTX), guanethidine or destruction of sympathetic nerve 

terminals by 6-hydroxydopamine (6-OHDA), but is unaffected by 

selective depletion of NA by reserpine, and mimicry of excitatory 

junction potentials by ATP but not by NA (Fedan et al., 1981; Sneddon 

& Westfall, 1984; Sneddon & Burnstock, 1984a; Meldrum & Burnstock, 

1983; Kasakov et al., 1988; Stj&rne, 1989)* Further pharmacological 

and electrophysiological studies have provided evidence for 

sympathetic cotransmission of NA & ATP in many blood vessels 

including the rat tail artery (Sneddon & Burnstock, 1984b; Bao et 

al., 1989a), rabbit ear artery (Kennedy & Burnstock, 1985a; Suzuki, 

1985; Saville & Burnstock, 1988), dog basilar artery (Murumatsu & 

Kigoshi,1987)» mesenteric artery (Ishikawa, 1985; von Ktlgelgen & 

Starke, 1985; Murumatsu, 1986; Ramme et al., 1987; Muir & Wardle, 

1988; Machaley et al., 1988), rabbit pulmonary artery (Katsuragi &

Su, 1982), guinea-pig and rabbit saphenous arteries (Cheung &

Fujioka, 1986; Burnstock & Warland, 1987a). Synergism is a 

characteristic of cotransmission and has been demonstrated in several 

organs and blood vessels where cotransmission of NA and ATP has been 

established (Huidobro-Toro & Parada, 1988; Krishnamurty & Kadowitz, 

1983; Ralevic & Burnstock, 1990).

1.3.2 NEUROPEPTIDE Y IN SYMPATHETIC NEURONES

Neuropeptide Y (NPY) is stored and released by sympathetic nerve 

fibres in all parts of the mammalian cardiovascular system (Lundberg 

et al., 1983; Ekbald et al., 1984; Uddman et al., 1985; Morris et 

al., 1985). The effect of NPY on smooth muscle varies considerably
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from one artery to another. In some arteries, NPY has direct 

vasoconstrictor actions (cat salivary arteries, Lundberg & Tatemoto, 

1982; cat pial artery, Edvinsson et al., 1984; guinea-pig uterine 

artery, Morris et al., 1985; rat femoral artery, Lundberg et al., 

1985a). However, in others, it has potent prejunctional actions 

reducing the release of NA, and postjunctional actions enhancing the 

actions of NA (Wahlestedt et al., 1986).

1.4 THE PARASYMPATHETIC NERVOUS SYSTEM

The parasympathetic nervous system (PNS) consists of the 

autonomic fibres that arise from cranial nerves III (oculomotor), VII 

(facial), IX (glossopharyngeal) and X (vagus) as well as sacral 

parasympathetic outflow which is carried in the spinal nerves of 

sacral segments 2, 3 and 4 of the spinal cord. The PNS is 

anatomically distinguishable from the sympathetic nervous system 

(SNS) in that the ganglia are located close to, or embedded within, 

the wall of the effector organ. In general, parasympathetic 

preganglionic neurones are long and myelinated whilst postganglionic 

neurones are short. The pattern of parasympathetic innervation in the 

body is relatively limited to certain effectors located within the 

head, and to the viscera within the thorax, abdomen and pelvis and it 

does not innervate the sweat glands, or spleen. Hence, the 

distribution of perivascular parasympathetic nerves in the 

cardiovascular system is less extensive than that of sympathetic 

nerves.
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The principal transmitter of most parasympathetic nerves is 

acetylcholine (ACh). However, sympathetic, cholinergic vasodilator 

fibres are present in skeletal muscle (Uvn&s, 1966), skin (Brody & 

Shaffer, 1970), uterus (Ryan et al., 197*0 and possibly in the renal 

vasculature (McKenna & Angelakos, 1968) in certain species. In many 

studies, histochemical demonstration of cholinergic nerves has relied 

on the localization of acetylcholinesterase (AChE), the degradative 

enzyme of ACh (Koelle, 1955; Karnovsky & Roots, 1964). Although 

parasympathetic nerves are very rich in AChE, this method is not 

specific (Chubb et al., 1980). The use of antibodies to choline 

acetyl transferase (ChAT) for immunohistochemical localization is 

preferable (Eckenstein et al., 1981).

ACh released from postganglionic parasympathetic nerves in 

mammals produces a vasodilatation via muscarinic receptors on 

vascular smooth muscle cells (Brayden & Bevan, 1935; Keef & Brown, 

1988). Relaxant effects mediated by prejunctional inhibition of NA 

release have also been demonstrated in the canine coronary artery 

(Cohen et al., 1984).

1.4.1 COTRANSMISSION IN PARASYMPATHETIC NEURONES

Vasoactive intestinal polypeptide (VIP) has been shown to be 

stored together with ACh in parasympathetic cholinergic neurones. In 

the cat salivary gland, low frequency stimulation evokes the release 

of ACh from parasympathetic nerves causing salivary secretion and
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some vasodilatation (Bloom & Edwards, 1980; Lundberg, 1981). At high 

frequencies, the nerves release VIP at the same time as ACh to 

produce marked vasodilatation and indirect enhancement of ACh release 

via prejunctional modification.

1.5 THE SENSORY-MOTOR SYSTEM

The sensory nervous system has been thought to function as a 

receptive and afferent system which reflexly activates effector 

systems and thereby enables the organism to react to changes in the 

external environment and to maintain homeostasis. However, this 

concept was questioned nearly one hundred years ago when Bayliss 

(1901) observed that mechanical, thermal or chemical stimuli 

("antidromic” stimulation) produced a vasodilator response, mainly in 

the skin blood vessels, together with other signs of inflammation in 

the skin. This response is commonly known as the "axon reflex" 

(Langley, 1923; Lewis, 1927; Dale, 1935)* This concept proposes that 

sensory nerves bifurcate in the periphery, one branch forming the 

sensory ending for reception of the irritant stimulus, the other 

supplying a blood vessel. When the sensory ending is activated, nerve 

impulses travel not only centrally but at the branch point also pass 

"antidromically" to the blood vessel to cause vasodilatation. Much 

evidence has accumulated to support a "sensory-efferent" role of 

sensory nerve endings whereby capsaicin-sensitive neurones have the 

ability to release the stored transmitter from the same terminal 

which is excited by the environmental stimulus (Maggi & Meli, 1988).
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Capsaicin, (8-methyl-N-vanillyl-6-nonenamide), an irritant 

compound present in a variety of hot, red peppers, is now widely used 

as a probe for sensory neurone mechanisms. Capsaicin induces a 

vasodilatation and neurogenic inflammation followed by 

desensitization of chemosensitive primary sensitive neurones to the 

drug and a block of nerve conduction (Janscd et al., 1968). In 

addition, in rats pretreated as neonates with a single dose of 

capsaicin, a permanent loss of responses to chemical irritants was 

found together with a degeneration of all unmyelinated afferent 

fibres (Jansco et al., 1977)*

The immunohistochemical localization o** substance P (SP) in 

defined groups of small-diameter cell bodies in the spinal ganglia as 

well as in nerve fibres in the periphery and in the dorsal horn of 

the spinal cord (Jessell et al., 1978; Furness et al., 1982; Wharton 

& Gulbenkian, 1987) forms the neurochemical basis for the role of 

this peptide as the neurotransmitter in primary sensory nerves, as 

originally postulated by Lembeck (1953)* Further evidence which 

substantiates this hypothesis comes from studies that demonstrate SP- 

release from central and peripheral sensory nerve terminals after 

capsaicin stimulation of sensory nerves (Gamse et al., 1979;

Theriault et al., 1979; Gamse et al., 1981). In addition, the acute 

biological effects of capsaicin, including vasodilatation (Lundblad 

et al., 1983) are mimicked by SP.

SP is not the only peptide present in capsaicin-sensory 

neurones. Calcitonin gene-related peptide (CGRP) has been localized



31

in sensory neurones (Rosenfeld et al., 1983; Fischer et al., 1983) 

with a distribution that closely resembles that of SP, as does the 

sensitivity of these neurones to capsaicin (Gibson et al., 1984; 

Gibbins et al., 1985; Lee et al., 1985; Lundberg et al., 1985; 

Terenghi et al., 1985; Uddman et al., 1986; Wanaka et al., 1986). 

Furthermore, it has been demonstrated that CGRP and SP coexist in the 

same large vesicles in various tissues (Gulbenkian et al., 1986; 

Wharton & Gulbenkian, 1987) and that CGRP is a potent vasodilator 

(Brain et al., 1985).

1.6 THE LOCAL CONTROL OF SMOOTH MUSCLE TONE BY THE VASCULAR 
ENDOTHELIUM

The endothelium is the most intimal layer of the blood vessel 

and in addition to its role in metabolism, coagulation, and transport 

processes, the endothelium possesses the ability to profoundly 

modulate the degree of contraction of the smooth muscle that 

surrounds it. In 1980, Furchgott & Zawadzki demonstrated that the 

relaxation of isolated rabbit aorta and other arteries induced by ACh 

is dependent on the presence of an intact endothelium. The relaxation 

was attributed to the release of a non-prostanoid labile relaxing 

substance(s) which was later referred to as the endothelium-dependent 

relaxing factor(s) (EDRF)(sj (Furchgott, 1983)• ACh is not the only 

vasodilator substance that is entirely dependent upon the endothelium 

and EDRF release. The list of vasodilators that are clearly 

endothelium-dependent includes ATP (Furchgott, 1981; De Mey et al., 

1982; Rapoport et al., 1984; Martin et al., 1985; Houston et al.,
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1985)* SP (Furchgott, 1983; D'Orleans-Juste et al., 1985; Edvinsson 

et al., 1985; Bolton &. Clapp, 1986; Stewart-Lee & Burnstock, 1989).

5-hydroxytryptamine (5“HT) (Cocks & Angus, 1983; Cohen et al., 1983) 

and a number of other substances including bradykinin (Bk) (Cherry et 

al., 1982; Chand & Altura, 1981), histamine (van de Voorde & Leusen, 

1983; Satoh & Inui, 1984), CGRP (Brain et al., 1985), VIP (Davis & 

Williams, 1984), vasopressin (Katusic et al., 1984), A23187 (Ca^+ 

ionophore) (Zawadzki et al., 1980), thrombin (De Mey et al., 1982) 

and saturated and unsaturated fatty acids (Cherry et al., 1983; 

Furchgott, 1983). In addition to agents that stimulate the release of 

EDRF from endothelial cells, there appears to be a flow-dependent 

release of EDRF that is related to shear stress on the endothelial 

cells (see Vanhoutte et al., 1986).

The relaxations of smooth cells caused by EDRF(s) is usually 

coupled with the production of cyclic 3’”5’-guanosine monophosphate 

(c-GMP) in a time and concentration-dependent manner (Holtzmann,

1982; Rapoport & Murad, 1983; Griffith et al., 1985)•

The adoption of methods of bioassay by perfusion of vascular 

endothelial cells cultured on microcarriers and the direct bioassay 

of the perfusate on an endothelium-denuded arterial preparation 

(Cocks et al., 1985*, Gryglewski et al., 1986) or on platelet 

suspensions (Radomski et al., 1987a) has resulted in most of the 

information known about EDRF. It soon became clear that EDRF is very 

unstable with a half-life of between 6 and 50 s (Griffith et al., 

1984; Fdstermann et al., 1985) and that the production and/or release
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of EDRF is dependent on intracellular (De Feudis, 1985; Hallam & 

Pearson, 1986) and extracellular Ca^+ (Long & Stone, 1985; Winquist 

et al., 1985; Ltickoff et al., 1988., White & Martin, 1989; Lopez- 

Jaramillo et al., 1990)* Early studies on the effects of arachidonic 

acid lipoxygenase inhibitors such as eicosatetraynoic acid (ETYA) and 

phospholipase A2 inhibitors such as mepacrine, led to the suggestion 

that EDRF might be an arachidonic acid lipoxygenase product. However, 

prostacyclin and other products of cyclooxygenase activity were soon 

ruled out because the enzyme inhibitors, indomethacin and aspirin, 

had no effect on the relaxant response to ACh (Furchgott & Zawadzki, 

1980). At a symposium in 1986, the proposal that EDRF is nitric oxide 

(NO) was first made independently by Furchgott (1988) and by Ignarro 

(Ignarro et al., 1988). Since then, Ignarro and his colleagues have 

presented additional evidence that EDRF from bovine pulmonary vessels 

is NO (Ignarro et al., 1987). In addition, the report by Palmer and 

co-workers (1987). showing that EDRF released from cultured porcine 

aortic endothelial cells by bradykinin is indistinguishable from NO 

in biological activity, substantiates the view that NO is the most 

likely contender as an EDRF. It has been proposed that L-arginine is 

the precursor of NO (Palmer et al., 1988; Mitchell et al., 1990).
pMoreover, N -monomethyl-L-arginine (L-NMMA) inhibits the formation of 

NO from endothelial cells in a stereospecific manner and the 

inhibition can be reversed by L-arginine (Rees et al., 1989).

There is now convincing evidence that along with EDRF, there is 

a second factor which is released from the endothelial cells of some 

arteries by ACh which causes a hyperpolarization of vascular smooth
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Komori et al., 1988; Chen et al., 1988). This hyperpolarization is 

due to a diffusible factor called endothelium-derived hyperpolarizing 

factor (EDHF).

EDRF is also an inhibitor of platelet aggregation (Azuma et al., 

1986; Mellion et al., 1981; Radomski et al., 1987b; Radomski et al., 

1990). Endothelial cells can also produce prostacyclin which also 

causes vascular relaxation and inhibits platelet aggregation through 

the production of cyclic 31”5'-adenosine monophosphate (c-AMP) (see 

Moncada et al., 1987;). Thus, the combined secretion of EDRF and 

prostacyclin by the endothelial cells constitutes a powerful 

antiaggregatory barrier.

1.6.1 ENDOTHELIUM-DERIVED CONTRACTING FACTORS

It has become apparent that in various blood vessels from 

different species, the endothelium can produce a factor(s), 

endothelium-derived contracting factor(s) (EDCF)(s), which causes 

smooth muscle contraction in response to stimuli such as high 

extracellular potassium, hypoxia and stretch (De Mey & Vanhoutte, 

1983; Rubanyi & Vanhoutte, 1985; Katusic et al., 1986, 1988).

The term EDCF represents at least three different classes of 

vasoactive substances: (a) metabolites of arachidonic acid (Katusic 

et al., 1986), (b) a polypeptide-like factor (or factors) produced by 

cultured endothelial cells (Hickey et al., 1985; Gillespie et al.,
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1986) and (c) a diffusible factor (factors) released from 

anoxic/hypoxic native endothelial cells.

Yanagisawa and co-workers (1988a), have isolated and purified 

from cultured porcine endothelial cells a 21 amino acid peptide, 

termed endothelin-1 (ET-1), with potent vasoconstricting properties 

in almost all arteries (Shigeno et al., 1988; Tomobe et al., 1988; 

Brain et al., 1988; Saito et al., 1989). The vasoconstriction by ET-1 

requires the presence of Ca^+ and specific receptors that mediate the 

contractile response have been located by autoradiography on the 

vascular smooth muscle (Dashwood et al., 1989). It appears that veins 

are more sensitive than arteries to ET-1 (D’Orleans-Juste et al.,

1989). Besides its ability to cause a vasoconstrictor response, ET-1 

releases prostacyclin and EDRF (De Nucci et al., 1988) and elicits a 

vasodilatation in vivo (Wright & Fozard, 1988). Rat endothelin (ET- 

3), is structurally related to ET-1 but is less active than ET-1 as a 

constrictor of rat isolated aortic strips (Yanagisawa et al., 1988b).

1.6.2 THE ENDOTHELIUM AND ATHEROSCLEROSIS

Several recent studies have shown that endothelium-dependent 

vasodilatation is impaired in human and animal models of 

atherosclerosis. In atherosclerotic rabbits, endothelium-dependent 

relaxations to ACh and other agents are reduced (Jayokody et al., 

1985a; Habib et al., 1986a; LUscher et al., 1988; Chinellato et al.,

1990). Similarly, in the iliac artery of primates with diet-induced 

atherosclerosis, endothelium-dependent relaxations to ACh and
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thrombin, but not to the calcium ionophore A23187. (which stimulates 

the release of EDRF by a mechanism that is independent of a 

receptor), are decreased (Freiman et al., 1986; Lopez et al., 1989). 

Human coronary arteries with atherosclerosis have reduced 

endothelium-dependent vasodilatation (Bossaller et al., 1987; 

Fdstermann et al., 1987; 1988a; 1988b) and are more susceptible to 

spasm induced by ergongvine and maybe predisposed to spontaneous 

vascular spasm (Schroeder et al., 1977; Maseri et al., 1978).

The mechanism responsible for the impaired endothelium-dependent 

relaxations in atherosclerosis is unclear. As judged from bioassay 

experiments in animal arteries, the release of EDRF is reduced in 

atherosclerosis (Simokawa & Vanhoutte, 1989; Riezbos et al., 1990)• 

This abnormality may be secondary to alterations of membrane 

receptors or dysfunction of the pathways leading to EDRF synthesis 

and release.

In the rabbit aorta and human coronary arterial rings with 

atherosclerosis, endothelium-dependent relaxations to ACh, but not to 

A23187, are impaired suggesting a defective receptor-operated release 

of EDRF (Bosaller et al., 1987). However, Guerra and his colleagues 

(1989) showed that atherosclerotic vessels released less EDRF in 

response to stimulation with A23187 indicating that one or more 

events in the biosynthesis of EDRF beyond the activation of 

endothelial cell membrane receptors are impaired.

Atherosclerotic vessels may be less sensitive to EDRF due to the
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thickened vessel wall or increased lipids in the intima which acts as 

a diffusion barrier of EDRF (Verbeuren et al., 1986). In the rabbit 

carotid artery, however, intimal hyperplasia does not reduce 

endothelium-dependent responses (Cocks et al., 1987).

Alternatively, the endothelium of atherosclerotic vessels may 

release a constrictor factor which may negate or diminish the effect 

of concomitantly released EDRF.
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1.7 THE ROLE OF PURINE NUCLEOTIDES IN VASCULAR CONTROL

The first description of the widespread and potent extracellular 

actions of purine nucleotides and nucleosides on excitable membranes 

was first described 60 years ago by Drury and Szent-GyGrgyi (1929). 

They showed that AMP, isolated from acid extracts of heart muscle, 

brain, kidney and spleen, and adenosine, prepared from yeast, caused 

bradycardia, lowering of arterial blood pressure, dilation of the 

coronary blood vessels and inhibition of intestinal movements. 

Subsequently, it was shown that systemic administration of these 

compounds had profound effects on the blood pressure of a number of 

different species and that adenosine and probably ATP are released 

into the circulation after ischaemia or hypoxia (Gillespie, 1934; 

Green and Stoner, 1950; Haddy & Scott, 1968; Berne, 1963; Berne et 

al., 1974). These potent actions led Holton and Holton (1954, 1959) 

to propose that vasodilatation due to antidromic stimulation of 

sensory nerves may be mediated by ATP.

Purines also affect a large number of isolated blood vessels 

from numerous vascular beds including the cerebral, coronary, 

gastroduodenal, renal, hindlimb and forelimb vascular beds 

(Burnstock, 1980; Burnstock & Brown, 1981; Su, 1981; Su, 1985).
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1.7.1 PURINOCEPTOR SUBTYPES ON VASCULAR SMOOTH MUSCLE AND THE 

VASCULAR ACTIONS OF PURINES.

(see: Burnstock & Kennedy, 1986; Burnstock, 1990b; Kennedy,

1990; Olsson & Pearson, 1990 for reviews).

In 1978, Burnstock and Kennedy suggested a subdivision of 

purinoceptors based on several criteria. At the P-^-purinoceptor, an 

agonist potency order of adenosine > AMP > ADP > ATP was proposed; 

methyl xanthines, such as theophylline were proposed to be selective 

antagonists, and occupation of the P-^-purinoceptor was suggested to 

lead to changes in intracellular levels of c-AMP. At the ?2~ 

purinoceptor, an agonist potency order of ATP > ADP > AMP > adenosine 

has been proposed; methylxanthines were not antagonists at the P2~ 

purinoceptor and there was no change in intracellular c-AMP levels 

after occupation of the P2“Purinoceptor.

Biochemical, pharmacological and receptor binding studies have 

led to a proposed subdivision of the P-^-purinoceptor into A^ and A2 

receptors (Van Calker et al., 1979). The terms A^ and A2 were 

suggested to describe the receptors mediating an inhibitory and 

stimulatory action on c-AMP, respectively. In most blood vessels, 

adenosine causes a vasodilatation by a direct action on P^- 

purinoceptors located on the smooth muscle membrane (Snyder, 1985; 

Burnstock & Buckley, 1985). However, endothelium-dependent 

relaxations to adenosine have been demonstrated in pig, rat and 

guinea-pig aorta (Gordon & Martin, 1983; Yen et al., 1988; Headrich & 

Berne, 1990), sheep and canine coronary arteries (Rubanyi &
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Vanhoutte, 1985; Kwan et al., 1989). and in the basilar, lingual, 

pulmonary and central ear artery of the rabbit (Frank & Bevan, 1983; 

Kennedy & Burnstock, 1985a).

Adenosine has been shown to induce vasoconstriction in several 

instances, but this has been attributed to the secondary release of

5-HT in the rat femoral vascular bed (Sakai & Akima, 1977; Sakai, 

1978) and tail artery (Brown & Collis, 1981); and to angiotensin II 

in the dog kidney (Osswald et al., 1979)*

The major functional role of adenosine in the nervous system 

appears to be that of a modulator: it is both a powerful inhibitor of 

several transmitters, an effect mediated predominantly by adenosine 

receptors of the A-̂ subtype, and may also influence the activity of 

transmitters at the effector cell level (see Snyder, 1985; Fredholm 

et al., 1987).

Studies with novel P2~purinoceptor agonists and antagonists 

suggested that the P2_purinoceptor does not form a homogeneous group. 

Consequently, Burnstock and Kennedy (1985a) proposed a subdivision of 

the P2~purinoceptor into the P2X and P2y subtypes. a,£-MeATP is the 

most potent agonist for the P2x~purinoceptor, while ANAPP^ is an 

antagonist (Hogaboom et al., 1980), and a,ft-meATP selectively 

desensitizes this receptor (Kasakov & Burnstock, 1983). 2-Methylthio 

ATP is the most potent agonist for the P2y-purinoceptor and Reactive 

Blue 2, an anthraquinone sulphonic acid derivative, is an antagonist 

at the P2y-purinoceptor (Kerr & Krantis, 1979; Manzini et al., 1986;
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Burnstock et al., 1986; Burnstock & Warland, 1987b).

ATP can both relax and constrict isolated blood vessels (see 

Burnstock & Brown, 1981). The excitatory action of ATP is effected by 

p2x”purinoceptors l°cate(* on vascular smooth muscle and play a role 

in the cotransmission of ATP with NA from perivascular sympathetic 

nerves (see Section 1). The relaxant effects of ATP are mediated via 

a P2y-purinoceptor that is located on the endothelial cells in most 

vessels (see: Burnstock & Kennedy, 1986a). Exceptions to this do 

occur in the portal vein and mesenteric artery of the rabbit (Kennedy 

& Burnstock, 1985b; Mathieson & Burnstock, 1985) and in human small 

pulmonary arteries (Liu et al., 1989). ATP has been shown to induce 

the release of prostaglandins from perfused vascular beds and 

isolated blood vessels (Needleman et al., 1974; Schwartzmann et al., 

1981; Boeynaems & Garland, 1983) and prostacyclin in particular, from 

cultured endothelial cells of pig aorta, bovine adrenal medulla and 

human umbilical vein (Pearson et al., 1983; Forsberg et al., 1987; 

Needham et al., 1987; Carter et al., 1988).

The excitatory actions of ATP acting on P2x~purinoceptors appear 

to be associated with the opening of non-selective cation channels, 

resulting in depolarization and subsequent opening of voltage- 

dependent Ca^+ channels (Nakazawa & Matsuki, 1987; Friel, 1988). In 

addition, increased Ca^+ influx may be the result of direct 

activation of ATP-gated cation channels without any requirement for 

depolarization (Benham & Tsien, 1987).
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In cultured vascular endothelial cells (Pirotton et al., 1987; 

Brock et al., 1988; Carter et al., 1988) and turkey erythrocytes 

(Berrie et al., 1989; Cooper et al., 1989) activation of ?2y“ 

purinoceptors leads to the activation of the enzyme phospholipase C 

which results in an increase in inositol 1,4,5t-triphosphate (IP̂ ) 

and a subsequent release of calcium from intracellular stores. 

Stimulation of IP^ by ATP and a rise in internal calcium 

concentration is a widespread phenomenon, occurring in tissues such 

as hepatocytes (Charest et al., 1985), smooth muscle (Phaneuf et al.,

1987), skeletal muscle (Haggblad & Heilbronn, 1987), cardiac muscle 

(Legssyer et al., 1988), adrenal chromaffin cells (Sasakawa et al., 

1989), astrocytes (pearce et al., 1989) and Ehrlich's Ascites tumour 

cells (Dubyak, 1986).

1.7.2 PROGRESS SINCE THE P2x/p2Y DIVISION

In 1986, Gordon also came to the conclusion that the P2“ 

purinoceptor does not form a homogeneous group. Using and extending 

the p2x/p2y nomenclature, he proposed further P2“Purinoceptor 

subtypes. The P2T"Piirinoceptor was proposed to mediate platelet 

aggregation in platelets, whilst the P2z“Purinoceptor was proposed to 

induce histamine release from rat mast cells. In both cases, the rank 

order of potency of ATP and its analogues differed from that for the 

p2x“ P2y“Purinoceptors.

Studies, based on the relative order of potency of purinoceptor 

agonists as prejunctional neuromodulators and their susceptibility to
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antagonists at these receptor sites led Shinozuka and his colleagues 

(1988) to suggest the existence of a separate class of prejunctional 

purinoceptor, the P^-purinoceptor. Release of NA from the sympathetic 

nerves innervating the caudal artery was reduced by P^-purinoceptor 

agonists such as 2-chloroadenosine and P2-purinoceptor agonists, such 

as {J-J(-methylene ATP. However, a,|J-meATP actually caused an increase 

in NA-release and antagonised the ability of 2-chloroadenosine and 

-methylene ATP to decrease NA release.



Chapter 2 

METHODS AND MATERIALS
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2.1 IN VITRO PHARMACOLOGY OF ISOLATED BLOOD VESSELS

2.1.1 Preparation of Tissue

Male and female New Zealand White (NZW) and Watanabe heritable 

hyperlipidaemic (WHHL) rabbits were killed by an overdose of 

pentobarbitone sodium (Sagatal) injected via the ear vein and 

exsanguinated. The proper hepatic artery which runs from the 

gastroduodenal artery to the porta hepatis, the proximal saphenous 

artery and the basilar artery were excised and cleaned of excess 

connective tissue and fat. Ring segments, 4 mm in length, were 

mounted horizontally in either a 5 ml or 10 ml organ bath, where 

appropriate, by inserting a tungsten wire through the lumen of the 

vessel ring and anchoring it to a stationary support (Figure 2.1). 

Another wire, similarly inserted, was connected to a Grass FT03C 

force-displacement transducer and responses were recorded on a Grass 

ink-writing polygraph. Hepatic, saphenous and basilar arteries were 

placed under a resting tension of 0.75"1*0 g, 1.0-1.5 S and 0.5"

0.75 S respectively and allowed to equilibrate for 1-2 h in Btilbring- 

modified Krebs of the following composition (mM): NaCl 133. KC1 4.7* 

Na^PO/j 1.35. NaHCO^ 16.3. MgSO/j 0.6l, glucose 7*8 and 

CaCl2 2.52, pH 7-2 (Bulbring, 1953)* The solution was maintained at 

37°0 and aerated with 95# O2 and 5# CO2 . In experiments where 

peptides were used, bovine serum albumin (0 .005#) and bacitracin 30 

mgl were added to the Krebs solution to prevent peptides adhering 

to the surfaces of glassware and peptide degradation.



Figure 2.1 Diagrammatic representation of the arrangement of 

isolated smooth muscle preparations.



3  O  =2 ro o —  
< Oo

ro

o
Ji. CD“I
o 
5 8

cn
ZT CD
O o
s* ^CD (D 
"*» CL

O*

o ~

CL
ro

CO cr

CL

r—

0)0
0)0
CDQl

O-
n

DL



48

2.1.2 Transmural Electrical Stimulation

Transmural electrical stimulation of the intramural nerves of 

the hepatic and saphenous arteries was delivered by means of two 

platinum electrodes placed parallel to, and on either side of the 

vessel, by a Grass Sll stimulator. The stimulation parameters were 

0.1-0.3 ms, 60-70 V for the hepatic artery and 0.1 ms, 60 V for the 

saphenous artery. Arteries were stimulated over a frequency range of 

4-64 Hz for 1 s at 2 min (Chapters 4-7) and 4 min intervals (Chapter 

3) and the neurogenic origin of the response confirmed by the 

abolition of all contractions with tetrodotoxin (3 pM).

2.1.3 Application of Agonists

(a)Application of Vasoconstrictor Agents

(i) Noradrenaline

A cumulative concentration-response curve (0.1-30 pM) for 

noradrenaline (NA) was established on each segment of hepatic and 

saphenous arteries in order to ascertain the maximum contractile 

response, the EC^q (the concentration of agonist required to produce 

50# maximal contraction) and the ECy^ (the concentration of agonist 

required to produce 75% maximal contraction).

(ii) Histamine

Histamine was applied to the basilar artery in the manner
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described above for (NA) and the maximal contractile response, EC^q 

and ECy^ established. Histamine was used to contract basilar arteries 

as opposed to NA since tone was not maintained with NA.

(iii) a,fi-Methylene ATP

Since a,^-methylene ATP (a,|5-meATP) desensitizes its own 

receptors, in Chapter 3. a concentration-response curve was 

established for a,£-meATP by adding the purine analogue to the bath 

as single additions at 30 min intervals, with repeated washing in 

between each addition.

In Chapters 5“9. a single addition of a,|5-meATP (1 pM) was added 

to the organ bath. The purine was washed out of the Krebs solution 

once a maximum contractile response had been reached. This 

concentration was selected since it is approximately the EC^q value 

for rabbit hepatic and saphenous arteries.

(iv) KCl

In Chapters 5“7. KCl (120 mM) was added to the organ bath. 

Contractions are expressed as a percentage of the KCl-induced 

contraction.

(b) Application of Vasodilator Agents

Before tissues were exposed to any test drug, they were 

contracted to approximately 75% of maximal tension with NA in the 

case of the hepatic and saphenous arteries and with histamine in the
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case of the basilar artery. After contractions reached a plateau, 

vasodilator agents were administered and subsequent relaxations are 

expressed as a percentage of this maintained tone.

(i) Application of acetylcholine, purines and sodium nitroprusside

To study the relaxant response of the hepatic artery, cumulative 

concentration-response curves to acetylcholine (ACh), ATP, 2- 

methylthio ATP, a,ft-meATP, adenosine and sodium nitroprusside were 

constructed. Comparisons of relaxant responses in the absence and 

presence of drugs or endothelium were compared.

(ii) Application of peptides

In the presence and absence of endothelium, substance P (SP), 

calcitonin gene-related peptide (CGRP) and vasoactive intestinal 

polypeptide (VIP) were added to the organ bath as single additions, 

each at 30 min intervals. The peptides were washed out of the Krebs 

solution either once a maximum relaxant response had been reached or 

after the drug had been in contact with the vessel for approximately 

2 min (see Chapter 4).

In Chapters 5“7. SP (0.1 pM), CGRP (0.263 pM for hepatic and 

saphenous arteries and 0.1 pM'for basilar arteries) and VIP (0.3 UM) 

were added to the bath. These concentrations of peptide were selected 

since they caused a maximum relaxant response. The peptides were 

removed from the Krebs solution once a maximum response had been 

reached.
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2.1.4 Application of Antagonists

(i) Prazosin

Prazosin is a specific a^-adrenoceptor antagonist (Cavero & 

Roach, I98O). The antagonist (1 pM) was applied 20 min prior to 

measurement of its effect on responses.

(ii) a,p-Methylene ATP

a,|J-MeATP was used in chapter 3 to selectively desensitize P2X“ 

purinoceptors (Kasakov & Burnstock, 1983). Total desensitization was 

achieved by repeated exposure of the vessel to a,£-meATP (1 pM) until 

no further contractile response was seen.

(iii) 8-Phenyltheophylline

In chapter 4, 8-phenyl theophylline (10 pM) was used as a potent 

antagonist at P-^-purinoceptors (Smellie et al., 1979; Griffith 

et al., 1981). The drug was prepared by dissolving in 80% methanol 

and 0.1% sodium hydroxide.
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2.2 TREATMENTS

2.2.1 6-Hydroxydopamine Treatment

6-Hydroxydopamine (6-OHDA) is a neurotoxin with an action that 

is selective for sympathetic nerves (Theonen & Tranzer, 1968; Bennet 

et al., 1970; Jonsson, I98O).

Segments of isolated artery were incubated in oxygenated Krebs 

solution containing 6-OHDA (4 pM) and ascorbic acid (0.1 %) at 37°C 

for 4 h (Warland & Burnstock, 1987). For control experiments, 

segments of artery were incubated in Krebs solution containing 

ascorbic acid for the same period of time.

2.2.2 Reserpine Treatment

Reserpine depletes NA from sympathetic stores by displacing NA 

from vesicles and impairing catecholamine uptake into vesicles 

(Langer & Pinto, 1976; Suzuki et al., 1984).

In Chapter 3. male, NZW rabbits (2.5"3*5 kg) received an
—  1 —  1intraperitoneal injection of reserpine 5 mgkg 48 h and 3 mgkg

24 h before killing. The drug was dissolved in a minimum amount of 

Tween 80 and made upto a volume of 3 ml with Krebs solution.

Control animals were treated in a similar fashion with Tween 80
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in 3 ml of Krebs.

2.2.3 Acrylamide Treatment

Male NZW rabbits (2.5“3«5 kg) received an intraperitoneal 

injection of acrylamide (40 mgkg” )̂ everyday for 10 days before 

killing. The drug was dissolved in saline (0.9#).

Control animals were treated in a similar fashion with saline

alone.
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2.3 HISTOCHEMISTRY

2.3*1 Endothelial Cell Studies

The endothelium of rabbit hepatic arteries was removed by pulling 

a braided silk suture through the lumen of the vessel. To demonstrate 

the successful removal of the endothelium, rubbed and unrubbed 

preparations were opened longitudinally and stained with silver 

nitrate (AgNO^) as described by Caplan et al., (1974). The 

preparations were immersed successively in the dark at room 

temperature in : (1) HEPES (20 mM) buffered (pH 7*4) solution 

containing 4.6# glucose for 150 s; (2) 0.4# AgNO^ in 4.2# glucose 

solution for 60 s, and (3) 4.6# glucose solution for 60 s. The 

arteries were then fixed at room temperature in 0.1 M sodium 

cacodylate containing 7*5# sucrose and examined under the light 

microscope.

2.3*2 Catecholamine Fluorescent Histochemistry

Vessels were cleaned of excess fat and connective tissue and 

then placed in a phosphate buffer solution containing glyoxylic acid 

(2# w/v) at pH 7.2 according to the method of Furness and Costa 

(1975). The segments were slit open longitudinally, stretched out on 

microscope slides, adventitial side uppermost, and air-dried. The 

stretched preparations were incubated at 100°C for 4 min, mounted in 

liquid paraffin and viewed under a Zeiss microscope fitted with an
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epifluorescence condenser 11RS.

2.3.3. Immunocytochemistry

Vessels were cleaned of excess connective tissue and fat. Vessel 

segments were slit open longitudinally and stretched out, adventitial 

side uppermost, onto strips of Sylgard silicone rubber. The segments 

were then processed for immunofluorescent localization of SP, CGRP 

and VIP according to the method of Costa et al. (1980).

The preparations were immersion fixed in 4# paraformaldehyde for 

1-1.5 h. They were then washed three times in phosphate buffered 

saline (PBS) for 10 min followed by dehydration of the tissue by 

placing them for 30 min in 80#, 90# and 100# alcohol. Following a 20 

min period of immersion in histoclear, the tissues were rehydrated by 

placing them for 30 min in 100#, 90# and 80# alcohol. Following three 

washes in PBS/Triton X solution at 10 min intervals, the primary 

antibody to SP, CGRP and VIP (all diluted 1:200) was placed on a 

segment for 12-18 h at room temperature in a moist atmosphere. After 

three 10 min washes in PBS/Triton X, the tissue was incubated with 

the second fluorescent-conjugated antibody (goat anti-rabbit 

fluoroscein isothiocyanate (FITC)-conjugated IgG) for 1 h. The tissue 

was then washed for 10 min in PBS containing 0.05# pontamine sky blue 

(PSB) and 1# dimethylsulphoxide (DMS0) for 15 min. After washing in 

PBS twice for a further 20 min, the tissue was stretched out on a 

slide and left to dry before mounting in Citifluor and viewing under a
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Zeiss microscope fitted with an epifluorescence condenser 11RS.
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2 A  ELECTRON MICROSCOPY

Segments of rabbit hepatic artery were dissected out and rapidly 

immersed in fixative containing 1.5% glutaraldehyde, 1.5% 

paraformaldehyde in 0.1 M cacodylate buffer, pH 7*3* Surrounding 

connective and adipose tissues were carefully removed and the 

arteries sliced transversely into rings of 1 mm. The tissues were 

immersion-fixed with agitation, at room temperature, for a further 6 

hours in the same fixative. Samples were washed in 4 changes of 0.1 M 

cacodylate buffer, containing 3# sucrose overnight, then post-fixed 

in 2% osmium tetroxide in 0.1 M cacodylate buffer for a further 1 h. 

After dehydration in a graded series of ethanols, tissues were placed 

in propylene oxide, than embedded in an epoxy resin (Araldite) for 

transmission electron microscopy. Sections 80-100 nm in thickness 

were cut and using a Reichert 0MU2 ultramicrotome, picked up on 

copper grids, stained with uranyl acetate for 15 min and in lead 

citrate for 15 min. Sections were viewed and photographed in a 

Philip’s 301 transmission electron microscope.
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2.5 ANALYSIS OF RESULTS

Data is expressed as a mean ± s.e.mean. Results were analysed 

by Student’s t test (paired or unpaired data as appropriate) and a 

probability of less than 0.05 was considered significant. In Chapters 

5 and 8, Tukey’s analysis was performed after one way analysis of 

variance.
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2.6 SOURCES OF DRUGS, ANTIBODIES, PEPTIDES AND CHEMICALS

acetylcholine bromide: 

acrylamide:

adenosine, hemisulfate salt: 

antibodies - to SP:

- to CGRP:

- to VIP:

1-ascorbic acid:

ATP, disodium salt:

bacitracin:

bovine serum albumin:

cacodylate buffer:

citifluor:

DMSO

epoxy resin:

(Araldite) 

histamine dihydrochloride: 

glyoxylic acid: 

glutaraldehyde :

Goat anti-rabbit FITC- 

conjugated IgG 

HEPES: 

histoclear:

6-hydroxydopamine hydrobromide: 

liquid paraffin: 

a,{S-meATP, lithium salt:

Sigma

Sigma

Sigma

Cambridge Research Biochemicals 

Cambridge Research Biochemicals 

Cambridge Research Biochemicals

Sigma

Sigma

Sigma

Sigma

BDH

Citifluor Ltd

Sigma

Emscope

Sigma

Sigma

Emscope

Nordic

Sigma

National Diagnostics

Sigma

Fisons

Sigma
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2-methylthio ATP:

(-)-noradrenaline bitartrate: 

osmium tetroxide:

PBS

pentobarbitone sodium: 

(Sagatal) 

peptides - SP:

- CGRP:

- VIP:

8-phenyltheophylline: 

Pontamine Sky Blue: 

prazosin, hydrochloride: 

propylene oxide: 

reserpine:

silver nitrate: 

sodium nitroprusside: 

sylgard 

tetrodotoxin:

Triton X-100:

Tween 80 (mono-oleate): 

uranyl acetate:

Research Biochemicals Inc. (USA)

Sigma

Emscope

0X0ID

May and Baker

Cambridge Research Biochemicals 

Cambridge Research Biochemicals 

Cambridge Research Biochemicals 

Sigma 

Gurr

Pfizer Ltd

BDH

Sigma

BDH

Sigma

ICI

Sigma

Fisons

Sigma

BDH

All drugs were dissolved in distilled water except for: noradrenaline 

- dissolved in ascorbic acid to prevent oxidation; 8-Phenyltheo

phylline - dissolved in S0% methanol and 0.1 % sodium hydroxide.
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SECTION A
DUAL CONTROL OF THE ISOLATED RABBIT HEPATIC ARTERY BY PERIVASCULAR

NERVES AND THE ENDOTHELIUM
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Chapter 3
EVIDENCE FOR NORADRENERGIC-PURINERGIC COTRANSMISSION IN THE HEPATIC

ARTERY OF THE RABBIT
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3.1 SUMMARY

1 Transmural electrical field stimulation produced a transient 

contraction of the isolated hepatic artery of the rabbit that was 

frequency-dependent up to 64 Hz. A contraction was rarely evoked at a 

stimulation frequency of less than 8 Hz and never at 4 Hz or less.

All contractions were abolished in the presence of tetrodotoxin.

2 Neurogenic contractions were partially inhibited by prazosin.

After desensitization of the P2x-purinoceptor with a,^-methylene ATP 

(a,ft-meATP), contractions in response to electrical stimulation were 

significantly reduced at all frequencies tested (4-64 Hz). In most 

cases, contractions were abolished by a combination of both drugs.

3 In vessels treated with 6-hydroxydopamine (6-OHDA), no nerve-mediated 

contractions were observed.

4 In arteries from reserpine-treated rabbits, nerve stimulation 

evoked contractions that were resistant to prazosin. After 

desensitization of the P2x“Purinoceptor with a,£-meATP, no neurogenic 

contractile response remained.

5 The tissue contracted to exogenously applied noradrenaline (NA) 

and a,p-meATP. There was an increase in the sensitivity to NA in 6- 

OHDA-treated vessels compared with control vessels, but no difference 

in the potency to a,p-meATP was detected. The potency of NA and a,£- 

meATP was not significantly affected by reserpine treatment.
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6 In control tissues, fluorescence histochemistry demonstrated the 

presence of noradrenergic nerve fibres. NA-containing nerves were not 

observed in 6-OHDA-treated or reserpine-treated vessels.

7 It is concluded that NA and ATP are cotransmitters in the 

sympathetic nerves supplying the hepatic artery of the rabbit. In 

contrast to other vessels, the hepatic artery requires a relatively 

high frequency of stimulation to evoke a contraction and the 

purinergic component is not frequency-dependent. The significance of 

this in terms of the physiological demands of blood flow to the liver 

is discussed.
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3.2 INTRODUCTION

Noradrenaline (NA) has been known for a long time to be the 

classical neurotransmitter released from perivascular nerves, 

producing its action via a^-adrenoceptors. However, in certain 

arteries, a response to sympathetic nerve stimulation remains after 

adrenoceptor blockade (Holman & Surprenant, 1980; Murumatsu et al., 

1981; Suzuki & Kou, 1983). It has been proposed for several blood 

vessels that the response, which is resistant to -adrenoceptor 

antagonists, may be the result of the purine adenosine 5 ,_ 

triphosphate (ATP) being coreleased with NA producing its action via 

P2x_purinoceptors (Sneddon & Burnstock, 1984; Ktigelgen & Starke,

1985; Cheung & Fujioka, 1986; Kennedy et al., 1986; Muramatsu, 1986; 

Burnstock & Warland, 1987).

The hepatic artery is a blood vessel that is richly innervated 

by sympathetic nerve fibres (see Lautt, 1983)• Stimulation of the 

hepatic nerve induces a frequency-related vasoconstriction which 

results in a decrease in blood flow to the liver (Green et al., 1959; 

Greenway et al., 1967). However, nerve stimulation of the isolated 

hepatic artery of the dog has been shown to elicit a contraction that 

is resistant to -adrenoceptor blockade (Varga et al., 1984).

In the present study, the putative role of ATP as a 

cotransmitter with NA in the hepatic artery of the rabbit was 

investigated. The method of transmural electrical stimulation was 

used to evoke neurogenic sympathetic responses, and the effects of
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prazosin and desensitization of the P2x-purinoceptor with a,{$- 

methylene ATP (a,|S-meATP) in control, 6-hydroxydopamine (6-OHDA)- 

treated and reserpine-treated vessels were examined.

3.3 METHODS

Male New Zealand White rabbits (2.5~3*5 kg) were killed by a 

lethal dose of sodium pentobarbitone (Sagatal) injected via the ear 

vein and exsanguinated. The hepatic artery was removed and mounted in 

an organ bath as described in Section 2.1.

In vitro pharmacology - see Section 2.1

6-OHDA-treatment and reserpine-treatment - see Section 2.2

Glyoxylic acid fluorescence histochemistry - see Section 2.3.
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3.4 RESULTS

3.4.1 Response to transmural nerve stimulation

Transmural electrical field stimulation evoked transient 

contractions of the hepatic artery that were frequency-dependent up 

to 64 Hz. A stimulation frequency of 4 Hz or less did not evoke a 

contraction (Figure 3*1) and in most cases, a frequency of less than 

8 Hz rarely evoked a contraction. All neurogenic contractions were 

abolished after treatment of the vessel with tetrodotoxin (3 pM) and 

were partially inhibited by prazosin (Figures 3*la and 3*2a). a,ft- 

MeATP (1 pM) itself elicited a large, transient contraction that fell 

back to baseline after about 10 min. After complete desensitization 

of the P2x~purinoceptor with a,|3-meATP, prazosin-resistant 

contractions were usually abolished. In preparations treated with 

a,|5-meATP before the addition of prazosin, the neurogenic response 

was markedly reduced. Subsequent addition of prazosin abolished any 

remaining responses in most cases (Figures 3*lb and 3*2b).

No nerve-mediated contractions were observed in vessels treated 

with 6-OHDA at any of the frequencies tested. Control vessels, 

incubated in ascorbic acid without 6-OHDA, demonstrated frequency- 

dependent contractions that were not significantly different in size 

when compared with those elicited in freshly prepared vessels {n - 

6), and which were inhibited by prazosin and a,|J-meATP in a similar 

manner.
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Hepatic arteries obtained from reserpine-treated rabbits 

demonstrated a contractile response to transmural electrical field 

stimulation at frequencies of 32 and 64 Hz and occasionally at 16 Hz. 

Addition of prazosin did not significantly affect the magnitude of 

these contractions (n = 5) (Figure 3*3&). Desensitization of the 

P2x-purinoceptor with a,|5-meATP completely abolished the reserpine- 

resistant contraction even in the absence of prazosin. Neurogenic 

contractions in control vessels (from vehicle-treated rabbits) were 

not significantly different from those nerve-mediated responses 

observed in untreated vessels (Figure 3*3b) (n = 5)*

3.4.2 Response to drugs

NA produced a concentration-dependent contraction of the rabbit 

hepatic artery (Figure 3*4). The maximal response was 1.6 ± 0.18 g (n 

= 10) and the EC^q was 10.0 ± 2.07 UM (n = 10). Desensitization of 

the P2x-purinoceptor with a,£-meATP (1 pM) did not affect the 

response to NA (maximal contraction was 1.65 * 0.19 S* EC^q was 12.7 

± 1.57 UM; n = 5). There was a significant increase in the 

sensitivity to NA in those vessels treated with 6-OHDA compared with 

their controls but no differences in the size of the maximal 

contraction (Table 3*1) •

The stable analogue of ATP, namely a,|$-meATP, evoked a 

contraction that was concentration-dependent and transient in nature 

and could be reproduced only after 20-30 min of repeated washing
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(Figure 3*4). The maximal contraction (O.65 ± 0.18 g, n = 6) was less 

than that obtained with NA. However, this vessel appears to be more 

sensitive to the purine analogue, since the EC^q value for a,|$-meATP 

(1.6 ± 0.42 pM) was less than that for NA. a,|J-MeATP-induced 

contractions were not significantly affected by 6-OHDA treatment or 

reserpine treatment (Table 3*1)•

3.4.3 Catecholamine fluorescence histochemistry

All control tissues for 6-OHDA-treated and reserpine-treated 

vessels showed positive noradrenergic nerves with the glyoxylic acid 

treatment {n - 6 and 9 respectively).

There was no positive fluorescence in 6-OHDA- or reserpine- 

treated vessels (n = 6 and 9).
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Table 3*1 Effects of NA and a.fi-meATP on the isolated hepatic artery 

of the rabbit in 6-hydroxydopamine (6-OHDA)-treated and reserpine- 

treated tissue and their control tissue

Maximal

contraction (g) ^ 5 0

NA treatment

6-OHDA 1.47 ± 0.25 (6) 4 .2 ± O .87 (6)

Control (6-OHDA) 1.47 ± 0.19 (6) 22.9 ± 8.4 (5)

Reserpine 1.74 ± 0.22 (9) 12.7 ± 2 .2 (6)

Control (reserpine) 1.96 ± 0.19 (8) 10.7 ± 1.7 (8)

a,p-MeATP treatment

6-OHDA 0.66 ± 0.14 (6) 9.7 ± 0.42 (6)

Control (6-OHDA) 0.69 ± 0.19 (6) 8.4 ± 0.27 (7)

Reserpine O .56 ± 0.09 (7) 1.07 ± in000 (7)

Control (reserpine) 0.68 ± 0.17 (5) 1.07 ± 00on0

(5)

All values are given as mean ± s.e.mean with the number of 

observations n in parentheses.

Significant difference between values (P < 0.05)*
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Figure 3*1 Contractions of the rabbit isolated hepatic artery to 

neurogenic transmural nerve stimulation for 1 s (4-64 Hz, 0.1-0.3 ms 

pulse width, 60-70 V). Nerve stimulations were repeated in the 

presence of 1 pM prazosin added before (a) or after (b) 

desensitization of the P2x-purinoceptor with a,|J-meATP. a,p-MeATP 

produced a transient contraction which exceeded the recording range.
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Figure 3*2 Contractions of the rabbit hepatic artery to

transmural nerve stimulation for 1 s (4-64 Hz, 0.1-0.3 ms pulse

width, 60-70 V. (a) Neurogenic contractions produced in the absence

of any drug (control) (#) are compared with those obtained in the

presence of 1 pM prazosin (O) and subsequently following

desensitization of the P2x-purinoceptor with a,|J-meATP (1 pM) (A).
(b) Neurogenic contractions produced in the absence of any drug

(control) (#) compared with those obtained after desensitization of

the P2x~purinoceptor with a,p-meATP (1 pM) (□) and subsequently

following the addition of prazosin (1 pM) (A) n = 6). Each value is

the mean with s.e.mean shown by vertical lines. Significant 
* *#differences ( P < 0.005; P < 0.01) between control and 

experimental contractions were calculated by paired t tests.



con
tra

cti
on 

(g) 0.3

0.1 

0

■

■

16 32 64

°'5 

0.4 _ 

0.3 .  

0.2

0.1 J 

0
** ** **

■ 1 ■

4 8 16 32 64

Frequency (Hz)



75

Figure 3*3 Effects of prazosin and a,|J-meATP on neurogenic 

contractile responses of isolated hepatic artery from reserpine- 

treated rabbits (a, n = 5) and from control (vehicle-injected) 

rabbits (b, n = 5). Responses to 1 s periods of stimulation (4-6^ Hz, 

0.1-0.3 ms pulse width, 60-70 V) were measured in the absence

of prazosin and a,£-meATP (#) (a and b), in the presence of 

prazosin (1 pM) (O) (a and b) and in the presence of both prazosin (1 

pM) and a,|S-meATP (1 pM) (A) (a and b). Symbols represent the mean 

response and vertical lines denote the s.e.mean. Significant 

differences ( P < 0.001) were calculated by paired t tests.
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Figure 3*^ Concentration-response curves for NA (9 ) (n - 10) 

and a,ft-meATP (O) (n = 7) in the isolated artery of the rabbit. Each 

point represents the mean response and vertical lines denote the 

s.e.mean.
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3-5 DISCUSSION

The results presented provide evidence for the role of ATP as a 

cotransmitter with NA in the hepatic artery of the rabbit. The 

neurogenic contractile response induced by electrical transmural 

nerve stimulation was reduced, but not abolished by prazosin, a 

specific a-^-adrenoceptor antagonist (Cavero & Roach, 1980). However, 

desensitization of the P2x-purinoceptor with a,f}-meATP substantially 

reduced the nerve-mediated response and abolished the prazosin- 

resistant contraction in most cases. This suggests that contractions 

produced by stimulation of perivascular nerves are largely purinergic 

in nature. The corelease of NA and ATP from sympathetic nerves 

supplying other blood vessels, such as the ear artery and the 

saphenous artery of the rabbit, has been demonstrated previously 

(Kiigelgen & Starke, 1985; Sneddon & Burnstock, 1985; Kennedy et al., 

1986; Muramatsu, 1986; Burnstock & Warland, 1987a; Muramatsu & 

Kigoshi, 1987). These vessels respond well to low frequencies of 

stimulation and the relative contribution of the purinergic component 

is inversely related to the frequency of stimulation. It was 

suggested by Kennedy et al., (1986) that, since exogenous ATP 

desensitizes its own receptors, increased periods of stimulation 

could lead to a progressively smaller action of endogenously released 

ATP, whereas the action of NA could progressively increase. In 

contrast, the hepatic artery of the rabbit required a relatively high 

frequency of stimulation before a contraction was evoked and the 

purinergic component did not appear to be frequency-dependent.

Studies in cats and dogs demonstrated that hepatic nerve stimulation
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causes an abrupt reduction in hepatic arterial blood flow (Greenway & 

Stark, 1971). However, the vasoconstriction is not maintained and 

blood flow recovers fully despite continuous stimulation. This 

response could be due to an accumulation of metabolic dilator factors 

that exert a powerful inhibitory effect on the arterioles. However, 

the existence of such metabolic dilator factors in the liver is 

obscure. The liver obtains its blood supply from two main sources, 

the hepatic artery and the portal vein. It has long been recognised 

that a reduced portal flow will produce an elevated hepatic arterial 

flow (Burton-Opitz, 1911). This relationship is now referred to as 

the "hepatic arterial buffer response" (Lautt, 1977)* However, 

hepatic arterial hyperaemia following a serious loss of portal inflow 

is unable to provide complete haemodynamic compensation (Mathie & 

Blumgart, 1983). The hepatic artery is the sole means by which the 

blood flow to the liver is controlled and maintenance of a constant 

flow to the liver is of importance, since the hepatic clearance of 

many blood-borne drugs and hormones is blood flow limited. If ATP is 

the major neurotransmitter in the hepatic artery, increased 

sympathetic activity could lead to a self-limiting vasoconstriction 

as a result of desensitization. Therefore, it could be that a 

combination of this mechanism and the "hepatic arterial buffer 

response" is required to prevent significant changes in total liver 

flow.

In the rabbit hepatic artery, treatment with 6-0HDA abolished 

all neurogenic contractions whilst those in the control vessels 

remained intact and did not differ significantly in size when
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compared with those from freshly prepared vessels. The preparation 

contracted well to NA and supersensitivity developed in those vessels 

treated with 6-OHDA. The neurotoxic action of 6-OHDA is selective for 

sympathetic nerves (Theonen & Tranzer, 1968; Bennett et al., 1970; 

Jonsson, 198O). The supersensitivity to NA observed in those vessels 

treated with 6-OHDA may be a result of the development of 

postsynaptic supersensitivity to the catecholamine (Westfall, 1981). 

Alternatively, it could be that, as a result of neurodegeneration, 

there is a loss in the catecholamine reuptake mechanism which leads 

to a potentiation of the action of NA. In this study, a,£-meATP was 

selected for use as an agonist for the P2x-purinoceptor rather than 

ATP because it is more potent than ATP and because it can also be 

used to desensitize the P2x-purinoceptor selectively (see Kasakov & 

Burnstock, 1983; Burnstock & Kennedy, 1985). In the rabbit hepatic 

artery, a,|5-meATP elicited a contraction that was not affected by 

treatment with 6-OHDA.

The complete abolition of nerve-mediated responses by 6-OHDA 

provides evidence that in the rabbit hepatic artery, NA and ATP are 

coreleased from sympathetic nerves and that both contribute to evoke 

a contraction of the vessel.

A contraction in response to electrical stimulation was also 

observed in those hepatic arteries from reserpine-treated rabbits. 

Reserpine depletes NA from sympathetic stores (Langer & Pinto, 1976; 

Suzuki et al., 1984) without affecting the release of ATP or the 

prazosin-resistant component in several vessels and tissues (Cheung,
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1982; Sneddon & Burnstock, 1984b; Suzuki et al., 1984; Kligelgen & 

Starke, 1985; Muramatsu, 1987; Warland & Burnstock, 1987)* In this 

study, reserpine-treated vessels showed no positive catecholamine 

fluorescence following glyoxylic acid treatment, thus demonstrating 

the depletion of NA from the sympathetic fibres innervating the 

artery. However, a,|S-meATP abolished all reserpine-resistant 

neurogenic contractions. The responsiveness of the vessels to 

exogenously applied NA and a,{5-meATP was not affected by treatment of 

the rabbit with reserpine.

These results provide evidence that in the rabbit hepatic 

artery, there appears to be a large purinergic component contributing 

to the production of a contraction on sympathetic nerve stimulation 

and that ATP is a cotransmitter with NA in the nerves innervating 

this vessel. Any residual responses after treatment with prazosin and 

a,|5-meATP were probably due to incomplete block by the two drugs, 

since the prazosin-resistant neurogenic contractions of reserpinised 

vessels could be completely inhibited after desensitization with a,|5- 

meATP. However, there is evidence to suggest that reserpine lowers 

the content of some neuropeptides that coexist with NA in peripheral 

sympathetic neurones (Gilbert et al., 1981; Lundberg, et al., 1985c; 

Allen et al., 1986; Stjarne et al., 1986; Nagata et al., 1987) and so 

the possibility of a third neurotransmitter should not be ruled out.

The occurrence of noradrenergic-purinergic responses where a,|S- 

meATP has been shown to block selectively the ATP response has been 

well documented in many smooth muscle preparations, including the
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guinea-pig vas deferens (Meldrum & Burnstock, 1983). the mesenteric 

artery (Kugelgen & Starke, 1985; Muramatsu, 1986), the rat tail 

artery (Sneddon & Burnstock, 1985). the cat nictitating membrane 

(Duval et al., 1985). the rabbit ear artery (Kennedy et al., 1986), 

the dog cerebral artery (Muramatsu & Kigoshi, 1987) and the rabbit 

saphenous artery (Burnstock & Warland, 1987). It would appear for the 

hepatic artery of the rabbit also, that the sympathetic contraction 

consists of a noradrenergic and a purinergic component and that the 

purinergic response is mediated by ATP acting through postjunctional 

P2x~purinoceptors.



ENDOTHELIUM-DEPENDENT 

OF THE

Chapter 4
AND ENDOTHELIUM-INDEPENDENT VASODILATATION 

HEPATIC ARTERY OF THE RABBIT
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4.1 SUMMARY

1 The isolated hepatic artery of the rabbit contracted to 

exogenously applied noradrenaline (NA). There was no significant 

difference in the maximal contraction or the EC^q value in vessels 

where the endothelium was present and in endothelium-denuded 

preparations.

2 Acetylcholine (ACh) induced a vasodilatation of vessels 

preconstricted with NA which was entirely dependent on the 

endothelium.

3 ATP, 2-methylthio ATP, adenosine and sodium nitroprusside induced 

concentration-dependent, sustained relaxations of vessels in which 

tone had been induced with NA. The relaxation responses were not 

reduced after removal of the endothelium. 8-Phenyltheophylline 

antagonised the relaxation response produced by adenosine, but not 

that due to ATP at lower concentrations. The maximum relaxant 

response to ATP was reduced in the presence of 8-phenyltheophylline.

4 a,p-Methylene ATP produced further contraction of vessels 

preconstricted with NA in both endothelium-denuded preparations and 

in vessels where the endothelium remained intact.

5 Immunohistochemical analysis was used to show the presence of 

nerve fibres containing substance P (SP), calcitonin gene-related 

peptide (CGRP) and vasoactive intestinal polypeptide (VIP) in the
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hepatic artery. Application of SP induced a concentration-dependent 

relaxation which was entirely dependent on the presence of an intact 

endothelium. CGRP and VIP, however, elicited concentration-dependent 

relaxations which were independent of the endothelium.

7 It is concluded that in the rabbit hepatic artery, responses to 

ACh are dependent on the presence of an intact endothelium. P^-t 

P2x“* P2y“purinoceptors’ mediating relaxation to adenosine, 

vasoconstriction to ATP and vasodilatation to ATP respectively, are 

located on vascular smooth muscle. Furthermore, CGRP and VIP mediate 

a direct vasodilatation of smooth muscle both in the absence and the 

presence of the endothelium, whereas SP produces a relaxation via 

receptors located on the endothelium.
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4.2 INTRODUCTION

The involvement of sympathetic noradrenaline (NA)-containing 

nerves in the control of vascular smooth muscle is well known (Bevan 

et al., 1980). During recent years, the results from several studies 

suggest that perivascular nerves of man and and other mammals also 

contain regulatory substances other than NA; these include purines 

and peptides (Lundberg & Hokfelt, 1983; Ganten et al., 1984; 

Burnstock, 1988a). Purine nucleosides and nucleotides have been shown 

to have widespread vascular actions (Drury & Szent-Gydrgyi, 1929* 

Burnstock & Brown, 1981). In 1978, Burnstock proposed that the 

receptors mediating the responses to purines should be categorised as 

P-p and ?2~ purinoceptors, with selectivity for adenosine and 

adenosine 5*-triphosphate (ATP) respectively. ATP can be released as 

a cotransmitter with NA from sympathetic nerves and acts on a ?2x~ 

purinoceptor subtype on vascular smooth muscle to produce a 

contraction (Burnstock & Kennedy, 1985); this has been demonstrated 

in both the hepatic and the saphenous artery of the rabbit (Burnstock 

& Warland, 1987; see Chapter 3)« In addition, since the discovery 

that relaxation to acetylcholine (ACh) in a number of vessels is 

dependent on the presence of an intact endothelium (Furchgott & 

Zawadzki, I98O; Furchgott et al., 1981; De Mey & Vanhoutte, 1982; 

Vanhoutte & Rimele, 1983; Peach et al., 1985), it has been shown 

that, in all vessels, except the rabbit portal vein (Kennedy & 

Burnstock, 1985b) and the rabbit mesenteric artery (Mathieson & 

Burnstock, 1985), ATP induces vasodilatation wholly or partly via 

P2y-purinoceptors located on the endothelium (De Mey & Vanhoutte,
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1980, 1982; Cocks & Angus, 1983; Furchgott, 1983; Kennedy et al., 

1985; Burnstock & Kennedy, 1985; Liu et al., 1989)* In contrast, 

adenosine has been shown to mediate a vasodilatation via P^- 

purinoceptors that is dependent on the presence of an intact 

endothelium in only a few cases (Gordon & Martin, 1983; Kennedy & 

Burnstock, 1985a).

Endothelium-independent vasodilatation is produced by several 

peptides including calcitonin gene-related peptide (CGRP) (Brain et 

al., 1985; Hanko et al., 1985; Uddman et al., 1986; Kawasaki et al., 

1988; Marshall & Craig, 1988), and vasoactive intestinal polypeptide 

(VIP) (Hand et al., 1984; Lee et al., 1984; Schoeffter & Stoclet, 

1985; Varga et al., 1986; Fazekas et al., 1987). Other neuropeptide, 

including substance P (SP), vasopressin and angiotensin II, have been 

shown to be stored in and released from endothelial cells (Lincoln et 

al., 1990). Furthermore, SP has been shown to produce a relaxation of 

the vasculature that is dependent on the presence of an intact 

endothelium (Mione et al., 1990).

These experiments were designed to examine the role of the 

endothelium in the local control of the vascular tone of the isolated 

hepatic artery of the rabbit. The vascular location of P^- and P2~ 

purinoceptors was also investigated using ATP, 2-methylthio ATP, a,£- 

methylene ATP (a,£-meATP) and adenosine in the presence and absence 

of endothelium. The responses to ACh and sodium nitroprusside (which 

acts directly on the smooth muscle) (Murad et al., 1979) were also 

investigated in the presence and absence of the endothelium and acted
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as controls of endothelial and smooth muscle cell integrity. 

Immunocytochemical staining was used to examine the presence of nerve 

fibres containing SP, CGRP and VIP (Costa et al., 1980), while the 

relaxant action of these peptides was investigated using 

pharmacological methods.

4.3 METHODS

Male New Zealand White rabbits (2.5-3*5 kg) were killed by a lethal 

dose of sodium pentobarbitone (Sagatal) and exsanguinated. The 

hepatic artery was removed and mounted in an organ bath as described 

in Section 2.1.

In vitro pharmacology - see Section 2.1

Endothelial cell studies and immunocytochemistry - see Section 2.3
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4.4 RESULTS

Both in the absence and presence of the endothelium, NA caused a 

concentration-dependent contraction of the rabbit hepatic artery. The 

maximum response to NA and the EC^q in those preparations where the 

endothelium was intact (2.06 ± 0.13 g and 5*39 * 3*75 pM 

respectively, n - 8) were comparable with those in preparations 

denuded of endothelium (1.96 ± 0.17 g and 6.0 ± 0.91 pM respectively, 

?i = 8) (Figure 4.1). This demonstrates that the tissue had not been 

damaged by the mechanical removal of the endothelium. Addition of NA 

(10 pM) produced a sustained contractile response of the vessel that 

was approximately 75# of the maximum NA contraction.

In the presence of endothelium, addition of ACh to 

preconstricted vessels produced concentration-dependent, sustained 

relaxant responses (Figures 4.2a and 4.2c). When the endothelium was 

removed, the relaxant response to ACh was abolished (Figures 4.2b and 

4.2c).

4.4.1 Responses to ATP, 2-methylthio ATP, adenosine, q,fr-meATP and 

sodium nitroprusside

In the presence of endothelium, ATP, 2-methylthio ATP, adenosine 

and sodium nitroprusside produced concentration-dependent, sustained 

relaxant responses (Figures 4.3 and 4.4). Occasionally, a small 

contraction preceded the relaxant response to ATP and 2-methylthio
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ATP. Removal of the endothelium did not significantly affect the 

response of the vessel to these agents (Table 4.1). In preconstricted 

vessels, a,|5-meATP elicited concentration-dependent contractions in 

vessels where the endothelium remained intact and in those 

preparations where the endothelium had been removed by mechanical 

rubbing (Figure 4.5). Occasionally, a relaxation was observed at 

higher concentrations of a,|5-meATP.

Preincubation of the tissues with 8-phenyltheophylline (10 pM), 

a potent antagonist at P-̂ -purinoceptors (Smellie et al., 1979; 

Griffith et al., 1981), significantly antagonised relaxations to 

adenosine (Table 4.2). The EC^q value for ATP was not affected by 8- 

phenyltheophylline, however, the maximum response of the vessel to 

the purine was reduced. Relaxations to adenosine were not affected by 

the solvent for 8-phenyltheophylline.

4.4.2. Responses to peptides

SP produced a concentration-dependent relaxation of the vessel 

that was entirely dependent on the presence of an intact endothelium 

(Figures 4.6a and 4.6b). A maximum response of 45 ± 11.4% {n = 7) 

(Table 4.3) relaxation of the NA-induced contraction was observed 

after application of 0.1 pM SP to the organ bath. In the presence of 

endothelium, CGRP and VIP elicited a maximum relaxation of the 

preparation of 51 ± 6.6% (n = 7) and 34 ± 7*5# (n = 5) 

respectively. In endothelium-denuded preparations, CGRP and VIP
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induced a vasodilatation with a maximum of 58 ± 12.0# (n = 6) and 46 

± 11.2# {n = 5) respectively. The magnitude of the responses to CGRP 

and VIP were not significantly different in the absence and presence 

of the endothelium (Figure 4.6, Table 4.3).

4.4.3 Immunocytochemistry

All vessels showed positive SP-like immunoreactivity (SP-LI), 

positive CGRP-LI and positive VIP-LI (Figure 4.7).



T a b l e  4 . 1  E f f e c t s  o f  A T P ,  2 - m e t h y l t h i o  A T P ,  a d e n o s i n e  a n d  s o d i u m  n i t r o p r u 

s s i d e  ( S N P )  o n  t h e  i s o l a t e d  h e p a t i c  a r t e r y  o f  t h e  r a b b i t  p r e c o n s t r i c t e d  

w i t h  N A  ( 1 0  y M )  a n d  t h e  e f f e c t s  o f  N A  i n  a t o n i c  v e s s e l s  i n  t h e  p r e s e n c e  

( + e )  a n d  a b s e n c e  ( - e )  o f  e n d o t h e l i u m .

P r e c o n s t r i c t e d  v e s s e l s

A g o n i s t  M a x im u m  r e l a x a t i o n  [%)  E C ^ q

A T P

+ e  8 1  ±  6 . 4 6  ( 6 )  2 . 7  *  0.32 ( 6 )

- e  7 5  ±  7 - 0 9  ( 6 )  2 . 1  ± 0 . 5 9  ( 6 )

2 - m e t h y l t h i o  A T P

+ e  7 1  *  1 1 - 5 7  ( 5 )  0 . 9 4  *  0 . 3 8  ( 5 )

- e  6 4  ±  7 - 0 1  ( 6 )  2 . 0  ±  0 . 6 3  ( 6 )

a d e n o s i n e

SNP

♦ e  90 ±  4 . 0 9  ( 1 0 )  6 . 4  *  3 . 0 6  ( 1 0 )

- e  8 3  *  6 . 7 5  ( 6 )  3 - 3  ±  1 . 6 1  ( 6 )

+ e  8 6  ±  7 . 5 5  ( 6 )  1 . 4  ±  0 . 6 8  ( 6 )

- e  9 0  ±  4 . 4 8  ( 5 )  0 . 9 0  ±  0 . 4 6  ( 5 )

A t o n i c  v e s s e l s  M a x i m u m  c o n t r a c t i o n  ( g )

NA

+ e  2 . 0 6  *  0 . 1 1  ( 8 )  6 . 5  *  1 . 2 0  ( 8 )

- e  1 . 9 6  t  0 . 1 7  ( 8 )  6 . 0  ± 0 . 9 1  ( 8 )

A l l  v a l u e s  a r e  g i v e n  a s  m e a n  ±  s . e . m e a n  w i t h  t h e  n u m b e r  o f  o b s e r v a t i o n s

( n)  i n  p a r e n t h e s e s .



T a b l e  4 . 2  E f f e c t s  o f  A T P  a n d  a d e n o s i n e  ( A d o )  o n  t h e  i s o l a t e d  r a b b i t  

h e p a t i c  a r t e r y  i n  t h e  a b s e n c e  ( c o n t r o l )  a n d  p r e s e n c e  o f  8 - p h e n y l t h e o 

p h y l l i n e  ( 8 - P T )  ( 1 0  y M )  i n  e n d o t h e l i u m  i n t a c t  ( + e )  a n d  e n d o t h e l i u m  d e n u d e d  

( - e )  p r e p a r a t i o n s

A g o n i s t  M a x i m a l  r e l a x a t i o n  (%)  ^ 5 0

c o n t r o l  + 8 - P T  c o n t r o l  + 8 - P T

A T P

+ e  8 1  ±  6 . 4 6  ( 6 )  52 ±  9 - 3 4  ( 6 ) *  2 . 7  ± 0 . 3 2 ( 6 )  1 2 . 2  ±  7 . 2 5  ( 6 )

- e  7 5  ±  7 . 0 9  ( 6 )  52 ±  6 . 2 2  ( 7 ) *  2 . 1  ±  0 . 5 9  ( 6 )  0.91 ±  0 . 1 0  ( 6 ) *

A d o

+ e  90 ± 4 . 0 9  ( 1 0 )  6 9  ±  9 - 7 7  ( 6 )  6 . 4  ±  3.06 ( 1 0 )  89 *  25.5 ( 6 )
#  # #

- e  8 3  *  6 . 7 5  ( 6 )  6 4  ±  1 0 . 9 5  ( 6 )  2 . 0  ±  O .63 ( 6 )  1 2 . 1  ±  4 . 5 1  ( 6 )

A l l  v a l u e s  a r e  g i v e n  a s  m e a n  ±  s . e  m e a n  w i t h  t h e  n u m b e r  o f  o b s e r v a t i o n s  ( n )

## ## 4Mt#
i n  p a r e n t h e s e s .  P  < 0 . 0 5 ,  P  < 0 . 0 1  a n d  P  < 0 . 0 0 1  i n d i c a t e s  

s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  c o n t r o l  r e s p o n s e s  a n d  t h o s e  i n  t h e  p r e s e n c e  

o f  8 - P T .



T a b l e  4 . 3  E f f e c t s  o f  S P ,  C G R P  a n d  V I P  o n  t h e  r a b b i t  h e p a t i c  a r t e r y  

p r e c o n s t r i c t e d  N A  w i t h  i n  t h e  p r e s e n c e  ( + e )  a n d  a b s e n c e  ( - )  o f  e n d o t h e l i u m .

P e p t i d e  f  R e l a x a t i o n

S P  1  n M  1 0  n M  1 0 0  n M

+ e  3 - 7  ±  2 . 4 4  ( 7 )  1 3  *  7 . 0  ( 7 )  4 5  ±  1 1 . 4  ( 7 )

- e  0  ( 7 )  0  ( 7 )  0  ( 7 )

C G R P  2 . 6 3  n M  2 6 . 3  n M  2 6 3  n M

♦ e  1 6  ±  9 * 8  ( 7 )

- e  5 . 7  ±  5 - 7  ( 6 )

2 8  ±  1 1 . 6  ( 7 )  

3 7  ±  6 . 1  ( 6 )

5 1  *  6 . 6  ( 7 )  

5 8  ±  1 1 . 9  ( 6 )

V I P

+ e

- e

3 . 0  n M

3.6 ± 2.2 (5 )

8 . 3  ±  7 . 6  ( 5 )

3 0  n M

9 . 4  *  3 . 2  ( 5 )  

1 6  ±  1 0 . 5  ( 5 )

3 0 0  n M

3 4  *  7 - 5  ( 5 )  

4 6  ± 1 1 . 2  ( 5 )

A l l  v a l u e s  a r e  e x p r e s s e d  a s  m e a n  ±  s . e . m e a n  w i t h  t h e  n u m b e r  ( n )  o f  

o b s e r v a t i o n s  i n  p a r a n t h e s e s .  R e s p o n s e s  a r e  m e a s u r e d  a s  t h e  p e r c e n t a g e  

r e l a x a t i o n  o f  N A  t h e  i n d u c e d  c o n t r a c t i o n .
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Figure 4.1 Concentration-response cuives for NA in the isolated 

hepatic artery of the rabbit at basal tone in the presence (#) {n = 

8) and the absence (O) (n = 8) of endothelium. Each point represents 

the mean response and vertical lines denote the s.e.mean.
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Figure 4.2 Isolated ring-preparation of the rabbit hepatic artery 

preconstricted with NA to 75# °f the maximal constriction. Relaxant 

responses to ACh (a) in the presence and (b) absence of endothelium, 

(c) Concentration-response curve to ACh in the presence (#) {n = 7) 

and absence (O) (n = 7) of endothelium. Symbols represent the mean 

percentage relaxation of the NA induced contraction and vertical bars 

show the s.e.mean. Significant differences (*P < 0.05* **P < 0.01, 

***P < 0.001) were calculated by unpaired t tests.



-log [Acetylcholine] M -log [Acetylcholine] M

0.5gL
4 min

NA 10fjM NA 10|jM

100

|  60
x
IS<D
"  40

20 -

I 1 I I I

7 6 5 4 3

-log [Acetylcholine) M



100

Figure 4.3 Isolated ring-preparation of the rabbit hepatic artery 

preconstricted with NA to 75% of the maximal constriction. Response 

to ATP: (a) endothelium intact; (b) endothelium removed, 2-methylthio 

ATP; (c) endothelium intact; (d) endothelium removed, adenosine; (e) 

endothelium intact; (f) endothelium removed, sodium nitroprusside;

(g) endothelium intact; (h) endothelium removed.
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Figure Isolated ring-preparations of the Fohhtf /So(cc(;ec/ hepatic

artery preconstricted with NA (10 yM). (a) Concentration-response 

curve to ATP in the presence (#) (n - 6) and in the absence (O) in = 
6) of endothelium, (b) Concentration-response curve to 2-methylthio 

ATP in the presence (#) (n = 5) and in the absence (O) (n = 6) of 
endothelium, (c) Concentration-response curve to adenosine in the 

presence (#) (n = 10) and absence (O) (w = 6) of endothelium, (e) 

Concentration-response curve to sodium nitroprusside in the presence 

(•) (n = 6) and absence (O) (u = 5) of endothelium. Each point 
represents the mean percentage relaxation of the NA-induced 

contraction and vertical lines denote the s.e.mean.
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Figure 4.5 RaA6i6 hepatic artery preconstricted with NA

75f> Concentration-response curve to ct,|2>-meATP in (a) the presence 

and (b) the absence of endothelium.
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Figure 4.6 RLihbit /$o/ctec/ hepatic arterial ring preparations 

preconstricted with NA to 75# of the maximal constriction. Responses 

to single additions of SP (a) in the presence and (b) in the absence 

of endothelium; CGRP (c) in the presence and (d) in the absence of 
endothelium; VIP (e) in the presence and (f) in the absence of 

endothelium.
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Figure ^.7 Immunohistochemical localization of (a) SP, (b) CGRP and 

(c) VIP in whole mount preparations of the rabbit hepatic artery. 

Calibration bar = 50 pM.
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4.5- DISCUSSION

In this study, the endothelial dependence of the responses of 

the hepatic artery of the rabbit to several vasoactive agents was 

assessed by examining their reactivity before and after the intimal 

surface was rubbed to remove the endothelium.

The ability of the hepatic artery to constrict in response to NA 

was not significantly affected by the removal of the endothelium.

This result not only demonstrates that hepatic arterial 

vasoconstriction in response to NA is independent of the endothelium, 

but also that the mechanical removal of the endothelium did not 

damage the smooth muscle of the preparation.

The endothelium has been shown to have an obligatory role in 

the relaxations of isolated arteries to ACh (Furchgott & Zawadzki, 

1980; Furchgott et al., 1981; De Mey & Vanhoutte, 1982; Vanhoutte & 

Rimele, 1983; Peach et al., 1985). Our experiments show that ACh- 

induced vasodilatation of the rabbit hepatic artery also depends on 

the presence of an intact endothelium. In most peripheral blood 

vessels, ATP also induces a relaxation that is endothelium-dependent 

(Furchgott et al., 1981; De Mey et al., 1982; Rapoport et al., 1984; 

Martin et al., 1985; Houston et al., 1985). Furthermore, endothelium- 

dependent relaxation of the perfused rabbit hepatic arterial bed by 

ATP has also been demonstrated (R. Mathie, personal communication).

In this study, however, relaxation to ATP and 2-methylthio ATP was 

not significantly affected by the removal of the endothelium. In the
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rabbit portal vein (Kennedy & Burnstook, 1985b) and the rabbit 

mesenteric artery (Mathieson & Burnstock, 1985). ATP also caused 

relaxation via P2“Purinoceptors by an endothelium-independent 

mechanism. The physiological relevence of the different locations of 

P2y-purinoceptors in the isolated hepatic artery and in the perfused 

hepatic arterial bed preparation is yet to be established. 

Vasodilatation of the hepatic artery to adenosine was independent of 

the endothelium in common with other vessels (Hardebo et al., 1983; 

Kennedy & Burnstock, 1985b; Mathieson & Burnstock, 1987). 8- 

Phenyltheophylline, a selective P^- purinoceptor antagonist (Smellie 

et al., 1979; Griffith et al., 1981), significantly increased the 

EC^q value for adenosine, but not that for ATP, indicating that 

adenosine, but not ATP is acting via P^-purinoceptors. However, it 

should be noted that the maximum response to high concentrations of 

ATP is reduced in the presence of 8-phenyltheophylline. This result 

implies that ATP may have some action via P^ -purinoceptors as a 

result of its breakdown to adenosine.

In contrast to ATP, 2-methylthio ATP and adenosine, a,£-meATP 

did not produce a relaxation of the rabbit hepatic artery in which 

tone had been induced by NA. Indeed, a concentration-dependent 

contraction was observed both in the absence and presence of 

endothelium. Similar results have been reported in other blood 

vessels (Kennedy et al., 1985; Kennedy & Burnstock, 1985a; Mathieson 

& Burnstock, 1985; Houston et al., 1987). In 1985» Burnstock and 

Kennedy proposed a subdivision of the P2-purinoceptor into P2X and 

P2y subtypes and suggested that the P2x~purinoceptor
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mediates vasoconstriction and the P2y-purinoceptor mediates 

vasodilatation. In Chapter 3» it was demonstrated that in the hepatic 

artery of the rabbit, a,p-meATP induces a concentration-dependent 

contraction and that ATP and NA act as cotransmitters from 

sympathetic nerves, the purinergic component being mediated by ATP 

acting through post-junctional P2x-purinoceptors. Thus, it would 

appear that in the rabbit hepatic artery, three sub-populations of 

purinoceptor exist on the smooth muscle, namely a P-ppurinoceptor 

mediating a vasodilatation to adenosine, a P2x~purinoceptor mediating 

a vasoconstriction to ATP and a P2y-purinoceptor mediating a 

vasodilatation to ATP.

Immunocytochemical studies have shown a wide distribution of SP, 

(Edvinsson et al., 1981; Furness et al., 1982; Barja et al., 1983; 

Goehler et al., 1988), CGRP (Rosenfeld et al., 1983; Hanko et al., 

1985; Sasaki et al., 1986; Goehler et al., 1988) and VIP (Larsson et 

al., 1976; Uddman et al.,198l; Malencik & Andersson, 1983; Varga et 

al., 1986) in both the central and peripheral nervous systems. In 

the rabbit hepatic artery, nerve fibres containing SP, CGRP and VIP 

were identified. CGRP and VIP have been shown to be potent 

vasodilators of several blood vessels, and in this study, both CGRP 

and VIP induced a relaxation that was independent of the endothelium. 

This result is consistent with the results reported for most other 

vessels where removal of the endothelium does not prevent CGRP- or 

VIP-induced vasodilatation (Duckies & Said, 1982; Brum et al., 1985; 

Brain et al., 1985; Girgis et al., 1985; Hanko et al., 1985; 

Schoeffter & Stoclet, 1985; Varga et al., 1986; Edvinsson et al.,
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1989).

SP has also been demonstrated to be a powerful vasodilator of 

several blood vessels and in all cases its action requires the 

presence of an intact endothelium (Furchgott, 1983; D*Orleans-Juste 

et al., 1985; Edvinsson et al., 1985; Bolton & Clapp, 1986; Stewart- 

Lee & Burnstock, 1989). The presence of SP-like immunoreactivity has 

been demonstrated in the hepatic arteries of the rat and human (Burt 

et al., 1987; Tanikawa et al., 1988) and its potent vasodilator

action observed in the hepatic artery of the dog (Withrington, 1987).

Removal of the endothelium in this study, completely abolished any 

response of the rabbit hepatic artery to SP thus demonstrating the

obligatory role of an intact endothelium in SP-mediated

vasodilatation.

Constant blood flow to the liver must be maintained since the 

hepatic clearance of many blood-borne drugs and hormones is blood- 

flow limited. Adenosine has been shown to be an important mediator of 

the compensatory hyperaemic response of the hepatic artery in 

response to portal vein occlusion (Lautt, 1981; Mathie & Blumgart,

1990). The results of this study provide further evidence for the 

involvement of adenosine in the control of hepatic arterial tone via 

P^-purinoceptors which are located on the smooth muscle. Whilst there 

is strong evidence for the role of adenosine in the regulation of 

hepatic arterial resistance (Lautt, 1981; Mathie & Blumgart, 1990), 

it does not appear to be the sole mediator of hepatic arterial 

dilatation. The results from this study provide evidence for the
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putative role of ATP as a vasodilator of the hepatic artery of the 

rabbit, acting through post-junctional P2y-purinoceptors located on 

the vascular smooth muscle. Furthermore, it was shown in Chapter 3 

that an hepatic arterial constriction occurs in response to ATP via 

smooth muscle P2x~purinoceptors following sympathetic nerve 

stimulation. In most vessels, the P2y_purinoceptor is located on the 

endothelium (De Mey & Vanhoutte, 1980, 1982; Cocks & Angus, 1983; 

Furchgott, 1983; Kennedy et al., 1985; Burnstock & Kennedy, 1985a; 

Liu et al., 1989). Although the response mediated via the two P2“ 

purinoceptors in the hepatic artery are in opposition, the location 

of both receptors on the smooth muscle may be of physiological 

significance in the control of vascular tone. It could be that, 

depending on the tone of the vessel, responses of the artery to ATP 

may be either constriction or relaxation and that in some 

pathological situations, one or other of these responses may 

dominate.



SECTION B 

AGING AND VASCULAR REACTIVITY
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Chapter 5

THE EFFECT OF MATURATION ON THE REACTIVITY OF HEPATIC AND SAPHENOUS 

ARTERIES FROM MALE AND FEMALE RABBITS
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5.1 SUMMARY

1 Changes in the responses of hepatic and saphenous arteries taken 

from male and female New Zealand White rabbits aged 2-36 months to 

direct contractile agents, endothelium-dependent vasodilators, direct 

vasodilators and sympathetic nerve stimulation were studied.

2 Contractile responses: There were no significant age-related 

changes in the ability of hepatic arteries of males and females and 

saphenous arteries of males to constrict to KC1. KCl-induced 

contractions of saphenous arteries from females were significantly 

reduced at 12 months compared with other ages. In general, the 

response of hepatic and saphenous arteries from male and female 

rabbits to noradrenaline (NA) did not change with age. There was an 

age-related increase in the size of the a,p-methylene ATP

(a,£-meATP)-induced contractions of hepatic arteries from males while 

there was no change in females. Conversely, a,p-meATP-induced 

contractions of saphenous arteries from males did not change while 

those in females were greatest at 18 months relative to other age 

groups.

3 Sympathetic nerve stimulation: There was no age-related change in 

the response of hepatic arteries from males to sympathetic nerve 

stimulation while those of saphenous arteries from males decreased 

with age. There was no age-related change in the neurogenic 

contraction of hepatic and saphenous arteries from female rabbits.
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4 Endothelium-dependent relaxation: The size of the maximum 

relaxation to acetylcholine (ACh) of hepatic arteries from males and 

females tended to decrease with age up to 18 months. However, ACh- 

induced vasodilatation of both hepatic and saphenous arteries from 

male and female rabbits was significantly increased at 36 months. 

Substance P (SP) caused a relaxation of hepatic arteries from females 

that decreased with age. SP-induced relaxations of hepatic arteries 

from males and saphenous arteries from both males and females were 

not affected by age.

5 Endothelium-independent relaxation: There was an age-related 

decrease in the relaxation of hepatic arteries from females in 

response to calcitonin gene-related peptide (CGRP) while the relaxant 

response of males was not affected by age. There was no age-related 

change in the relaxant response of saphenous arteries from males and 

females to CGRP. There was an age-related decrease in the relaxation 

of hepatic arteries from males and females to vasoactive intestinal 

polypeptide (VIP) whereas ATP-induced vasodilatation was unaffected 

by the age of the animal.

6 These results show that the contractile ability of hepatic and 

saphenous arteries from male and female rabbits to NA and a,p-meATP 

are maintained at 36 months but that contractions of saphenous 

arteries from males in response to sympathetic nerve stimulation 

decreased with age. Endothelium-dependent relaxations to ACh were 

increased at 36 months in both males and females whereas endothelium- 

independent relaxant responses to both CGRP and VIP decreased with
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age in females while VIP-induced relaxations only were reduced in 

males. Therefore, the results from this study suggest that aging 

causes a change in vascular reactivity and these changes are 

compounded by the sex of the animal.
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5.2 INTRODUCTION

The responsiveness of the vascular smooth muscle to 

vasoconstrictor and vasodilator agents alter with age (Toda &

Hayashi, 1979; Fleisch, 1980; Duckies & Banner, 1984; Vanhoutte,

1988). These age-dependent vascular changes depend on the blood 

vessel and the animal species (Fleisch & Hooker, 1976; Hayashi & 

Toda, 1978; Toda & Hayashi, 1979; Duckies et al., 1985; Shimizu & 

Toda, 1986; Toda et al., 1986, Kobayashi & Hattori, 1989). The 

maximal responsiveness to noradrenaline (NA) has been reported to be 

increased in the rat aorta, the rabbit basilar artery and the rat 

mesenteric artery (Cohen & Berkowitz, 1974; Toda & Hayashi, 1979; 

Moritoki et al., 1986); decreased in beagle cerebral and mesenteric 

arteries (Toda et al., 1986; Toda & Shimizu, 1987) or show negligible 

change in the rabbit ear and skeletal muscle arteries, and rat aorta, 

femoral and caudal arteries (Duckies, 1983; Duckies et al., 1985; 

Owen, 1985; Hynes & Duckies, 1987). A decrease in the dilator 

responses of arterial smooth muscle to vasoactive substances such as 

the ($-adrenoceptor agonist isoprenaline and the second messenger, 

cyclic-AMP (c-AMP), is known to be associated with aging of animals 

(Fleisch et al., 1970; Cohen & Berkowitz 1974; Fleisch & Hooker,

1976; Hayashi & Toda, 1978; Tsujimoto & Hoffman, 1986).

The endothelium of blood vessels has been shown to be important 

in the regulation of vascular tone and it mediates the dilator 

responses to substances such as acetylcholine (ACh), histamine, 

bradykinin, substance P (SP), arachidonic acid, adenosine 5f”
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triphosphate (ATP) and adenosine 5'-diphosphate (ADP) (Furchgott & 

Zawadzki, 1980; Van de Voorde & Leusen, 1933; Furchgott, 1984). 

However, the relationship between aging and endothelium-dependent 

mediated vasodilatation has not yet been clarified. It has been 

reported that in the perfused rat mesenteric bed, the dilator 

responses to ACh and histamine do not vary with age (Hynes & Duckies, 

1987). whilst Moritoki et al. (1986), came to the opposite conclusion 

for histamine-induced dilatation of the rat mesenteric artery. 

Furthermore, Hynes and Duckies (1987) reported that vasodilatation of 

the rat thoracic aorta showed an increased sensitivity to 

endothelium-mediated relaxation to the cholinergic agonist 

methacholine, with age whereas Moritoki et al. (1989). have 

demonstrated an age-dependent decrease in dilator response to ACh in 

the same vessel. In addition to this, sex hormones have been shown to 

affect vascular reactivity (Altura, 1972).

The aim of the present study has been to examine the possible 

changes in the control of vascular smooth muscle from young and adult 

male and female rabbits. The function of the sympathetic nerves 

innervating the hepatic and saphenous arteries was investigated by 

measuring the contractile response of the vessels to electrical 

transmural nerve stimulation. The hepatic and saphenous arteries have 

been demonstrated to be innervated by sympathetic nerves that mediate 

a vasoconstriction via the release of both NA and ATP acting through 

a^-adrenoceptors and P2x~purinoceptors respectively (Burnstock & 

Warland, 1987; see Chapter 3)* Therefore, the function of the 

vascular smooth muscle was investigated by measuring the contractile
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response of isolated ring preparations to both NA and a,^-methylene 

ATP (a.ft-meATP) (a stable analogue of ATP). All contractions were 

measured relative to KC1 to account for any possible changes in 

vessel elasticity or smooth muscle structure that may occur with age. 

Age-related changes in the response of the vessels to endothelium- 

dependent vasodilators, namely ACh (Furchgott & Zawadzki, 1980) and 

SP (Furchgott, 1983; D*Orleans-Juste et al., 1985) and endothelium- 

independent vasodilators including calcitonin gene-related 

polypeptide (CGRP) (Brain et al., 1985; Edvinsson et al., 1989) and 

vasoactive intestinal peptide (VIP) (Duckies & Said, 1982; Varga et 

al., 1986) were studied. Changes in the response of hepatic arteries 

to ATP, which causes a relaxation that is independent of the 

endothelium in these vessels (see Chapter U) were also investigated. 

In this study, "age-related changes" refer to the changes occurring 

in maturation, that is, changes occurring from birth to alduthood.

5.3 METHODS

Hepatic and saphenous arteries from male and female New Zealand 

White rabbits (2-36 months) were examined using the method of 

pharmacology described in Section 2.1.
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5.4 RESULTS

5-4.1 Responses to vasoconstrictor agents

There was no age-related change in the size of the KCl-induced 

contraction of hepatic and saphenous arteries from rabbits of either 

sex (Figures 5*la and 5*lb) although KCl-induced contraction of 

saphenous arteries from female rabbits was significantly smaller 

compared with other ages.

NA elicited a concentration-dependent, sustained contraction of 

hepatic and saphenous arteries from male and female rabbits aged 2-36 

months. The size of the maximum NA-induced contraction did not change 

with age (Figures 5*2a and 5.2b) although the maximum NA-induced 

contractions of hepatic arteries from males at 18 months were 

significantly increased compared with 4 month old animals (P < 0.05) 

and those of hepatic arteries from females were significantly reduced 

at 6 months compared with 12 month old animals (P < 0.05). There was 

no age-related change in the sensitivity to NA of hepatic arteries 

from males and saphenous arteries from males and females (Table 5*1)* 

Hepatic arteries from females at 2 months were more sensitive to NA 

than those from 12 month old animals (P < 0.05).

a,p-MeATP caused a transient contraction of hepatic arteries 

from male and female rabbits. There was an age-related increase in 

the size of the contraction of hepatic arteries from males (P < 0.01 

(Figure 5*2a)) but there was no change in the contractile response of
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hepatic arteries from females with age. However, responses of the 

saphenous artery from male rabbits to a,^-methylene ATP did not 

change with age while those of preparations from female rabbits were 

significantly greater at 18 months compared to younger ages (P <

0.01) (Figure 5*2b).

5.4.2 Electrical transmural nerve stimulation

Electrical transmural nerve stimulation evoked a frequency- 

dependent vasoconstriction of the hepatic and saphenous arteries 

from male and female rabbits over a frequency range of 4-64 Hz. There 

was no age-related change in the contractile response of hepatic 

arteries from males to neurogenic stimulation (16 and 64 Hz) (Figure 

5.3a). In contrast, the size of the contraction of saphenous arteries 

from male rabbits in response to nerve stimulation was reduced at 36 

months compared with 4 month animals (P < 0.05) (Figure 5*3h). There 

was no age-related change in the size of the neurogenic 

vasoconstriction of hepatic and saphenous arteries from females

5.4.3 Endothelium-dependent vasodilatation

ACh caused a concentration-dependent relaxation of hepatic and 

saphenous arteries from male and female rabbits. There was a decrease 

in the maximum ACh-induced relaxation of hepatic arteries from males 

up to 18 months (P < 0.05) (Figure 5*ka). However, by 36 months, the 

maximum ACh-induced relaxation of arteries from males was greater 

than that seen at 2 months (P < 0.05). ACh-induced relaxation of
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hepatic arteries from females also declined with age up to 12 months 

(P < 0.05). The maximum-relaxant response returned to a size that was 

comparable to those observed in preparations from young, female 

rabbits. The sensitivity of hepatic arteries from rabbits of either 

sex to ACh was not affected by the age of the animal (Table 5«2). The 

maximum relaxant response of saphenous arteries from male and female 

rabbits to ACh was increased at 36 months compared to younger age 

groups (P < 0.01) (Figure 5* 4b) but there was no change in the 

sensitivity of these vessels.

There was no age-related change in the SP-induced relaxation of 

hepatic arteries from males while those of females decreased with age 

(P < 0.01) (Figure 5*4c). There were no changes in the responsiveness 

of the rabbit saphenous artery to SP with age in preparations from 

either sex of animal (Figure 5*4d).

5.4.4 Endothelium-independent vasodi1atation

There was no age-related change in the relaxation of hepatic 

arteries from males to CGRP while the CGRP-induced relaxant response 

of females decreased with age (P < 0.01) (Figures 5*5a)» There was no 

age-related change in the CGRP-induced relaxation of the saphenous 

artery from females. In males, CGRP-induced relaxations of the 

saphenous artery increased to a maximum at 12 months but this was 

only significant when compared to 4 and 18 month old animals (Figure 

5.5b).
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The size of the relaxation of hepatic arteries from rabbits of 

either sex in response to VIP decreased as the age of the animal 

increased (P < 0.05) (Figure 5*5c). The maximum relaxant response of 

hepatic arteries from male and female rabbits to ATP did not change 

with the age of the animal (Figure 5*5d).

Saphenous arteries from rabbits of either sex did not respond to 

VIP or ATP at any age tested.



Table 5*1 EO50 va ûe f°r in hepatic and saphenous arteries from
male and female NZW rabbits aged 2-36 months.

E C 5 0  ( p M )

Age (months)
Hepatic
artery

Male Female
Saphenous 
artery 

Male Female

2 2 3 . * 1 1 * 1 5 . 3 6
a

3 . 6 8 * 2 . 3 9 3 . 9 7 * 1 . 1 1 4 . 9 7 * 0 . 3 5

4 6 . 6 5 * 2 . 2 3 2 2 * 2 . 2 5 * 1 . 8 8 * 0 . 8 5 6 . 4 * 2 . 5 1

6 1 7 * 3 . 2 5 1 2 . 6 * 1 * 1 . 5 9 3 . 0 3 * 0 . 9 3 1 3 . 2 * 3 . 9 8

1 2 9 - 3 8 * 1 . 2 1 * * * * * 1 5 . 5 9 5 . 2 5 * 0 . 7 0 4 . 5 9 * 0 . 7 8

1 8 3 . 6 2 * 0 . 9 5 8 . 7 * 2 . 7 6 4 1 . 8 * 1 . 7 2 3 . 5 2 * 0 . 7 4

3 6 * * • 5 5 * 1 . 5 5 3 3 . 3 * 1 5 . 3 3 3 . 6 3 * 1 . 1 0 2 8 . 3 8 * 4 . 0 1

P ns 0 . 0 5 ns ns
A l l  v a l u e s  a r e  t h e  m e a n  ±  s . e .  m e a n .  V a l u e s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  1 2  
m o n t h s  a r e  i n d i c a t e d  b y  " a "  ( T u k e y ' s  a n a l y s i s  a f t e r  o n e  w a y  a n a l y s i s  o f  
v a r i a n c e ) .



Table 5-2 EĈ q value for ACh in hepatic and saphenous arteries from
male and female NZW rabbits aged 2-36 months.

ECejo

A g e  ( m o n t h s )
H e p a t i c
a r t e r y

M a l e F e m a l e

S a p h e n o u s  
a r t e r y  

M a l e  F e m a l e

2 1 . 6 8 * 0 . 9 7 1 . 0 8 * 0 . 3 4 3 . 9 7 * 1 . 1 1 0 . 4 7 * 0 . 2 2

4 1 . 5 6 ± 0 . 5 5 0 . 5 7 * 0 . 2 5 3 . 9 2 * 0 . 8 9 0 . 8 * 0 . 5 5

6 3 - 3 2 * 1 . 7 7 2 . 6 * 0 . 7 3 3 . 0 3 * 0 . 9 3 2 . 5 4 * 1 . 8 2

1 2 4 . 1 8 * 2 . 7 9 2 . 1 5 * 1 2 . 9 4 . 7 7 * 0 . 7 6 1 . 1 5 * 0 . 6 7

1 8 0 . 5 * 0 . 0 7 2 . 3 2 * 1 . 9 2 2 . 0 2 * 0 . 5 9 0

3 6 1 . 5 5 * 0 . 6 1 4 . 9 9 * 1 . 7 8 6 . 2 5 * 1 . 2 4 5 . 4 9 * 2 . 5 4

P n s n s n s n s

V a l u e s  a r e t h e  m a a s i £ ■ sneaky..
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Figure 5*1 Contraction of (a) the hepatic artery and (b) the 

saphenous artery from male and female rabbits of different ages in 

response to KC1 (120 mM). Each point represents the mean ± s.e.mean 

and numbers in parentheses indicate the number of observations (n) 

and "a" indicates values significantly different from values at 12 

months (Tukey's method after one way analysis of variance).
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Figure 5*1 Contraction of (a) the hepatic artery and (b) the 

saphenous artery from male and female rabbits of different ages in 

response to KC1 (120 mM). Each point represents the mean ± s.e.mean 
and numbers in parentheses indicate the number of observations (n) 

and "a” indicates values significantly different from values at 12 

months (Tukey’s method after one way analysis of variance).
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Figure 5*2 Contraction of (a) the hepatic artery and (b) the 

saphenous artery from male and female rabbits of different ages in 

response to NA and a,{5-meATP. Responses to NA are the maximum NA- 

induced contractions as deduced fro® concentration response curves 
and the responses to a,ft-meATP are the responses to the EC^q 

concentration of agonist. Contractions are measured as a percentage 

of the contraction to KC1 (120mM). Each point represents the mean ± 

s.e.mean and numbers in parentheses indicate the number of 

observations (n). Significant. differerK^from values at 2, 6, 18 and 

36 months are indicated by a, b, c and d respectively (Tukey's method 

after one way analysis of variance).
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Figure 5*3 Response of the isolated (a) hepatic and (b) saphenous 

artery from male and female rabbits (2-36 months) in response to 

electrical transmural nerve stimulation (0.1 ms, 60-70 V, 16 and (A 

Hz). Contractions were measured relative to the constriction induced 

by KC1 (120 mM). Each point represents the mean and vertical lines 

denote the s.e.mean and numbers in parentheses indicate the number of 

observations (n). "a” Indicates values significantly different from 

36 months (Tukey's method after one way analysis of variance).
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Figure 5*^ Relaxant responses of the hepatic and saphenous arteries 

from male and female rabbits of different ages to ACh ((a) and (b)) 

and SP ((c) and (d)). The responses to ACh is the maximum ACh-induced 

relaxation as deduced from concentration responses curves and 

responses to SP are those evoked by 0.1 pM SP. Relaxant responses 

were measured as the percentage relaxation of the NA-induced 

contraction. Each point represents the mean ± s.e.mean and numbers in 

parentheses indicate the number of observations (n). Values 

significantly different from 2, 4, 6, T2 and 18 months are indicated 

by a, b, c, d, and e respectively (Tukey's method after one way 

analysis of variance).
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Figure 5*5 Relaxant responses of the hepatic and saphenous arteries 

from male and female rabbits of different ages to (a) and (b) CGRP 

(0.263 pM) and relaxation of the hepatic artery only to (c) VIP (0.3 

pM) and (c) ATP. The response to ATP is the maximum relaxation as 

deduced from cumulative concentration-response curves. Relaxations 

are measured as the percentage relaxation of the NA-induced 

contraction. Each point represents the mean ± s.e.mean and numbers in 

parentheses indicate the number of observations (n). Values 

significantly different from 12 and 18 months are indicated by a and 

b respectively (Tukey’s method after one way analysis of variance).
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5.5 DISCUSSION

In the present study, the effects of age and sex on the vascular 

reactivity of rabbit hepatic and saphenous arteries were examined. 

Vascular reactivity was considered in terms of contractile responses 

and endothelium-dependent and endothelium-independent relaxant 

responses. For the sake of clarity, the results will be discussed 

under separate headings although this should not be taken to imply 

that the different factors are acting independently of each other.

5-5.1 Age

Contractile responses

KCl

Alterations in the magnitude of the contractile response of 

blood vessels to various agents may be a result of changes in vessel 

elasticity or smooth muscle structure that occur with age. Therefore, 

in this study all contractions were measured relative to the 

vasoconstriction induced by a single concentration of KCl which 

induces a contractile response via a mechanism that is not specific • 

for a single receptor. There was no age-related change in the size of 

the KCl-induced contraction of hepatic or saphenous arteries from 

male and female rabbits. These results are comparable with those for 

the rabbit ear artery and the rat renal and femoral arteries and 

veins (Duckies, 1983; Duckies et al., 1985). The reduced response of 

saphenous arteries from females at 12 months to KCl is probably of
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little significance since the change was completely reversed at 

subsequent ages.

Sympathetic nerve stimulation

Age-related changes in the contraction of hepatic arteries from 

males and females, and saphenous arteries from females in response to 

sympathetic nerve stimulation were not observed. However, the size of 

the neurogenic contractile response of saphenous arteries from male 

rabbits was reduced in old age. The rabbit saphenous artery is 

innervated by sympathetic nerves that release both NA and ATP (see 

Section 5*2). The decrease in response to nerve stimulation is 

unlikely to be a consequence of a change in postjunctional a- 

adrenoceptors or P2x”purinoceptors since there was no change in the 

response of this vessel to exogenous NA or a,p>-meATP (see later). An 
alternative explanation for the decreased response of the saphenous 

artery to neurogenic nerve stimulation is that there is a decrease in 

the release of NA and/or ATP.

Noradrenaline

This study demonstrated that NA-induced vasoconstriction of 

hepatic and saphenous arteries from male and female rabbits did not 

change with age. These results are consistent with those of previous 

studies where negligible changes in the response to NA were observed 

(Duckies, 1983; Duckies et al., 1985; Owen, 1985; Hynes & Duckies, 

1987). Conflicting results are documented in the literature 

concerning the age-related changes in vascular reactivity to NA. 

Augmented responses were seen with age in the rat aorta, the rabbit
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aorta and the rat mesenteric artery (Cohen & Berkowitz, 197**; Hayashi 

& Toda, 1978; Moritoki et al., 1986) whereas the magnitude of NA- 

induced contractions were inversely related to age in the isolated 

beagle mesenteric artery (Shimizu & Toda, 1986). Further 

inconsistencies are found within the same vessel; Hynes & Duckies 

(1987) reported that there were negligible changes in the 

responsiveness of rat aorta to NA whereas in a previous study by 

Cohen & Berkowitz (197*0. an increase in the maximal responsiveness 

of this vessel to the amine was seen with age. However, the former 

study was performed on aortae from Fischer 3**̂  rats, aged 1-27 

months, whilst the results from the latter investigation were 

obtained using aortae from Sprague-Dawley rats, aged 3~13 weeks.

Thus, it would appear that there is much heterogeneity in vascular 

reactivity among different vascular beds and amongst different 

strains of the same species. In addition, it is also necessary to 

clarify changes occurring with maturation (i.e. changes occurring 

from birth to alduthood) and aging (i.e. changes occurring between 

alduthood and old age).

a,fi-Methylene ATP

There was an age-related increase in the response of hepatic 

arteries from males and in saphenous arteries from females to a,£- 

meATP. The hepatic and saphenous arteries are innervated by 

sympathetic nerves that mediate a vasoconstriction via the release of 

both NA and ATP acting through 0̂ -adrenoceptors and P2X" 

purinoceptors, respectively (Burnstock & Warland, 1987; see Chapter 

3). Bao et al. (1989b), have shown that the role of ATP as a
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sympathetic cotransmitter with NA in the sympathetic nerves that 

innervate the rat caudal artery may decrease with age. There is no 

change in the response of the hepatic artery or saphenous arteries 

from females to sympathetic nerve stimulation (see above). Therefore, 

the increased sensitivity of these vessels to a,|i-meATP may reflect 

an age-related decrease in the contribution of the purinergic 

component which is compensated for by an increase in the 

noradrenergic component.

Relaxant responses

Perhaps the best documented alteration in vascular 

responsiveness seen with age is a decrease in the sensitivity to (S- 

adrenergic receptor stimulation (Fleisch et al., 1970; Fleisch &

Hooker, 1976; Hayashi & Toda, 1978; Toda & Hayashi, 1979; Owen, 1985; 

Shimizu & Toda, 1986). However, few studies have considered the 

changes that may occur with age in the vascular reactivity to 

endothelium-dependent and endothelium-independent vasodilator agents.

Endothelium-dependent re taxation

Responses of the hepatic artery to ACh declined with age so that 

in middle age (12-18 months), a minimum relaxation was observed in 

vessels from male and female rabbits. An age-related decrease in 

endothelium-dependent vasodilatation has also been observed in 

mesenteric arteries from the rat (Moritoki et al., 1986; Hynes & 

Duckies, 1987)f the rat aorta (Moritoki et al., 1990) and the beagle 

mesenteric artery (Shimizu &. Toda, 1986). EDRF acts by activation of •
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guanylate cyclase to cause an increase in cyclic-GMP (c-GMP) Ur/v'clt &!Ciy/su/i/t? 

via stimulation of a c-GMP dependent protein kinase (Rapoport &

Murad, 1983). It may be that aging reduces the ability of the 

endothelium to produce EDRF which results in a decrease in c-GMP 

production and c-GMP protein kinase activity as was suggested by 

Moritoki and his co-workers in the rat aorta (Moritoki et al., 1988;

Moritoki et al., 1989; Moritoki et al., 1990). However, contrary to 

the results with ACh, aging did not affect the endothelium-dependent 

vasodilatation by SP of hepatic arteries from male rabbits and 

saphenous arteries from male and female rabbits, although SP-induced 

relaxation of hepatic arteries from female rabbits decreased with 

age. At 36 months, ACh-induced vasodilatation was significantly 

greater in hepatic and saphenous arteries from both male and female 

rabbits relative to younger ages. Similar results were observed by 

Hynes & Duckies (1987) in the aorta and caudal arteries of the rat.

It was proposed that age-related changes in cholinergic relaxation 

were due to an increase in receptor density or more efficient 

receptor coupling to effect the release of EDRF from the endothelium 

since the calcium ionophore, A23187. which acts to release EDRF via a 

mechanism that is independent of a receptor, did not change with age.

The results from this study also imply that rather than an increase 

in the production/release of EDRF, there is an increase in 

cholinergic receptor density with age, but a similar increase in SP 

receptor density in old age is not expressed.

It has been proposed that in diseases such as atherosclerosis 

where there is a thickening of the arterial intimal wall, a
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"compensatory vasodilatation" develops with the progression of the 

disease in order to maintain the lumen of the vessel. (Bumstock et 

al.f 1990). It could be that a similar "compensatory mechanism" 

arises in old age since development is associated with a marked 

thickening of the vessel wall and progressively increasing mechanical 

stiffness (Duckies & Banner, 1984).

EndotheI turn-independent re taxation

The results from this study show that the endothelium-dependent 

relaxation of hepatic arteries from female rabbits is more severely 

affected by aging than those hepatic arteries from males. Both CGRP- 

and VIP-induced relaxation of hepatic arteries from females were 

significantly reduced with age while in males, relaxant responses to 

VIP only were reduced with age. The results for CGRP in female 

hepatic arteries are similar to those of a study by Goto & Takasaki 

(1989) who showed an age-related decrease in the vasodilator response 

of rat mesenteric resistance vessels to CGRP concomitant with a 

decrease in CGRP-like immunoreactivity. In the rabbit hepatic artery, 

ATP causes a relaxation via P2y-purinoceptors located on the smooth 

muscle (see Chapter 4). In this study, ATP-induced vasodilatation of 

the hepatic artery from rabbits of both sexes was not affected by 

age.

5.5*2 Sex

Because female animals exhibit inconveniently marked variations 

in various hormone levels throughout the oestrus cycle, most 

experimental studies on non-sex related issues are conducted on male
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animals. However, since approximately 50% of the population of any 

species are female, it is necessary to consider the influence of sex 

on various physiological functions. It is clear from the results of 

this study that there are differences in the vascular reactivity of 

male and female rabbits. The response of saphenous arteries from male 

rabbits to sympathetic nerve stimulation was reduced in old age while 

that of females was not altered. Reduced contractile responses to 

sympathetic stimulation have also been reported to occur in vessels 

from male rabbits while no change in the sensitivity to adrenergic 

stimuli occurs with advancing age in arteries from female rabbits 

(Owen, 1985. 1986). These differences may be a consequence of the 

influence of the female hormone, oestradiol. For example, acute 

treatment of rats with oestrodiol has been shown to cause an enhanced 

mesenteric arteriolar constrictor response to NA (Altura, 1975)• In 

addition, in the present study, the a, |$-meATP-induced contraction of 

hepatic arteries from male rabbits increased with age while there was 

no change in the response of females to the purine.

Endothelium-dependent vasodilatation of hepatic arteries from 

female rabbits in response to both CGRP and VIP is reduced with age 

while only VIP-induced relaxant responses are decreased in males. 

Nuclear binding studies of steroid hormones have suggested regulatory 

functions of the cardiovascular system at central and peripheral 

levels (Stumpf, 1990). In particular, the female hormone oestradiol 

has been indicated to affect the cardiovascular system at all levels 

of organisation. For example, chronic oestrogen treatment has been 

shown to down regulate angiotensin II receptors in the adrenal cortex
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(Carri^re et al., 1986). The differences in the effects of aging on 

endothelium-dependent vasodilator responses could be a consequence of 

the influence of oestrodiol causing a down regulation of receptors 

for CGRP and VIP in hepatic arteries from female rabbits.

In conclusion, the results from this study demonstrate that

whilst there are changes in the vascular reactivity of arteries with 

age, these changes are further compounded by the sex of the animal. 

The contractile ability of hepatic and saphenous arteries to 

exogenous NA do not change with age, while endothelium-dependent ACh- 

induced relaxant responses are significantly enhanced in both males 

and females. The influence of sex on vascular reactivity is reflected

by the reduction in the response of saphenous arteries from males to

sympathetic nerve stimulation, the increase in response of hepatic 

arteries from males to a,|S-meATP and the decrease in the endothelium- 

independent vasodilatation to both CGRP and VIP that occurs in 

females only.



SECTION C

THE EFFECT OF ATHEROSCLEROSIS ON VASCULAR REACTIVITY
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Chapter 6
DIFFERENCES IN VASCULAR REACTIVITY BETWEEN HALE AND FEMALE WATANABE 

HERITABLE HYPERLIPIDAEMIC RABBITS: A PHARMACOLOGICAL AND 
MORPHOLOGICAL STUDY OF THE HEPATIC AND 

SAPHENOUS ARTERIES
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6.1 SUMMARY

1 Responses to vasoactive agents and the fine structure of hepatic 

and saphenous arterial ring segments from male and female Watanabe 

heritable hyperlipidaemic (WHHL) rabbits (4-12 months) were compared 

to those of age- and sex-matched New Zealand White (NZW) rabbits 

(controls).

2 Contractile responses of hepatic and saphenous arteries from male 

WHHL rabbits to KC1 were significantly reduced in comparison with 

controls, but were unchanged in female WHHL rabbits (with the 

exception of saphenous arteries from females at 6 months, where 

responses were also reduced).

3 The maximum contractile responses of hepatic arteries from WHHL 

rabbits to noradrenaline (NA) were greater in 4 month old male 

rabbits and in 4 and 6 month old female animals in comparison with 

controls. In contrast, in saphenous arteries, the maximum NA-induced 

contractions from 4 month old female rabbits were reduced but were 

unchanged in preparations from male and female WHHL rabbits at 6 and 

12 months relative to their respective controls.

4 The maximum relaxations of hepatic arterial ring preparations from 

female WHHL rabbits aged 4 and 6 months to the endothelium-dependent 

agent, acetylcholine (ACh) were diminished in comparison with 

controls, while at 12 months, they were markedly greater. In 

contrast, there were no changes in the responses of hepatic arteries
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from male WHHL rabbits or in saphenous arteries from male and female
WHHL rabbits to ACh.

5 There were no differences in the density or morphology of 

noradrenergic nerve fibres in either hepatic or saphenous arteries 

from both male and female WHHL rabbits in comparison to vessels from 

NZW rabbits at any age tested.

6 Electron microscopic evaluation of hepatic arteries from WHHL 

rabbits showed occasional ruptures in the internal elastic lamina at 

4 months. At 6 months, widespread intimal thickening associated with 

smooth muscle cell migration was apparent but this became less 

obvious at 12 months. Myelin figures and membrane-bound sacs located 

between the internal elastic lamina and the medial muscle layer were 

a common feature at 12 months. No differences between male and female 

hepatic arteries were observed.

7 These results show that there are sex differences in the 

reactivity of hepatic arteries from WHHL rabbits. In females, 

endothelium-dependent relaxation is diminished at 4 and 6 months and 

is then increased at 12 months whereas relaxant responses are 

unchanged in males. Further, KCl-induced contractions are decreased 

in males but are unchanged in females. However, the vasoconstrictor 

responses of hepatic arteries from both male and female WHHL rabbits 

to NA were augmented in the early stages of atherosclerosis.
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6.2 INTRODUCTION

Atherosclerosis is a disease of large and medium sized arteries 

and is characterised by focal thickening of the arterial intima in 

association with fatty deposits (Ross, 1986; Munro & Cotran, 1988). 

Severe atherosclerosis occurs in human homozygous familial 

hypercholesterolaemia, a disorder characterised by elevated serum 

cholesterol due to increased low density lipoproteins (LDL), because 

of a deficiency in cell surface receptors for LDL (Goldstein et al., 

1983). The Watanabe heritable hyperlipidaemic (WHHL) rabbit exhibits 

a genetic deficiency for LDL receptors, which mimics the defect found 

in human homozygous familial hypercholesterolaemia (Buja et al.,

1983; Watanabe et al., 1985; Hatanaka et al., 1987)* The rabbit 

develops hypercholesterolaemia, elevated plasma LDL levels, severe 

atherosclerosis and cutaneous xanthomas. The abnormality is inherited 

as a single gene mutation (Tanzawa et al., 1980; Watanabe, 1980) and 

severe atherosclerosis develops first in the aorta at about 3 months 

of age and then spreads to the aortic arch and into the descending 

aorta and carotid artery with aging (Buja et al., 1983).

The endothelium of blood vessels has been shown to be important 

in the regulation of vascular tone. Experimental atherosclerosis 

impairs endothelium-dependent relaxation in aortas, carotid artery, 

ear artery and cremaster muscle arterioles from cholesterol-fed 

rabbits (Jayokody et al., 1985; Verbeuren et al., 1986; Hof & Hof, 

1988; Walmsley et al., 1988; Yamamoto et al., 1988), iliac and 

femoral arteries from hypercholesterolaemic monkeys (Chappell et al..
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1987; Harrison et al., 1988) and aortas from WHHL rabbits (Yokayama 

et al., 1987; Ragazzi et al., 1989; Wines et al., 1989)*

With advancing age, atherosclerosis becomes more severe. 

However, the exact relationship between aging and atherosclerosis is 

difficult to define since the responsiveness of the vascular smooth 

muscle to vasoconstrictor and vasodilator agents alters with age 

(Toda & Hayashi, 1979; Duckies & Banner, 1984; Vanhoutte, 1988). In 

addition to this, sex hormones have been shown to affect vascular 

reactivity (Altura, 1972). Therefore, the aim of the present study 

was to examine sex-related differences in vascular reactivity in 

atherosclerosis and to correlate functional changes with structure.



6.3 METHODS

Male and female New Zealand White (NZW) and WHHL rabbits (4-12 

months) were killed by a lethal dose of sodium pentobarbitone 

(Sagatal) injected via the ear vein and exsanguinated.

In vitro pharmacology - see Section 2.1

Glyoxylic acid fluorescence histochemistry - see Section 2.3 

Electron microscopy - see Section 2.4
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6.4 RESULTS

6.4.1 Contractile responses

NA induced a concentration-dependent vasoconstriction of the 

hepatic artery from male and female NZW and WHHL rabbits (Figures 6.1 

and 6.2). The magnitude of the maximal constriction in response to 

the amine was greater in vessels from 4 month old male WHHL rabbits 

relative to those from control rabbits of the same age (220 ± 17.66#

(n - 9) and 171 ± 6.70#, (n= 6) respectively; P < 0.01). Low 

concentrations of NA caused contractions of hepatic arteries from 6 

month old WHHL rabbits that were greater when compared to controls. 

However, there was no significant difference in the size of the 

maximum NA-induced contraction in vessels from male WHHL and control 

rabbits at 6 and 12 months.

The maximum response of hepatic arteries from female WHHL 

rabbits was greater at 4 months relative to age- and sex-matched 

controls (295 ± 56.90# {n - 6) and 168 ± 19.60# (n = 6) respectively; 

P < 0.01), together with an increase in the sensitivity (EC^q values 

are 8.2 ± 1.33 pM (n - 6) for WHHL and 22 ± 2.25 pM {n - 6) for 

NZW, P << 0.001). This difference persisted at 6 months of age (195 * 

15.68# (n = 6) for WHHL and 115 ± 15-02# (n = 6) for NZW,

P < 0.001). There was no significant difference between the response 

of arterial segments from either strain at 12 months.

Contraction of the saphenous artery from male WHHL rabbits to NA
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were not significantly different relative to age- and sex- matched 

controls (Figure 6.3a)* However, the maximum NA-induced contraction 

of vessels from 4 month old female WHHL rabbits was significantly 

smaller relative to control preparations (127 * 8 .78% (n * 6) and 158 

* 9• 55% (h s 6) respectively, P < 0.01). There was no significant 

difference in the magnitude of the maximum contraction to NA at 6 and 

12 months (Figure 6.3b).

KCl-induced contractile responses of hepatic arteries from male 

WHHL rabbits were significantly smaller relative to controls at all 

ages tested (Figure 6.4a). Similarly, saphenous arteries from male 

WHHL rabbits contracted to a significantly lesser degree than control 

preparations at 6 and 12 months (Figure 6.4b). There was no 

significant difference in the constriction of hepatic and saphenous 

arteries from female WHHL rabbits relative to their respective 

controls (with the exception of saphenous arteries from female WHHL 

rabbits at 6 months where responses were reduced).

6.4.2 Relaxant responses

ACh induced a concentration-dependent relaxation of vessels from 

control and WHHL rabbits preconstricted to 75# maximal tension 

(Figures 6 .5 and 6.6). The maximum ACh-induced relaxation and the 

EC^q value of hepatic arteries from male WHHL rabbits and 

control vessels were not significantly different. However, there was 

a significant reduction in the size of the maximum ACh-induced 

relaxation of hepatic arteries from female WHHL rabbits relative
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to control vessels at 4 months (55 * 7 • 2% (n = 6) for WHHL and 74 ± 

2.8% for NZW {n = 6), P < 0.05). This difference persisted at 6 

months of age (31 ± 8.27# (n = 6) for WHHL and 60 ± 5.72# (n = 6) 

for NZW, P < 0.01). However, at 12 months, the magnitude of the ACh- 

induced vasodilatation was significantly greater in hepatic arteries 

from female WHHL rabbits relative to control preparations (83 ± 9*58# 

(n = 6) and 27 ± 8.33# (n s 6) respectively; P < 0.001). The 

ECcjq value for ACh indicated that WHHL hepatic arteries at 6 months 

(0.86 ± 0.04 pM (n = 6) and at 12 months (0.70 ± 0.10 pM {n - 6)) 

were more sensitive relative to control vessels (2.6 ± 0.73 uM (n =

6) at 6 months and 1.84 ± 0.08 pM (n = 6) at 12 months).

There was no significant difference in the ability of the 

saphenous artery from male and female NZW and WHHL rabbits to relax 

to ACh (Figure 6.7a and 6.7b).

Table 6.1 summarizes the responses of hepatic and saphenous 

arteries from WHHL rabbits compared with age- and sex-matched NZW 

rabbits.

6.4.3 Histochemistry

NA-containing nerve fibres were dense on NZW vessels at all 

ages, not appearing to change in density with sex or age. The density 

or morphology of the NA-containing nerve fibres in WHHL rabbits could 

not be distinguished from those on vessels from NZW rabbits.
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6.4.4 Electron microscopy

The ultrastructure of the hepatic artery of the WHHL rabbit at 4 

months of age, revealed few abnormalities in comparison with the 

normal artery wall (Figure 6.8). Endothelial cell morphology was 

normal and the integrity of the endothelium was intact. Ruptures 

occurred at several points in the internal elastic lamina, but there 

was no evidence of intimal thickening. Medial and adventitial tissues 

were indistinguishable from controls.

At 6 months of age, regions of vessel wall with normal 

morphology co-existed with lesioned areas. These regions were 

recognised by a thickening of the intima largely as a consequence of 

smooth muscle cell accumulation (Figure 6.9). Smooth muscle cells 

from the media had migrated into the sub-endothelial cell space via 

ruptures or pores in the internal elastic lamina. The endothelium was 

displaced by the accumulation of smooth muscle, but maintained a 

continuous covering of the underlying tissues. Endothelial morphology 

appeared normal. More advanced stages of lesion development, when 

present, occured at the point where the hepatic artery bifurcates 

into the left and right branch before entering the liver (Figure 

6.10). The sub-endothelial region contained lipid-laden monocyte- 

derived macrophages (foam cells) and smooth muscle cells with lipid 

inclusions lying in a fibrotic matrix (Figure 6.11). The endothelium, 

whilst attenuated, maintained its continuity. However, occasional 

macrophages with lipid inclusions were observed in the lumen. 

Morphological changes in the migrated smooth muscle cells were
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clearly observed at the intimal/medial border (Figure 6.12). Migrated 

smooth muscle cytoplasm was dense and contained many lipid 

inclusions; only an occasional lipid droplet was observed in the 

smooth muscle cells of the media.

At 12 months of age, intimal smooth muscle cell accumulation was 

less noticeable than at 6 months, but occasional cells were observed 

(Figure 6.13). A common feature of abnormality was the accumulation 

of membrane-bound sacs of electron-dense material and myelin figures 

between the internal elastic lamina and the medial muscle layer.
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Figure 6.1 Concentration-response curves of the hepatic artery from

male WHHL and NZW rabbits (4-12 months) in response to NA. Data are

expressed as a percentage of the contraction to 120 mM KC1. Each
##value is the mean ± s.e.mean. ( P < 0.01). Numbers in parentheses 

indicate the number of observations (rt).
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Figure 6.2 Concentration-response curves of the hepatic artery from 

female WHHL and NZW rabbits (4-12 months) in response to NA. Data are

expressed as a percentage of the contraction to 120 mM KC1. Each
* *# ###value is the mean ± s.e.mean ( P < 0,05. P < 0.01 and P <

0.001). Numbers in parentheses indicate the number of observations 

(n).



con
tra
cti
on/
%KC
I

300

4 months 
o » o  NZWC6)

200 .

100 .

0 J

WHHLC6)

T T
6 5 4
Hog [Noradrenaline] M

300

6 months 
o - o  N Z W  C6] 

h—•  WHHLC6)

200

§ 100

T

6 5 4
Hog (Noradrenaline] M

300

0

12 months
0 . 0 N Z W C 6 ]

•  WHHLC6]

200

100 _

T T T

Hog (Noradrenaline) M



164

Figure 6.3 Maximum contraction of saphenous arteries from (a) male

and (b) female WHHL and NZW rabbits (4-12 months) to NA. Data are

expressed as a percentage of the contraction to 120 mM KC1. Each
#*point represents the mean ± s.e.mean ( P < 0.01). Numbers in 

parentheses indicate the number of observations (n).
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Figure 6.4 Response of (a) hepatic and (b) saphenous arteries from

male and female WHHL and NZW rabbits to KC1 (120 mM). Each point
** *##represents the mean ± s.e.mean ( P < 0.01 and P < 0.001).

Numbers in parentheses indicate the number of observations {n).
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Figure 6.5 Concentration-response curves of the hepatic artery from 

male WHHL and NZW rabbits (4-12 months) in response to ACh. 

Relaxations were measured as the percentage relaxation of the NA- 

induced contraction. Each point represents the mean response and 

vertical lines denote the s.e.mean. Numbers in parentheses indicate 

the number of observations (n).
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Figure 6.6 Concentration-response curves of the hepatic artery from 

female WHHL and NZW rabbits (4-12 months) in response to ACh. 

Relaxations were measured as the percentage relaxation of the NA- 

induced contraction. Each point represents the mean response and 

vertical lines denote the s.e.mean ( P < 0.01 and P < 0.001). 

Numbers in parentheses indicate the number of observations {n).
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Figure 6.7 Maximum relaxation of saphenous arteries (a) from male

and female WHHL and NZW rabbits (4-12 months) to ACh. Data is

expressed as the percentage relaxation of the NA-induced contraction.
.# *#Each point represents the mean ± s.e.mean ( P < 0.05, P < 0.01,

P < 0.001). Numbers in parentheses indicate the number of 

observations (n).
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Figure 6.8 An electron micrograph of hepatic artery wall showing 

normal endothelial cells an an intact endothelium. The micrograph 

illustrates a rupture in the internal elastic lamina (iel). x5880 

smc - smooth muscle cell 

ec - endothelial cell
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Figure 6.9 Hepatic artery: WHHL rabbit aged 6 months.

An electron micrograph illustrating a region of thickened intima due

to the migration of smooth muscle cells from the media into the sub-

endothelial space (*). The endothelium is displaced but maintains its

continuity. x7l67

smc - smooth muscle cell

ec - endothelial cell

ie-i - internal elastic lamina
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Figure 6.10 Hepatic artery: WHHL rabbit aged 6 months.

A light micrograph showing an advanced lesion of the hepatic artery 

wall, protruding into the lumen of the vessel. x^25 

Internal elastic lamina - arrowed 

M - media 

A - adventitia
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Figure 6.11 Hepatic artery: WHHL rabbit aged 6 months.

An electron micrograph taken from region 1 illustrated in Figure

6.10. This micrograph shows the sub-endothelial space containing 

macrophages with lipid inclusions (foam cells, fc), lying in a 

fibrous matrix (f). The endothelial cells (ec) are displaced, but the 

endothelium remains continuous. A lipid-laden macrophage can be seen 

in the lumen of the vessel, surrounded by red blood cells (rbc). 

x3667
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Figure 6.12 Hepatic artery: WHHL rabbit aged 6 months.

An electron micrograph taken from region 2 illustrated in Figure

6.10. This micrograph shows the region of the intimal/medial border,

separated by the internal elastic lamina (iel). The thickened intima

contains smooth muscle cells (smc) with dense cytoplasm 
\v tfklipid inclusions^in a fibrous matrix (f). smc in the media contain 

few lipid droplets. x2l67 

I - intima 

M - media
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Figure 6.13 Hepatic artery: WHHL rabbit aged 12 months.

An electron micrograph showing an accumulation of membrane-bound sacs 

of electron dense material and myelin figures (arrowed) between the 

internal elastic lamina (iel) and the medial smooth muscle (smc). At 

this age, the presence of smooth muscle cells in the intima is less 

noticeable than at 6 months but an occasional cell can be observed 

(*). x4667

ec - endothelial cell 

M - media



lumen
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6.5 DISCUSSION

The WHHL rabbit provides an excellent model for examining the 

development of atherosclerosis since the lesions developed are 

similar to those in humans with familial hypercholesterolaemia (Buja 

et al., 1983; Watanabe et al., 1985; Hatanaka et al.( 1987). 

Comparisons can be made between changes in vascular reactivity as a 

result of the aging process and those arising as a result of the 

disease.

In the present study, contractile responses to NA of isolated 

hepatic arterial ring segments from male rabbits with genetic 

hyperlipidaemia at 4 months and female rabbits at 4 and 6 months were 

augmented relative to preparations from control rabbits. At 12 months 

however, there was no difference in the maximal response to NA 

between the two groups of animals. It has been reported that the 

contraction of the aorta from WHHL rabbits in response to NA is 

significantly altered at 1 and 6 months of age but not at 12 months 

(Ragazzi et al., 1989; Wines et al., 1989). However, unlike the 

hepatic artery, NA-induced contractions of the aorta are reduced at 1 

and 6 months of age. The ability of the saphenous artery from WHHL 

rabbits to contract to NA was unchanged.

This heterogeneity in response is likely to be related to the 

vascular tissue under investigation. Alterations in a-adrenoceptors 

may occur in the hepatic artery of WHHL rabbits and provide an 

explanation for these observations. Nanda and Henry (1982) have
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demonstrated an increase in the number of a-adrenoceptors in the 

aorta of cholesterol-fed, atherosclerotic rabbits. Furthermore, the 

uptake of NA by sympathetic nerve endings and the postjunctional 

effects of NA have been shown to be altered by dietary modification 

(Wince & Rutledge, 1982).

Alterations in the response of blood vessels to various 

vasoconstrictors may occur as a consequence of changes in vessel wall 

elasticity or smooth muscle structure with age or atherosclerosis. 

Therefore, in this study, all contractions were measured relative to 

the vasoconstriction produced by a single concentration of KC1 which 

evokes a contraction via a mechanism that is not specific for a 

single receptor. Both hepatic and saphenous arteries from male WHHL 

rabbits were much less responsive to KC1 than control vessels. In 

contrast, the responsiveness of hepatic and saphenous arteries from 

female WHHL rabbits was the same as control vessels (except for the 

reduction in contraction of the saphenous artery from female, 6 month 

old, WHHL rabbits).

The functional importance of the vascular endothelium in the 

maintenance of vascular tone is widely recognised and it is now well 

established that endothelial-mediated vasodilatation is diminished in 

the aorta in atherosclerosis (see Verbeuren & Herman, 1988).

Furchgott and Zawadzki (1980) have shown that ACh induces a 

vasodilatation via the release of endothelium-derived relaxing factor 

(EDRF). In this study, ACh was used to indicate any changes occurring 

in the integrity of the endothelium.
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ACh-induced vasodilatation of the hepatic artery from male WHHL 

rabbits and saphenous arteries from male and female WHHL rabbits was 

not different relative to control vessels. In contrast, there was a 

significant reduction in the magnitude of the relaxation of hepatic 

arteries from female rabbits in response to ACh.

Reduced endothelium-dependent relaxation has been reported to 

occur in various arteries from animals where experimental 

atherosclerosis has been induced (see Section 6.2), including the 

aorta of WHHL rabbits, aged 4-14 months (Ragazzi et al., 1989; Wines 

et al., 1989). Verbeuren and co-workers (1986) reported a reduced 

vasodilatation of vessels from hypercholesterolaemic rabbits in 

response to ACh. They attributed this effect to the presence of 

smooth muscle in the intima and the accumulation of lipid producing a 

structural barrier preventing EDRF from reaching the smooth muscle.

In the current investigation, the ultrastructure of the hepatic 

artery of the WHHL rabbit at 4 months of age revealed few 

abnormalities in comparison with the normal artery wall except for 

ruptures in the internal elastic lamina at several points. The 

lesions in the hepatic artery at 6 months showed the fundamental 

phenomena of advanced lesions leading to the development of occlusive 

lesions as listed by Ross (1988); the intimal accumulation of 

proliferated muscle cells and monocyte derived macrophages, 

connective tissue formation and lipid accumulation within smooth 

muscle cells and macrophages. However, it has been shown that the 

structural barrier of a thickened intima does not provide a
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functional barrier to EDRF (Armstrong et al., 1983; Guerra et al., 

1988; Cocks et al., 1987). Furthermore, in the present study, the 

impaired vasodilatory response to ACh of hepatic arteries from female 

WHHL rabbits did not persist. By 12 months, the magnitude of the 

maximum ACh-induced vasodilatation was significantly greater relative 

to control vessels and this occured without obvious alteration in the 

thickness of the intimal wall. Therefore, it is suggested that the 

decrease in ACh-induced vasodilatation of hepatic arteries from 

female WHHL rabbits occurs by an alternative mechanism, such as a 

reduction in the production and/or release of EDRF. Impaired release 

of EDRF has been reported to occur in atherosclerotic vessels from 

rabbits and monkeys (Jayakody et al., 1987; Harrison et al., 1988; 

Guerra et al., 1989).

The increased vasodilatory response to ACh, observed in female 

hepatic arteries at 12 months may be a "compensatory vasodilatory 

mechanism" which develops as the disease progresses in order to 

offset the thickening of the intimal wall. The mechanism by which 

this "compensatory vasodilatation" arises is unclear. It is possible 

that at this time, an increase in the synthesis and/or release of 

endothelial mediators such as EDRF occurs. Bialecki and Tulenko 

(1987) demonstrated an increase in EDRF release from cholesterol 

enriched endothelial cells in response to ACh.

The reduction of lipid hydroperoxides in endothelial cells can 

damage vascular tissue by the generation of oxygen free-radicals 

(Rich et al., 1989)* EDRF is destroyed by oxygen free-radicals.
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However, several defence systems exist which protect the cell against 

these harmful molecular species including the free radical scavenger 

superoxide dismutase. A significant rise in some aortic antioxidant 

defence mechanisms including superoxide dismutase activity, has been 

shown to occur in the aortic wall of hypercholesterolaemic and WHHL 

rabbits (Henriksson et al., 1985; Del Boccio et al., 1990). Increased 

super oxide dismutase activity may account for the increased 

endothelial-mediated vasodilatation observed in this study.

These results indicate that sex maybe a factor influencing the 

responsiveness of hepatic and saphenous arteries. The female hormone, 

oestradiol, has been shown to retard the progression of 

atherosclerosis and decrease the synthesis of collagen in blood 

vessels (Fischer & Swain, 1985). Also, high doses of oestradiol have 

been shown to reduce serum levels of LDL (Stumpf, 1990). Sex steroids 

may differentially gffect the reactivity of hepatic arteries by 

modifying the composition of smooth muscle cell membranes causing a

change in the membrane potential by altering the distribution of

sodium and potassium ions through effects on the NA+,K+-adenosine 

triphosphatase (Schwartz et al., 1975)* This may result in an 

alteration of the mechanical activity and tone of vascular smooth 

muscle. In addition, alterations in dietary lipids have been 

associated with changes in the affinity and number of several 

receptors (Wince & Rutledge, 1982). Changes in the levels of LDL may

influence the density and/or sensitivity of muscarinic receptors.

The results of this study show that there are sex differences in
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the vascular reactivity of WHHL rabbits. Endothelium-dependent 

relaxations of hepatic arteries from male rabbits were unchanged 

relative to controls, whereas respones of females were augmented in 

the later stages of the disease. In addition, KCl-induced 

vasoconstriction was diminished in male WHHL rabbits but was 

unchanged in females. However, contractile responses to NA were 

augmented in the early stages of the disease in both male and female 

WHHL rabbits.
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Chapter 7
SEX DIFFERENCES IN THE VASODILATOR RESPONSES OF HEPATIC ARTERIES FROM

ATHEROSCLEROTIC (WHHL) RABBITS
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7.1 SUMMARY

1 The relaxation of hepatic arteries from male and female Watanabe 

heritable hyperlipidaemic (WHHL) rabbits, (4-12 months), to 

endothelium-dependent and endothelium-independent vasodilators and 

the contractions of these vessels to nerve stimulation were compared 

with those of age- and sex- matched New Zealand White (NZW) rabbits 

(controls).

2 Endothelium-dependent relaxation to substance P (SP) was reduced 

in hepatic arteries from both male and female WHHL rabbits at 4 and 6 

months relative to their respective controls. At 12 months, however, 

SP-induced vasodilatation was increased in females but not in males.

3 Endothelium-independent vasodilatation of hepatic arteries from 

WHHL rabbits showed clear sex differences: relaxation of hepatic 

arteries in response to calcitonin gene-related peptide (CGRP) was 

unchanged in males at 4 and 6 months but was attenuated in females 

relative to controls. In both males and females, responses to 

vasoactive intestinal polypeptide (VIP) and adenosine 5’-triphosphate 

(ATP) were unchanged relative to controls at 4 and 6 months. At 12 

months, relaxation of WHHL rabbit hepatic arteries to all three 

agents were significantly enhanced in males but were unchanged in 

females (with the exception of CGRP-induced vasodilatation of hepatic 

arteries from females which was enhanced).

4 Nerve-mediated contractions (32 and 64 Hz) of hepatic arterial
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ring segments from WHHL rabbits at 4 months were significantly 

enhanced in males relative to controls. In contrast, neurogenic 

contractions were significantly attenuated in females at 12 months 

relative to control preparations. There were no differences in 

response to nerve stimulation at any other age tested in either males 

or females.

5 In conclusion, sex differences in the effect of atherosclerosis in 

rabbits on the responses of hepatic arteries have been demonstrated.

In particular, endothelium-dependent vasodilatation is increased in 

atherosclerosis in females hut not in wales at 12 months; 

endothelium-independent vasodilatation is increased in males hut not 

in females; constrictor responses to nerve stimulation are attenuated 

in females but not in males. Thus, it is suggested that as 

atherosclerosis progresses, a "compensatory vasodilatation" develops 

which maintains the lumen of the vessel, but that the mechanism by 

which this occurs differs with the sex of the animal. The possibility 

that these differences are explained by the presence or absence of 

steroid hormones discussed.
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7.2 INTRODUCTION

Homozygous familial hypercholesterolaemia, is one of the most 

common genetic diseases among humans and results in the occurrence of 

severe atherosclerosis (Phelan et al., 1985). The Watanabe heritable 

hyperlipidaemic (WHHL) rabbit develops atherosclerosis which is 

similar to their human counterparts (Watanabe et al., 1980; Tanzawa 

et al., 1980).

In the normal artery wall, the endothelium forms a barrier 

between the smooth muscle cell and certain atherogenic factors that 

circulate in the plasma (Ross & Glomset, 1976; Llischer et al., 1989)• 

Endothelial injury has been suggested to play a key role in 

atherogenesis (Ross, 1986), and the development of atheromas in large 

arteries may concommitantly produce functional or structural 

alterations of small arteries that are not manifested by the 

formation of atheromatous lesions. In the hepatic artery from female 

WHHL rabbits, the dilator responses to ACh are greatly reduced in the 

early stages of the disease but are enhanced at a later stage, 

whereas those of hepatic arteries from male WHHL rabbits respond to 

ACh in a manner comparable to control vessels (see Chapter 6). The 

aim of this study was to examine the alterations in endothelial 

function that may occur with the development of atherosclerosis in 

WHHL rabbits of both sexes and to investigate any changes that may 

arise in the ability of these vessels to relax to endothelium- 

independent vasodilators such as calcitonin gene-related peptide 

(CGRP) (Brain et al., 1985; Marshall & Craig, 1988; Chapter 4)*2*^
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vasoactive intestinal polypeptide (VIP) (Hand et al.,1984; Varga et 

al.t 1986). In most peripheral blood vessels, adenosine 5'" 

triphosphate (ATP) causes a relaxation that is endothelium-dependent 

(De Mey & Vanhoutte, 1980; Furchgott et al., 1981). However, ATP- 

induced relaxation of the hepatic artery is independent of the 

endothelium (see Chapter 4). Impairment of sympathetic neural 

function has also been claimed in cholesterol-fed animals (Panek et 

al., 1985). The function of the sympathetic nerves innervating the 

hepatic artery were investigated by measuring the response of the 

vessel to electrical transmural stimulation.

7.3 METHODS

Male and female New Zealand White (NZW) and WHHL rabbits (4-12 

months) were killed by a lethal dose of sodium pentobarbitone 

(Sagatal) and exsanguinated.

In vitvo pharmacology - see Section 2.1
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7.4 RESULTS

7.4.1 Endothelium-dependent relaxant responses

In hepatic arteries constricted to 75# maximum tension, SP 

induced a relaxation of vessels from both male and female NZW 

rabbits. There was no relaxation of hepatic arteries from 4 month old 

male WHHL rabbits in response to SP while SP-induced vasodilatation 

of preparations from 6 month old rabbits were significantly smaller 

relative to age-matched controls (Figure 7* 1b.) . However, at 12 

months, the magnitude of the SP-induced vasodilatation was equivalent 

in vessels from both strains of rabbit. SP-induced relaxation of 

hepatic arteries from female WHHL rabbits was significantly reduced 

at 4 and 6 months relative to control preparations (Figure 7*lb) but 

was significantly greater than that observed in age-matched control 

preparations at 12 months.

7.4.2 Endothelium-wsfe/vncfeA}relaxant responses

The size of the relaxation of hepatic arterial ring segments 

from male WHHL rabbits in response to CGRP was equivalent to that of 

control vessels at 4 and 6 months but was significantly greater than 

relaxations of control preparations at 12 months (Figure 7*2a). CGRP- 

induced vasodilatation of hepatic arteries from female WHHL rabbits 

was significantly attenuated at 4 and 6 months of age relative to the 

control values (Figure 7-2b). This reduced response did not persist 

so that at 12 months of age, responses of WHHL vessels to the peptide
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were significantly enhanced relative to control preparations.

There was no significant difference in the relaxation induced by 

VIP in hepatic arterial segments from 4 and 6 month old male WHHL 

compared with age-matched preparations from NZW rabbits but the 

response to the peptide was greatly enhanced in vessels from 12 month 

old male WHHL rabbits compared with control preparations (Figure 

7*3a)• No significant differences were observed in the size of the 

VIP-induced vasodilatation of hepatic arterial segments from female 

WHHL and NZW rabbits (4-12 months) (Figure 7*3b).

ATP induced a concentration-dependent relaxation of the isolated 

hepatic artery from male and female WHHL and NZW rabbits. The maximum 

response of vessel segments from 4 and 6 month old male WHHL rabbits 

did not differ from those of control hepatic arteries (Figure 7*4a).

However, at 12 months, the maximum ATP-induced vasodilatation was

greater in preparations from male WHHL rabbits compared with control 

preparations. There was no significant difference in the magnitude of 

the relaxation induced by ATP in hepatic arteries from female WHHL

and female NZW rabbits at any age tested (Figure 7*4b).

7.4.3 Contractile responses to transmural electrical nerve 

stimulation

Contractile responses of hepatic arterial ring segments from 

male WHHL rabbits (4 months) to nerve-stimulation were significantly 

enhanced at 32 and 64 Hz relative to control preparations (Figure
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7.5)* There were no differences observed in the nerve-mediated 

contractions of the hepatic artery from male WHHL rabbits and control 

rabbits at 6 and 12 months. In contrast to these results, neurogenic 

contractions did not differ in magnitude when comparing isolated 

hepatic arteries from female WHHL and NZW rabbits of 4 and 6 months 

of age. However, transmural electrical nerve stimulation (32 and 64 

Hz) induced contractions of vessels from female WHHL rabbits were 

significantly attenuated relative to control preparations
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Figure J.l Responses of isolated rabbit hepatic arteries at raised 

tone from (a) male and (b) female WHHL (-) and NZW (...) (control) 

rabbits (^-12 months) to a single addition of SP (0.1 yM). 

Relaxations were measured as the percentage relaxation of the NA- 

induced constriction. Each point represents the mean response and 

vertical lines denote the s.e.mean. P < 0.05; P < 0.01; P <  

0.001 indicate significant differences between vessels from male and 

female WHHL rabbits and their respective controls. The number of 

observations n is 6 in each case except for hepatic arteries from 6 

month male WHHL rabbits where n = 5*
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Figure 7*2 Responses of the isolated rabbit hepatic arteries at

raised tone from (a) male and (b) female WHHL (-) and NZW (...)

(control) rabbits (4-12 months) to a single addition of CGRP (0.263

pM). Relaxations were measured as the percentage relaxation of the

NA-induced constriction. Each point represents the mean response and
* #*vertical lines denote the s.e.mean. P < 0.05; P < 0.01;

P < 0.001) indicate significant differences between vessels from 

male and female WHHL rabbits and their respective controls. The 

number of observations n in each case is 6 except for hepatic 

arteries from male WHHL rabbits aged 4 and 6 months where n = 7 and 5 

respectively.
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Figure 7*3 Responses of isolated rabbit hepatic arteries at raised 

tone from (a) male and (b) female WHHL (-) and NZW (...) (control) 

rabbits (4-12 months) to a single addition of VIP (0.30 pM). 

Relaxations were measured as the percentage relaxation of the NA-

induced constriction. Each point represents the mean response and
_ _ * *#vertical lines denote the s.e.mean. P < 0.05; P< 0.01; P <

0.001 indicate significant differences between vessels from male and 

female WHHL rabbits and their respective controls. The number of 

observations n in each case is 6 except for hepatic arteries from 

male WHHL rabbits aged 4 and 6 months where n = 7 and 5 respectively.
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Figure 7*4 Maximum relaxation of hepatic arteries at raised tone

from male and female WHHL (-) and NZW (...) rabbits (4-12 months) to

ATP. Responses were measured as the percentage relaxation of the

noradrenaline-induced contraction. Each point represents the mean
*response and vertical lines denote the s.e.mean. P < 0.05) indicates 

significant differences between vessels from male and female WHHL 

rabbits and their respective controls. The number of observations n 

in each case is 6 except for hepatic arteries from male WHHL rabbits 

aged 6 months where n = 5*
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Figure 7*5 Response of hepatic arteries from (a) male and (b) female 

WHHL (-) and NZW (...) (control) rabbits (4-12 months) to transmural 

electrical field stimulation (4-64 Hz, 0.1 ms, 60 V). Responses were 

measured as a percentage of the constriction induced by KC1 (120 mM). 

Each point represents the mean response and vertical lines denote the 

s.e.mean. P < 0.05 indicates significant differences between vessels 

from male and female WHHL rabbits and their respective controls. The 

number of observations n = 6 in each case.
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7-5 DISCUSSION

The vascular endothelium is of functional importance in the 

maintenance of vascular tone (Furchgott & Zawadzki, 1980). Arteries 

and veins relax to certain vasodilators including ACh and SP only if 

the endothelium is intact (Furchgott & Zawadzki, 1980; Van de Voorde 

& Leusen, 1983; Furchgott, 1984). Abnormalities in endothelium- 

mediated vasodilatation have been reported to occur in the aorta, 

carotid and ear arteries and cremaster muscle arterioles from 

cholesterol-fed rabbits (Jayokody et al., 1985; Verbeuren et al., 

1986; Hof & Hof, 1988; Walmsley et al., 1988), iliac and femoral 

arteries from hypercholesterolaemic monkeys (Chappell et al., 1987; 

Lewis & Henderson, 1987; Harrison et al., 1988) and in aortas from 

WHHL rabbits (Yokoyama et al., 1987; Wines et al., 1989). 

Vasodilatation of the hepatic artery of the rabbit in response to SP 

is entirely dependent on the presence of an intact endothelium (see 

Chapter 4). In this study, endothelium-dependent vasodilatation in 

response to SP was impaired in hepatic arteries from male and female 

WHHL rabbits at 4 and 6 months. It has been suggested that the 

thickened intima associated with atherosclerosis may act as a 

physical or functional barrier to EDRF released from the endothelium 

(Verbeuren & Herman, 1988). Furthermore, there is a loss of 

endothelial cells from the vessel wall as the disease progresses 

(Ross, 1986) and the production of EDRF in atherosclerotic vessels is 

reduced (Jayokody et al., 1985; Harrison et al., 1988; Guerra et al., 

1989). In Chapter 6, reduced ACh-induced vasodilatation of hepatic 

arteries from female WHHL rabbits was observed in the absence of any
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morphological changes in the endothelium although intimal thickening 

was obvious at 6 months. Therefore, the blunted response to SP 

observed in this study might be a result of a reduced release or 

transport of EDRF from the endothelium to the smooth muscle. However, 

hepatic arteries from female WHHL rabbits demonstrated a remarkable 

restoration, and indeed enhancement, of their ability to respond to 

the peptide by 12 months. A comparable increase in ACh-induced 

vasodilatation of the hepatic artery from female WHHL rabbits has 

been reported (see Chapter 6). It has been proposed that a 

"compensatory-vasodilatation" develops with the progression of the 

disease as a mechanism related to the thickening of the arterial 

wall. Previously, it has been shown that in coronary arteries from 

monkeys fed an atherogenic diet and in human coronary arteries, the 

size of the vessels were enlarged in relation to plaque formation 

such that the the lumen cross-sectional area was maintained 

(Armstrong et al., 1985; Glagov et al., 1987). The mechanism by which 

this "compensatory-vasodilatation" develops is unclear. Familial 

hypercholesterolaemia is characterised by elevated serum cholesterol 

due to increased serum levels of LDL. Superoxide dismutase is an 

antioxidant enzyme that protects the endothelial cell from free 

radical-mediated oxidative stress (Gryglewski et al.,1988) and a 

significant rise in super oxide dismutase activity is present in the 

aortic wall of hypercholesterolaemic and WHHL rabbits (Henriksson et 

al., 1985; Del Boccio et al., 1990). Thus, it may be that an increase 

in superoxide dismutase activity occurs with the development of 

atherosclerosis which results in a reduction of oxygen free radicals 

and an increase in the effect of EDRF.
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CGRP causes a vasodilatation of the hepatic artery that is 

independent of the presence of an intact endothelium (see Chapter 4). 

In this study, CGRP-induced vasodilatation was significantly impaired 

in hepatic arteries from female WHHL rabbits at 4 and 6 months but at 

12 months, relaxation to CGRP was significantly greater in WHHL 

vessels than control preparations. Therefore, endothelial function 

and the vascular smooth muscle may be altered in atherosclerosis.

Endothelium-independent relaxation of hepatic arteries from male 

WHHL rabbits in response to CGRP, VIP and ATP was enhanced relative 

to control preparations at 12 months but there was no difference in 

the ability of hepatic arteries from female WHHL rabbits of the same 

age to relax to VIP and ATP. It could be that a compensatory 

enlargement of the artery from male WHHL rabbits develops by a 

mechanism that is independent of the endothelium. Thus, it appears 

that in hepatic arteries from male and female WHHL rabbits, the 

progression of atherosclerosis causes the development of a 

’’compensatory vasodilatation” but that in males, the mechanism is 

independent of the endothelium, whereas in females vasodilatation via 

the endothelium is enhanced.

Nuclear binding studies of steroid hormones have suggested 

regulatory functions of the cardiovascular system at central and 

peripheral levels (Stumpf, 1990). In particular, the female hormone 

oestradiol has been shown to have effects within the entire 

cardiovascular system. Alterations in dietary lipids have been 

associated with changes in the affinity and number of several
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receptors (Wince & Rutledge, 1982) and high doses of oestradiol reduce 

serum levels of LDL and raise high density lipoprotein (HDL) levels 

(Stumpf, 1990). Changes in the levels of LDL in females as a result 

of oestradiol may influence the density and/or sensitivity of 

receptors for vasodilator agents in a manner that is different to 

males that are not under the influence of the hormone. In addition, 

oestrogen itself may have some effect on receptors since it has been 

shown that chronic oestrogen treatment down regulates angiotensin II 

receptors in the adrenal cortex (Carriere et al., 1986). A lack of 

oestrogen is associated with a significantly greater degree of 

atherosclerosis and collagen synthesis in the aortic arch of rabbits' 

(Fischer & Swain, 1985)* Therefore, the differences in response of 

hepatic arteries from male and female WHHL rabbits to endothelium- 

dependent and direct vasodilator agents seen in this study may be a 

consequence of the influence of oestrodiol on vascular reactivity.

Neurogenic stimulation of the hepatic artery of the rabbit 

causes a vasoconstriction via the release of NA and ATP from 

sympathetic nerves; the noradrenergic component is mediated via a- 

adrenergic receptors and the purinergic component is mediated via 

P2x_purinoceptors (see Chapter 3)* In this study, neurogenic 

vasoconstriction of hepatic arteries from male WHHL rabbits was 

enhanced at 4 months. Results from a parallel study show an increase 

in the maximum NA-induced vasoconstriction of hepatic arteries from 

WHHL rabbits of the same age and sex. In addition, responses to a,|S- 

meATP (a selective P2x-purinoceptor agonist) are also increased in 

hepatic arteries from male WHHL rabbits. Therefore, augmented
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responses to neurogenic stimulation may be a consequence of some 

change in the sensitivity of both a-adrenoceptors and ?2x~ 

purinoceptors. Nerve-mediated contractions of hepatic arteries from 

female WHHL rabbits were attenuated at 12 months. It may be that the 

sex of the animal influences the effects of atherosclerosis on nerve- 

mediated contractions.

In conclusion, the results from this study suggest that as 

atherosclerosis progresses in the hepatic artery from WHHL rabbits, a 

"compensatory-vasodilatation” is established in order to offset the 

thickening of the arterial wall and any increase in reactivity to 

vasoconstrictor agents. The mechanism by which this compensation 

occurs appears to be different in male and female rabbits. In males, 

relaxation by direct vasodilators is enhanced whereas in females, 

endothelium-dependent vasodilatation is increased. In addition, 

neurogenic contractions are attenuated at 12 months in females but 

not in males. The reason for these differences may be a consequence 

of the influence of female steroid hormones.
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Chapter 8
VASOCONSTRICTOR AND VASODILATOR RESPONSES OF BASILAR ARTERIES FROM 

NEW ZEALAND WHITE AND WATANABE HERITABLE HYPERLIPIDAEMIC 
RABBITS DIFFER BETWEEN MALES AND FEMALES
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8.1 SUMMARY

1 Responses to vasoactive agents of basilar arterial ring segments 

from male and female Watanabe heritable hyperlipidaemic (WHHL) 

rabbits (4-12 months) were compared to those of age- and sex-matched 

New Zealand White (NZW) rabbits (controls).

2 In NZW rabbits, while there were no significant differences in the 

contractile responses of basilar arteries in males and females, both 

the endothelium-dependent (acetylcholine, (ACh)) and endothelium- 

independent (calcitonin gene-related peptide, (CGRP), vasoactive 

intestinal polypeptide, (VIP)) vasodilator responses declined between 

4 and 12 months in females but not in males.

3 In WHHL rabbits, contractile responses to histamine and KC1 showed 

differences between the sexes. The maximum contractile response and 

the EC^q value of basilar arteries from male rabbits to histamine 

were unchanged compared with controls. However, the maximum 

histamine-induced contraction of basilar arteries from female WHHL 

rabbits were reduced in 4 and 6 month old female rabbits while the 

contractions of female rabbits aged 4 and 6 months to KC1 were 

significantly greater than those of controls.

4 In WHHL rabbits, vasodilatation of basilar arteries in response to 

the endothelium-dependent vasodilator ACh was markedly increased in 

arteries from 4, 6 and 12 month old female rabbits in sharp contrast 

to controls. A similar result was seen in males at 6 months but not
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at 4 and 12 months.

5 There was no difference in the relaxant response of basilar 

arteries from male WHHL rabbits and controls to CGRP and VIP. In 

contrast, CGRP-induced and VIP-induced relaxation was augmented in 

females aged 6 months relative to controls.

6 The results of this study show that there are marked differences 

in contractile, endothelium-dependent and endothelium-independent 

vasodilator responses of basilar arteries from both male and female 

NZW and WHHL rabbits between 4 and 12 months.
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8.2 INTRODUCTION

Since males suffer disproportionately from circulatory disorders 

when compared to the female (Altura & Altura, 1977; Caplan et al., 

1986; Lerner & Kannel, 1986), sex differences in the reactivity of 

blood vessels to vasoactive substances may be a significant factor in 

the aetiology of various vascular disease states. There is evidence 

to indicate that sexual hormones exert modifying effects on the 

vascular actions of a number of circulating vasoactive substances and 

hormones (Altura & Altura, 1977)* There is a lower incidence of 

cardiovascular heart disease among women which is attributed, at 

least in part, to the protective effect of endogenous oestrogens 

(Wuest et al., 1953; Ritterband et al., 1963; Gordon et al., 1978; 

Gorbach et al., 1989)* In atherosclerosis, oestrogen has been 

implicated as having a protective effect since the synthesis and 

accumulation of collagen is retarded by oestrogen (Fischer & Swain, 

1977; Wolinsky, 1972; Fischer & Swain, 1985)*

Large arteries play an important role in the regulation of 

cerebral blood flow (Symon, 1967; Hernandez et al., 1978; Heistad et 

al., I98O). Atherosclerosis affects primarily large cerebral arteries 

(Taylor et al., 1962; Soldberg et al., 197*0* In humans, extracranial 

carotid arteries are usually more severely affected than intracranial 

arteries (Kramsch & Hollander, 1968; Armstrong & Warner, 1971; 

Soldberg et al., 197*+)* In cynomolgus and rhesus monkeys on an 

atherogenic diet, the basilar, vertebral and middle cerebral arteries 

are spared of lesions even though carotid and coronary arteries are



219

significantly obstructed (Weber et al., 1986). The apparent 

’’protection" of the intracranial vasculature from atherosclerosis is 

not limited to human and non-human primates. Lesions are absent in 

basilar arteries from Watanabe heritable hyperlipidaemic (WHHL) 

rabbits (Watanabe et al., 1985) despite the presence of lesions in 

the aorta, coronary arteries and at the carotid bifurcation in the 

neck (Weber et al., 1989; A. Tomlinson, personal communication).

In the normal artery wall, the endothelium not only forms a 

barrier between the smooth muscle cell and circulating atherogenic 

factors (Ross & Glomset, 1976; Ltischer et al., 1989) but also 

regulates vascular tone by the release of endothelium-derived 

relaxing factor (EDRF) (Furchgott & Zawadzki, 1980; Furchgott, 1984). 

Furthermore, endothelium-dependent relaxation is reduced in 

atherosclerotic vessels from hypercholesterolaemic rabbits and 

monkeys (Jayokody et al., 1985; Verbeuren et al., 1986; Hof & Hof, 

1988; Walmsley et al., 1988) and in aortas from WHHL rabbits 

(Yokayama et al., 1987; Ragazzi et al, 1989; Wines et al., 1989).

In the present study, the vasoconstrictor and vasodilator 

responses of basilar arteries from both New Zealand White (NZW) and 

WHHL male and female rabbits were examined.

8.3 METHODS

Male and female New Zealand White and WHHL rabbits were killed by a 

lethal dose of sodium pentobarbitone (Sagatal) and exsanguinated. The
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basilar artery was removed and mounted in a 5 nil organ bath in the 

manner described in Section 2.1.

In vitro pharmacology - Section 2.1
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8.4 RESULTS

8.4.1 Contractile responses

Histamine caused a concentration-dependent constriction of 

basilar arteries from male (Figure 8.1) and female (Figure 8.2) WHHL 

and NZW rabbits. There was no significant difference in the size of 

the maximum histamine-induced contraction of vessels from male WHHL 

rabbits and their respective controls at any age tested. The maximum 

response of basilar arteries from female WHHL rabbits was smaller at 

4 months relative to age- and sex-matched controls (126 ± 5*10# (n = 

8) and 160 ± 11.34# (« = 8) respectively; P < 0.01) and this 

difference persisted at 6 months of age (136 ± 9*82% (n = 7) for WHHL 

and 166 ± 7*15# (w - 10) for NZW, P < 0.01). At 12 months, histamine- 

induced vasoconstriction was the same in vessels from female WHHL and 

NZW rabbits. In addition, the size of the maximum histamine-induced 

contraction of basilar arteries from female WHHL rabbits increased 

with age (P < 0.01). There was no significant difference in the 

sensitivity of basilar arteries from male and female WHHL rabbits 

relative to their respective controls (Table 8.1). Significant 

differences in the maximum contractile response of male and female 

NZW rabbits were not seen.

The size of the KCl-induced contraction of basilar arteries from 

male WHHL rabbits was not significantly from controls (Figure 8.3a)* 

However, the contraction of basilar arteries from female WHHL rabbits 

at 4 and 6 months was significantly greater than those of age-matched
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controls but was unchanged at 12 months (Figure 8.3b). In addition, 

KCl-induced contractions decreased in female WHHL rabbits with age. 

There was no significant difference in the size of the KCl-induced 

contraction of vessels from NZW rabbits of either sex.

8.4.2 Endothelium-dependent relaxant responses to ACh

ACh caused a concentration-dependent relaxation of basilar 

arteries from male (Figure 8.4) and female (Figure 8.5) rabbits of 

both strains. The maximum response and the EC^q value for ACh of 

basilar arteries from male WHHL rabbits aged 4 and 12 months was 

comparable to that of controls. However, ACh-induced vasodilatation 

of basilar arteries from 6 month old male WHHL rabbits was 

significantly greater than controls (77 * 9*05# {n - 6) for WHHL and 

44 ± 6.99# (w = 6) for NZW, P < 0.01) and the EC^q value 

of WHHL arteries from 6 month old animals was significantly increased 

relative to controls (Table 8.2). The maximum ACh-induced relaxation 

of basilar arteries from female WHHL rabbits was significantly 

increased compared to those of control vessels at all ages tested.

The maximum ACh-induced relaxation was not different in basilar 

arteries from male and female NZW rabbits aged 4 and 6 months (Figure 

8.8a). At 12 months, relaxant responses were significantly greater in 

NZW males compared to NZW females (66 ± 9*48$, (n = 5) and 18 ± 5*59# 

{n = 9 respectively; P < 0.001). In addition, the maximum relaxant 

response of basilar arterial ring preparations to ACh was 

significantly reduced between 4 and 12 months in females but not in
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males (P < 0.01).

8.4.3 Endothelium-independent relaxant responses to CGRP and VIP

CGRP and VIP caused a relaxation of basilar arteries from male 

WHHL rabbits that was not different to that of controls (Figures 8.6a 

and 8.7a). CGRP-induced vasodilatation of basilar arteries from 

female, WHHL rabbits aged 4 and 12 months was not different compared 

to controls. In contrast, at 6 months, relaxant responses of WHHL 

preparations were greater than those of NZW preparations (62 ± 8.99#

(n = 7) and 35 * 6.06# {n = 8), respectively; P < 0.05) (Figure 

8.6b).

CGRP caused a relaxation of basilar arteries from NZW rabbits 

that was not different between males and females at 4 and 6 months 

(Figure 8.8b). However, the CGRP-induced relaxation of preparations 

from male NZW rabbits at 12 months was significantly greater than 

that of females of the same age (54 ± 7*59# (rc = 5) and 27 ± 6.4l?» {n 

= 9) respectively, (P < 0.01)).

VIP caused a relaxation of basilar arteries from 4 month old 

female WHHL rabbits that was significantly smaller relative to 

controls (33 ± 6.73# (n = 9) and 60 ± 9*45# {n = 6) respectively;

P < 0.05) (Figure 8 .7b). At 6 months, VIP-induced vasodilatation was 

significantly greater in WHHL preparations compared with controls (51 

± 9.23# (71 = 7) and 22 ± 7*48# (n = 8) respectively; P < 0.05).
There was no significant difference in the size of the VIP-induced
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relaxant response of basilar arteries from female WHHL rabbits aged 

12 months compared with controls.

VIP-induced relaxation of basilar arteries from k and 6 month 

old NZW male rabbits was not different to that of vessels from age- 

and species-matched female rabbits (Figure 8.8c). In contrast, at 12 

months, VIP caused a relaxant response that was significantly greater 

in preparations from male NZW rabbits compared to those from female 

NZW rabbits {5k ± 10.91% (n - 6) and 15 ± 6 .31 {n = 10) respectively; 

P < 0.001). In addition, there was an age-related decrease in the 

relaxant response of female basilar arteries to VIP (P < 0.01) but 

not in males.



Table 8.1 EĈ q values for histamine of basilar arteries from male and
female WHHL and NZW rabbits aged 4-12 months.

ec50 (pM)

Male Female
Age (months) WHHL NZW WHHL NZW

4  4 . 7 0 ± 1 . 5 1  ( 8 )  7 * 0 5 * 2 . 0 7  ( 7 )  5 - 5 9 * 0 . 9 5  ( 8 )  3 - 2 9 * 0 . 5 4  ( 8 )

6  4 . 0 5 * 0 . 2 8  ( 6 )  8 . 6 3 * 3 - 3 4  ( 6 )  7 - 1 9 * 2 . 0 7  ( 1 0 )  3 - 5 5 * 0 . 7 5  ( 7 )

1 2  2 . 3 4 * 0 . 4 1  ( 6 )  3 - 8 4 ± 0 . 6 4  ( 6 )  3 - 6 4 * 0 . 7 7  ( 7 )  4 . 0 4 * 0 . 7 9  ( 7 )

Each value is the mean * s.e.mean and numbers in parentheses indicate the 
number of observations (n).



Table 8.2 ECtjg values For acetylcholine of basilar arteries from male and

female WHHL and NZW (control) rabbits aged 4-12 months.

EC50 (pM)

M a l e

A g e ( m o n t h s )  W H H L  N Z W

4  1 . 0 8 * 0 . 3 7  ( 8 )  2 . 0 1 * 0 . 7 1  ( 8 )

6  3 - 5 8 * 0 . 4 7  ( 6 )  3 - 9 6 * 1 . 4 9  ( 6 )

1 2  4 . 5 3 * 1 - 9 6  ( 6 )  * *  0 . 3 7 * 0 . 0 7  ( 5 )

F e m a l e  

W H H L  N Z W

1 . 3 2 * 0 . 4 3  ( 8 )  1 . 9 9 * 1 . 2 5  ( 9 )

0 . 9 1 * 0 . 3 8  ( 6 )  1 . 0 1 * 0 . 4 6  ( 7 )

3 . 6 4 * 1 . 1 8  ( 1 0 )  2 . 2 3 * 1 . 2 4  ( 6 )

E a c h  v a l u e s  i s  t h e  m e a n  *  s . e . m e a n  a n d  t h e  n u m b e r  i n  p a r e n t h e s e s  i n d i c a t e  

t h e  n u m b e r  o f  o b s e r v a t i o n s  ( n ) . S i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  m a l e  a n d  

f e m a l e  W H H L  r a b b i t s  a n d  t h e i r  r e s p e c t i v e  c o n t r o l s  w e r e  c a l c u l a t e d  u s i n g  

S t u d e n t ' s  u n p a i r e d  t  t e s t  ( * * P < 0 . 0 1 ) .
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Figure 8.1 Concentration-response curves of the basilar artery from 

male WHHL and NZW rabbits (4-12 months) in response to histamine.

Data are expressed as a percentage of the contraction to 120 mM KC1. 

Each value is the mean ± s.e.mean. Numbers in parentheses indicate 

the number of observations (n).
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Figure 8.2 Concentration-response curves of the basilar artery from 

female WHHL and NZW rabbits (4—12 months) in response to histamine. 

Data are expressed as a percentage of the contraction to 120 mM KC1. 

Each value is the mean ± s.e. mean. ( P < 0.01). Numbers in 

parentheses indicate the number of observations (n).



con
tra

cti
on/

%KC
I

4 months
6  months

200 _ 

160 „ 

120 _ 

80 _ 

40 _ 

0 .

0 * 0  NZW (8) 
%  ■ #  WHHL (8]

T TI

Hog (Histamine] M

200 i

160 -
0
X 120

1
* c o o

80 _

40 -

0 -I

0 * 0  NZW (10] 
WHHL (7]

o - 2

6 347 5
Hog (Histamine] M

c 12 months

o

200

160 -

120
£££ 80

40 _

0 -I

O  • O  NZW (7]
WHHL (5]

I T 1

Hog (Histamine] M



231

Figure 8.3 Response of basilar arteries from (a) male and (b) female

WHHL rabbits to KC1 (120 mM) compared to those of age- and sex-

matched NZW rabbits. Each point represents the mean ± s.e. mean. ( P

< 0.01). Numbers in parentheses indicate the number of observations

(n).
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Figure 8.4 Concentration-response curves of the basilar artery from 

male WHHL and NZW rabbits (4-12 months) in response to ACh. 

Relaxations were measured as the percentage relaxation of the 

histamine-induced contraction. Each point represents the mean ± 

s.e.mean. ( P < 0.01). Numbers in parentheses indicate the number of 

observations (n).
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Figure 8.5 Concentration-response curves of the basilar artery from

female WHHL and NZW rabbits (4-12 months) in response to ACh.

Relaxations were measured as the percentage relaxation of the

histamine-induced contraction. Each point represents the mean ±
/***s.e.mean. ( P < 0.001). Numbers in parentheses indicate the number 

of observations (n). J‘*P<CO-ol
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Figure 8.6 Responses of isolated rabbit basilar arteries at raised

tone from (a) male and (b) female WHHL and NZW (control) rabbits (4-

12 months) to a single addition of CGRP (0.1 yM). Relaxations were

measured as the percentage relaxation of the histamine-induced

constriction. Each point represents the mean response and vertical
/*lines denote the s.e.mean. ( P < 0.05). The number in parentheses 

indicates the number of observations (n).
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Figure 8.7 Responses of isolated rabbit basilar arteries at raised 

tone from (a) male and (b) female WHHL and NZW (control) rabbits (4- 

12 months) to a single addition of VIP (0.3 pM). Relaxations were 

measured as the percentage relaxation of the histamine-induced 

constriction. Each point represents the mean response and vertical 

lines denote the s.e.mean. ( P < 0.05). The number in parentheses 

indicates the number of observations (n).
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Figure 8.8 Relaxant responses of basilar arteries from male

(squares) and female (circles) NZW rabbits aged 4-12 months, (a)

Maximum response to ACh as deduced from concentration-response curves

(b) response to a single addition of CGRP and (c) response to a

single addition of VIP. Relaxations were measured as a percentage of

the histamine-induced contraction. Each point represents the mean and
#* **#vertical bars denote the s.e.mean. ( P < 0.01; P < 0.001).

Numbers in parentheses indicate the number of observations (n).
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8.5 DISCUSSION

In the present study, changes in the contractile responses of 

basilar arteries from male and female WHHL rabbits were compared to 

those of age- and sex-matched NZW rabbits. It was shown that the 

maximum histamine-induced contraction of male WHHL rabbits was 

unchanged relative to controls whereas that of female WHHL rabbits 

was reduced at 4 and 6 months but was unchanged at 12 months. 

Diminished vasoconstrictor responses to noradrenaline (NA) have been 

observed in aortas from 1 and 6 month old WHHL rabbits (Wines et al., 

1989) and in saphenous arteries from 4 month old female WHHL rabbits 

(see Chapter 6). In contrast, NA-induced vasoconstriction of hepatic 

arteries from both male and female WHHL rabbits is augmented in early 

atherosclerosis. This discrepancy in results may be related to the 

vascular tissue under investigation. In addition, sex may also be a 

factor influencing vascular reactivity in atherosclerosis since 

diminished vasoconstriction was observed in basilar arteries from 

females only.

The decreased responsiveness of basilar arteries from female 

WHHL rabbits to histamine was accompanied by an increase in the 

contractile response of the vessel to KC1. Since KC1 evokes a 

contraction by a mechanism that is not specific for a single 

receptor, the altered responsiveness of the artery to histamine may 

be a result of an alteration in smooth muscle structure or fibrosis 

as opposed to a change in receptor density and/or sensitivity. 

However, all basilar arteries used in this study had minimal
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structural changes (A. Tomlinson, personal communication). The female 

hormone, oestradiol, has been shown to reduce serum levels of LDL 

(Stumpf et al., 1990). Alterations in the level of serum LDL can 

cause a change in the fatty acid composition of arterial smooth 

muscle cell membranes which may underlie an increased susceptibility 

to contractile stimulation by KC1 through effects on the NA+, K+- 

adenosine triphosphatase (Schwartz et al., 1975)*

In grossly atherosclerotic arteries, endothelium-dependent 

vasodilatation is reduced (Jayokody et al., 1985; Verbeuren et al., 

1986; Yokoyama et al., 1987; Hof & Hof, 1988; Walmsley et al., 1988; 

Ragazzi et al., 1989; Wines et al., 1989) . In this study, however, 

endothelium-dependent vasodilatation of basilar arteries from WHHL 

rabbits in response to ACh was increased in males at 6 months and in 

females at 4, 6 and 12 months. A comparable increase in ACh-induced 

vasodilatation of the hepatic artery from female WHHL rabbits was 

reported in Chapter 6. It has been proposed that a "compensatory 

vasodilatation" develops as a mechanism related to the thickening of 

the arterial wall (Burnstock et al., 1990). However, there is no 

evidence for extensive intimal thickening in the basilar artery from 

WHHL rabbits (Weber et al., 1989; A. Tomlinson, personal 

communication). It could be that lesions formed in the neck (carotid) 

arteries cause a restriction in blood flow to the brain, leading to a 

compensatory vasodilatation in the intracranial arteries in order to 

maintain normal cerebral flow.

CGRP and VIP cause a relaxation of cerebral vessels that is
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independent of the presence of an intact endothelium (Lee et al.,

1984; Hanko et al., 1985; Duckies & Said, 1982; Larsson et al., 1976; 

Verrecchia et al., 1986). In this study, relaxant responses of 

basilar arteries from male WHHL rabbits to these peptides were not 

different to control responses. However, CGRP-induced and VIP-induced 

vasodilatation of basilar arteries from female WHHL rabbits aged 6 

months was augmented when compared to controls. These results suggest 

a sexual dimorphism in their ability to relax to CGRP, VIP and ACh.

Female hormones are known to inhibit Ca^+ uptake and block 

voltage-dependent Ca^+ channels in uterine blood vessels (Stice et 

al., 1987a and b) as well as hyperpolarize coronary arterial smooth 

muscle cell membranes (Harder & Coulson, 1979)• In addition, a recent 

study has shown that 17P>-oestradiol inhibits contractions in isolated 

rabbit coronary artery (Jiang et al., 1990)* Such attributes would 

argue that female sex hormones would maintain or exacerbate relaxant 

responses. However, the results from this study showed that in female 

NZW rabbits, both endothelium-dependent and endothelium-independent 

relaxations decreased with age while in female WHHL rabbits and in 

male NZW and WHHL rabbits, relaxant responses did not decline with 

age. The relaxant responses of basilar arteries from female WHHL 

rabbits may be maintained in order to compensate for their increased 

responsiveness to contractile agents such as KC1 as a result of 

atherosclerosis. The age-related decrease in relaxant response 

observed in female control rabbits may simply be due to age.

It is clear from these results that there are gender differences
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in the reactivity of vascular smooth muscle. There were no changes in 

the reactivity of basilar arteries from male NZW or WHHL rabbits 

(except for an increased relaxant response in WHHL rabbits at 6 

months) while in female WHHL basilar arteries, there was an increase 

in KCl-induced contractions together with an apparent increase in 

both endothelium-dependent and endothelium-independent relaxations 

compared to female NZW rabbits. A great deal of further work is 

required to elucidate the mechanisms underlying these sex-linked 

reactivity changes, and the specific interactions which may occur 

with sex hormones in vascular smooth muscle.



SECTION D

THE EFFECT OF NEUROPATHY ON VASCULAR REACTIVITY
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CHAPTER 9

EFFECTS OF ACRYLAMIDE ON THE REACTIVITY OF RABBIT HEPATIC AND BASILAR

ARTERIES
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9.1 SUMMARRY

1 The effect of chronic acrylamide treatment on the reactivity of 

hepatic and basilar arteries from rabbits was investigated.

2 The maximum noradrenaline (NA)-induced contraction of hepatic 

arteries was not different from controls, although the EC^q was 

increased and the response to a submaximal concentration of NA was 

reduced. Maximum histamine-induced contractions and the EC^q of 

basilar arteries from acrylamide-treated animals were not different 

from controls.

3 a,(S-Methylene ATP (a,£-meATP) caused a contraction of hepatic 

arteries that was significantly greater in acrylamide-treated rabbits 

compared with controls.

4 The responses of hepatic arteries to sympathetic nerve stimulation 

in acrylamide-treated rabbits were not significantly different from 

controls. Basilar arterial ring preparations did not respond to 

perivascular nerve stimulation.

5 Endothelium-dependent relaxation by substance P (SP) was 

significantly greater in hepatic and basilar arteries from 

acrylamide-treated rabbits compared with controls. A similar trend 

was seen with endothelium-dependent vasodilatation of hepatic 

arteries to acetylcholine (ACh).
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6 Endothelium-independent vasodilatation of hepatic and basilar 

arteries in response to calcitonin gene-related peptide (CGRP) was 

not affected by acrylamide treatment.

7 Alterations in the postjunctional smooth muscle responses to NA 

and ATP occur after chronic acrylamide treatment of the rabbit.

Whether these changes are due to a direct action of acrylamide or are 

secondary to sympathetic nerve damage is discussed. Changes in the 

endothelium-dependent vasodilator responses to SP and to a lesser 

extent, ACh, also occur. These results raise the possibility that 

chronic acrylamide treatment does not only produce autonomic 

neuropathy, but may also produce changes in smooth muscle receptors 

and endothelial cells.
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9.2 INTRODUCTION

Acrylamide is a plastic monomer that induces a distal neuropathy 

in several species including the rat, cat, baboon and man (Fullerton 

& Barnes, 1966; Auld & Bedwell, 1967; Hopkins, 1970; Post & McLeod, 

1977a) and is accompanied by a loss of motor coordination (ataxia) 

and an attenuation or loss of deep tendon reflexes (areflexia), 

particularly in the hindlimbs (Post & McLeod, 1977a).

It has been hypothesized that the site of action of acrylamide 

is the axoplasmic transport system (Jakobsen & Sidenius, 1983; Miller 

et al., 1983; Miller & Spencer, 1984; Gold et al., 1985) or the 

enzymes involved in energy metabolism (Howland, 1981; Sickles & 

Goldstein, 1986). In general, acrylamide intoxication leads to a loss 

of myelinated and unmyelinated nerve fibres of all diameters from 

symapthetic (Post & McLeod, 1977a, 1977b; Schmidt et al., 1987), 

parasympathetic (Hopkins, 1970; Satchell et al., 1982), somato-motor 

(Bisby & Redshaw, 1987; Moretto & Sabri, 1988) and sensory 

(Schaumburg et al., 1974; Bisby & Redshaw, 1987; Jakobsen & Sidenius, 

1983; Sterman, 1983) divisions of the nervous system. In addition, 

damage to nerves is time- and dose-dependent (Gold et al., 1985) and 

acrylamide affects large diameter fibres before smaller ones, 

afferent before efferent nerve fibres and myelinated before 

unmyelinated nerves (Fullerton & Barnes, 1966; Hopkins & Gilliatt, 

1971; Post & McLeod, 1977a; Goldstein & Lowndes, 1981).

Rabbit hepatic and basilar arteries are innervated by
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vasoconstrictor nerves of sympathetic origin (Lee et al., 1976, 1978; 

see Chapter 3)* Furthermore, sympathetic nerve stimulation of the 

hepatic artery of the rabbit causes a contraction that is mediated by 

the release of both noradrenaline (NA) and adenosine 5’“triphosphate 

(ATP) (see Chapter 3)* Substance P-immunoreactive (SP-IR) and 

calcitonin gene-related peptide-immunoreactive (CGRP-IR) nerves have 

been described in both the hepatic and basilar arteries of the rabbit 

(Saito & Goto, 1986; Duckies & Buck, 1982; Edvinsson et al., 1983; 

see Chapter 4). Both peptides cause a relaxation of blood vessels; SP 

via the endothelium and CGRP independently of the endothelium (Brain 

et al., 1985; Girgis et al., 1985; Hanko et al., 1985; Edvinsson et 

al., 1989; Furchgott, 1983; D*Orleans-Juste et al., 1985; Stewart-Lee 

& Burnstock, 1989). Evidence has been presented that ATP is also 

released from sensory neurones (Holton & Holton, 195̂ *» Jahr & Jessel, 

1983; Salt & Hill, 1983; Fyffe & Perl, 1984; Krishtal et al., 1988). 

In most blood vessels, ATP causes a relaxation that is dependent on 

the presence of the endothelium (De Mey & Vanhoutte, 1980; Furchgott, 

1983; Burnstock & Kennedy, 1985). However, ATP-induced relaxation of 

the hepatic artery of the rabbit is independent of the endothelium 

(see Chapter 4).

The aim of this investigation was to study the effects of 

chronic acrylamide treatment on vascular reactivity. Studies were 

performed on isolated rabbit hepatic and basilar arteries. Responses 

to exogenous vasoconstrictors, sympathetic nerve stimulation, and 

endothelium-dependent and endothelium-independent vasodilators were 

investigated.



9-3 METHODS

In vitro pharmacology - see Section 2.1 

For acrylamide treatment - see Section 2.2
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9.4 RESULTS

9-4.1 Contractile responses

The maximum contractile response of hepatic arterial ring 

segments in response to NA were unaffected by acrylamide treatment. 

However, the EC^q was increased (29.78 ± 11.59 UM for treated vessels 

(n = 6) and 0.13 ± 2.10 pM for control vessels, (n - 6), P < 0.01) 

and contractions of hepatic arteries in response to a submaximal 

concentration (30 pM) were reduced (Figure 9.1a). In contrast, the 

a,(J-meATP-induced contractions of hepatic arteries were significantly 

increased in vessels from treated rabbits when compared with controls 

(55 ± 7'28% (n = 6) and 31 * 5*13# (ft = 6) respectively; P < 0.01) 

(Figure 9.2).

Contractions of the basilar artery in response to histamine were 

not affected by acrylamide treatment (Figure 9*lb).

There was no significant difference in the contraction elicited 

by KC1 in control or acrylamide-treated hepatic and basilar arteries.

9.4.2 Electrical Transmural Nerve Stimulation

Neurogenic stimulation of hepatic arterial ring preparations 

from acrylamide treated rabbits evoked frequency-dependent 

contractions that were not significantly different from controls 

(Figure 9-3).
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9.4.3 Relaxant responses

There was no significant difference in the maximum relaxation 

elicited by ACh in control and acrylamide-treated hepatic and basilar 

arteries (Figure 9*4). However, at higher concentrations (> 3 pM), 

maximum relaxant responses were not maintained in hepatic arteries 

from control rabbits, unlike those from acrylamide treated rabbits.

SP caused a relaxation that was greater in acrylamide-treated 

hepatic (75 ± 6.71%, n- 5) and basilar (54 ± 2.91#t n = 7) arteries 

compared with control preparations (45 ± 11.40# (n - 7) for hepatic 

arteries and 27 ± 6.65# (rc = 7) for basilar arteries) (Figure 9*5a).

Relaxation of hepatic arteries in response to CGRP was 

unaffected by treatment with acrylamide (56 ± 11.02# (n = 6) for 

treated vessels and 51 ± 6.63# {n = 7). Similarly, CGRP-induced 

relaxation of basilar arteries was unchanged in acrylamide treated 

preparations (67 ± 13*63# {n = 5) for treated vessels and 51 * 11.51# 

(n = 8) for control preparations) (Figure 9*5b).

Maximum vasodilatation of hepatic arteries from acrylamide- 

treated rabbits in response to ATP was significantly reduced when 

compared to controls (Figure 9*6) but there was no significant 

difference in the EC^q values.
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Figure 9*1 Concentration-response curves for (a) hepatic arteries

from control (n = 6) and acrylamide-treated [n - 6) rabbits to

exogenous NA and (b) basilar arteries from control (n = 7) and

acrylamide-treated {n = 7) rabbits to histamine. Responses are a

percentage of the contraction induced by KC1 (120 mM). Each point
#represents the mean and vertical bars denote the s.e.mean. ( P < 

0.05).
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Figure 9*2 Response of hepatic arteries from control (n = 6) and 

acrylamide-treated (n = 6) to a,|S-meATP (1 pM). Responses are a 

percentage of the contraction to KC1 (120 mM). Each point represents 

the mean and vertical lines denote the s.e.mean. ( P < 0.01). Clear 

bars represent control values, filled bars represent treated values.
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Figure 9*3 Neurogenic responses of hepatic arteries from control 

(71 = 5) and acrylamide-treated (n - 5) rabbits. Responses are 

measured as a percentage of the contraction to KC1 (120 mM). Each 

point represents the mean ± s.e.mean.
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Figure 9*^ Concentration-response curves to ACh of (a) hepatic 

arteries at raised tone from control (n = 7) and acrylamide-treated 

{n = 7) rabbits and (b) basilar arteries at raised tone from control 

{n = 8) and acrylamide-treated (n = 6) rabbits. Responses of the 

hepatic artery are measured as a percentage of the NA-induced 

contraction and those of the basilar artery are measured as a 

percentage of the histamine-induced contraction. Each point 

represents the mean response and vertical bars denote the s.e.mean. 

(*P < 0.05).



H
ep

at
ic

 
ar

te
ry

 
#—

« c
on

tr
ol

 
b 

B
as

ila
r 

ar
te

ry

o ooco oo oC\J

to

co

u o p ex e ie j %

•o
0
03
0 CO

lO

CO

i— r
o
o

0

o00 oCO o oCM

uoijexeisj %

-lo
g 

(A
ce

ty
lc

h
o

lin
e)

 
M 

-lo
g 

(A
ce

ty
lc

h
o

lin
e)

 
M



264

Figure 9*5 Responses of isolated rabbit hepatic and basilar

arteries at raised tone control and acrylamide-treated rabbits to a

single addition of (a) SP and (b) CGRP. Relaxations were measured as

the percentage relaxation of the NA-induced or the histamine-induced

contraction of hepatic and basilar arteries, respectively. Each point

represents the mean response and vertical lines denote the s.e.mean. 
.## ###( P < 0.01; P < 0.001). Numbers in parentheses indicate the 

number of observations (n). Clear bars represent control values, 

filled bars represent treated values.
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Figure 9.6 Concentration-response curves to ATP of the hepatic artery

at raised tone from control (n = 6) and acrylamide-treated (n = 6)

rabbits. Responses are measured as a percentage of the NA-induced
*contraction. Each point represents the mean ± s.e.mean. ( P < 0.05»

P < 0.01).
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9.5 DISCUSSION

The results presented in this study demonstrate that acrylamide 

did not cause changes in responses of the rabbit hepatic artery to 

sympathetic nerve stimulation. However, it appears that 

postjunctional receptors for NA were less sensitive to exogenous NA. 

In contrast, the contraction of preparations in response to a,p-meATP 

(a stable analogue of ATP) acting via P2x-purinoceptors, were 

enhanced. These results are similar to those of a parallel study on 

the rabbit ear artery (K. Maynard, personal communication). NA & ATP 

act as cotransmitters, being released from the sympathetic nerves 

innervating the rabbit hepatic artery (see Chapter 3)• Post & McLeod 

(1977a) have shown that chronic acrylamide treatment causes a loss of 

sympathetic myelinated fibres of all diameters and that the neural 

control of the cat mesenteric bed in vivo was impaired and a 

supersensitivity to NA developed (Post & McLeod, 1977b). This effect 

of acrylamide, however, was seen with "severe” poisoning only. The
_  A

dosage used in the present study (400 mgKg , total dose) may 

constitute only a mild poisoning since Post & McLeod (1977b) did not 

observe a severe intoxication with doses less of than 1260-1680 mgKg 

* total dose. Supersensitive changes in postjunctional NA receptors 

in the rabbit hepatic artery may only become apparent after severe 

acrylamide treatment whereas postjunctional supersensitivity to ATP 

may occur at a much lower dose. These results show that while the 

responses of the hepatic artery to sympathetic nerve stimulation were 

unaffected after acrylamide treatment, excitatory responses to the 

purinergic agonist, a,£-meATP, were enhanced while those to NA were
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reduced. An alternative explanation for these results may be that 

some neuropathy to sympathetic nerves might have occurred with damage 

to the purinergic component of sympathetic neurotransmission 

counteracted by some increase in the noradrenergic component so that 

responses to perivascular nerve stimulation are maintained. However, 

the possibility that the changes in postjunctional actions of NA and 

a,fJ-meATP are due to the direct effects of chronic acrylamide 

treatment on these receptors cannot be excluded.

Histamine was used to contract basilar arterial ring 

preparations since tone was not maintained and relaxant responses 

could not be measured if NA was used as the contractile agent. There 

were no changes in the maximum histamine-induced contraction of 

basilar arteries with acrylamide treatment. There was no evidence for 

damage to the smooth muscle since the KC1-induced contraction of 

hepatic and basilar arteries was not impaired. Contractile responses 

of rabbit basilar arteries to perivascular nerve stimulation could 

not be evoked so responses to NA and a,|J-meATP were not 

considered.

The endothelium plays an important role in the control of 

vascular tone (Furchgott & Zawadzki, 1980) and defects in endothelial 

mechanisms have been shown to occur in some disorders of autonomic 

function such as those that occur in diabetes (Takiguchi et al.,

1988). ACh and SP cause a relaxation of blood vessels that requires 

the presence of an intact endothelium (Furchgott & Zawadzki, 1980;

D'Orleans-Juste et al., 1985). In the present study, SP caused a
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relaxation of hepatic and basilar arteries that was significantly 

enhanced after acrylamide treatment. Vasodilator responses to ACh 

showed a similar but less marked, trend. The increased endothelium- 

dependent relaxation may be the result of an increased receptor 

density or excitation/response coupling or to an augmented production 

and/or release of EDRF by SP and ACh. Although endothelial cells of 

large vessels are not innervated, there may be some long term trophic 

interaction between perivascular nerves and endothelial cells. 

Destruction of perivascular nerves may lead to an alteration in 

endothelial/ylocated receptors or a change in the production and/or 

release of EDRF from endothelial cells (Lincoln & Burnstock, 1990).

There was no change in the endothelium-independent relaxant 

response of hepatic and basilar arteries to CGRP. This result 

provides evidence to support a lack of impaired smooth muscle 

mechanism after acrylamide treatment. Since the receptors for CGRP 

are located on the vascular smooth muscle, this also indicates that 

the postjunctional receptors for CGRP were not affected by 

acrylamide. Acrylamide-induced neuropathy of the rat mesenteric bed 

was also shown not to affect the relaxant response of this 

preparation to exogenous CGRP

The relaxant response of the hepatic artery to ATP, which, in 

this vessel, causes an endothelium-independent vasodilatation via 

P2y-purinoceptors (see Chapter 4), was significantly attenuated. 

Since some ATP also acts on P2x~purinoceptors mediating a 

vasoconstriction and these responses are enhanced after acrylamide
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treatment, the reduction in vasodilatator responses of the rabbit 

hepatic artery to ATP is misleading and is probably due to the 

increase in the vasoconstrictor action of ATP.

In conclusion, chronic treatment of the rabbit with relatively 

low levels of acrylamide produced alterations in postjunctional 

receptor sensitivity to NA and ATP. This is consistent with the 

possibility that acrylamide causes a differential dysfunction of the 

purinergic and noradrenergic components of sympathetic 

neurotransmission or it may be a consequence of a direct action of 

acrylamide on receptor expression. In addition, defects in 

endothelium-dependent relaxation by SP and ACh are apparent; whether 

this is due to a direct effect of acrylamide or is secondary to 

damage to perivascular nerves is not resolved.



CHAPTER 10 

GENERAL DISCUSSION
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In this General Discussion, I have selected several topics for 

more detailed consideration, mainly (i) the interactions of different 

perivascular nerve types and the endothelium on the control of local 

blood vessel tone; (ii) the effect of age on vascular reactivity 

(iii) a more general consideration of atherosclerosis and vascular 

reactivity and (iv) consideration of vascular reactivity in various 

types of neuropathy.

10.1 MULTIPLE REGULATION OF BLOOD VESSEL TONE

10.1.1 CONTROL BY SYMPATHETIC PERIVASCULAR NERVES

In Chapter 3. I have shown that noradrenaline (NA) and adenosine 

5f“triphosphate (ATP) are cotransmitters in the sympathetic nerves 

innervating the hepatic artery of the rabbit. The functional 

significance for cotransmission can be considered. Firstly, there may 

be differential storage and/or release of NA and ATP within 

sympathetic nerves. There is evidence to suggest that ATP is stored 

with NA in both large and small granular vesicles in sympathetic 

nerve terminals (Smith, 1979; Klein, 1982; Lagercrantz & Fried, 1982; 

Fujita et al., 1984). Differential release of ATP and NA by various 

agents such as prostaglandin E2 (Trachte, 1985; Ellis & Burnstock, 

1990a) has been demonstrated. In addition, it has been suggested that 

the contributions of NA and ATP released upon sympathetic nerve 

stimulation depend on the parameters of stimulation; NA being 

preferentially released by long slow trains of pulses while ATP is 

dominantly released under short bursts of stimulation (Kennedy et
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al., 1986). Furthermore, the proportion of the cotransmitters, NA and 

ATP, varies considerably between different vessels. For example, ATP 

is a major component of sympathetic cotransmission in the rabbit 

saphenous (Burnstock & Warland, 1987). mesenteric (Mathieson & 

Burnstock, 1985) and hepatic arteries (Chapter 3). but it appears to 

be a relatively minor component in the rabbit ear artery (Kennedy et 

al., 1985a). It has been postulated that: (i) ATP and NA may be 

contained in different vesicles in sympathetic nerve varicosities

(ii) that there may be subpopulations of sympathetic neurones, some 

storing and releasing largely ATP, others releasing largely NA and

(iii) that proximal and distal varicosities in the terminal regions 

of sympathetic nerve fibres may contain different populations of ATP 

and NA (Burnstock, 1990c). Secondly, there may be differences in the 

diffusion, postjunctional action or inactivation of the different 

cotransmitters. The purinergic component of the sympathetic response 

is rapid in onset and of short duration while the noradrenergic 

component develops more slowly and is longer lasting. This is because - 

ATP acts via P2x~purinoceptors that lead to contractions resulting 

from electromechanical coupling involving voltage-dependent Ca+ 

channels while NA acts via a-adrenoceptors that operate by 

pharmacomechanical coupling involving receptor-operated Ca+ channels. 

Thirdly, synergism is a characteristic of cotransmission. Purines

have been shown to potentiate the contractile actions of NA on the 

vas deferens (Hedqvist & Fredholm, 1976; Hoick & Marks, 1978), and 

ATP and NA show postjunctional synergism in the mesenteric arterial 

bed of the rat (Ralevic & Burnstock, 1990) and the portal vein of 

guinea-pigs and rats (Kennedy & Burnstock, 1986). It is possible that
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synergism occurs to economise on the amounts of transmitters released 

and reflects an intimate association between a-adrenoceptors and P2- 

purinoceptors.

By analogy with the adrenal medulla where it has been shown that 

the ratio of catecholamine:ATP is 1:6 in rats in early development 

(18 days after conception), but that this ratio is gradually 

increased to more than 10:1 in adults (O’Brien et al., 1972), the 

expression of ATP and NA varies during development. Bao et al.

(1989b) have shown that the relative importance of ATP in the 

sympathetic contractile response of the rat tail artery is reduced 

with age. In the present study, the contraction of the rabbit hepatic 

artery to the P2x“Purinoceptor agonist, a,[5-methylene ATP (a,£-meATP) 

increased with age. This result implies that postjunctional 

supersensitivity to the purine may have developed in response to a 

reduction in the release of this cotransmitter from prejunctional 

sympathetic nerve terminals. However, the response of this vessel to 

sympathetic nerve stimulation did not change. It may be that NA and 

ATP are acting in a synergistic manner and that with age, less ATP is 

required since its ability to enhance the NA-induced contraction is 

increased.

Neuropeptide Y (NPY) coexists with NA and ATP in most 

sympathetic nerves and it can act both as a prejunctional inhibitor 

of transmitter release and as a postjunctional potentiator of the 

activities of NA (Potter, 1988; Potter et al., 1989)* Recently, it 

has been shown that NPY has similar actions on ATP release and
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activity (Ellis, 1990b; Saville et al., 1990). The pre- and 

postjunctional modulation of sympathetic cotransmission by NPY 

depends on the cleft width. Prejunctional modulation by NPY is 

documented in close autonomic neuromuscular junctions (*20 nm), such 

as those in the vas deferens. In most blood vessels where the 

junctional cleft is 100-500 nm, postjunctional modulation occurs with 

low concentrations of NPY but as the levels of NPY build up in the 

cleft, it has prejunctional inhibitory actions (see Burnstock,

1990d). Nerve fibres immunoreactive for NPY have been shown in the 

rabbit hepatic artery (J. Aberdeen, personal communication). 

Subsequent investigations in the hepatic artery could be directed 

towards the role of NPY as a putative cotransmitter and/or 

neuromodulator in the sympathetic nerves innervating this vessel.

10.1.2 CONTROL BY SENSORY-MOTOR NERVES

In Chapter 4, nerve fibres immunoreactive for substance P (SP) 

and calcitonin gene-related peptide (CGRP) were shown in the hepatic 

artery of the rabbit and exogenous application of SP to this vessel 

caused an endothelium-dependent relaxation while CGRP caused a 

relaxation that was independent of the presence of an intact 

endothelium. The results of the present study are consistent with 

those of several other studies. Immunocytochemical investigations 

have shown that a variety of neuropeptides are localized in 

perivascular nerve fibres. Such peptide-containing vascular nerves 

seem to be present in all mammalian species, including man, to a 

varying extent in different vascular beds. SP and CGRP have been
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demonstrated in perivascular nerve fibres in various parts of the 

vascular bed, and these fibres appear to belong to the sensory 

nervous system (Furness et al., 1982; Uddman et al., 1986; Wharton & 

Gulbenkian, 1986; Maggi and Meli, 1988). SP and CGRP induce a 

vasodilatation both in vivo and in vitro (see Mione et al., 1990). SP 

requires the presence of an intact endothelium (Furchgott, 1983;

D'Orleans-Juste et al., 1985; Edvinsson et al., 1985). For CGRP, such 

a requirement appears not to be necessary in most cases (Hanko et 

al., 1985). Capsaicin sensitivity has been used as a marker for 

sensory neurones. This agent could be applied as a tool to reveal the 

sensory origin of SP- and CGRP-containing fibres and their possible 

coexistence in the hepatic artery of the rabbit. In addition to the 

vasodilator action of SP and CGRP in the rabbit hepatic artery, these 

peptides may have a prejunctional modulator action. In the rabbit 

central ear artery, contractions to sympathetic nerve stimulation 

were reduced by CGRP although the response to NA was not altered 

(Hanko et al., 1985) nor is the field stimulation-evoked release of 

(^H)-NA altered by CGRP in this vessel (K. Maynard, personal 

communication). It may be that CGRP preferentially affects the 

purinergic component of the response to sympathetic nerve 

stimulation. However, further investigations are required in order to 

prove this to be the case.

SP and CGRP have been shown to coexist in sensory nerve 

terminals in perivascular nerves (Gibbins et al., 1985; Uddman et 

al., 1986) and have been demonstrated to coexist in the large dense- 

cored vesicles of sensory nerve terminals (Gulbenkian et al., 1986).
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The question relative to the functional significance of neuropeptide 

coexistence within sensory nerves may be that (i) one peptide has a 

very poor reactivity, or is ineffective (ii) potentiation, (iii) 

physiological antagonism and (iv) cooperation (see Maggi & Meli,

1988). The presence and release of SP in endothelial cells has been 

demonstrated (Loesch & Burnstock, 1988; Linnick & Moskowitz, 1989; 

Ralevic et al., 1990a). Injury to the vascular endothelium may cause 

the release of SP from endothelial cells to initiate the inflammatory 

process (Lembeck, 1988), including increased blood flow, formation of 

aggregates of leukocytes and platelets and leukocyte extravasation. 

The events of inflammation are protective but if left unchecked could 

prove harmful to the organism. Corelease of SP and CGRP from sensory 

nerves in response to inflammatory stimuli allows CGRP to exert its 

relaxant effect on vascular smooth muscle cells. The increase in 

blood flow by CGRP can thin be controlled by the proteolytic enzymes 

released from or expressed on mast cells in response to SP (Brain & 

Williams, 1988). However, CGRP has been shown to inhibit SP-evoked 

leukocyte aggregation (Ohlen et al., 1989)• If the inactivation of 

CGRP were outweighed by an excess of the peptide due to its local 

generation, inflammation in response to endothelial injury may be 

repressed by the inhibition of the action of SP.

Several studies have indicated that VIP may be a physiologically 

relevant vasoactive neurotransmitter (see Bevan & Brayden, 1987). 

Nerve fibres immunoreactive for VIP have been found in association 

with blood vessels in most vascular beds (Uddman et al., 1981; Della 

et al., 1983) and has been shown to exert a direct vasodilator effect
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on several vessels (see Edvinsson & Uddman, 1988; Mione et al.,

1990). The distribution of VIP fibres does not change after surgical 

or chemical sympathectomy or after destruction of sensory nerves by 

neonatal administration of capsaicin (Della et al., 1983; Matsuyama 

et al., 1983), indicating that the nerve fibres are neither 

sympathetic or sensory in origin. The present study shows that the 

rabbit hepatic artery is supplied with VIP-containing nerve fibres 

and that VIP exerts a direct relaxant response of this vessel. These 

results are in agreement with those of a study by Varga and coworkers 

(1986) for the dog hepatic artery. However, the exact role and 

relative importance of VIP in nonadrenergic, noncholinergic vasomotor 

control as compared with other mechanisms requires further 

investigation.

10.1.3 CONTROL BY THE ENDOTHELIUM

The functional integrity of the endothelium has been shown to be 

of importance for the regulation of peripheral resistance and local 

blood flow (Furchgott & Zawadzki, 1980) and in the present study, the 

obligatory role of the endothelium in the relaxation of the rabbit 

hepatic artery to acetylcholine (ACh) and SP has been demonstrated 

(Chapter 4).

Many vasoactive substances that require the endothelium to 

produce vasodilatation are also neurotransmitters which, on release 

from perivascular nerves, cause vasoconstriction. In many cases, 

different subtypes of receptors to such vasoactive substances occur
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on the endothelium and on the vascular smooth muscle, for example, 

ATP. P2x~purinoceptors are present on the vascular smooth muscle and 

are acted on by ATP released from perivascular nerves to produce 

vasoconstriction, while ATP can cause vasodilatation via ?2y“ 

purinoceptors on the endothelial cells of most blood vessels (De Mey 

& Vanhoutte, 1980, 1982; Cocks & Angus, 1983; Furchgott, 1983; 

Kennedy et al., 1985; Burnstock & Kennedy, 1985; Liu et al., 1989). 

Similarly, NA, acting abluminally following release from sympathetic 

nerves exerts a contractile effect by the activation of 

postjunctional a-p and (^-adrenoceptors (Langer, 197*0 » however, 

acting at the endothelial c^-adrenoceptor, it causes vasodilatation 

via the release of endothelium-dependent relaxation factor (EDRF) 

(Angus, 1988).

In the present study, vasodilator responses of the hepatic 

artery to ATP were independent of the endothelium (Chapter 4). 

Endothelium-independent relaxations to ATP have also been 

demonstrated in the mesenteric artery and portal vein of the rabbit 

(Kennedy & Burnstock, 1985b; Mathieson & Burnstock, 1985)• It is 

possible that in these vessels, the P2y-purinoceptor is involved in 

mediating the responses of ATP released as a transmitter from 

sensory-motor nerves during axon reflexes.

In the past, the origin of substances such as SP, ACh and ATP 

that act on the endothelium of blood vessels to produce 

vasodilatation via the release of EDRF has been assumed to be 

perivascular nerves. However, this is neither likely or desirable
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since most of the transmitter substances released from perivascular 

nerves first produce a vasoconstriction and then, in the unlikely 

event that they diffuse through the media and basal lamina without 

degradation, they would produce the opposite effect via endothelial 

cells. Alternative possibilities have been considered, such as the 

release of 5“hydroxytryptamine (5”HT) and adenosine 5 *“diphosphate 

(ADP) from aggregating platelets (Houston et al., 1985)• The 

possibility that endothelial cells may be the source of such 

vasoactive substances come from the report by Parnavelas et al.

(1985). that cholineacetyl transferase (ChAT), the ACh synthesizing 

enzyme, could be localized in endothelial cells lining the 

capillaries and small vessels in the rat cortex. More recently, 

studies using microscopic immunocytochemical and bioassay techniques 

have shown that endothelial cells can be a source of mediators of 

endothelium-dependent relaxation (Loesch & Burnstock, 1988; Linnick & 

Moskowitz, 1989; Milner et al., 1989; Ralevic et al., 1990a).

It is evident that the obligatory role of the endothelium for 

relaxation of blood vessels by certain agonists is more than just a 

pharmacological curiosity but a find of pathophysiological relevance. 

The loss of the capacity of endothelial cells to release substances 

causing the production of EDRF or a dysfunction in the generation 

and/or release of EDRF itself may compromise blood flow in certain 

vascular beds.
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10.2 THE EFFECT OF AGE ON VASCULAR REACTIVITY

10.2.1 CONTRACTILE RESPONSES

The characteristic haemodynamic adjustments that occur in the 

elderly include a reduction in the compliance of the large conduit 

arteries and an increase in peripheral vascular resistance (see 

Vanhoutte, 1988; Docherty, 1990). In the present study, the 

effectiveness of sympathetic nerve stimulation of the rabbit 

saphenous artery declined with age (Chapter 5)* This reduction is 

unlikely to be a consequence of a decrease in the sensitivity of 

postjunctional noradrenergic receptors since contractile responses to 

exogenous NA were unchanged. A reduction in the density of 

sympathetic nerves may account for this result but measurements of 

the catecholamine content of this tissue are required to show this.

It has been shown that the NA content of sympathetic nerves in blood 

vessels from humans, rats and guinea-pigs decreases with age 

(Waterson et al., 197^; McLean et al., 1983; Dhall et al., 1986; 

Amenta & Mione, 1988). Such decreases may not be a generalized 

phenomenon throughout the body and the pattern of change with age 

appears to vary between different vessels. A study by Cowen et al. 

(1982), showed that while the early stages of the development of 

vascular innervation were similar in all vessels studied, the density 

of innervation of some vessels (e.g. renal artery, femoral artery) 

declined with age, while in others, such as the basilar artery, the 

density of innervation continued to increase into old age.
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The postjunctional a-adrenoceptor responsiveness of vascular 

smooth muscle is either increased, decreased or negligible (see 

Vanhoutte, 1988; Docherty, 1990). Such controversial results may be a 

consequence of differences between species or jbâ zo<2&,.̂ strains of 

animals. In addition, changes in vascular responsiveness may begin at 

different points in the life cycle of the animal. Therefore, it is 

necessary to clarify changes occurring in maturation (i.e. changes 

occurring from birth to alduthood) and in aging (i.e. changes 

occurring between alduthood and old age). In this study, New Zealand 

White (NZW) rabbits aged 2-36 months were used to study changes of 

vascular reactivity that occur with maturation. The mean lifespan of 

rabbits of both sexes under laboratory conditions is 7- 8 years 

(Weisbroth, 197*0. so the older group of rabbits used in the present 

investigation approached middle age. Although functional changes 

associated with aging may begin at different points in the life cycle 

and progress at different rates, many cardiovascular changes can be 

observed to start upon attainment of maturity and are already well- 

advanced in middle age (Goldberg & Roberts, 1976). Therefore, one 

would expect the normal progression of age-induced changes in healthy 

rabbits at 3 years as compared to young animals to be observed.

Another complicating factor when comparing maximum vascular 

contractile responses to agonists in isolated tissues from animals of 

different ages (and thus, tissues of different dimensions) is which 

measurement to take; absolute tension, tension per unit weight, or 

tension as a percentage of the maximum to a reference agent such as 

KC1. In this study, changes in the structure and mechanics of
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vascular smooth muscle that may occur with age were controlled by 

measurement of the contractile ability of vessels to KC1.

There is a growing body of evidence showing that NA and ATP act 

as cotransmitters in variable proportions in sympathetic nerves (see 

Section 10.1.1.)* However, there are few studies concerning the 

changes that may occur in the roles of cotransmitters with age. The 

results of an investigation by Bao and coworkers (1989b) imply 

that the role of ATP as a sympathetic cotransmitter with NA may 

decrease with age. Therefore, it would be of interest to examine the 

changes in nerve fibre density, release and activation of 

postjunctional receptors in order to see how the relative importance 

of NA and ATP and/or NPY utilized as cotransmitters varies with age 

and to establish a possible relationship between sympathetic activity 

and age-related increases in blood pressure.

10.2.2 RELAXANT RESPONSES

The increase in peripheral resistance that occurs with age is 

generally attributed to a dysfunction of sympathetic nerves. Few 

studies have been carried out on the effect of aging on the 

nonadrenergic, noncholinergic vasodilator nerves. The density of 

perivascular peptidergic-containing nerves (SP, CGRP, VIP) tended to 

decline with age in guinea-pigs (Dhall et al., 1986). It has been 

suggested that there is an age-related decrease of CGRP-containing 

vasodilator innervation in the mesenteric resistance vessels of the 

spontaneously hypertensive rat and that the decreased vasodilator
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mechanism by CGRP-containing nerves contribute to the development and 

maintenance of hypertension (Goto & Takasaki, 1989).

There is the possibility that the effectiveness of the 

endothelium in the regulation of vascular tone may change with age. 

Morphological and functional changes in the arterial endothelium with 

hypertension and aging have been documented (Htitter et al., 1982; 

McGuire & Twietmeyer, 1985)• Endothelium-dependent relaxations may 

be increased, decreased or negligible (see Vanhoutte, 1988) depending 

on the species, vessel and vasodilator agent. In the present study, 

endothelium-dependent relaxation increased with age (Chapter 5)•

Aging is associated with a progressive thickening of the vessel wall 

and a reduction in the compliance of arteries (Duckies &. Banner, 

1984). It may be that in certain vascular beds, a "compensatory 

vasodilatory mechanism” develops with age in order to maintain the 

lumen of the vessel (see Section 10.3*2.).

10.3 the effect of atherosclerosis on vascular reactivity

10.3*1 THE HOMOZYGOUS WATANABE HERITABLE HYPERLIPIDAEMIC RABBIT AS A 

MODEL OF ATHEROSCLEROSIS

The disorder, familial hypercholesterolaemia, is one of the most 

common genetic diseases among humans. It is characterized by a 

deficiency in cell surface receptors for the major transport protein 

of endogenous cholesterol, low density lipoprotein (LDL); dietary 

cholesterol is only an indirect, aggravating factor. In addition,
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hypercholesterolaemia is the most common risk factor associated with 

atherosclerosis in Western society (see Faggiotto et al., 1984). Many 

different animal models and experimental designs have been used to 

study atherosclerosis. In laboratory animals, hypercholesterolaemia 

can be produced exogenously by large amounts of cholesterol being 

introduced into the diet. However, dietary and endogenous cholesterol 

are transported by different plasma lipoproteins, and so the analogy 

between the cholesterol fed model and the human disease is not 

perfect.

In this study, the homozygous Watanabe heritable hyperlipidaemic 

(WHHL) rabbit was selected as a model of atherosclerosis not only 

because of its size, relative rapidity of lesion formation and 

convenience of use, but also because the hypercholesterolaemia 

developed is very similar to that of their human counterparts.

This strain of rabbit was discovered by Watanabe in 1973* He 

made the observation that one male rabbit in his colony had a 10-fold 

elevation in its cholesterol level (Watanabe, 1980). He bred this 

rabbit with a normal female and obtained a first generation with a 

mild elevation of plasma cholesterol. By breeding the rabbits from 

this first generation to each other, and to the original male, 

Watanabe obtained offspring with mild and severe

hypercholesterolaemia. Homozygous WHHL rabbits lack LDL receptors on 

cell membranes. The abnormality is inherited as a single gene 

mutation and results in massive hypercholesterolaemia, accelerated 

atherosclerosis and cutaneous xanthomas (Tanzawa et al., 1980; Buja
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et al., 1983; Watanabe et al., 1985; Hatanaka et al., 1987). The 

characteristics of the atherosclerosis in WHHL rabbits is 

representative of that occurring in humans. There is a progressive 

atherosclerosis, with the development of atheromatous plaques, foam 

cell lesions, a medial lipid deposition rich in cholesteryl esters 

and cholesterol, vascular disease and there is no marked accumulation 

of lipid in macrophages of the liver, spleen and lymph nodes. In 

addition, the excess cholesterol is contained primarily in LDL and 

some intermediate density lipoprotein (IDL). The atherosclerosis 

developed in diet-induced hypercholesterolaemic rabbits is different 

from humans with familial hypercholesterolaemia since these animals 

manifest a different lipoprotein composition and a different lipid 

deposition in organs. In the hypercholesterolaemic rabbit, pure foam 

cell lesions are observed, with marked lipid accumulation in the 

macrophages of liver, spleen, lymph nodes and bone marrow. The 

arterial foam cell lesions have a high component of lipid-containing 

smooth muscle cells and a high percentage of cells have features of 

macrophages. Furthermore, most of the cholesterol is confined in (S- 

very low density lipoproteins (ft-VLDL). In addition, the 

hypercholesterolaemic rabbit model for atherosclerosis has been 

criticized on the basis that rabbits tend to develop a cholesterol 

storage disease rather than lesions that correlate with human 

atherosclerosis (Vesselinovitch, 1979)*

More recently, the cholesterol-fed heterozygous WHHL rabbit has 

been suggested to be a more relevant experimental model of 

atherosclerosis than the homozygous WHHL rabbit (Atkinson et al.,
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1989). Humans with heterozygous familial hypercholesterolaemia 

outnumber those with homozygous form 2000:1 (Goldstein & Brown,

1983). Manipulation of the diet of the heterozygous WHHL rabbit with 

cholesterol leads to the development of atherosclerosis, similar to 

that found in humans and homozygous WHHL rabbits. This model may be a 

truer representation of the progression of atherosclerosis since the 

atherosclerosis that occurs in heterozygous familial 

hypercholesterolaemia is undoubtedly exacerbated by a "Western" diet. 

The cholesterol-fed, heterozygous WHHL rabbit model of 

atherosclerosis may simulate a greater proportion of the population 

than the homozygous rabbit and may help unravel the relationship 

between diet and genetics in the pathogenesis of atherosclerosis.

10.3.2 THE ENDOTHELIUM AND ATHEROSCLEROSIS

It is now well established that endothelial-mediated 

vasodilatationKia EDRF is diminished in atherosclerosis in man and in 

several experimental models of the disease (see Verbeuren, 1988). 

Impaired vasodilatation may be the outcome of any one of several 

mechanisms, including functional abnormalities of the endothelium 

which can occur in the absence of any damage to the endothelium 

itself (Ross, 1988) or vascular smooth muscle, or structural changes 

in the blood vessel that limit vasodilatation. However, in the 

present study, endothelium-dependent relaxation was increased in 

atherosclerosis. It is suggested that a "compensatory-vasodilatation" 

occurs with the development of atherosclerosis to maintain the lumen
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of the vessel. The cytotoxicity of oxidized LDL has been demonstrated 

(Van Hinsburgh, 1984) and oxidized LDL are implicated in the 

pathogenesis of atherosclerosis (Mowri et al., 1986). An increase in 

superoxide dismutase activity in the aortic wall of cholesterol-fed 

and WHHL rabbits has been demonstrated (Henriksson et al., 1985; Del 

Boccio et al., 1990). Changes in the adequacy of cellular antioxidant 

systems, such as the activity of the enzyme super oxide dismutase, 

may critically influence the susceptibility of the vascular wall to 

oxidative stress. The increase in endothelium-dependent relaxation of 

arteries from WHHL rabbits observed in this study may be a 

consequence of an increase in the antioxidant mechanism by superoxide
hdismutase for example,which defends the vascular wall against 

injury. However, studies of the antioxidant defence systems such as 

the specific activities of detoxicant enzymes including superoxide 

dismutase, catalase, glutathione peroxidase and transferase in the 

atherosclerotic vascular wall are required.

10.3 .3  THE SYMPATHETIC NERVOUS SYSTEM AND ATHEROSCLEROSIS

In the present study, an impaired contraction in response to 

sympathetic nerve stimulation of hepatic arteries from female WHHL 

rabbits was observed (Chapter 6). Results from a parallel study also 

show that responses to sympathetic nerve stimulation are reduced in 

the mesenteric artery of female WHHL rabbits (A. Stewart-Lee, 

personal communication). It is unlikely that a degenerative change in 

sympathetic innervation is responsible for the impaired neurogenic 

contraction since there was no change in the density of noradrenergic
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nerve fibres (Chapter 6). The response of hepatic arteries from 

female WHHL rabbits at 4 and 6 months to NA was increased compared to 

controls, but at 12 months NA-induced contractions were the same in 

female WHHL and control preparations. It may be that with the 

progression of atherosclerosis, the activity of the sympathetic 

nervous system is depressed and this reduction, together with an 

increase in the capacity of vessels to vasodilate is a compensatory 

change to maintain the lumen of the vessel in the presence of the 

occlusive lesions that occur in atherosclerosis.

The involvement of the sympathetic nervous system in 

atherosclerosis is unclear. There is indirect evidence to suggest 

that sympathetic innervation may have an effect on the metabolic rate 

of the vessel wall and that diminished sympathetic nerve activity in 

the arterial wall leads to a greater susceptibility to 

atherosclerosis (Fronek et al., 1980). Long-term sympathectomized 

arteries exhibit a higher content of collagen, increased collagen 

synthesis and an increased activity of prolyl hydroxylase, an enzyme 

engaged in collagen synthesis (Fronek et al., 1978). In addition, in 

combination with additional environmental influences, such as high 

cholesterol intake, sympathectomized arteries become more susceptible 

to lipid accumulation (Fronek & Turner, 1980). Contrary to these 

results, it has been suggested that surgical sympathectomy may be 

useful in controlling atherosclerosis in certain arterial beds 

(Lichtor et al., 1987).
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10.3.4 SEX AND ATHEROSCLEROSIS

Age, male sex and genetic factors are intrinsic factors which 

have a very important association with atherosclerosis (Stout, 1986). 

The results from the present study show that a genetic predisposition 

to hypercholesterolaemia leads to the development of atherosclerosis 

and that the disease progresses with age (Chapters 6, 7 and 8). It is 

also evident that gender differences influence the changes that occur 

in the control of vascular tone in atherosclerosis. Endothelium- 

dependent relaxation was enhanced in female WHHL rabbits but there 

was no change in the ability of male WHHL rabbits to relax in 

response to mediators of endothelium-dependent relaxation.

Evidence has accumulated to indicate that sexual hormones exert 

modifying effects on the vascular actions of a number of circulating 

vasoactive substances and hormones (Altura and ALtura, 1977; Stumpf,

1990). For example, female hormones have been demonstrated to 

potentiate the contractile responses to catecholamines by increasing 

adrenoceptor affinity and inhibiting catechol-0-methyl transferase 

and the extraneuronal uptake process (Colucci et al., 1982). 

Furthermore, a direct vasodilator action of 17-P oestradiol on the 

contraction of isolated rabbit coronary artery has been shown (Jiang 

et al., 1990).

Women before menopause have a lower incidence of atherosclerotic 

vascular disease than do men of the same age, but after the 

menopause, the incidence in women starts to approach that of men. The



female hormone, oestradiol, has been implicated as having a 

protective effect. In a study by Fischer & Swain (1985). oestradiol 

was shown to retard the progression of atherosclerosis and decrease 

the synthesis of collagen in blood vessels. In the present study, 

morphological examination showed that the progression of 

atherosclerosis in male and female WHHL rabbits was the same (Chapter 

6). Therefore, it does not appear that the differences in the 

vascular reactivity of arteries from male and female WHHL rabbits is 

a consequence of oestrodiol retarding the progression of 

atherosclerosis in females.

High doses of oestradiol have been implicated to reduce serum 

levels of LDL (Stumpf, 1990). The WHHL rabbits used in this study had 

elevated levels of cholesterol. The individual serum levels of HDL, 

VLDL or LDL were not measured. Therefore it is not possible to 

conclude whether the differences in the vascular reactivity of male 

and female WHHL rabbits is a result of changes in the levels of LDL 

in females by oestradiol causing a change in the density and/or 

sensitivity of receptors for vasodilator agents in a manner that is 

different to males that are not under the influence of the hormone.

In conclusion, the results of Chapters 5* 6, 7 and 8 suggest 

that the physiological and pathophysiological processes of aging and 

atherosclerosis, respectively, affect vascular reactivity. In 

addition, the influence of sex on these processes cannot be ignored 

since there appears to be a relationship between sex differences and 

vascular reactivity.
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10 A  PERIPHERAL NEUROPATHY AND VASCULAR REACTIVITY

The toxic neuropathy induced by aery1amide may provide a tool by 

which the neurologist can investigate the basic mechanisms underlying 

comparable human degenerative disorders.

In the present study, acrylamide was used to produce a 

peripheral neuropathy in rabbits in order to investigate changes in 

vascular reactivity to both vasoconstrictor and vasodilator agents. 

Disturbances of autonomic function occur in association with 

peripheral neuropathy and are a common complication of clinical 

diabetes mellitus (Tomlinson, et al., 1990). The degree of neuropathy 

in clinical diabetes mellitus is dependent on the duration of the 

diabetes (Bergstrom et al., 19^7)• Acrylamide-induced neuropathy is 

time and dose-dependent (Post & Macleod, 1977)* Increases in 

contractility and sensitivity to NA have been observed in cat 

mesenteric beds after chronic acrylamide treatment (Post & Macleod, 

1977) and similar results are seen in the isolated perfused 

hindquarters and in the caudal arteries of rats made diabetic with 

streptozotocin (STZ) (Ramanadham et al., 1984; Friedman et al.,

1989). The lack of increase in contractility and sensitivity of 

acrylamide-treated rabbit hepatic arteries to NA found in this 

present study (Chapter 9) is probably a consequence of the low dose 

of acrylamide used. Alternatively, it may be that the reactivity of 

different vascular beds and arteries to NA do not change uniformly 

after acrylamide treatment. As with vascular smooth muscle 

contractility, acrylamide treatment may alter the endothelial cell



function of different vascular beds and arteries in a non-uniform 

manner. In the present investigation, endothelium-dependent 

relaxation was increased after acrylamide treatment. However, there 

was no alteration in the endothelium-dependent relaxant response of 

the acrylamide-treated rat mesenteric bed (Ralevic et al., 1990b). 

Changes in endothelial cell function have also been reported to occur 

in STZ-treated rats and similar to the studies with acrylamide, 

endothelium-dependent relaxations may be increased (White & Carrier, 

1986) or decreased (Oyama et al,, 1986).

It is interesting that patients suffering from diabetes mellitus 

are particularly prone to disorders of the cardiovascular system, 

including atherosclerosis (Garcia et al., 1974; Jarrett, 1989)• As 

discussed in Section 10.3*3*» it has been shown that sympathectomy 

leads to a greater susceptibility of the arterial wall to 

atherosclerosis (Fronek & Turner, 1980) and it may be that the 

arterial wall responds to the autonomic neuropathy that occurs in 

diabetes mellitus in a manner similar to that seen with sympathectomy 

therefore rendering diabetic patients more susceptible to 

atherosclerosis.
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10.5 CONCLUDING COMMENTS

The work presented in this thesis provides evidence to support 

the dual control of vascular tone by the autonomic nervous system and 

the endothelium. ATP may act as a cotransmitter with NA from 

perivascular nerves mediating vasoconstriction or as a transmitter 

from inhibitory nerves to mediate a vasodilatation. SP and ACh 

require the presence of an intact endothelium to produce a relaxant 

response while CGRP and VIP cause a relaxation that is independent of 

the presence of an intact endothelium. It is also clear from this 

study that sex, aging and atherosclerosis influence the mechanisms 

involved in the fine tuning of vascular tone and are factors which 

should be considered when prescribing therapeutic strategies.

As our knowledge of the innumerable mechanisms involved in the 

control of vascular tone by the autonomic nervous system and 

endothelial cells grows, the development of novel approaches to 

clinical treatments of conditions resulting from abnormalities 

associated with these mechanisms will be facilitated.
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