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ABSTRACT

This thesis examines the neural and endothelium-mediated control of
the rabbit isolated central ear artery. The preparation was also used as a
model to investigate the plasticity of vascular sympathetic transmission
following long term stimulation in vivo, and the pathological changes
produced in local control mechanisms following x-irradiation and acrylamide
poisoning.

Calcitonin gene-related peptide- and substance P-like immunoreactive
perivascular nerve fibres were localised and shown to be of sensory origin.
Exogenous calcitonin gene-related peptide exhibited endothelium-independent
relaxant responses and inhibitory postjunctional actions, but no
prejunctional neuromodulation on the release of noradrenaline.
Somatostatin-like immunoreactivity was also localised in perivascular
nerves, and exogenous somatostatin had inhibitory neuromodulatory actions
both pre- and postjunctionally in the rabbit ear artery. Neuropeptide Y
appears to be colocalised with noradrenaline and adenosine 5'-triphosphate
in sympathetic nerves in the rabbit ear artery. Exogenous neuropeptide Y
inhibited the release of noradrenaline prejunctionally, as well as
potentiated contractile responses postjunctionally.

Plasticity of local control mechanisms in the rabbit ear artery was
examined following chronic cold exposure, which is known to increase
activity in sympathetic nerves. Preparations taken from young adult and
aged cold-stressed animals

showed that there was an age-related difference

in the ability of the sympathetic transmission to adapt to chronic cold
stress.
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Up to six weeks after exposure to a single dose of x-radiation,
damage to perivascular nerves, endothelial cells, smooth muscle cells and
fibroblasts were observed in the rabbit ear artery. The tissue content of
noradrenaline was reduced, but neuropeptide Y and calcitonin gene-related
peptide levels were unaltered. X-irradiation-induced changes in local
neural, endothelium-mediated and direct smooth muscle responses in the
rabbit ear artery are discussed.

Acrylamide poisoning did not alter the tissue content of
noradrenaline, neuropeptide Y or calcitonin gene-related peptide in the
rabbit ear artery. Although actions mediated by the peptides examined were
unaffected, sympathetic cotransmission as well as endothelium-dependent
relaxant responses were attenuated.
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PREFACE

lk

The rabbit central ear artery has been, and still is, a much used
isolated blood vessel preparation for the examination of vascular structure
and elucidation of vascular neuroeffector mechanisms (see Bevan, 1987 ). It
was shown that the rabbit central ear artery contains sympathetic
perivascular nerves (de la Lande and Head, 1967; Waterson and Smale, 1967 ).
and although the rabbit ear vascular bed was known to receive a sensory
input (Feldberg, 1926) the sensory perivascular innervation evaded
researchers (Holton and Holton, 195^; Holton, 1959; Grant and Thompson,
1963; Kalsner, 197^; Hume and Waterson, 1978). Consequently, by default,
this led researchers to believe that the innervation of this blood vessel
was "exclusively sympathetic" (Saito and Lee, 1987 ).

The 1980s saw several major advances: (1) in the field of
immunocytochernistry and immunohistochemistry, with the discovery and
localisation of numerous putative neuropeptides in the perivascular
innervation (see Polak and Bloom, I98 O; Wharton and Gulbenkian, 1987;
Dhital and Burnstock, 1989; Mione et al.t 1990)» (2) the recognition that
adenosine 5'-triphosphate is a sympathetic cotransmitter with noradrenaline
in perivascular sympathetic nerves (See Stj&rne, 1989; Burnstock, 1990b)
and (3) the identification and elucidation of vascular endothelium-mediated
factors and responses (see Liischer, 1988 ; Angus and Cocks, 1989 ). It was
during this time that

Morris and Bevan (1986 ) reported the localisation of

substance P-like immunoreactive, capsaicin-sensitive perivascular nerves in
the rabbit central ear artery and suggested that they may be sensory in
origin. Endothelial mediated responses were also reported to be of
importance in the rabbit central ear artery (Owen and Bevan, 1985;
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Verrechia et al., 1985; Illes and van Falkenhausen, 1986 ; Daly and Hieble,
1987 ; Griffith et al., 1988; Meehan et al., 1987* Hieble et al., 1989*

Wong-Dusting and Rand, 1989; Gonzales et al., 1990).

This thesis aims to further knowledge of the components of
innervation of the rabbit central ear artery with particular reference to
peptides in perivascular nerves, and to clarify the origin and possible
role of these endogenous neuropeptides. Changes in innervation and local
neural, endothelium-mediated, and direct smooth muscle responses due to
increased sympathetic activity by cold stress inducement, x-irradiation and
acrylamide poisoning are also examined.

The historical and current view of the local control of blood vessels
by perivascular nerves and endothelial cells, including a detailed account
of studies of the rabbit central ear artery is described in Chapter 1.
Long-term ("trophic") interactions amongst sympathetic and sensory
perivascular nerves, endothelial cells and their function are also
described in this introductory chapter, as well as a summary of the effect
of irradiation on the vasculature. All methods and materials used
throughout this thesis are described in Chapter 2.

The experimental results are presented in Chapters 3 to 10. These are
divided into two sections. The first section (Chapters 3“6) deals with the
localisation and pharmacological role of neuropeptides in the rabbit
central ear artery. The second section (Chapters 7_10) covers the effects
of increased sympathetic activity (cold stress) on the vascular
transmission, and the effects of physically (x-radiation) and chemically
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(acrylamide poisoning) induced pathological conditions on the structure and
function of perivascular nerves and endothelial cells in the rabbit central
ear artery. Each chapter has a short Introduction and Discussion specific
to the investigations conducted therein.

In the final chapter (Chapter 11), there is a more ’General
Discussion' as the findings of this thesis are discussed in relation to the
major role of the rabbit ear vasculature in cutaneous vasodilatation and
thermoregulation. Finally, the plasticity and/or adaptive capacity of the
neural and/or endothelial components of the rabbit central ear artery under
pathological conditions are speculated upon in light of the recent findings
in this thesis.
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CHAPTER 1

GENERAL INTRODUCTION
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1.1

HISTORICAL AND CURRENT VIEW OF VASCULAR NEUROEFFECTOR MECHANISMS

1.1.1

Structure of Blood Vessels

With the exception of capillaries, most blood vessels are composed of
three distinct layers; the tunica intima, tunica media and tunica
adventitia. The relative sizes of these layers vary depending on whether
the vessels are conduit or resistance, arteries or veins, (Burnstock, I98 O;
Rhodin, 1980).

The tunica intima is the innermost layer and is made up of a single
layer of squamous endothelial cells between which are tight junctions.
These cells are in direct contact with the contents within the lumen of the
blood vessel. Between the tunica intima and the tunica media is an internal
elastic lamina consisting of fibroblasts which synthesize and are embedded
in elastic fibres and collagenous bundles.

The tunica media is the middle layer and consists mainly of vascular
smooth muscle cells arranged in a circular or helical manner, amongst which
are elastic and collagenous fibres. This layer varies widely from being
several cell layers thick in arteries, to a monolayer in arterioles, and at
the level of the capillaries it is nonexistent. Very large, conduit
arteries often have a higher ratio of elastic fibres to vascular smooth
muscle cells in order to act as a shock-absorber, whereas smaller
resistance arteries have a predominance of vascular smooth muscle cells.
Vascular smooth muscle cells are 50-80 pm in length, approximately 3 Um in
diameter and possess "gap junctions" or "nexuses" which are specialized low
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resistance junctions between smooth muscle cells that permit electrotonic
coupling and spread of excitation amongst neighbouring cells (Burnstock et
al., 1980).

The tunica adventitia consists of a loose network of elastic and
collagenous tissue and fibroblasts. Within this connective tissue lies the
vasa vasorum i.e. the vascular system of blood vessels which provides
nourishment. Autonomic perivascular nerves are absent in capillaries,
however, they are found within this layer at the adventitial-medial border
in larger blood vessels (Burnstock, 1975)* The terminal portions of these
nerves have varicosities (1-2 pm in diameter), separated by intervaricose
regions (0.1-0.3 um in diameter), which are unmyelinated and free of
Schwann cells (Gabella, 1981). Varicosities contain high concentrations of
neurotransmitters which are released "en passage" during the conduction of
nerve impulses. Once released, the neurotransmitters traverse a junctional
cleft which in blood vessels is usually not less than 50 nm in densely
innervated muscular resistance arteries, and can be as large as 2000 nm in
large, elastic, conduit arteries (Burnstock, 1975)* Receptors with which
the released transmitters interact are situated on the postjunctional
membrane of the outer smooth muscle cells of the tunica media. This
interaction evokes a change in membrane potential which is consequently
spread electrotonically throughout the medial layer as previously
explained.
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1.1.2

lfultiplicity of Neurotransmliters

It was originally accepted that noradrenaline (NA) and acetylcholine
(ACh), were the only autonomic neurotransmitters involved in vascular
neurotransmission (Burnstock, 1975; Bevan et al., 1980). From the 1960s
onwards, however, there has been an overwhelming abundance of substances
discovered and proposed as putative autonomic neurotransmitters in the
vasculature. Morphological and functional studies have suggested monoamines
(e.g. 5"hydroxytryptamine (serotonin or 5_HT), dopamine); circulating or
locally produced vasoactive substances, including histamine, bradykinin,
angiotensin II, vasopressin, prostaglandins, prostacyclin and thromboxanes;
nucleosides and nucleotides (adenosine, adenosine 5*-triphosphate (ATP))
and numerous biologically active polypeptides including substance P (SP),
enkephalin/dynorphin, vasoactive intestinal polypeptide (VIP)/peptide
histidine isoleusine, gastrin-releasing peptide, somatostatin (SOM),
neurotensin, cholecystokinin/gastrin, neuropeptide Y (NPY)/avian pancreatic
polypeptide, galanin, adrenocorticotrophic hormone and calcitonin generelated peptide (CGRP) as putative neurotransmitters in perivascular nerves
(for reviews see Wharton and Gulbenkian, 1987; Dhital and Burnstock, 1989;
Mione et al., 1990)*
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Contransmission and Regulation of Blood Flaw by Perivascular Verves

1.1.3

1.1.3•1

Cotransmission

The idea of one-neurone, one-transmitter, described as "Dale's
Principle" (Eccles, 1957) was proposed by Sir Henry Dale who suggested that
the same transmitter may be acting both in the spinal cord and in the
peripheral terminals within primary afferent nerve fibres in the skin. This
proposal was accepted and remained unchallenged until the 1970s.

Even before Eccles (1957) coined the phrase "Dale Principle",
evidence began to gather in support of the concept of coexistence and
subsequently, cotransmission. Koelle (1955) identified acetylcholinesterase
in adrenergic neurons, and later Burn and Rand (1959) developed the idea of
a "cholinergic link" in adrenergic transmission. In addition, ATP was shown
to coexist with catecholamines initially in adrenal medullary chromaffin
cells (Hillarp et al,, 1955). and then in sympathetic nerves (Schumann,
1958)• The concepts that more than one substance may be localised within
one varicosity (coexistence), and moreover, that both these substances were
capable of being released, subsequently evoking a resultant action which
was Ca^+-dependent (cotransmission), were supported with subsequent studies
(Su et al,, 1971; Hill et al., 1976; Furschpan et al., 1976).

In 1976, Dale's Principle was questioned (Burnstock, 1976). Burnstock
suggested that some nerve cells may be capable of storing and releasing
*
more than one transmitter with particular reference to ATP and NA in the
autonomic nervous system. Coexistence and cotransmission now have
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considerable support, and are widely accepted (Cuello, 1982; Osborne, 1983;
Hokfelt et al., 1986 ; Campbell, 1987; Furness et al., 1989; Stj&rne, 1989;
Burnstock, 1990a)• Even though there are now numerous candidates for
putative transmitters involved in vascular neurotransmission, three general
combinations of coexisting transmitters have evolved, i.e. sympathetic (NA,
ATP, NPY); parasympathetic (ACh and VIP) and sensory-motor (SP, CGRP and
ATP) innervation.

As a general rule, when cotransmission occurs it is usually
synergistic thereby reinforcing the separate, but unified action of the
cotransmitters. NA and ATP have been reported to show this phenomenon in
the portal veins of rat and guinea-pig (Kennedy and Burnstock, 1985), and
in the rat mesenteric arterial bed (Ralevic and Burnstock, 1990). There are
cases, however, where cotransmitters have opposing actions on different
postjunctional effector cells, or depending on the tone of the effector
muscle (Morris et al., 1985; Burnstock, 1987 ).

1.1.3.2

Sympathetic Innervation

Sympathetic nerves which innervate blood vessels are long,
unmyelinated, postganglionic axons, which emerge from a chain of
sympathetic ganglia that run alongside the spinal cord. Organs in the
cervical and upper thoracic region (T1-T4), are innervated by
postganglionic neurones from the superior cervical (SCG), inferior cervical
and stellate ganglia. The region below T4 is supplied by prevertebral
ganglia (coeliac, superior mesenteric and hypogastric/inferior mesenteric
ganglia), and plexuses in the abdominal cavity.
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The main transmitter involved in sympathetic nerves supplying most
blood vessels is NA. Noradrenergic nerves were visualised using a
histochemical technique (Falck and Torp, I96 I; Lindvall and BjOrklund,
197*0. which revealed the pattern of distribution. Large elastic arteries
are sparsely innervated, but innervation increases with decreasing size
such that medium-sized resistance arteries or arterioles are densely
innervated. Capillaries are not innervated and most venules and small veins
and also sparsely innervated (See Burnstock et al., 1980). At the
ultrastructural level, noradrenergic profiles are described as small (40-60
nm), containing dense cores (Hume and Waterson, 1978)•

Adrenergic receptors have been characterised as a- and (5-receptors
(Ahlquist, 1948). Each has been further subdivided into
197*+) and (5^ and ^
Both

and

and ^

(Langer,

(Lands et al., 1967) based on pharmacological criteria.

receptors are found postjunctionally and are responsible for

mediating vasoconstriction in arteries and veins respectively. The latter
is also thought to be involved in vasodilatation in some vessels (Cocks and
Angus, 1983). and is known to prejunctionally inhibit the release of
sympathetic transmitter (Langer, 1981). ^2 * ^ut not &l receptors are found
on blood vessels and are known to enhance sympathetic transmitter release
(McGrath, 1982 ). A gamma receptor has been proposed (Hirst and Neild, 1980;
Hirst et al., 1982), but its existence and role remains controversial
(Bevan, 1984; Sneddon and Burnstock, 1984).

Using the method of quinacrine histofluorescence (Olson et al.,
1976), ATP has been localised in perivascular nerves (Burnstock et al.,
1984). At the ultrastructural level, large (80-200 nm), opaque profiles are
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thought to be purinergic (Burnstock, 1972), although ATP and NA are found
co-stored in both small and large granular vesicles in sympathetic nerve
terminals (Smith, 1979; Lagercrantz and Fried, 1982).

Purinergic receptors are divided into P^- and P2 ”Purinoceptors. P2 purinoceptors are further subdivided into F2T-’ ^2X- ’ ^2Y“ *

^2Z~

purinoceptors, although evidence is still being gathered in support of the
first and last of the these subtypes (Kennedy, 1990; Olsson and Pearson,
1990 ). P2x“PurinocePtors mediate vasoconstriction, whereas P^- and P2 Y”

purinoceptors, generally found on smooth muscle and endothelial cells
respectively, mediate vasodilatation. Recently, a P^-purinoceptor has been
proposed, but support for its existence and role is in its infancy
(Shinozuka et al., 1988 ).

NPY has been localised in the cardiovascular system (HSkfelt et al.,
1980; Lundberg et al., 1983; Ekblad et al., 1984; Edvinsson et al., 1987 ;
Lundberg et al., 1987; see Lehmann, 1990). Both chemical (Allen et al.,
1983; Lundberg et al., 1985. 1986

) and surgical (Edvinsson et al.,

1983; Ekblad et al., 1984; Uddman et al., 1985) selective denervation have
been used to show the sympathetic origin of NPY. Whilst NA and ATP are
colocalised in small dense-cored vesicles (StjSrne et al., 1986 ), NPY is
found in large dense-cored vesicles (80-90 nm) with NA and ATP (Wharton and
Gulbenkian, 1987; Miserez et al., 1988 ). NPY, however, is not always found
colocalised with NA, and there are NA-containing nerves which lack NPY-like
immunoreactivity (Morris et al., 1986; Gibbins et al., 1988 ), in the
cardiovascular system, as well as intrinsic (Hassall and Burnstock, 1987;
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James and Burnstock, 1988 ) and parasympathetic neurons (LeBlanc et al.,
1987; Kuwayama et al., 1988 ) which contain NPY-like immunoreactivity, but
not NA florescence.

Two receptor subtypes (Y-^ and Y2 ) have been proposed for NPY (Pernow
et al., 1986 ; Wahlestedt et al., 1986 ), and although it directly evokes
vasoconstriction in some vessels, including those of the heart (Allen et
al., 1983). brain (Hanko et al., 1986 ) and spleen (Lundberg et al., 1986 ),
NPY generally has little direct postjunctional action (Pernow et al., 1986 ;
Thorpe et al., 1987 ). It has been suggested that in the cases where NPY has
a direct postjunctional action on the vasculature, that the source of NPY
is from intrinsic neurons and not from the sympathetic nervous system
(Burnstock, 1987 ).

NPY, NA and ATP have been shown to coexist, and are released from
sympathetic nerves in varying proportions depending on the species and
blood vessel involved (Burnstock, 1986 ; Stj&rne et al., 1986 ). Whilst NA
and ATP act as cotransmitters, NPY, however, has mainly a neuromodulatory
role (Lundberg et al., 1985; see Potter, 1988 ).

Evidence for cotransmission of NA and ATP (i.e purinergic
cotransmission) has been reported in many blood vessels of various species
including rat tail artery (Sneddon and Burnstock, 1984; Vidal et al., 1986 ;
Bao et al., 1989 ). rat mesenteric artery (Yamamoto et al., 1988 ), rabbit
ear artery (REA) (Kennedy and Burnstock, 1985; Suzuki, 1985; Kennedy et
al., 1986 ; Saville and Burnstock, 1988 ), dog basilar artery (Muramatsu and
Kigoshi, 1987 ). rabbit mesenteric artery (Ishikawa, 1985; von Ktigelgen and
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Starke, 1985; Muramatsu, 1986; Ramme et al., 1987; Muir and Wardle, 1988 ;
Machaley et al., 1988 ; Bullock and Starke, 1990), rabbit pulmonary artery
(Katsuragi and Su, 1982 ), guinea-pig and rabbit saphenous artery (Holman
and Suprenant, 1980; Cheung and Fujioka, 1986 ; Burnstock and Warland, 1987;
Warland and Burnstock, 1987 ), dog mesenteric artery (Omote et al., 1989 );
rabbit hepatic artery (Brizzolara and Burnstock, 1990) and rabbit ileocolic
artery (Bullock and Starke, 1990).

Su (1975* 1978), using tritium-labelled adenosine, showed that both
ATP and NA could be released together from sympathetic nerves in the rabbit
aorta. Moreover, the intermittent release of single quanta of ATP
responsible for excitatory junction potentials (e.j.p.s.) has been
demonstrated in blood vessels (Astrand and Stj&rne, 1989)• In many of the
previously listed vessels, both mechanical and electrical responses to
perivascular sympathetic nerve stimulation are partially resistant to aadrenoceptor antagonists. In addition, desensitisation using a, (5-methylene
ATP (a,|5-mATP, a stable analog of ATP), or arylazido aminopropionyl-ATP
(ANAPP^, a P2 ”Purinoceptor antagonist) is known to block both these
mechanical and electrical responses respectively (see Burnstock, 1990b).

1.1.3.3

Parasympathetic Innervation

Parasympathetic postganglionic nerves are often short since the
ganglia from which they arise are situated in close proximity to their
effectors. Although parasympathetic nerves innervate tissues also
innervated by sympathetic nerves, certain tissues are not
parasympathetically innervated. These include sweat glands, spleen and many
blood vessels.
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Acetylcholine (ACh) is the main transmitter in postganglionic
parasympathetic nerves. Perivascular nerves which release ACh have been
shown to induce vasodilatation by acting via muscarinic M-^-receptors on the
vascular smooth muscle cells (feline posterior auricular artery, Brayden
and Bevan, 1985 ) and by acting prejunctionally to inhibit the release of NA
(Cohen et al., 1984). It was also discovered that in the presence of an
intact endothelial layer, ACh is capable of producing relaxation in blood
vessels via M-^- and P^-muscarinic receptors (Furchgott and Zawadzki, 1980;
Komori and Vanhoutte, 1990) (see Section .1.2).

Vasoactive intestinal polypeptide (VIP)-like immunoreactivity has
been found colocalised with ACh (Lundberg, 1981). In the vasculature, both
ACh and VIP are released from parasympathetic nerves in the salivary gland
to evoke vasodilatation, the latter acting synergistically on the release
and postjunctional action of ACh (Bloom and Edwards, 1980; Lundberg, 1981).

1.1.3•4

Sensory-motor Innervation

Antidromic vasodilatation was explained as being due to an "axon
reflex" whereby antidromic impulses pass along collaterals of primary
afferent sensory fibres inducing vasodilatation (Lewis, 1927). The identity
of the transmitters involved has

been aided by the use of capsaicin (8-

methyl-N-vanillyl-6-noneamide), a sensory neurotoxin which releases the
stored transmitter from sensory neurons, type C sensory fibres and sensorymotor perivascular nerve fibres (Holzer, 1988; Maggi and Meli, 1988 ;
Szolcsanyi, 1988 ; Kawasaki et al., 1990).
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Lembeck (1953) suggested that substance P (SP) might be the
transmitter in sensory neurones since it was found in high concentrations
in the ventral roots where the cell bodies of most sensory fibres are
located within the dorsal root ganglia. This suggestion has been supported
and numerous blood vessels have been shown to exhibit SP-like
immunoreactivity (SP-LI) (Jessel et al., 1978; Furness et al., 1982;
Wharton and Gulbenkian, 1987; Dhital and Burnstock, 1989; Mione et al.,
1990). The use of chemical and surgical selective denervation (see Maggi
and Meli, 1988 ; Dhital and Burnstock, 1989 ) supports the suggestion that SPlike immunoreactive perivascular fibres are probably sensory. Through
pharmacological characterisation (Regoli et al., 1987) and autoradiographic
localisation, there is also evidence for receptor sites for SP on arterial
walls (Stephenson et al., 1986). To date there are three subtypes of
neurokinin (NK) receptors (NK-1, NK-2 and NK-3) for SP. The first mediates
endothelium-dependent vasodilatation and is selective for SP. NK-2
receptors (selective to NK-A) mediate vasoconstriction and NK-3 (selective
to NK-B) mediate venoconstriction and increasing vascular permeability (see
Chahl, 1988; Regoli et al., 1990).

Calcitonin gene-related peptide (CGRP) is another peptide localised
in perivascular nerves, and there is strong support for its role as a
sensory transmitter (Lundberg et al.,1985; Terenghi et al., 1986; Holzer,
1988; Maggi and Meli, 1988 ; Kawasaki et al., 1990). Moreover, CGRP-like
immunoreactivity (CGRP-LI) and SP-LI have been shown to be colocalised
(Gibson et al., 1984; Lundberg et al., 1985; Uddman et al., 1985; Wharton
et al., 1986; Franco-Cereceda et al., 1987 ). Using colloidal gold
particles, it was shown that both CGRP- and SP-LI are found in the same
large granular vesicles (Gulbenkian et al., 1986). Both SP and CGRP have
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powerful vasodilator actions in blood vessels and can act synergistically
with each other (Benjamin et al., 1987; Brain and Williams, 1988). This
interaction might be involved in antidromic vasodilatation and neurogenic
inflammation (Foreman, 1987 a, 1987b; Szolcsanyi, 1988 ). There is therefore
strong evidence for SP and/or CGRP as cotransmitters in sensory
perivascular fibres. Recently, CGRP1 receptors have been localised in the
vasculature (Sigrist

et al., 1986 ; Donoso et al., 1990).

There is evidence that ATP may have a sensory role (Holton, 1959;
Jahr and Jessel, 1983 ), and that it coexists in the same large granular
vesicles with SP and CGRP (Gulbenkian et al., 1986 ). It has also been
suggested that ATP may be involved in axon-reflex vasodilatation
(Burnstock, 1977)*

1.1.3•5

Neuromodulation

Neuromodulation is concerned with the modification of
neurotransmission. Neuromodulators may be circulating neurohormones
(peptides), local agents e.g. prostanoids, bradykinin and histamine, or
neurotransmitter(s) released from the same or an adjacent nerve(s).
Modulators act either prejunctionally, to enhance or reduce the amount of
transmitter being released from the nerve varicosities, or postjunctionally
to alter either the extent or time course of the action of the transmitter
(Burnstock, 1990a).
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It is also possible for a transmitter to modify its own release,
often attenuating its own release by acting on a prejunctional receptor
(autoinhibition) (Burnstock et al., 1984; Sneddon and Burnstock, 1984). An
adjacent terminal may also be affected in an interaction termed "cross
talk" . This is known to occur between adrenergic and cholinergic
transmission, whereby each transmitter acts in opposition to the other on
the vascular smooth muscle, but also inhibits the release of each other
prejunctionally (Burnstock, 1987).

In the vasculature, in addition to postjunctional synergism often
associated with cotransmission (see Section 1.1.3), another neuromodulatory
mechanism recently described which causes enhancement of a unified
postjunctional action by two substances, involves the sensory-motor
innervation. Both SP and CGBP have been shown to prolong the duration and
hence the postjunctional action of each other by acting as a substrate for

■fekl

a single endopeptidase which deactivates either peptide (Wiesery-Hallin et
al., 1984; Le Greves et al., 1985; Brain and Williams, 1988).

1.2

ENDOTHELIUM-DEPENDENT VASCULAR CONTROL

The close proximity of the monolayer of squamous endothelium, (i.e.
in direct contact with the contents of the lumen of blood vessels), and its
plethora of metabolic functions suggest a significant role in local
vascular control. Preventing adherence of blood-borne cells (e.g.
erthyrocytes, leukocytes, monocytes and platelets) to the vascular wall;
synthesis, transport, uptake and exchanges of ions and substances between
blood and tissue (e.g. involved in blood clotting, haemostasis and
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capillary permeability); activation and inactivation of hormones and other
vasoactive plasma constituents; and more recently their importance in the
synthesis and release of vasoactive substances includes some of the ways in
which the endothelium could directly affect local blood flow and/or the
control of vascular tone. It should be noted, however, that endothelial
cells are by no means monomorphous, and it is not known whether those which
make up the various types of blood vessels are all the same or whether
differences exist (see Ryan, 1988).

This section will deal with the recently discovered endotheliumderived vasoactive substances (i.e. endothelium-derived relaxing factor(s)
(EDRF) and constrictor factor(s) (EDCF), the endothelium as a source of
vasoactive agents, and thetr involvement in local vascular control.

1.2.1

Endothelium-Derived Relaxing Factor(s)

The discovery that the vasodilator action of ACh on the isolated
blood vessel was dependent upon the presence of an intact and functional
endothelium (Furchgott and Zawadzki, 1980) led to a number of
investigations of other vasodilator agents. There is now a list of
vasodilators other than ACh, known to require an intact endothelium
including A23187, adenosine diphosphate, ATP, bradykinin, CGRP, histamine,
5-HT, SP, thrombin and vasopressin (for recent reviews see Johns et al.,
1988; Angus and Cocks, 1989)•
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It has been shown that hyperpolarization of smooth muscle cells is
not a prerequisite for endothelium-dependent relaxation by ACh (Furchgott,
1984), but that relaxant agents increase the activity of smooth muscle
guanylate cyclase with the subsequent production of cyclic 3'.5’-guanosine
monophosphate (cGMP), in a time- and concentration-dependent manner
(Holzmann, 1982; Rapoport and Murad, 1983; Miller et al., 1985). Moreover,
vasodilator agents (ACh, A23187 and histamine) have been shown to increase
the levels of cGMP only if the endothelium is intact (Rapoport and Murad,
owdi'vA.+w''
1983), and methylene blue, haemoglobin, and phospholipase A2/(inhibit the
effects of endothelium-derived relaxing factor(s) (EDRF) on smooth muscle,
by inhibiting cGMP (Holzmann, 1982; Rapoport and Murad, 1983; Clark and
Linden, 1986; Luscher et al., 1986).

The vascular endothelium synthesizes and releases EDRF which acts on
the smooth muscle to cause relaxation. Although extracellular Ca^+ is
crucial to evoke the release of EDRF, a number of mechanisms may be
involved. The basal release of EDRF may involve an unregulated leak of Ca^+
into the cells due to a finite Ca^+ permeability of biological membranes.
Agonist-evoked Ca^+ influx through receptor-operated channels, and the
replacement of intracellular Ca^+ stores from extracellular Ca^+ may also
be involved (Johns et al., 1988).

Although the identification of EDRF has been hampered by its short
half-life (6 s) (see Luscher, 1988), nitric oxide (NO) is thought to be the
main contender (Ignarro et al., 1986; Angus and Cocks, 1989). with 1arginine as its proposed precursor (Rees et al., 1989). An endotheliumderived hyperpolarizing factor (EDHF) has also been found to be released
from rat aorta and pulmonary arteries induced by ACh (Chen et al., 1988),
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which explains the hyperpolarization of vascular smooth muscle cells
(Feletou and Vanhoutte, 1986) originally thought to perhaps be an
epiphenomenon (Johns et al., 1988).

1.2.2

Endothelium-Derived Contracting Factors

The vascular endothelium also synthesizes and releases a contracting
factor(s) (EDCF), the chemical composition of which is still uncertain, and
may vary depending on the mode of stimulation (Rubanyi and Vanhoutte, 1985;
Miller and Vanhoutte, 1985; Katusic et al.t 1987). There are presently
three different classes of proposed endothelium-derived contracting
factors: (1] metabolites of arachidonic acid, (2) a polypeptide-like
factor(s)^and (3) an unidentified diffusable factor(s). The phenomenon of
endothelium-derived vasoconstriction is heteroger^pus with regard

to the

species, type of blood vessel, agonists and experimental conditions under
which investigations are performed, and the chemical nature of the EDCF
involved (Rubanyi, 1988).

Endothelial cells are a major source of arachidonic acid and contain
all three pathways of its metabolism. Intermediate and end-product
metabolites of these pathways have been shown to have vasoactive ability,
with endothelium-dependent contractions being mediated by cyclooxygenase
and lipoxygenase products of this fatty acid (Miller and Vanhoutte, 1985).
This group of endothelium-derived contracting factors are termed EDCF-^ in
r

order to differentiate them from other mediators, and are shown to be
involved in contractions induced by exogenous arachidonic acid,
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Recently, at least three subtypes of receptors for endothelin have been
identified which mediate vasoconstriction as well as vasodilatation (Jones
et al., 1991; Sokolovsky, 1991)*

acetylcholine (Luscher and Vanhoutte, 1986), increased extracellular
potassium (Katusic et al., 1985) and by stretch-induced contractions
(Katusic et al., 1986).

Cultured endothelial cells have also been shown to produce a
vasoconstrictor polypeptide which was unaffected by inhibitors of
adrenergic, muscarinic, serotoninergic and histaminergic receptors (O’Brien
and McMurty, 1984). Recently characterised and named ’’endothelin”,
(Yanagisawa et al., 1988), it is classified as EDCF2 (Rubanyi, 1988 ).
The vasoconstriction induced by endothelin, due to its slow onset and
incomplete relaxation to baseline suggests that cellular mechanisms may be
involved (De Mey and Vanhoutte, 1983; Rubanyi and Vanhoutte, 1985)*^

Anoxia/hypoxia induces the release of an unidentified diffusable
vasoconstrictor factor (EDCF^) from endothelial cells which either
facilitates the direct action of anoxia, or evokes vasoconstriction
(Rubanyi and Vanhoutte, 1985)• This endothelium-dependent vasoconstriction
was resistant to arachidonic acid metabolic inhibitors, as well as those of
NA, ACh, histamine, 5“HT. adenine nucleotide or free oxygen radicals
(Rubanyi and Vanhoutte, 1985 ). The chemical nature of EDCF^ therefore
remains undetermined.

Whether the mechanism of action involves chronic release of EDCF(s)
which then either augments or allow vascular smooth muscle contractile
action to various stimuli (agonists, stretch and anoxia), or that the
latter stimulants induce the production of EDCF(s) which evoke
vasoconstriction is still to be determined. It is known, however, that
removal of extracellular Ca^+ and/or use of Ca^+-channel blockers prevent
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the endothelium-dependent vasocontraction in various blood vessels. This
suggests that the influx of Ca^+ is essential for synthesis and/or release
of the vasoconstrictor factors, and/or the factors activate contraction by
enhancing Ca^+ influx into the vascular smooth muscle (see Rubanyi, 1988 ).

1.2.3

Other Vasoactive Agents Vithin the Endothelium

Prostanoids do not exhibit endothelium-dependent vascular responses,
but the endothelium is a source of these substances, and some do have a
vasoactive capacity. Prostacyclin is an unstable derivative of
prostaglandin endoperoxides which is transformed into a potent vasodilator
and platelet aggregation inhibitor (Moncada et al., 1976), and is produced
by both endothelial and smooth muscle cells (see Ltischer, 1988 ). It is
released by shear stress, hypoxia and receptor-operated mechanisms. Both
prostaglandin F2 a and thromboxane A2 are potent vasoconstrictors, the
latter being released from aggregating platelets (Moncada and Vane, 1979*
Ltischer and Vanhoutte, 1986 ).

Recent reports suggest that there might be a renin-angiotensin system
in the vascular wall. Renin may be taken up and activated by endothelial
cells, or be internally synthesized (Re et al., 1982; Lilly et al., 1985)•
Angiotensin I, II, and III and the angiotensin-converting enzyme are
localised in the endothelium (Kifor and Dzau, 1987)* Vasoactive angiotensin
II may therefore be produced within the endothelium and act directly on the
vascular smooth muscle, and on prejunctional receptors to increase release
of the adrenergic transmitter and inhibit its reuptake (Vanhoutte and
Luscher, 1987 ).
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Histamine can be produced from endothelial cells as well as vascular
smooth muscle cells or mast cells adjacent to the endothelium. Histamine
synthesis is regulated by changes in blood flow and pressure (De Forrest
and Hollis, 1978). Depending on the presence of H2 - contractile receptors
or H-j^-histaminergic relaxant receptors located on the endothelium,
histamine may influence local vascular tone.

The capacity of endothelial cells to contain vasoactive substances
was initially shown in rat pial vessels (Parnavelas et al., 1985 ). when
choline acetyl transferase was localised electronmicroscopically,
indicating the presence of ACh. Since then endothelial cells have been
shown to be a source of angiotensin (Kifor and Dzau, 1987 ); ATP (Nees and
Gerlach, 1983); SP and 5"HT (Loesch and Burnstock, 1988 ).

The endothelium therefore has a wealth of vasoactive substances at
its disposal which it produces, stores, releases, regulates, activates or
inactivates which can affect the vascular smooth muscle tone in combination
with neural mechanisms.

1.3

THE RABBIT EAR ARTERY PREPARATION

1.3.1

Sympathetic Innervation

Adrenaline was the first candidate for the sympathetic transmitter in
the rabbit ear artery (REA) (Gaddum and Kwiatkowski, 1939). but later
Outschoorn (1952) claimed, and subsequently it was confirmed (de la Lande
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and Head, 1967; Head et al., 1977; Head and Berkowitz, 1979). that it was a
mixture of both adrenaline and noradrenaline (NA), with the former in a
lesser quantity. Histochemical evidence available at the time favoured NA
as the transmitter (de la Lande et al., 1967; Waterson and Smale, 1967 ).
and it was argued that given the vasoconstrictor potencies of both
adrenaline and NA were about equal (de la Lande and Rand, I965 K

that any

adrenaline present in the sympathetic nerves would have a very minor
vasoconstrictor effect.

The modified histochemical technique of Falck (1962) and Malmfors
(1965 ) showed the presence of NA in the REA in adrenergic nerve terminals
confined to the adventitial-medial border (Waterson and Smale, 1967 ). It
was suggested that the dense noradrenergic supply correlated with the
vessel's high sensitivity to periarterial sympathetic nerve stimulation may
be involved in the control of blood flow through the ear of the rabbit
(Waterson and Smale, 1967 ). It was accepted, therefore, that the REA was
indeed heavily innervated by sympathetic noradrenergic, axons (Bevan et
al., 1972, 1980; Burnstock and Costa, 1975)*

The varicosity density in the adrenergic innervation at the medialadventitial junction is 10,561 ± 484 varicosities per mm
end and 6,537 ± 628 varicosities per mm

at the proximal

at the distal end, with an overall

mean varicosity diameter throughout the length of the vessel of 3 «7
Based upon several assumptions generally made in these cases, the amount of
NA per varicosity at the proximal end of the artery is 2.8 x 10“14 g and
distally, 1.2 x 10

-l4

g. The nerve endings are 0.5 um from the smooth

muscle cells at the shortest distance (Griffith et al., 1982).

38

1 .3.2

Parasympathetic Innervation

It was initially thought that ACh (Feldberg, 1926) and histamine
(Kwiatkowski, 19^3) were the transmitters involved in the parasympathetic
innervation of the REA. These suggestions were refuted, however, on the
grounds that at the time, ACh was thought to be stable in blood, histamine
induced vasodilation in the REA under conditions in which it would normally
induce vasoconstriction, and antidromically induced vasodilatation was
atropine-, and mepyramine-resistant (histamine H-^ receptor blocker) (Holton
and Perry, 1951). Moreover, eserine (an acetylcholinesterase inhibitor) did
not potentiate the vasodilatation, but actually depressed the response.
Finally, the presence of the transmitter was not detected in the blood
after periarterial stimulation. Based upon this information, the suggestion
that ACh and/or histamine was the transmitter in the REA was refuted
(Holton and Perry, 1951). The question of a cholinergic mechanism in the
REA remained unresolved (Waterson et al., 1970), until Hume and Waterson
(1978 ) showed that cholinesterase activity was weak, and stated that there
were no cholinergic axons and no evidence for cholinergic innervation. This
was further supported by the finding that there was an absence of choline
acetyltransferase in sympathetically denervated versus control arteries,
indicating that the REA had no detectable capacity to synthesize ACh
(Florence et al.t 1981 ).
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1 .3.3

Sensory Innervation

Feldberg (1926) showed that dilatation of the ear vasculature
occurred upon antidromic stimulation of sensory nerves arising from the
second and third cervical dorsal roots, the trigeminal and vagus nerves. In
addition, he stated that each of the four sensory nerves to the ear also
contained efferent vasomotor fibres.

Holton and Holton (195*0 and Holton (1959) later reported evidence of
the release of ATP from sensory endings and they proposed ATP as a strong
candidate for the role of the vasodilatory transmitter in the rabbit ear
vascular bed. Morphological studies, however, cast doubt on the presence of
perivascular sensory nerves (Grant and Thompson, 1963).

This suggestion was later re-examined by Kalsner (197*0 who, using
the isolated and perfused REA reported that ATP, adenosine diphosphate and
adenosine monophosphate only induced weak vasodilatation in the partially
constricted artery, and concluded that the concentrations of ATP, adenosine
diphosphate and adenosine monophosphate needed to induce a vasodilatory
response (0.3_10 pg.ml"-*-) were too high. He further argued that a moderate
_i
dose of reserpine (0.2-0.5 mg.kg ), known to eliminate the
vasoconstriction, but not the vasodilatation in the REA eliminated the
vasodilatory response, but did not appear to deplete the large opaque
vesicles believed to be representative of purinergic nerves (Burnstock,
1972). Kalsner (197*0 therefore concluded that the involvement of purine
nucleotides in the vasodilatory mechanism of the REA appeared to be
unlikely.
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This situation remained unresolved until SP-LI was found present at
all levels of the rabbit ear vasculature (Morris and Bevan, 1986). The
overall innervation appeared to be a sparse plexus with the arteries and
veins having only one main SP-like immunoreactive perivascular fibre
*
supping its needs. Moreover, it was shown that both chemical (6hydroxydopamine) and surgical (removal of the superior cervical ganglion)
sympathectomy, had no effect on the SP-LI in the REA. In addition,
capsaicin treatment, resulted in the substantial loss of SP-LI, but not NA
fluorescence. The authors therefore argued that since the major effect of
capsaicin was restricted to sensory neurons,

SP was likely to have a

sensory role. Nevertheless, based on evidence previously mentioned, and a
further morphological study unsuccessful in finding sensory axon profiles
(Hume and Waterson, 1978), it was generally accepted that the REA received
sympathetic nerves exclusively (Saito and Lee, 1987 ).

1.3.4

Cotransmission: The Bole of Adenosine 5 ' Triphosphate

Soon after the suggestion that ATP, released from sensory
periarterial nerves of the rabbit ear vasculature, was responsible for
mediating vasodilatation was refuted (Kalsner 1972, 1974), evidence was put
forward for ATP as a cotransmitter in the REA along with NA (Head et al.,
1977). Head et al. (1977) colocalised ATP with NA in noradrenergic storage
vesicles, although there was also evidence of non-neuronal storage of ATP.

It was subsequently demonstrated that perivascular nerve stimulation
in the REA had at least two components mediating vasoconstriction: (i) a
prazosin-sensitive component, and (ii) and a prazosin-resistant component
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(Holman and Suprenant, 1980). The second component was identified by
Kennedy et al. (1986) who found that it was selectively inhibited by a,|5mATP, and therefore probably purinergic. They further revealed that the
percentage contribution of this component was dependent upon the
stimulation parameters (at 2 Hz, it is 60#, at 100 Hz, it is only 18%).
They had previously shown that both adenosine and ATP could elicit
vasodilatation via P-^-purinoceptors on the smooth muscle and on endothelial
cells of the REA (Kennedy and Burnstock, 1985 ). P2 "purinoceptors, however,
were located only on the smooth muscle and mediated vasoconstriction. In
addition, they postulated that the excitatory P2 _purinoceptor on the smooth
muscle of the REA may be involved in cotransmission between ATP and NA from
sympathetic periarterial nerves.

These results were further supported by Miyahara and Suzuki (1987 )
investigating the effects of ATP on noradrenergic transmission in the REA
by recording the electrical responses of the smooth muscle cell membrane
and by measuring the release of NA. They showed that ATP had excitatory
actions on both pre- and postjunctional membranes i.e. increased
transmitter release and depolarized the smooth muscle membrane,
respectively. They suggested that the ATP-induced increase in the release
of NA may be due to the generation of neural potentials. In addition, their
results showed that excitatory junction potentials (e.j.p.s) were generated
by the action of ATP released together with NA from the periarterial
nerves. Previously, however, it had been suggested that in the REA, field
stimulation-evoked e.j.p.s, and action potentials played no detectable role
in the contractile response (Allcorn et al., 1985 ).
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The original proposition based on biochemical evidence from Head et
al, (1977)* that ATP appeared to be a cotransmitter in the REA is therefore
supported pharmacologically (Kennedy and Burnstock, 1985; Kennedy et al,,
1986) and electrophysiologically (Miyahara and Suzuki, 1987 ). There is
therefore ample evidence that ATP is a cotransmitter along with NA in the
sympathetic nerves of the REA.

1.3*5

The Bole of the Endothelium

There is now substantial evidence for endothelium-derived factors
which either enhance or inhibit the contractile responsiveness of the REA,
induced by nerve- and/or drug-mediated mechanisms in the REA.

The first report of endothelium-dependent vasodilatation in the REA
was published by Owen and Bevan (1985 ) who showed that the REA and other
rabbit ear resistance vessels, preconstricted with histamine, were relaxed
by ACh. Moreover, they showed that the relaxation was antagonized by
atropine and/or endothelium removal. The effect of an EDRF inhibiting the
NA-induced vasoconstrictor responses of the REA was also shown by Verrechia
et al. (1985).

SP was shown to depress nerve stimulation-evoked vasoconstriction in
the REA via a receptor-mediated mechanism which was endothelium-dependent
(Illes and van Falkenhausen, 1986 ). Moreover, this inhibitory action was
not affected by a mixture of antagonists against ACh, NA, histamine, 5"HT
and prostaglandins. The authors therefore proposed that the SP inhibitory

^3

effect may be mediated by an endothelium-derived substance, which altered
the smooth muscle contractility, since contractile responses to NA and
histamine were also inhibited by SP to a similar extent.

Although Daly and Hieble (1987 ) showed that responses to electrical
field stimulation (EFS)-evoked contractions were unaffected by the presence
or absence of endothelium, they reported that NPY produced a concentrationdependent potentiation of contractile responses induced by both NA and EFS,
which was markedly reduced in endothelium-denuded REA preparations (Daly
and Hieble, 1987; Hieble et al., 1989)• These investigators proposed that
NPY could be producing its potentiating effects via endothelin which is
known to act by enhancing the mobilisation of an intracellular Ca^+ pool.

Meehan et al. (1987 ) examined the influence of the endothelium on the
potentiating effect of 5“HT on contractile responses evoked by EFS and NA.
This study confirmed the findings of an increase in NA-induced (Verrechia
et al., 1985 )» but not EFS-evoked (Daly and Hieble, 1987) vasoconstriction

after removal of the endothelium in the REA, and the authors attributed the
enhancing effect to the loss of EDRF. In addition, a subthreshold
concentration of 5"HT enhanced the NA-induced, but not the EFS-evoked
contractile responses in the presence of the endothelium. It was suggested
that EFS-induced vasoconstriction was unaffected by endothelium removal
because of the spatial separation between the smooth muscle cells activated
by the transmitter and the endothelium.
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Griffith et al. (1987) initially showed that EDRF inhibited the
myogenic tone of REA preparations. In contrast, in a subsequent
publication, they showed that vasoconstrictor responses to 5“HT were
doubled in the same preparation in the presence of haemoglobin (1 pM)
(Griffith et al., 1988 ). The apparent discrepancy was thought to be due to
the overriding capacity of the smooth muscle responsiveness over the
activity of EDRF under these experimental conditions. In addition, dilator
effects to both ACh and SP were shown to be mediated by EDRF in the REA
(Griffith et al., 1988 ), since they were abolished by 1 pM haemoglobin. The
initial findings of Illes and van Falkenhausen (1986) were therefore shown
to be dependent on the release of EDRF from REA endothelial cells.

In contrast to previous reports (Daly and Hieble, 1987; Meehan et
al., 1987 ) it was recently reported that removal of endothelial cells in
the REA significantly enhanced EFS-induced contractions, and that the
effect was mediated by an a-adrenoceptor located on the endothelium
(Gonz&les et al., 1990). In was concluded that EDRF was the vasodilator
involved since the inhibitory effect of the endothelium was not affected by
indomethacin (a prostacyclin inhibitor), but was abolished by haemoglobin.

There is therefore irrefutable evidence for the presence of a
functional EDRF mechanism in the REA, and that both ACh and SP induce
endothelium-dependent vasodilatation in this preparation. Moreover, the
basal release of EDRF is enough to inhibit the contractile action of NA, as
well as the enhancing capacity of 5“HT on NA-induced contractions. Whether
EDRF affects neurogenic responses or not in this preparation, is yet to be
resolved given the conflicting evidence to date.
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The suggestion by Hieble et al. (1989) that endothelin (EDCF2 )
mediates the potentiation induced by NPY on EFS- and NA-induced
vasoconstriction, is also in doubt. Wong-Dusting and Rand (1989)* showed
that although endothelin increased the stimulation-induced release of NA,
it postjunctionally inhibited responses evoked by EFS and exogenous NA,
therefore the vasoconstrictor responses to stimulation were not enhanced.
They postulated that the enhancing blockade may be due to an interaction of
the mechanisms mediating the direct vasoconstrictor response to endothelin
with those that are normally activated by a-adrenoceptor agonists.

In addition, it was recently reported that endothelin did not have
any direct effect on the REA except at high doses where it caused
"paradoxical dilatation" (Randall et al., 1990). These actions of
endothelin, therefore, directly oppose those of NPY in the REA.
Nevertheless, the evidence in the REA to date, clearly indicates that
endothelium-derived substances capable of inducing enhancing and/or
depressing actions are important when considering both basal and active
vasomotor control in the REA.

1.4

1.4.1

PLASTICITY OF VASCULAR NEUROTRANSMISSION

Trophic Interactions

The interaction of nerves and muscle (skeletal or smooth) whereby
substances, including neurotransmitters, neuromodulators and neurohormones
released from either source may have a long-term ("trophic") influence
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regarding the development, maintenance and repair of these systems has been
the subject of much research. Perhaps the most widely known of these
trophic factors is the sympathetic nerve growth factor (NGF), which is one
of a family of growth factors shown to be involved in the growth and
survival of sympathetic and sensory neurons (Levi-Montalcini and Angeletti,
1963 *
, 1968; Thoenen and Barde, 1980).

Although neuronal/skeletal muscle models were initially investigated (for
review see Thesleff, i960 ), autonomic, and more specifically vascular
smooth muscle systems followed (Bevan, 1975; Aprigliano and Hermsmeyer,
1977; Fronek, 1981; Burnstock, 1982a, 1982b,

; Rusterholz and Mueller,

1982; Kessler et al ., 1983; Mueller and Rusterholz, 1983; Branco et al.,
1984; Todd, 1986; Bevan, 1987 ).

The sympathetic nervous system has been shown to have trophic
influences on vascular smooth muscle cells electrophysiologically (altering
the membrane depolarization on smooth muscle cells; Aprigliano and
Hermsmeyer, 1977); anatomically (altering the arterial wall composition;
Bevan, 1975; Fronek, I98 I; Branco et al., 1984; Bevan, 1987 ); and
pharmacologically (altering the postjunctional sensitivity to NA; Bevan,
1975; Aprigliano, 1983)* Recently, purine agonists, but not noradrenaline,
have been shown to prevent trophic changes caused by sympathetic
denervation (Albino-Teixeira et al., 1990). This finding is compatible with
the idea of sympathetic involvement since sympathetic nerves are known to
contain ATP as a cotransmitter which is released, and has a postjunctional
effect upon electrical stimulation (see Burnstock, 1990b). Moreover, the
authors suggest that the effect may be receptor-mediated, either directly
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by acting on A£ receptors (a subclass of P^-purinoceptor), or via a second
trophic factor released by the action of adenosine (Albino-Teixeira et al.,
1990).

There is now abundant evidence that neuropeptides (including opiates
and endorphins, VIP, SP, somatostatin (SOM), vasopressin, angiotensin and
numerous others), may also act as trophic factors (for recent reviews see
Zachary et al., 1987; Woll and Rozengurt, 1989)• SP- (Cole et al., 1983;
Kessler et al., 1983; Galligan et al., 1988) and CGRP-containing (Aberdeen
et al., 1990 ) sensory fibres have been shown to increase after
sympathectomy. NGF has also been shown to be involved in the regulation of
SP and CGRP levels (Lindsay et al., 1989 ).

It is worth noting that it has been suggested that the role of SP, if
not as a neurotransmitter, might be that of a trophic factor (Wall and
Fitzgerald, 1982 ). Since the physiological role of SP in the REA is under
question (Illes and van Falkenhausen, 1986 ), this role may be a plausible
alternative.

1.4.2

Plasticity and the Babbit Ear Vasculature

The vasculature of the rabbit’s ear was thought to be innervated
mainly, if not exclusively by a dense distribution of sympathetic nerves
(Hume and Waterson, 1978; Saito and Lee, 1987 ) which made it a prime
candidate for examining trophic influence(s) of sympathetic nerves (Bevan,
1975; Bevan and Tsuru, 1979. 1981; Rusterholz and Mueller, 1982; Mueller
and Rusterholz, 1983; Branco et al., 1984).
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Most studies performed using this preparation involved surgical
chronic (at least 2 weeks) sympathetic denervation. Structural and
functional changes such as increases in arterio-venous anastomoses,
reduction in the lumen diameter, cross-sectional area of the media, and
wall/lumen ratio (Bevan and Tsuru, 1980), a reduced number of smooth muscle
cells in the tunica media (Bevan and Tsuru, 1979) and a decrease in
vascular resistance (Rusterholz and Mueller, 1982 ) and diminution of
contractility (Bevan and Tsuru, 1979). were found, and some of these
changes were reported to be greater the younger the animal after chronic
denervation.

Other functional changes following chronic sympathectomy in young
rabbits include impairment of the endothelium-dependent relaxation mediated
by ACh in the REA without a change in the integrity of the smooth muscle
for relaxation (Mangiarua and Bevan, 1986 ). It has also recently been
reported that chronically decentralized nerve endings in the REA become
supersensitive to transmural nerve stimulation and release more
neurotransmitter at low frequencies of stimulation (Tsuru, 1990).

These findings suggest that sympathetic nerves have some trophic
influence on the anatomical and functional development of the vascular wall
of the REA. It is not known whether the changes are mediated through the aor p-adrenoceptors on the smooth muscle cells (Bevan, 1975). or through the
loss of a trophic factor (Bevan and Tsuru, 1981) or through substances
released by degenerating nerve terminals (Bevan, 1987 ). It is interesting
to note, however, that a reversal of some of the trophic influences of
sympathetic nerves were observed by inducing coarctation hypertension

^9

(Mueller and Rusterholz, 1983)• Moreover, it was found that the maximal
vasoconstrictor response was enhanced above that of normotensive animals,
and it was suggested that smooth muscle alterations in coarctation
hypertension were not influenced by sympathetic nerves.

1.5

VASCULAR RESPONSE TO RADIATION EXPOSURE

1.5.1

Historical Background

The potential damage to surrounding tissue by therapeutic doses of
ionizing radiation were recognised but believed to be secondary to the death of
radiation-treated tumour tissue (Warren, 1942). With the publication of
fatal cases describing spontaneous rupture of large blood vessels (Cade,
1940; cited in Warren, 1942) investigations endeavoured to elucidate the
mechanism of the vascular rupture (see Fajardo and Lee, 1975)*

Rigdon and Curl (1943) suggested the idea of chemical mediation of
radiated vascular damage, but Moseley et al . (1952) found no evidence for a
toxic circulating humoral agent. It was later shown that the primary effect
of irradiation was on the endothelial cells of the vasculature (Steamer
and Sanderson, 1969; Hurley et al ., 1969; Fajardo, 1989 b). Radiationinduced vascular damage is often not apparent until some 12-14 months after
radiation treatment. This was described as being a result of the death and
slow turnover of endothelial cells (Hopewell, 197*0*
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By 1977. Martins et al. had postulated a sequence of events caused by
irradiation with the primary site of injury at the endothelial cell, and
ending with oedema, haemorrhage and necrosis. The mechanism of late
radiation injury, however, is still unknown, but the present hypotheses
include vascular injury (Casarett, 1980); damage to non-cellular connective
tissue elements (Withers et al., 1980), and a combination of the two
(Rosen, 1985)•

1.5.2

Current Concepts of Radiation-Induced Vascular Injury

Changes which occur in blood vessels after radiation exposure are
dependent upon physical and biological factors. The former includes the
type of radiation (x-rays, $-rays, mega-electron voltage, accelerated aparticles), the total dosage and dose-rate at which it is administered (the
larger the dose and dose-rate, the greater the effect), the fraction size
and duration of the intervals between fractions (treatment is often given
as a series of fractions in cancer radiotherapy to try to reduce damage to
normal tissue), and the time after exposure.

Biological factors involved include the type and size of blood
vessel, as well as the flow rate within the vessel. Florey (1970) showed
that different vascular tissues would react differently in varying vascular
beds or anatomical locations.

There are no pathological changes specific to radiation-induced
damage (see Fajardo and Berthrong, 1988 ; Reinhold et al., 1990). The
alterations observed, however, are characteristic enough to be recognised
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as being radiation-induced. Moreover, radiation-induced damage is not
uniform and continuous along the length of a blood vessel (Rubin and
Casarett, 1968).

Although radiation-induced vascular damage may be divided into early,
intermediate and late changes, the transitions between these stages are
gradual and therefore these divisions are arbitrary (Law, 1931; Altman and
Gerber, 1983 ). Generally, however, early (acute) effects occcur within
hours after exposure and are mainly due to an increase in permeability.
Intermediate changes occur within days or weeks and are caused by the
disturbance of cell renewal, and late delayed (chronic) changes occur
months or years after irradiation, and are characterised by vascular
lesions.

Structural changes to human and animal vasculature after exposure to
single or fractionated dose regimes at therapeutic levels have been
extensively reviewed by various authors (Law, 1981; Altman and Gerber,
1983; Hopewell et al., 1986 ; Fajardo and Berthrong, 1988 ; Reinhold et al.,
1990). Essentially, small blood vessels such as capillaries and sinusoids
are more radiosensitive than larger blood vessels, and arteries are more
radiosensitive than veins.

Capillary loss is usually permanent and replaced by a collagen scar.
Those capillaries that survive may show signs of trauma such as a thickened
basement membrane and/or thrombi, after an

initial period of dilatation

which may be exhibited as a reddish skin colour (telangiectasias) which is
not specific to radiation damage.
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Although delayed arteriolar damage is probably quite common because
of the thin walls of the vessel, it is not detected as often as in larger
arteries. The injuries observed often include subendothelial fibrosis,
adventitial fibrosis and partial or total replacement of the media by
hyaline. Occasionally, the presence of lipid-laden histiocytes (foam cells)
or myofibroblasts appear beneath the endothelial cells as is observed is
atherosclerosis. In large arteries, severe lesions such as rupture may
occur and these are sometimes fatal because of the vital tissue(s) served
by these arteries. Thrombosis in large arteries may lead to ischaemia
and/or infarcts.

Veins often exhibit pre-radiation pathological changes, but
radiation-induced lesions are characterised by intimal fibrosis, some
medial fibrosis and occasional occlusion of the lumen. Occlusion is often
due to deposition of fine collagen fibrils in the lumen forming a network
which traps red blood cells (veno-occlusive disease, seen mainly in humans,
but not animals). This is sometimes followed by necrosis.

1.5*3

Investigations Involving the Babbit Ear Vasculature

The finding that irradiation had a direct effect on the vasculature,
and that there was no evidence for a toxic circulating humoral agent was
obtained using the rabbit ear vasculature (Moseley et al.t 1952). Gerstner
et al. (1955 ) reported an immediate radiation-induced, dose-dependent
transitory reduction of flow rate. They stated that since peripheral nerves
were radioresistant tissues, they favoured either a direct effect of
radiation on the contractile components of the vascular bed, or changes
induced by formation of vasoactive substances in the ear.
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In the early phase after radiation exposure, both vasodilatation and
increased permeability were demonstrated using radioisotope tracer
techniques on a small field in the rabbit's ear (Mount and Bruce, 1964).
Dimitrievich et al. (1977) observed proliferation of intimal and subintimal cells, in addition to swelling of endothelial cells in the
microvasculature of the rabbit's ear.

Narayan and Cliff (1982) using the rabbit ear vascular bed found the
formation of bundles of fibrils which gave way to granular electron-lucent
cells bound by plasma membranes that eventually disappeared 8 weeks after
irradiation. Arrhythmic contractions and decreased blood flow also
persisted for up to 6 weeks postirradiation. Radiation therefore affects
the rabbit ear vasculature structurally and functionally by altering its
vasomotive abilities and blood flow.
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CHAPTER 2

METHODS AND MATERIALS
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There were no obvious histological or pharmacological differences between
preparations from animals killed by stunning compared to those killed by an
overdose of sodium pentobarbitone.

2.1

GENERAL

Animals were killed either by stunning with a blow to the back of the
head or by an overdose of sodium pentobarbitone (Sagatal, 300 mg), followed
by exsanguination.^The entire REA was dissected from the ear and divided
into specific portions for the various investigations to be carried out.
The proximal 20 mm of the REA from the base of the ear (where the main
venous branch crosses over the REA) was used for pharmacological
investigations, since this region responds comparatively better than distal
regions for this purpose (de la Lande and Waterson, 1968; Griffith et al.,
1982; Owens et al., 1983). Of the remaining segment, 15~30 mm of the middle
portion of the REA was used for histochemistry, light and electron
microscopy and biochemical assays. The investigations were always performed
on identical segments for each experimental project, since regional
differences have been reported along the length of the vessel (Griffith et
al., 1982 ). Dissected segments were placed either in aerated (95% O2 and 5%
CO2 ) Krebs’ solution of the following composition (mM): NaCl 133. KC1 4.7.
NaHPO/j 1,35. NaHCO^ 16.3, MgSCty 0.61, glucose 7-8 and CaCl2 2.52 (BUlbring,
1953). or Hanks' solution composed of Hanks' Balanced Salts Solution
(concentrated X10) buffered with sodium bicarbonate (O.63 M).
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2.2

BIOCHEMICAL ASSAYS

After removal of adipose and connective tissue, segments of the REA
were immediately frozen in liquid nitrogen until assay. At the time of
assay, measurements of length and weight of the segments were taken.

2.2.1

noradrenaline Assay

Arteries were homogenised in 500 yl of 0.1 M perchloric acid
containing 0 A mM sodium bisulphite and 12.5 ng dihydroxybenzylamine (DHBA)
using a motor-driven glass-glass homogenizer. Following low-speed
centrifugation, the supernatant was subjected to alumina extraction (Keller
et al., 1976). Levels of NA and DHBA were measured using high performance
liquid chromatography with electrochemical detection. Separation was
achieved on a radial pak 10-p Bondapak C-18 reverse-phase column (Waters
Associated, Norwich, U.K.) using a mobile phase of 0.1 M sodium dihydrogen
phosphate (pH 5*0) containing 5 niM heptane sulphonate, 0.1 mM
ethylenediamine tetraacetic acid (EDTA) and 10% (v/v) methanol, at a flow
rate of 2 ml.min"-*-. Quantitation was performed with a glassy carbon
electrode set at a potential of +0.72 V. Levels of NA were corrected for
recovery using the DHBA internal standard. These experiments (Chapters 9
and 10) were performed in collaboration with Dr. Jill Lincoln.

2.2.2

Peptide Assays

Peptides were extracted into 0.5 M acetic acid in polypropylene tubes
in a boiling water bath for 15 min. The samples were homogenized,
centrifuged for 30 min at 3500 g, and lyophilized. CGRP and NPY were
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quantified using an inhibition enzyme-linked immunosorbent assay (Belai et
al., 1985 ). Briefly, flat-bottomed polystyrene microtiter plates (Dynatech
Laboratories, Inc., Alexandria, Va.) were coated with CGRP and NPY in 0.1 M
carbonate-bicarbonate buffer, pH 9 .6 , containing 0.02# sodium azide by
incubating for 18-24 h at 4 °C. The lyophilized samples were reconstituted
in PBS/Tween (0.05/0 containing 0.1# gelatin, 0.2# sodium azide, and 0.001#
aprotinin at 0 °C. After incubation, the contents of the plates were
discarded. The plates were then washed 3 times with PBS/Tween and incubated
for 1 h at room temperature with PBS/Tween containing 0.1# gelatin to
prevent nonspecific binding. After the plates were emptied by inversion,
extracted samples and standards (50 pi) were added to each well followed by
50 pi of antiserum, raised in rabbits, against synthetic CGRP and NPY
diluted 1:12500 in sample buffer. The plates were covered and incubated for
3 days at 4 °C. The plates were then washed 3 times with PBS/Tween, and 100
pi of goat-antirabbit immunoglobulin, conjugated to alkaline phosphatase,
was added to each well at a dilution of 1:500 in sample buffer. The plates
were incubated in a humid chamber for 3 h at 37°C. The unbound goatantirabbit immunoglobulin conjugated to alkaline phosphatase was removed
using 3 washes with PBS/Tween and 1 wash with glycine buffer, containing
0.001 M magnesium chloride and 0.001 M zinc chloride (pH 10.4). The
chromogenic substrate, p-nitrophenyl phosphate, (1 mg.ml

in glycine

buffer), was added to each well. The colour development was monitored for 4
h at room temperature. The absorbance was read in a Titertex Multiscan
automatic spectrophotometer (Flow Laboratories, Rickmansworth, Herts, U.K.)
at 405 nm. These experiments (Chapters 9 and 10) were performed in
collaboration with Dr. Pam Milner.
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2.3

ELECTRON MICROSCOPY

2.3.1

Standard Electron Microscopy

The segments of dissected artery were pinned to a Sylgard-lined
petri-dish and fixed by immersion with 5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7*^). An attempt was made to perfuse the vessel so
that fixative was allowed both in and around the vessel. Excess fat and
connective tissue were removed and fixation continued for a further 2 h.
The vessel segments were then washed in the buffer for at least 20 min and
cut into convenient lengths, osmicated {1% osmium tetroxide in cacodylate
buffer for 1 h), dehydrated in ethanol and finally embedded in low
viscosity epoxy resin (Spurr, 1969 ).

Polymerisation was performed for 8 h at 70 °C after which 1 ym
semithin transverse sections were cut on an LKB ultramicrotome, dried, and
mounted for light microscopy in D.P.X. mounting medium. Sections were
sometimes stained with methylene blue/Azur-II basic fuchsin stain (Humphrey
and Pittman, 197^)• Ultrathin sections (60 nm) were cut, stained with
uranyl acetate and lead citrate, viewed, examined and photographed on a
Philips 300 electron microscope. These experiments (Chapter 8) were
performed in collaboration with Dr. Frantisek Kristek and Mr. John
Cavanagh.
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2.4

HISTOCHEMISTRY

2.4.1

tihole-mount Preparations

The localization of catecholamine fluorescence and neuropeptide-like
immunoreactivity (-LI) in the REA was performed on whole-mount (stretch)
preparations. After dissection, segments of REA were cleaned of adipose and
connective tissue using a Zeiss microsurgical dissecting microscope, a
number 15 blade scalpel, microdissecting scissors and watchmakers’ forceps.
Segments were then cut open lengthwise and stretched out, adventitial
surface uppermost, unto strips of Sylgard silicone resin (BDH), using
micropins to keep the vessel segments in place. The tissue was subsequently
processed for fluorescent histochemistry.

2.4.2

Catecholamine Fluorescence Histochemistry

The noradrenergic nerves were demonstrated by the glyoxylic acid
technique of Lindvall and Bjorklund (197*0 and Furness and Costa (1975)*
Vessel segments were immersed in a freshly prepared 2% w/v glyoxylic acid
solution (pH 7*2, adjusted with 5 M NaOH) at room temperature for 1 .5 h.
After incubation, the segments were stretched unto slides and air-dried
until they became transparent. They were then incubated at 100 °C for 4
min, after which they were mounted in paraffin, viewed and photographed
(see Sections 2.4.4, 2.4.5) under a Zeiss photomicroscope using a special
catecholamine filter (See Section 2.4.4).
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2 .4.3

Immunbhistochemistry

The segments were fixed either by immersion in 4# paraformaldehyde
for 1.5 h or by immersion in Zamboni’s fixative (composed of 2#
formaldehyde, and 0.2# picric acid (15# saturated solution), in 0.1 M
phosphate buffer, (pH 7*0-7.4) for 24 h. They were then washed 3 times each
for 10 min in 0.1 M phosphate-buffered saline (PBS). For all peptides (i.e.
CGRP, SP and somatostatin (SOM) except NPY, the next stage involved
dehydration and rehydration of the tissues by placing them for 30 min each
in 80%, 90% and 100# alcohol, 20 min in Histoclear, then 100#, 90# and 80#
alcohol. The procedure for NPY only involved 3 alcohol (80#) washes each
for 30 min. The tissue was then washed in 3 changes (10 min) of PBS/Triton
(0.1# Triton X-100) solution. The tissue was then incubated overnight (1218 h) at room temperature in a moist chamber with the primary antiserum
under investigation.

The following day the tissue was again washed in 3 changes (10 min)
of PBS/Triton and the tissue incubated with the secondary fluoresceinconjugated antiserum for 1 h. The tissue was then washed for 10 min in PBS
followed by PBS containing 0.05-0.1# pontamine sky blue and 1#
dimethylsulphoxide for 5“10 min, and finally in PBS twice, each time for 10
min. Segments were then removed from the Sylgard, stretched out on slides
and left to dry before mounting in Citifluor.

The dilution used for all primary antibodies examined (CGRP, SOM,
NPY) was 1:200, except SP, for which 1:30 was used (Morris and Bevan,
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1986). The dilutions were slightly higher than normal because of the
thickness of the adventitial layer, which poses a particular penetration
problem in the REA.

In all cases except one, the second fluorescent-conjugated antibody
was fluorescein-isothiocyanate (FITC)-conjugated goat anti-rabbit with a
dilution factor of 1:50. The exception was the use of rabbit anti-rat-FITC
(1:20) (Morris and Bevan, 1986) which was used for SP immunofluorescence as
the primary antiserum used for SP was a monoclonal antibody.

2.4.3•1

Control Experiments

In spite of its usefulness, immunohistochemistry must be considered
with caution with regard to its specificity and sensitivity. There is no
absolute certainty that there has not been any cross-reaction between
compounds which are structurally similar e.g. NPY, avian pancreatic
polypeptide and pancreatic polypeptide. In addition, it has been reported
that synthetic peptides are sometimes not as pure as is expected (van
Nispen, 1987 ). Throughout this thesis, therefore, the expression ’likeimmunoreactivity (-LI)’ has been used as a means of referring to the
staining seen for the specific peptides.

Method- and antiserum-specific control tests (Polak and Van Noorden,
1984) have been conducted on all antisera in order to exclude any false
positives and/or non-specific reactions, especially since it is known that
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in all fluorescein-conjugated antisera a degree of non-specific staining is
possible which is more evident the stronger the concentration (Marriott and
Reeves, 1982).

(a)

Method-specific Controls

Tissue known to be positive for a particular antiserum was often
included during an experiment whenever fluorescent staining was not
expected in the test tissue in order to ensure that the method worked and
exclude a false negative result. Occasionally, the test tissue was treated
with normal rabbit serum instead of a primary antiserum, or sometimes, the
primary antiserum was left out altogether. Both these tests were negative
and therefore indicated no non-specific binding of the secondary antiserum.

(b)

Antiserum-specific Controls

At the level of the specificity of the primary antiserum, the
antibody at its normal dilution for maximum positive staining was
preadsorbed (4 °C for 18 h) with a predetermined concentration of its
specific antigen and used in place of the primary antiserum. This was
compared with the normal test tissue processed in the usual way using
primary antiserum taken from the same batch used for the preadsorption.
This antiserum specificity control test was negative at the following
concentrations:- CGRP and NPY 0.01 pM, SOM 0.1 pM, SP 10 pM. This indicated
that each antiserum recognised and bound to its correct substrate.
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2.4.4

Fluorescence Photomicroscopy

The preparations were viewed and photographed on a Carl Zeiss
photomicroscope, equipped with a 3RS epi-illumination system. The light
source was an Osram HB50 mercury lamp. The filters used were: exciterinterference BP436/8, barrier - LP475 for catecholamine fluorescence,
exciter-interference BP450/490, barrier - LP520 for FITC fluorescence and
exciter interference BP546/10, barrier - LP590 for rhodamine fluorescence.
The following dichromatic beam splitters: FT460, FT510 and FT58O
respectively were also used. In addition, a KP56O short wave pass filter
was used for photography of all slide preparations, except photomicrographs
involving rhodamine fluorescence. Objectives used were planapochromat X10
and X25.

2. 4.5 Photography

In order to obtain the best possible photographs from the fluorescent
staining, a high-speed film was used (either Kodak 400 ASA or TMAX P3200).
Timed exposures were sometimes used to enable comparison of the intensity
of fluorescent staining. In all other cases, exposure times were automatically
selected by the photomicroscope.
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2.5

PHARMACOLOGY

2.5.1

General

The proximal 20 mm of the REA was used for pharmacological
investigations (see Section 2.1). Adipose and connective tissue surrounding
the vessel segments were carefully removed, avoiding any damage to the
vessel. The 4-5 urn vessel rings were then mounted by inserting two
stainless steel wires through the lumen according to the method of Bevan
and Osher (1972). Subsequently they were left to equilibrate for 60-90 min
under isometric conditions with a tension of 0.5“1.0 g.

2.5.2

Organ-bath Pharmacology

2.5 .2.1

General

The tissues were bathed in Krebs’ solution (BUlbring, 1953) at 37 °C,
according to Kennedy and Burnstock (1985 ). The Krebs’ solution (see Section
2.1) was modified by the addition of bovine serum albumin (50 mg.l-^) to
prevent peptides adhering to the glassware, and bacitracin (30 mg.l”^) a
bacteriocide and peptidase inhibitor. Responses of the smooth muscle were
recorded using a Grass FT03 C transducer and Grass polygraph (model 79D).

As far as possible, experimental protocols were repeated in the same
order each day in both control and experimental tissue. This allowed easy
comparison of results, and helped to avoid changes in responsiveness due to
preparation fatigue with time.
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2.5.2.2

Preparation and Application of Drugs and Peptides

All drugs were either made up fresh each day (e.g. ACh, NA) in
aqueous solution except where stated, or stored frozen at -20 °C (e.g. a,|JmATP at 10

M). NA was dissolved in L-ascorbic acid (100 pM) from a

refri gerated stock solution. Peptides were diluted using double distilled
water and aliquots were frozen until use. Drugs were administered by
injection with a Hamilton syringe directly into the organ bath.

The optimal times for incubation of CGRP, NPY and SOM before re
testing with NA or electrical field stimulation (EFS) were 2, 6-8, and 0.75
min respectively, as assessed from initial studies. These involved periods
of stimulation (supramaximal voltage (60 V), 16 Hz, 0.1 ms pulse width, 1 s
train duration) every 30 s and measuring the time of maximum effect of the
test peptide.

Desensitisation to a,|S-mATP (1-3 pM) was obtained by addition and re
application of successive doses until no contractile response was observed.
Tetrodotoxin (TTX, 1 pM), made up in aqueous solution and stored at -20 °C,
was allowed to incubate for 10 min before re-testing EFS.

2.5 .2.3

Electrical Field Stimulation

EFS of intramural nerves in the isolated REA ring preparations was
performed. For this purpose 2 platinum wire electrodes were placed parallel
to, and 1-2 mm on either side of the isolated vessel (Bevan and Su, 1975)*
Using Grass stimulators Sll, S44 or SD9, monophasic pulses were delivered
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across the vessel wall. Parameters of EFS were within the following
ranges:- supramaximal voltage (60 V), 4-64 Hz, 0.1-0.3 ms pulse width

and 1

or 90 s train duration. All parameters used were tested and shown to be
neurogenic i.e. TTX-sensitive (1 pM). Periods of stimulation lasting 1 s
were repeated every 30 s, 1 or 2 min, whereas, those of 90 s duration were
repeated after 26 min. These intervals allowed for recovery of the tissue
and to ensure consistency of the neurogenic responses before testing the
effect of drugs and/or peptides.

2.5 .2.4

Removal of Endothelium

The endothelium of the vessel rings was removed by passing a thick
cotton thread through the lumen of the vessel before the rings were mounted
on the tungsten wires. Confirmation that the endothelium had been removed
was obtained by observing the effect of ACh on the preconstricted vessel
(NA, 1 pM). ACh induced an endothelium-dependent relaxation (Furchgott and
Zawadski, 1980; Owen and Bevan, 1985 ) in intact preparations, but there was
no relaxant response in preparations in which the endothelium was
successfully removed without damage to the isolated ring preparations.
Experiments involving the removal of endothelium in Chapter 3. Section
3.4.2.4 were performed in collaboration with Dr. Valerie Saville-Reilly.

2.5 .2 .5

Contractile Responses of Basal-Tone Preparations

Constrictor agents were added to the organ-bath either in a
cumulative manner with increasing concentration until a stable response was
observed before further application, or as a single bolus injection which
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was then washed out after the vessel had attained maximum contraction. At
least 10 min was allowed between addition of constrictor agents. Agents
known to desensitise receptors (such as a,£-mATP; Kasakov and Burnstock,
1983; Burnstock and Kennedy, 1985) or cause tachphylaxis (peptides; Cohen
et al., 1978) were added in single doses and allowed 40 min (a,|S-mATP), or
20 min (peptides) with repeated washings before re-application.

2.5 .2.6

Relaxant Responses of Preconstricted Preparations

In vitro isolated REA preparations possess no tone (Bevan, 1979)*
Vessel tone was therefore induced by adding NA (0.3”1*0 pM) which produced
40-50# of the maximum contractile response to NA (Saville and Burnstock,
1988). Relaxant concentration-response curves were obtained by cumulative
addition of ACh. CGRP and SP were added as single doses once a steady level
of contraction had been observed.

Tritiated-Noradrenaline Overflow

2.5.3

2.5 .3•1

Protocol

The preparations were loaded with tritiated-noradrenaline (^H-NA) by
incubating for 60 min in continuously gassed Krebs' solution containing ^H_4
NA (0.1 nM, specific activity 1624.3 GBq.mmol ; two preparations in 5 “1
modified Krebs' solution) at 36.5 ± 0.5 °C.

After washing out loosely-bound ^H-NA (10 times in 5 ml of* Krebs’
solution), the preparations were mounted horizontally under tension and
left to equilibrate (see Section 2.5.1) superfused with oxygenated,
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modified Krebs' solution (1 ml.min”^). The preparations were then
stimulated twice, at 6 and 32 min with trains of monophasic square wave
pulses using 30 V, 0.3 ms pulse width, 5 Hz for 90 s, delivered by Grass
SD9 stimulators. Contractions were recorded using Grass FT03 C transducers
and a Washington 400 MD 2R oscillograph. The superfusate (2 ml samples) was
collected for 2 min each sample. Three collections were made before, one
during, and two after the periods of stimulation (S^ and S2 )• In addition,
one further collection was made halfway between

and S2 to ensure that

the prestimulation, spontaneous, radioactive overflow had returned to its
initial level at the beginning of the experiment and before adding a test
drug or peptide. The superfusate was collected in polypropylene vials for
subsequent determination of ^h-NA levels.

The superfusion was stopped

immediately after the end of the last collection, and the tissues were
dissolved in 0.75 ml Optisolv tissue solubilizer overnight to enable
counting of the total tissue ^h-NA radioactivity. Superfusate samples were
added in a ratio of 1:4 to Optiphase MP scintillation cocktail and ^Hradioactivity in the samples was counted in a Beckman 7500 liquid
scintillation counter. Previous investigations in the REA and other blood
vessels have shown that ^H-NA is the major constituent of the total
radioactivity released upon stimulation of the tissue, hence the evoked
efflux of ^H-NA reflects a quasi-physiological release of NA (Su and Bevan,
1970; Allen et al., 1973).

Control values were obtained when S2 was carried out in the absence
of any drug added to the modified Krebs' solution. Experimental data were
obtained by superfusing the preparations with modified Krebs' solution
containing CGRP (2.63-263 nM), NPY (100 nM), SOM (3-100 nM) or TTX (1 pM).
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Superfusion times for the peptides and TTX were as previously mentioned
(see Section 2.5.2.2), except for NPY which was superfused for 2 min.

2.5 .3*2

Expression and Calculation of Results

The results of the evoked ^H-NA overflow are expressed as the ratio
of responses of the second stimulation (S2 ) to the first stimulation (S^)
i.e. the S2 /S-L ratio. Measurement of the spontaneous ^H-NA overflow was
obtained by averaging the values of the 3 collections preceding both S-^ and
S2 . These values were designated Sp^ and Sp2 respectively. Consequently,
the result of the spontaneous overflow was calculated as the Sp2 /Sp^ ratio.
The results were assessed by comparison of S2 /S1 ratios for the
experimental with the control data. They were calculated as the percentage
fractional rate (#FR; mean ± s.e.m.) of the spontaneous and stimulationevoked release of ^h-NA according to Alberts et al. (I9 BI).

2.6

2.6.1

TREATMENTS

In vitro Incubation with Neurotoxins

Segments of the REA were incubated in vitro at 37 °C and gassed with
Krebs’ solution containing either 6 -hydroxydopamine (6 -OHDA, 0.4 mM) for 4
h (Warland and Burnstock, 1987 ) or capsaicin (CAPS, 1 pM) for 30 “in (Saito
et al., 1989 ). Controls consisted of segments gassed in normal Krebs'
solution containing 0.05% Tween 80 and 1% alcohol, or 0.1# ascorbic acid
which were the vehicles used to dissolve capsaicin and 6-OHDA respectively.
After incubation, tissues were rinsed in Krebs’ solution and processed for
fluorescence histochemistry.

70

2.6.2

Reserpine Pretreatment

Fifteen young adult male New Zealand White rabbits (4-6 months; 2-3.5
kg) were injected with 5 and 3 mg/kg i.p. (48 and 24 h respectively) prior
to the experiment. Reserpine was dissolved in a minimum volume (1-2 drops)
of polyoxyethylene sorbitan mono-oleate (Tween 80) and made up to 1 ml with
normal saline. Control animals were injected with the vehicle solution i.e.
saline containing Tween 80.

2.6.3

Chronic Cold Exposure

Young adult (4-6 months) and aged (3+ years) male New Zealand White
rabbits (2-4.2 kg, 6 in each age group) were maintained at 4-8°C for 8 days
and 4 weeks, whilst another 12 animals (6 in each age group) were kept at
20-25°C for the same period of time. Both groups of animals were fed ad
libitum and kept under similar conditions, except for the temperature
difference. After this period, the animals were overdosed using sodium
pentobarbitone at room temperature.

2.6.4

X-radiation Procedure

Young adult male New Zealand White rabbits (4-6 months; 2-3*5 kg)
were anaesthetized using fentanyl citrate and fluanisone (Hypnorm, 0.3
mg/kg, intraperitoneum (i.p.)) and midazolam chloride (Hynovel, up to 2
mg/kg, i.p.). Once anaesthetised, both ears of the animals were locally

71

irradiated with a single dose of x-rays (4500 rad (45 Gy), 215 kV, 12.5 mA)
with no added filtration, field size diameter of 17*75 cm, 30 cm from the
source, at 3*83 Gy/min (1 Gy = 100 rad), using a General Electric Maximar
250 kV x-ray apparatus. A few control animals were also anaesthetised but
not irradiated. Animals were then returned to their cages and kept under
similar conditions and fed ad libitum. Ten experimental animals were
compared to ten age-matched control animals for each time interval group.

At intervals of 1, 4, and 6 weeks after irradiation, animals were
killed by stunning followed by exsanguination, and the entire central
artery was dissected from the ear and divided into segments for
pharmacological, histochemical and biochemical investigations and electron
microscopy as previously described (see Section 2.1).

2.6.5

Acrylamide Intoxication

Young adult male New Zealand White rabbits (4-6 months; 2-3*5 kg)
were treated with acrylamide (40 mg/kg, i.p.) dissolved in distilled water.
The animals (n = 10) were treated daily for up to 14 days, or killed
earlier if they developed signs of significant acrylamide poisoning, i.e.
hind limb paralysis accompanied by significant weight loss (n=2). Control
animals (n = 10) were injected with saline. Both groups of animals were fed
ad libitum and kept under similar conditions.
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2.7

RESULTS AND STATISTICAL ANALYSIS

Contractile responses were expressed either in tension (mg),
percentage of contraction induced by KC1 (120 mM), or percentage of the
maximum response to NA. Relaxant responses were expressed as percentage
relaxation. Throughout the thesis, 'n' refers to the number of animals used
in calculations. Each calculated value is averaged (as there were often at
least 2 preparations from each animal) and expressed as the mean ± the
standard error of the mean (s.e.m.). Where given, pD2 values were
calculated as the negative log EC^q. Student's t tests were used for
comparing between 2 sets of data. Unpaired t tests were generally used,
unless the comparison involved a change before and after addition of a
drug/peptide, where t tests for paired observations were performed. For
chronic cold stress data, analysis of variance (ANOVAR) was used to compare
between control (young adult and aged animals) and cold stressed animal
groups for each category, followed by Dunnett's Procedure, if necessary
(Stevens, 1990). All statistical analysis was performed either on raw data,
or on percentage data. A probability of P<0.05 was considered significant.

2.8

2.8.1

SOURCES OF CHEMICALS, DRUGS, PEPTIDES AND ANTISERA

Chemicals

Alkaline phosphatase

Sigma

Aprotinin

Sigma

L-Ascorbic Acid

Sigma
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Bacitracin

Sigma

Bovine Serum Albumin

Sigma

Citifluor

Citifluor Ltd.

3*3*-Diaminobenzylamine

Sigma

Dihydroxybenzylamine

Aldrich

DPX

BDH

Dimethylenesulphoxide

Sigma

Ethanol

BDH

Ethylenediamine tetracetic acid

Sigma

Gelatin

Sigma

Glutaraldehyde

Emscope

Glyoxylic Acid Monohydrate

Sigma

Heptane Sulphonate

Aldrich

Hibitane

ICI

Krebs* Salts

BDH

Hydrogen Peroxide

Sigma

Lead Citrate

E.F. Fullam Inc.

DL-lysine HC1

Sigma

Methanol (HPLC)

Rathburn Chemical Company

Methylene Blue

Sigma

p-Nitrophenyl phosphate

Sigma

Optiphase MP Scintillant Cocktail

LKB

Optisolv

LKB

Osmium Tetr oxide

Emscope

Paraformaldehyde

Fisons

Phosphate-buffered Saline

Oxoid

Pontamine Sky Blue

Gurr
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Propylene Oxide

BDH

Sodium Azide

Sigma

Sodium Cacodylate

BDH

Sodium m-Periodate

Sigma

Tris buffer

Sigma

Triton X-100

Fis ons

Tween 80

Sigma

Uranyl Acetate

BDH

2.8.2

Drugs

Acetylcholine Chloride

Sigma

a,p-methylene ATP (Lithium salt)

Sigma

(-)-L-arteiJiol Bitartrate (NA)

Sigma

Fentanyl Citrate and Fluanisone (Hypnorm)

Janssen Pharmaceuticals Ltd.

Gentamycin (Cidomycin)

Rousell Laboratories Ltd.

6-Hydroxydopamine Hydrobromide

Sigma

8-Methyl-N-vanillyl-6-noneamide (Capsaicin) Sigma
Midazolam Chloride (Hypnovel)

Roche

Prazosin hydrochloride

Sigma

Reserpine

Sigma

Sodium Pentabarbitone (Sagatal)

May and Baker Ltd.

Tritiated-noradrenaline (1624.3 GBq.mmol)

New England Nuclear

Tetrodotoxin

Sigma
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2.8.3

Peptides

a Calcitonin Gene-Related Peptide (rat)

CRB

Neuropeptide Y

CRB

Somatostatin-l4

CRB

Substance P

CRB

Vasoactive Intestinal Polypeptide

CRB

2.8.4

Antisera

Calcitonin Gene-Related Peptide

CRB

Neuropeptide Y

CRB

Somatostatin-l4

Immunodiagnostics Ltd.

Monoclonal SP (rat)

Sera-lab Ltd.

Vasoactive Intestinal Polypeptide

CRB
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EXPERIMENTAL RESULTS
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SECTION 1

INNERVATION AND NEUROMODULATION IN THE RABBIT CENTRAL EAR ARTERY.
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CHAPTER 3

SENSORY-MOTOR NEUROMODULATION OF SYMPATHETIC VASOCONSTRICTION
IN THE RABBIT CENTRAL EAR ARTERY
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3.1

SUMMARY

Histochemical and pharmacological studies were performed on the
rabbit central ear artery. In perivascular nerves, positive
immunoreactivity for calcitonin gene-related peptide and substance P was
demonstrated. Calcitonin gene-related peptide-like immunoreactivity was
also found to be colocalised with substance P-like immunoreactivity in a
subpopulation of perivascular nerves. In vitro incubation with 6hydroxydopamine did not alter the intensity and/or density of either the
calcitonin gene-related peptide- or substance P-like immunoreactive fibres,
whereas incubation with capsaicin significantly reduced both. In
pharmacological studies, calcitonin gene-related peptide reduced the
vasoconstrictor responses to exogenous noradrenaline and a, |5-methylene ATP
and to electrical field stimulation in a concentration-dependent manner. In
segments of the central ear artery preconstricted with noradrenaline,
relaxation mediated by calcitonin gene-related peptide was endotheliumindependent. These results shed new light on the innervation and nervous
control of the rabbit central ear artery previously thought to be
exclusively under sympathetic (adrenergic and purinergic) control. Further,
the results suggest that calcitonin gene-related peptide localised in
sensory nerves in the rabbit central ear artery may act as an inhibitory
modulator of excitatory sympathetic vascular neurotransmission.
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3.2

INTRODUCTION

A large number of peptides has now been identified and localised in
the peripheral, vascular nervous system (for reviews see Wharton and
Gulbenkian, 1987; Dhital and Burnstock, 1989; Mione et al., 1990). To date,
the only peptide localised immunohistochemically in the rabbit central ear
artery (REA) is substance P (SP) (Morris and Bevan, 1986). Other peptides,
however, such as neuropeptide Y (Edvinsson et al., 1984; Glover, 1985; Daly
and Hieble, 1987; Juan et al., 1988; Wong-Dusting and Rand, 1988; Budai et
al., 1989). calcitonin gene-related peptide (CGRP) (Hanko et al., 1985;
Dogramatzis et al., 1987; Moritoki et al., 1990), [Met]- and
[Leu]enkephalin (Illes et al., 1983; Ganten et al., 1984) and somatostatin
(Cohen et al., 1978) are known to have pharmacological actions on the REA.

The aim of this study was to determine whether CGRP could be
localised in the REA, and if so, to see if it was colocalised with SP as
has been reported for other perivascular, sensory nerves (Wharton et al.,
1986; see Wharton and Gulbenkian, 1987; Kawasaki et al., 1988 ; see Dhital
and Burnstock, 1989; Saito et al., 1989). In addition, the pharmacological
actions of CGRP on preconstricted preparations, on responses to Exogenous
noradrenaline (NA), a,^-methylene ATP (a,|5-mATP) and on electrical field
stimulation (EFS) of the perivascular nerves were investigated. Responses
to exogenous NA and a,£-mATP were studied because it has been shown that
there are adrenergic and purinergic components to the sympathetic
transmission in the REA (Suzuki, 1985; Kennedy and Burnstock, 1985; Kennedy
et al., 1986 ; Saville and Burnstock, 1988 ). By comparing the effects of
CGRP on postjunctional actions of exogenous NA and a,|J-mATP with its
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effects on responses to EFS, we hope to determine whether CGRP has a preand/or postjunctional action on sympathetic transmission in this blood
vessel.

3.3

METHODS AND MATERIALS

3.3*1

General

Isolated REA segments were dissected out and prepared for
immunohistochemical and pharmacological experiments as previously described
in Chapter 2, Sections 2.1, 2.4, 2.5. In vitro incubations with neurotoxins
were conducted according to the methods described in Chapter 2, Section
2.6.1. Segments in the mid-region of the ear artery were used for all
histological experiments and compared to similar control segments.
Calculations and analysis of the results were also performed according to
the methods outlined in Chapter 2, Section 2 .7 . Drugs and peptides used
were obtained as listed in Chapter 2, Section 2.8.

3.3*2 Indirect Double Staining

This procedure (Legay et al., 1984) was carried out on mid-segment
REA samples using a modified version of the immunostaining method
previously described (Chapter 2, Section 2.4.3). Initially the segments
were incubated in SP primary antiserum followed by rabbit anti-rat
fluorescein isothiocyanate (FITC), preadsorbed with rabbit immunoglobulin G
(IgG). The segments were then washed six to eight times in phosphate
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buffered saline (PBS)/Triton X-100. This was followed by a further
incubation with CGRP primary antiserum and goat anti-rabbitysecondary
antiserum-conjugated tetrarhodamine isothiocyanate (TRITC), preadsorbed
with ra

t IgG. After rinsing in PBS containing pontamine sky blue (PSB)

and dimethylsulphoxide (DMSO), the segments were mounted in Citifluor,
viewed and photographed using a Zeiss photomicroscope and appropriate
filters (see Section 2.4.4, 2.4.5).

Control experiments were performed to check that there was no cross
reactivity i.e. binding of secondary antibodies to inappropriate primary
antibodies. Segments incubated with SP primary antiserum were incubated
with preadsorbed goat anti-rabbit TRITC. These were then viewed under the
microscope and showed no fluorescence. Additional segments incubated with
CGRP primary antiserum were subsequently incubated with preadsorbed rabbit
anti-rat FITC and also showed no fluorescence. These controls showed that
there was no cross reactivity between CGRP and SP antisera.

3.4

RESULTS

Immunohistochemical Localisation of Neuropeptides in the Babbit

3.4.1

Central Ear Artery

3.4.1.1

General

Positive immunoreactivity in perivascular nerves was obtained with
antisera against CGRP and SP. SP-like immunoreactivity (SP-LI) was also
found colocalised with CGRP-like immunoreactivity (CGRP-LI).
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3.4.1.2

Substance P

All regions of the artery tested showed positive SP-LI (n=19). The
distribution of these fibres was sparse with as little as one
fibre^supplying the distal region of the artery, and two or three branches
from a main fibre supplying the proximal region. The nerves ran along the
length of the vessel and were mainly single varicose fibres (fig. 3*la).

3.4.1.3

Calcitonin Gene-Related Peptide

Many CGRP-like immunoreactive nerve fibres were seen in the vessel
segments of all animals examined (n=19). The nerve fibres were mostly
single or in very small bundles and ran parallel to the longitudinal
axis of the artery. The fluorescence in these fibres was bright, sharp and
showed both varicose and non-varicose fibres (fig 3*lb). The nerve fibres
were evenly distributed in the proximal, middle and distal regions of the
artery.

3.4.1.4

Effects of In vitro Incubation with Neurotoxins

Segments incubated with 6-hydroxydopamine (6-OHDA, 0.4 mM) showed no
change in SP- (fig. 3*lc) or CGRP-LI (fig. 3*Id) in comparison with the
controls (fig. 3*la* 3*lb respectively). Treated segments, however, showed
no catecholamine fluorescence in comparison with the control segments which
showed dense catecholaminergic, perivascular, sympathetic fibres.
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Segments incubated with capsaicin (CAPS, 1 jiM), however, showed a
substantial reduction in the intensity and often the density of SP- (fig.
3.1e) and CGRP-LI nerve fibres (fig. 3*If)* whereas segments incubated with
vehicle-containing Krebs’ solution sometimes showed a slightly reduced
intensity of SP- and CGRP-LI in comparison with normal control preparations
(fig. 3.1a, 3*lb). Catecholamine fluorescence was unaltered in control,
vehicle control and capsaicinised preparations.

3.4.1.5

Coexistence of Substance P and Calcitonin Gene-Related Peptide

Vessel segments from six animals were examined for the coexistence of
CGRP-LI and SP-LI using the direct double-staining technique. Although all
SP-LI fibres observed also showed CGRP-LI (fig. 3*2a, 3 *2b), many CGRP-LI
fibres did not show SP-LI. Hence there were many more positive CGRP-LI than
SP-LI perivascular nerve fibres.
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FIGURE 3.1
(a)

Substance P-like immunoreactivity (SP-LI) in the rabbit central ear

artery (REA). Note the presence of sparse, single, varicose fibres.
Calibration bar = 30 pm.

(b)

Calcitonin gene-related peptide-LI (CGRP-LI) in predominantly single

varicose, perivascular nerve fibres in the REA. Note the higher density of
innervation in comparison with SP-LI (a). Calibration bar = 30 pm.

(c)

SP-LI in the REA after in vitro incubation with 6-hydroxydopamine

(6-0HDA, 0.4 mM). The fluorescent perivascular fibres appear unchanged in
density and intensity in comparison with control preparations (a).
Calibration bar = 30 pm.

(d) CGRP-LI in the REA after in vitro incubation with 6-0HDA (0.4 mM).
There appears to be no change in density or intensity, in comparison with
control REA preparations (b). Calibration bar = 30 pm.

(e)

Marked reduction of SP-LI density and intensity in the fluorescent

perivascular fibres in the REA after in vitro incubation with capsaicin
(CAPS, 1 pM). Calibration bar = 30 pm.

(f)

Significant reduction in the density and intensity of CGRP-LI

perivascular nerve fibres in the REA after in vitro incubation with CAPS (1
pM). The arrows indicate reduced fluorescent varicosities visible using
long exposure times to highlight them, hence the comparably light
background in comparison with figures (b) and (d). Calibration bar = 30 pm.
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FIGURE 3.2

Immunofluorescent micrographs of the rabbit central ear artery showing (a)
calcitonin gene-related peptide and (b) substance P colocalisation. Note
that the arrows indicate varicosities which are identical in each of the
micrographs. Calibration bars = 30 pm.
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B

■

The Pharmacological Actions of Calcitonin Gene-Belated Peptide

3.4.2

in the Babbit Central Ear Artery

3.4.2.1

Effect of Calcitonin Gene-Related Peptide on the Responses to
Exogenous Noradrenaline

The administration of exogenous NA (0.5"10.0 pM) produced a
monophasic and well-maintained contractile response at each concentration
examined. These NA-induced contractions were significantly attenuated in a
concentration-dependent manner in the presence of CGRP (0.263 pM) (table
3.1; figs. 3.3a, 3.4).

3.4.2.2

Effect of Calcitonin Gene-Related Peptide on the Responses to
Exogenous a,p-mATP

The application of a f{J-mATP (0.5"10.0 pM) elicited a rapid
contractile response that was not well maintained. CGRP (0.263 pM)
significantly attenuated these responses at each concentration examined
(table 3.1; figs. 3 .3b, 3-4).
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TABLE 3.1

The effect of calcitonin gene-related peptide (CGRP, 0.263 pM) on the
contractile responses to noradrenaline and a,(S-methylene ATP in the rabbit
central ear artery.

The level of significance was calculated using

Student’s paired t-test and P<0.05 was considered significant, (n, number
of animals). Data represented as meant s.e.m.

n

Control

+ CGRP

% Reduction

Significance

Tension (mg)

Noradrenaline
(pM)
0.5

5

793±H9

480±l6l

46±12

P<0.01

1.0

5

915*72

595*68

35*5

P<0.005

10.0

5

1880±159

1700±157

11±2

P<0.05

0.5

9

230±42

97*17

51*9

P<0.05

1.0

9

805*107

459*1^0

47±11

P<0.05

10.0

9

1013*149

645*132

38±5

P<0.00'

a,£-methylene ATP
(pM)
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FIGURE 3.3

Traces showing the effect of calcitonin gene-related peptide (0.263 pM) on
the contractile responses to (a) exogenous noradrenaline (1 pM) and (b)
a,^-methylene ATP (1 pM) in the rabbit central ear artery. Horizontal lines
indicate the time for which the drug and/or peptide was present.
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Noradrenaline 1 (iM

----------------

CGRP ( 0 . 2 6 3

jiM)

NA ----( 1 mM)

a ,|3 -m e th y le n e ATP 1 (jM

a>
in
c\i
o l ____

4min
CGRP ( 0 . 2 6 3 pM)

— a,p-mATP (1 ijM)

FIGURE 3.4

Effect of calcitonin gene-related peptide (CGRP, O .263 pM) on exogenous
noradrenaline-induced (circles) and a,^-methylene ATP-induced (triangles)
contractions of the rabbit central ear artery. Control responses are
represented as closed symbols and CGRP-treated and inhibited responses by
open symbols. Symbols represent the mean and vertical lines show the s.e.m.
The results were calculated using Student's paired t-test. * indicates
P<0.05; **, P<0.01 and ***, P<0.005. In each case
listed in table 3*1*
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Exact n values are

% MAXIMAL RESPONSE TO NA

8O-1

60-

40 -

20-

0- *

*

T"
1.0

\

0.5

CONCENTRATDN

|JM

“ 1—

10.0

I

3.4.2.3

Effect of Calcitonin Gene-Related Peptide on the Responses to
Electrical Field Stimulation

EFS of the perivascular nerves in the REA (supramaximal voltage, 0.1
ms pulse width, 16 and 64 Hz for 1 s) produced rapid frequency-dependent
contractions which were abolished by tetrodotoxin (TTX, 1 pM). There were
significant concentration-dependent reductions in the responses to EFS at
both frequencies of stimulation (16 and 64 Hz) following incubation with
CGRP (2.63-263 nM) (table 3*2; fig. 3*5)• The maximal effect of CGRP was
seen after approximately 2 min following which the responses began to
return to control levels (fig. 3*6).

3.4.2.4

Relaxation to Acetylcholine and Calcitonin Gene-Related Peptide
- Role of the Endothelium

The addition and maintained presence of NA (1 pM) produced a steady
raised tone in the REA. In preparations in which the endothelial cell layer
was intact ACh (1 pM) produced a relaxation of 53*1 ± 8.2# (n=ll) (fig.
3.7ai) while CGRP (0.263 pM) relaxed the vessel by 43.0 ± 9*2# (n=3) (fig.
3.7aii). When the endothelial cell layer was mechanically removed, the
addition of ACh (1 pM) had no effect (fig. 3*7bi) or produced a small
contraction, while the addition of CGRP (0.263 pM) still produced a
relaxation and reduced the tone of the preparation by 43•3 * 9*2# (n=3)
(Fig 3*7bii). Thus the relaxant responses to CGRP were not significantly
different between endothelium-denuded and endothelium-intact preparations.
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TABLE

3.2

The effect of calcitonin gene-related peptide (CGRP, 2.63_263 nM) on the
contractile responses elicited by electrical field stimulation
(supramaximal voltage, 0.1 ms pulse width and 1 s train duration) at 16 and
64 Hz in the rabbit central ear artery.

The level of significance was

calculated using Student’s paired t-test and P<0.05 was considered
significant, (n), number of animals; NS, not significant).
Data represented as meani:

Frequency

CGRP

(Hz)

(nM)

sjsjd.

Tension (mg)

Control

+ CGRP

% Reduction

Significance

16

2.63

877±101

763*78

U*3

(7)

P<0.05

64

2.63

1546±201

1400±213

11*3

(6)

NS

16

26.3

804±124

257*80

72±7

(7)

P<0.001

64

26.3

1683*171

938*141

37*7

(6)

P<0.05

16

263

888±88

288±97

69*10 (4)

P<0.001

64

263

1694±149

9 l8±172

46±10 (4)

P<0.05
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FIGURE 3-5

Traces showing the effect of calcitonin gene-related peptide (CGRP,
O .263 pM) on responses to electrical field stimulation in the rabbit
central ear artery (supramaximal voltage, 0.1 ms pulse width (a) 16 or (b)
64 Hz for 1 s). Responses were elicited every 2 min and continued for 8 min
after addition of CGRP.
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E l e c t r i c a l Stimulation

16 Hz
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4 min

C G R P ( 0 . 2 6 3 nM)
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/
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FIGURE 3.6

Concentration-dependent inhibitory effect of calcitonin gene-related
peptide (CGRP) on contractions of the rabbit central ear artery, induced by
electrical field stimulation (supramaximal voltage, 0.1 ms pulse width, 1 s
train duration every 2 min) at 16 Hz (open circles) and 64 Hz (closed
circles). On the ordinate, responses are represented as % inhibition (i.e.
percentages of the control contraction). The results were calculated using
Student*s paired t-test. * indicates P<0.05 and ***, P<0.001. These P
values represent the significant differences between control and CGRPtreated responses. Exact n values are listed in table 3*2, n^4 in each
case. Symbols represent the mean and vertical lines show the s.ejn.
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The effect of (i) acetylcholine (ACh, 1 pM) and (ii) calcitonin generelated peptide (CGRP, 0.263 pM) on rabbit central ear artery segments
preconstricted with noradrenaline (NA, 1 pM), (a) in the presence of
endothelium and (b) in the absence of endothelium. Horizontal lines
indicate the time for which the drug and/or peptide was present.
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3.5

DISCUSSION

The results reported in this study demonstrate for the first time the
presence of CGRP-LI in the REA. In addition, they confirm the results of
Morris and Bevan (1986) by demonstrating the presence of capsaicinsensitive SP-LI. Moreover, SP- and CGRP-LI were shown to coexist in the
same varicosities of single nerve fibres, although many fibres showed only
CGRP-LI. This was expected as there were many more CGRP- than SP-like
immunoreactive nerves. CGRP-like immunoreactive nerves were found to have a
significant density of innervation that was uniform throughout the length
of the REA, whereas SP-LI nerves were unevenly distributed.

The results from the use of 6-OHDA (a sympathetic neurotoxin) and CAPS
(a sensory neurotoxin) suggest that these CGRP- and SP-like immunoreactive
nerves are sensory in origin. Firstly, there was no change in the pattern
or intensity of CGRP- and SP-LI after in vitro incubation with 6-OHDA,
although there was no catecholaminergic fluorescence, indicating that the
sympathetic nerves had been damaged (Thoenen and Tranzer, 1968 ; Bennett et
al., 1970; Jonsson and Sachs, 1972). Secondly, after in vitro incubation
with CAPS, a sensory neurotoxin known to deplete sensory nerves (Wharton et
al., 1986 ; Kawasaki et al., 1988 ; Maggi and Meli, 1988 ), there was a marked
reduction in intensity and density of CGRP- and SP-LI. The sympathetic,
catecholamine-containing nerves however, were intact. The slight reduction
of immunofluorescence observed in the vehicle-control preparations was
probably caused by Tween 80, since the incubation was in vitro and not
perfused (Kawasaki et al., 1988 ). Since both CGRP- and SP-like
immunoreactive nerves were sensitive to CAPS, but not 6-OHDA, these
perivascular nerves are probably sensory in origin.

104

CGRP has been shown to have pharmacological activity by modulating the
vasoconstrictor responses to exogenous NA, a.^-mATP and EFS in a
concentration-dependent manner. In addition, CGRP relaxed REA segments
preconstricted with NA in an endothelium-independent manner. This confirms
the results of Dogramatzis et al. (1987) and comparable findings which were
obtained using bovine coronary rings (Greenberg et al., 1986 ) and cat
cerebral and human pial arteries (Hanko et al., 1985 )• This contrasts,
however, with the results on aortic strips from both rat and rabbit and rat
mesenteric artery, where endothelium-dependent relaxation has been
demonstrated (Gibson et al., 1984; Brain et al., 1985; Kubota et al., 1985;
Grace et al., 1987 ). The demonstration that CGRP is an endotheliumindependent vasodilator in the REA suggests that the postjunctional action
of the peptide on sympathetic transmission is due to a direct action on the
smooth muscle of the blood vessel.

Although the results concerning the inhibitory actions of CGRP on the
vasoconstriction mediated by EFS are consistent with those of Hanko et al.,
(1985 ) and Moritoki et al. (1990) on the REA, the finding of a reduction of
contractile responses due to the effect of CGRP on exogenous NA supports
those of Moritoki et al. (1990), but contrasts with the results of Hanko et
al. (1985) on the same preparation. A probable explanation for the
discrepancy is that Hanko et al. (1985) added CGRP 5“10 min before
exogenous NA application. Both this study and that of Moritoki et al.
(1990) have shown that the inhibitory response elicited by CGRP recovered
with time. It is therefore possible that the 5-10 min incubation period
used by Hanko et al. (1985 ) was too long.
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Moritoki et al. (1990) stated that CAPS acted prejunctionally in the
REA, and may inhibit the release of NA. They further suggested that CGRP
may be the peptide involved in mediating the actions of CAPS. Although the
results of this study support those of Moritoki et al. (1990) regarding the
actions of CGRP on EFS and exogenous NA, it is not known if CGRP inhibits
the release of NA in this preparation (but see Chapter 4). It is known
however, that the sympathetic transmission of the REA has a purinergic as
well as a noradrenergic component (Kennedy et al., 1986; Saville and
Burnstock, 1988). It seems possible, therefore, that as is the case in the
guinea-pig vas deferens, CGRP may prejunctionally inhibit the release of
ATP, but not NA (Ellis and Burnstock, 1989 ). Further experiments are
required to examine this possibility.

Various authors (Burnstock et al., 1984; Owman et al., 1986; Uddman et
al., 1986; Benjamin et al., 1987; Wallengren and H&kanson, 1987; McEwan et
al., 1988 ; Maggi and Meli, 1988 ) have suggested a role for SP/CGRP nerve
fibres involving a sensory-motor function. Morris and Bevan (1986 ) have
shown, and this study has confirmed, that SP-LI in rabbit ear vessels is
CAPS-sensitive. In addition, CAPS has been shown to activate polymodal
(mechanical and thermal) C-fibres in the rabbit's ear (Szolcs&nyi, 1983 ).
CGRP-LI is often found colocalised with SP-LI in C-fibre nerves (Brain and
Williams, 1988 ) and CGRP-LI has also been shown to be CAPS-sensitive (Saito
et al., 1987; see Maggi and Meli, 1988 , this study). CGRP is probably more
effective than SP as a peptidergic modulator and/or putative transmitter in
this blood vessel, because (i) CGRP-like immunoreactive perivascular nerve
fibres are more abundant than SP-like immunoreactive fibres as well as
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being colocalised with SP-LI (this study); (ii) CGRP has a potent
pharmacological effect (Hanko et al., 1985; Moritoki et al., 1990; this
study) on the sympathetic transmission; (iii) SP is thought not to have any
physiological role in the REA (Illes and van Falkenhausen, 1986 ) and (iv)
CGRP appears to be a selective arterial dilator, whereas SP is a more
potent venodilator (Benjamin et al., 1987 ). The role of SP in the REA could
be to regulate the actions of CGRP. It has been reported that when SP and
CGRP are released from sensory nerves during antidromic nerve impulses, SP
can attenuate the vasodilatory response of CGRP in vivo (Brain and
Williams, 1988).

In summary, this study has localised and colocalised CGRP-, with SP-LI,
both CAPS-sensitive, but not affected by 6-OHDA, suggesting a sensory
origin for these perivascular nerves in the REA. It has shown that CGRP has
a direct, postjunctional action modulating contractile responses to
exogenous NA, a,|S-mATP and EFS, as well as inducing an endotheliumindependent vasodilator response on preconstricted preparations.
Considering the results of the present study in conjunction with previous
reports, these CGRP- and CGRP/SP-like immunoreactive perivascular nerves
may be involved in a sensory-motor neuroregulatory mechanism controlling
local blood flow in the REA.
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CHAPTER 4

CALCITONIN GENE-RELATED PEPTIDE DOES NOT AFFECT THE RELEASE OF
NORADRENALINE IN THE RABBIT CENTRAL EAR ARTERY.
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4.1

SUMMARY

Neurogenic contractile responses of the rabbit ear artery were
inhibited by calcitonin gene-related peptide, although it did not inhibit
the spontaneous or evoked release of tritiated noradrenaline. As a control,
it is confirmed that neuropeptide Y inhibits the evoked, but not the
spontaneous release of tritiated noradrenaline. These results suggest that
calcitonin gene-related peptide, unlike neuropeptide Y, inhibits
sympathetic vasoconstriction by a direct action on the smooth muscle of the
rabbit ear artery, rather than by prejunctional neuromodulation.
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4.2

INTRODUCTION

Calcitonin gene-related peptide (CGRP) is known to inhibit the
vasoconstriction elicited by electrical field stimulation (EFS) in the
rabbit central ear artery (REA) (Hanko et al., 1985; Moritoki et al., 1990;
Chapter 3)* This suggests that CGRP may be acting prejunctionally to
inhibit the release of the sympathetic cotransmitters noradrenaline (NA)
and adenosine 5 ’-triphosphate (ATP), or postjunctionally to produce direct
vasodilatation (Dogramatzis et al., 1987; Chapter 3)» or to modulate the
contractile actions induced by constrictor agents (Chapter 3)•

Although there are contradictory reports about its postjunctional
modulatory actions in the REA (see Potter, 1988), neuropeptide Y (NPY) has
been

shown to inhibit the release of NA prejunctionally (Wong-Dusting and

Rand, 1988). This study examines the effect of CGRP on the spontaneous and
evoked release of tritiated-NA ([^H]NA), in order to clarify whether CGRP,
like NPY, acts prejunctionally to inhibit the release of NA. The effect of
NPY is also examined as a control for the prejunctional inhibition of
release of NA in the rabbit ear artery.

4.3

METHODS AND MATERIALS

Isolated REA segments were dissected out and prepared as previously
described in Chapter 2, Sections 2.5*1 and 2.5*3* Calculation and analysis
of the results were also performed according to the methods outlined in
Chapter 2, Sections 2.5*3*2 and 2.7* Drugs and peptides used were obtained
as outlined in Chapter 2, Section 2.8.
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4.4

RESULTS

In the control experiments the spontaneous and evoked release of [^H]NA
were stable. CGRP (2.63-263 nM) had no significant effect either on the
evoked-release or spontaneous overflow of [^H]NA (table 4.1). CGRP, albeit
at a high concentration (263 nM), significantly reduced the contractile
response elicited by EFS (fig. 4.1). Whilst NPY (100 nM) had no effect,
either on the spontaneous overflow of [^h]NA (table 4.1), or on EFS-induced
contractile responses (fig. 4.1), it did however, inhibit the evokedrelease of [^H]NA (table 4.1). Tetrodotoxin (TTX, 1 pM) blocked the evokedrelease, but did not affect the spontaneous overflow of [^H]NA (table 4.1).
It also markedly reduced the first phase of the EFS-induced contractile
response and abolished the second (fig. 4.1).
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TABLE 4.1
Effects of calcitonin gene-related peptide (CGRP), neuropeptide Y
(NPY) and tetrodotoxin (TTX) on the evoked and spontaneous overflow of
tritiated-noradrenaline in the rabbit central ear artery. The results are
expressed as the mean ± s.e.m. and were calculated as the ratio of the
second stimulation (S2 ) to the first (S-^) i.e. S2 /S1 ratio for evoked
overflow. Similarly, the average of the three prestimulation collections
(spontaneous overflow) were calculated in the ratio Sp2 /Sp-p where Sp-^ and
SP2 refer to the first and second pre-stimulation periods respectively. For
control experiments drug-free modified Krebs’ solution was used throughout
and S2 . n refers to the number of animals used and P^O.05 was considered
significant using Student’s unpaired t-test. Data represented as mean"t S£jn.

CGRP

Control

n

10

NPY

263 nM

(100 nM)

TTX

(1 yM)

2.63 nM

26.3 nM

4

4

6

6

6

1.02±0.04

1.02±0.06

0.98±0.03

0.70±0.04

0.02±0.01

NS

NS

NS

P<0.001

P<0.001

0.99*0.03

0.98±0.05

0.99*0.06

0.99*0.04

NS

NS

NS

NS

Evokedrelease

1.02±0.02

Significance --

Spontaneous
overflow 0.93*0.02

Significance --

0.95*0.04

NS
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FIGURE 4.1

Original traces showing electrical field stimulation (EFS)-induced
contractile responses (30 V, 0.3 ms, 5 Hz, for 90 s) during evoked
tritiated-noradrenaline overflow in the rabbit ear artery. In control
experiments, modified Krebs' solution was superfused throughout the first
(S-j^) and second (S2 ) stimulation periods. Both calcitonin gene-related
peptide (CGRP) and neuropeptide Y (NPY) were allowed to superfuse the
tissue for 2 min before the second stimulation period (S2 ). whereas
tetrodotoxin (TTX) was allowed 10 min incubation. CGRP (263 nM) and TTX (1
pM) markedly reduced the EFS-induced contractile response. **, P<0.01.
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4.5

DISCUSSION

It has been revealed that CGRP (2.63-263 nM) does not inhibit the
release of NA prejunctionally even though it causes a significant reduction
in neurogenic contractions. In addition, the results confirm the finding
that NPY (100 nM) acts prejunctionally, perhaps on Y2 ~receptors (Wahlestedt
et al., 1986), to inhibit the release of NA in the REA (Wong-Dusting and
Rand, 1988).

Although CGRP did not inhibit the release of NA prejunctionally, since
the sympathetic transmission in the REA is mediated by NA and ATP (Glover,
1985 ; Kennedy et al., 1986; Saville and Burnstock, 1988; Saville et al.,

1990), it is possible that the CGRP-induced diminished neurogenic responses
could be due to a prejunctional action against the release of ATP (Ellis
and Burnstock, 1989 )• This action may be in addition to the direct,
postjunctional, endothelium-independent relaxant effect of CGRP on the
preparation (Dogramatzis et al., 1987; Chapter 3)» and the ability of
exogenous CGRP to inhibit both NA- and a,|S-mATP-induced contractile
responses (Moritoki et al., 1990; Chapter 3)* There is therefore ample
evidence that sensory-motor perivascular nerves modulate the sympathetic
influences in the REA. Further studies are necessary to determine if CGRP
acts prejunctionally to inhibit the release of ATP, but not NA in the REA,
as has been shown for the guinea-pig vas deferens (Ellis and Burnstock,

1989).
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The recent finding that NPY inhibits the release of CGRP from CGRPcontaining perivascular nerves (Nuki et al., 1990), and that NA inhibits
the neurogenic vasodilatation mediated by CGRP-containing perivascular
nerves (Kawasaki et al., 1988, 1990) also has important implications for
the modulation of the sensory-motor transmission by sympathetic pre- and/or
postjunctional actions.

In summary, although CGRP does not prejunctionally inhibit the
release of NA in the REA, it has been confirmed that this action is
performed by NPY. These influences on the sympathetic transmission,
combined with other peptidergic modulatory interactions (Nuki et al., 1990)
may be involved in local control of the rabbit ear vasculature, as well as
other peripheral vascular beds.
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CHAPTER 5

SOMATOSTATIN MODULATES VASCULAR SYMPATHETIC NEUROTRANSMISSION
IN THE RABBIT EAR ARTERY.

U7

5.1

SUMMARY

Somatostatin-like immunoreactivity was localised immunohistochemically
in perivascular nerves in the rabbit central ear artery. Whilst
somatostatin had no direct action on this vessel, it significantly
inhibited noradrenaline-induced, but not a,(S-methylene ATP-induced
vasoconstriction. Somatostatin also inhibited contractions elicited by
electrical field stimulation showing greater effect at low (16 Hz) compared
with high (64 Hz) frequencies, and inhibited the release of tritiated
noradrenaline in a concentration-dependent manner. These results confirm
that somatostatin is a neuroregulatory peptide, and suggest that it is
modulating vascular sympathetic cotransmission of the rabbit central ear
artery by acting both prejunctionally to inhibit transmitter release, and
postjunctionally to attenuate the action of noradrenaline.
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5.2

INTRODUCTION

Somatostatin (SOM) is a tetradecapeptide originally isolated from the
ovine hypothalamus. It is found in the mammalian central nervous system,
predominantly in the hypothalamus and cerebral cortex (for review see
Epelbaum, 1986 ). SOM is also widely distributed in both efferent and
afferent components of the peripheral nervous system (Hbkfelt et al., 1976,
Luft et al., 1978; Schultzberg et al., 1982; F6her et al., 1989 and James
and Burnstock, 1989; Lacroix et al., 1990). It has been localised in, and
shown to be released from primary sensory neurons via a voltage- and
calcium-dependent mechanism (Randic and Miletic, 1978).

Cohen et al. (1978) originally suggested that SOM may have a
prejunctional, inhibitory action on sympathetic transmission in the REA.
This was based upon evidence that it inhibited contractions elicited by
electrical field stimulation (EFS) in this preparation. Previously,
however, it was shown that calcitonin gene-related peptide (CGRP), like SOM
had a similar inhibitory effect on this vessel (Hanko et al., 1985). yet
did not prejunctionally inhibit the release of noradrenaline (NA) as
anticipated (Chapter 4). Therefore, from this evidence it cannot be claimed
that SOM acts prejunctionally to inhibit transmitter release because it
inhibits neurally mediated contractions without further experimentation.

In this study we have examined the pre- and postjunctional modulatory
actions of SOM using the REA which is known to be controlled by excitatory
sympathetic nerves which release NA, ATP and probably neuropeptide Y (NPY)
(Holton, 1959; Edvinsson et al., 198*1, Suzuki, 1985 , Kennedy et al., 1986;
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Juan et al,, 1988; Saville and Burnstock, 1988 ; Wong-Dusting and Rand,
1988, Budai et al,, 1989; Saville et al,, 1990), and inhibitory sensory
nerves (Hanko et al,, 1985; Dogramatzis et al,, 1987; Moritoki et al.,
1990; Chapter 3)*

5.3

METHODS AND MATERIALS

Isolated REA segments were dissected out and prepared for
immunohistochemical and pharmacological experiments as previously described
in Chapter 2, Sections 2.1, 2.4, 2.5* Calculation and analysis of the
results were also performed according to the methods outlined in Chapter 2,
Sections 2.5*3*2 and 2 .7 . Drugs and peptides used were obtained as
listed in Chapter 2, Section 2.8.

5.4

RESULTS

5.4.1

Imnunohistochemical Localisation of Somatostatin in the Babbit
Central Ear Artery

Somatostatin-like immunoreactivity (SOM-LI) was observed in all
preparations (n=17). A sparse distribution of single varicose and nonvaricose fibres ran along the longitudinal axis of the artery (fig. 5*1)*
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3.4.2

Pharmacological Actions of Exogenous Somatostatin in the Babbit
Central Ear Artery

5.4.2.1

Effect of Somatostatin on the Responses to Exogenous Noradrenaline

The administration of exogenous NA (0.5“10 pM) produced a concentrationdependent, well-maintained vasoconstriction. In the presence of SOM (300
nM) the responses to exogenous NA (0.5 and 1.0 pM [fig. 5*2a, table 5*1])
were significantly reduced. The response to 10 pM NA, however, was not
affected by SOM (table 5*1)* SOM (300 nM) had no direct action either on
basal tone, or on preconstricted preparations (NA, 1 pM).

5.4.2.2

Effect of Somatostatin on the Response to Exogenous a,p-methylene
ATP

The application of exogenous a,|5-mATP (0.5-10 pM) elicited a rapid
contractile response that was not maintained. SOM (300 nM) significantly
inhibited the response to exogenous a,£-mATP at 10 pM; at 0.5 and 1.0 pM
the same trend was apparent, but it was not significant (table 5*1» fig*
5*2b).

5.4.2.3

Response to Electrical Field Stimulation

EFS of the perivascular nerves in the REA produced rapid, frequencydependent contractions. All responses were abolished by tetrodotoxin (TTX,
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1 pM). Incubation with SOM (3”300 nM) resulted in a significant transient
inhibition of the response to EFS (except at 16 Hz in the presence of SOM
(3.0 nM) about 1 min after addition of SOM (table 5*2; fig. 5*2c, d).

5.^.2.^

Effect of Somatostatin on Tritiated-Noradrenaline Release

SOM (3-100 nM) had a concentration-dependent, inhibitory effect on the
evoked release of [^H]NA. At the three concentrations examined (3. 10, 100
nM), SOM reduced the evoked release of [^H]NA by 10#, 36 # and kj%
respectively (table 5»3)* TTX (1 pM) abolished the evoked [^H]NA release
elicited by EFS (table 5*3)* The spontaneous release of [^H]NA was
unaffected by either exogenous SOM (3-100 nM) or TTX (1 pM) (table 5*3)*
There was also no significant difference on the contractile mechanical
responses recorded during the stimulation periods S^ (control) and S2
(after SOM (3-100 nM) incubation).
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TABLE 5-1

The effect of somatostatin (300 nM) on the contractile responses to
noradrenaline and a, |5-methylene ATP in the rabbit central ear artery. The
level of significance was calculated using Student’s paired t-test and
P<0.05 was considered significant, (n, number of animals; NS, not
significant).Data represented as'meanjt s^ jti.

n

Control

+ Somatostatin

% Reduction

Significance

Tension (mg)
Noradrenaline
(yM)
0.5

5

690±101

563*127

22±8

P<0.05

1.0

8

908±157

847*16

7*3

P<0.05

10.0

8

1950*364

1943*366

1±1

NS

0.5

5

205*43

159*36

20±8

NS

1.0

4

794±176

681±184

19*10

NS

10.0

4

1356±383

1063*353

21±6

P<0.05

a, ft-methylene ATP
(pM)
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TABLE 5.2

The effect of somatostatin (3“300 nM) on the contractile responses elicited
by electrical field stimulation (supramaximal voltage, 0.1 ms pulse width
and 1 s train duration) at 16 and 64 Hz in the rabbit central ear artery.
The level of significance was calculated using Student's paired t-test and
P<0.05 was considered significant, (n, number of animals; NS, not
significant). Data represented as mean|:t s-em.

Frequency

Somatostatin

Tension (mg)

% Reduction

Significance

(Hz)

(nM)

Control + Somatostatin

16

300

788±171

544±156

33±8 (4)

P<0.05

64

300

1488±113

1338±101

10±2 (4)

P<0.05

16

30

788±l6l

630±158

25±9 (5)

P<0.01

64

30

1508±291

1388±291

10±3 (6)

P<0.01

16

3

853±248

750±240

14±5 (5)

NS

64

3

1788±226

1700±237

5±2 (6)

P<0.05
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TABLE 5-3

Table showing a summary of results of the effects of somatostatin on the
spontaneous- and evoked-released of [^H]-noradrenaline in the rabbit
central ear artery. The results were calculated as the ratio of the second
stimulation (S2 ) to the first (S-^) i.e. S2 /S1 ratio for evoked-release, and
similarly as Sp2 /Sp^ ratio for spontaneous release of [^H]-noradrenaline.
The level of significance was calculated using Student’s unpaired t-test
and P<0.05 was considered significant, n, number of animals.
Data represented as meant sjejn.

Tetrodotoxin

Somatostatin (nM)

Evoked
release
(n)

Control

3

1.02±0.02

0 .90 ±0.0 2

10

Significance

Spontaneous
release

(n)

0.93±0.02

10

10

100

(1 ViM)

0.64±0.06

0.53*0.03

0.02±0.01

4

5

8

6

P<0.005

P<0.001

P<0.001

P<0.001

0.93*0.03

0.98±0.03

0.94±0.02

0.99*0.04

4

5

8

6
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FIGURE 5.1

Somatostatin-like immunoreactive nerve fibres in the rabbit central ear
artery. Note the sparse innervation consisting of a single varicose
fluorescent nerve fibre.

Calibration bar = 30 pm.
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FIGURE 5-2

Typical traces showing the effects of somatostatin (300 nM) on the
contractile responses to exogenous (a) noradrenaline (1 pM) and (b) a,|Smethylene ATP (1 pM), and on responses to neurogenic electrical field
stimulation (supramaximal voltage, 0.1 ms pulse width, 1 s train duration)
at (c) 16 Hz and (d) Hz in the rabbit central ear artery.
indicate the time for which somatostatin was present.
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5.5

DISCUSSION

A sparse distribution of SOM-like immunoreactive fibres was observed in
the perivascular nerve plexus of the REA. This is in contrast to the
greater density of innervation previously described for substance P (SP)—
(Morris and Bevan, 1986 ; Chapter 3) and CGRP- (Chapter 3) in this vessel.

It seems likely that the SOM-like immunoreactive fibres found in the ear
artery may be of sensory origin.

It has been reported that SOM has been

colocalised in the same secretory vesicles with CGRP and/or tachykinins in
sensory neurons of rat and guinea-pig (Merighi et al., 1988). In addition,
CGRP, SP and SOM have properties in common such as: (a) they are present in
dorsal root ganglion cell bodies (b) they are transported centrally and
peripherally to terminals of these neurons, (c) capsaicin inhibits
axoplasmic flow and depletes these peptides from primary sensory neurons
(Lembeck et al., 1982; Ositelu and Morris, 1987 ).

The finding that SOM significantly inhibits neurogenic vasoconstriction
in the REA is consistent with the result of Cohen et al. (1978). We have
shown that this inhibition is due partly to a concentration-dependent
prejunctional inhibitory modulation of the release of NA in the REA, and
partly due to postjunctional modulation of the effects of NA, but not of
ATP.

The contractile responses of the REA to sympathetic stimulation consist
of a prazosin-sensitive, adrenergic component and a purinergic component
sensitive to desensitisation by a,|5-mATP (Saville et al., 1990).
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Parameters involving short pulse widths (0.1 ms) and train durations (1 s),
and low frequencies favour the purinergic component of sympathetic
transmission (Kennedy et al., 1986). It is possible, therefore, that SOM
may be prejunctionally modulating the release of the sympathetic
cotransmitter ATP in this preparation, in addition to its prejunctional
effects on the release of NA (Holton, 1959; Suzuki, 1985; Kennedy et al.,
1986 ; Saville and Burnstock, 1988 ). This possibility could not be verified

since measuring ATP release from isolated blood vessels is at the border of
technical feasibility (Muramatsu et al., 1990). However, the SOM-induced
inhibition (33$. table 5*2) observed using parameters which favour the
purinergic component supports this proposition.

In contrast to Cohen et al. (1978) it was found that SOM had a
significant, concentration-dependent, postjunctional inhibitory effect on
exogenous NA-elicited vasoconstriction in the REA (NA, 0.5 and 1.0 pM).
This discrepancy with the effect of peptides on NA-induced responses in the
REA is not uncommon, and is probably due to differences in incubation times
before administration of NA (Hanko et al., 1985; Chapter 3)* It was also
found that exogenous a,£-mATP (0.5 and 1.0 pM) was not significantly
inhibited by SOM except at a high concentration (a,(5-mATP, 10 pM). These
results suggest that SOM is acting postjunctionally, preferentially to
inhibit the noradrenergic component of the contractile response.

In conclusion, it appears that SOM, localised in perivascular nerves of
the REA, is probably of sensory origin and acts as an inhibitory
neuromodulator prejunctionally to inhibit the release of NA, and
postjunctionally, to preferentially inhibit contractile responses to NA.
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CHAPTER 6

NEUROPEPTIDE Y-LIKE IMMUNOREACTIVITY MAY BE LOCALISED IN SOME SYMPATHETIC,
BUT NOT IN SENSORY PERIVASCULAR NERVE FIBRES
OF THE RABBIT CENTRAL EAR ARTERY.
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6 .1

SUMMARY

Histochemical studies demonstrated the presence of catecholamine
fluorescence and neuropeptide Y-like immunoreactivity in perivascular
nerves fibres supplying the rabbit central ear artery. Forty-eight hours
after treatment with reserpine, catecholamine fluorescence in the rabbit
central ear artery was abolished and neuropeptide Y-like immunoreactivity
was substantially reduced. In vitro incubation with capsaicin did not alter
the intensity and/or density of the neuropeptide Y-like immunoreactivity,
whereas after incubation with 6-hydroxydopamine nearly all neuropeptid^(
like immunoreactivity was lost. These results suggest that neuropeptide Ylike immunoreactivity is not localised in sensory, but rather colocalised
in some noradrenaline-containing (sympathetic) perivascular nerve fibres.
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6 .2

INTRODUCTION

Neuropeptide Y (NPY) is a peptide comprising 36 amino acids that was
originally isolated from the porcine brain (Tatemoto, 1982), and has been
found to be abundant in both central and peripheral nervous systems
(Lundberg et al.,

1983; Gu et al., 1983)• Immunohistochemical studies

have demonstrated a rich supply of perivascular nerve fibres showing
positive NPY-like immunoreactivity (NPY-LI) around arteries and arterioles
Edvinsson et al., 1983; Ekblad et al., 1984; Uddman

(

et al., 1985). and noradrenaline (NA) and NPY have been found to coexist in
sympathetic perivascular nerves (Lundberg et al.,

1983; Ekblad et

al., 1984).

The aim of this experiment, therefore, was to determine whether NPY
is localised in perivascular nerves of the rabbit central ear artery, and
if so, to see whether it is localised in sympathetic or non-sympathetic
nerves.

6.3

METHODS AND MATERIALS

Experimental procedures involving reserpine treatment of the animals
were conducted as outlined in Chapter 2, Section 2.6.2. Isolated REA
segments were dissected out and prepared as previously described in Chapter
2, Sections 2.1, 2.4.

In vitro incubations were conducted according to the

methods described in Chapter 2, Section 2.6.1. Proximal segments of the ear
artery were used for all experimental studies and compared to similar
control segments.
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6 .4

RESULTS

Localisation of Noradrenaline and Neuropeptide Y in the Babbit

6.4.1

Central Ear Artery

A very dense network of catecholamine fluorescence was observed in
the proximal sections of the rabbit ear artery (fig. 6.1a). There was a
gradual reduction in the density of fluorescence along the length of the
vessel. This was in agreement with the results of Griffith et al, (1982).

Positive NPY-LI was observed in all sections of the rabbit ear artery
(n=20). In the proximal region the NPY-LI was greatest with the nerve
fibres showing a dense plexus (fig. 6.1b), whilst in the distal region
there was a looser arrangement of single, varicose and non-varicose nerve
fibres.

6.4.2

Pretreatment with Beserpine

Following pretreatment of the rabbits with reserpine, catecholamine
histofluorescence was abolished (fig. 6.1c), and NPY-LI was substantially
reduced in both intensity and density (fig. 6.Id) in comparison with
control preparations (fig. 6a, b).
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6.4.3

Effects of In Vitro Incubation with Neurotoxins

Segments incubated in capsaicin (CAPS, 1 pM) showed no change in
catecholamine histofluorescence (fig. 6.1e) or NPY-LI (fig. 6.If) in
comparison with control preparations (figs. 6.1a, b). Segments incubated
with 6-hydroxydopamine (6-OHDA, 0.4 mM), however, showed a total loss of
catecholamine histofluorescence (fig. 6.1g) and a substantial reduction in
both the intensity and density of NPY-LI (fig. 6.1h). Segments incubated in
vehicle-containing Krebs’ solution showed no changes in catecholamine
fluorescence, or the intensity and/or density of NPY-LI in comparison with
normal control preparations (figs 6.1a, b).
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FIGURE 6.1

(a) Catecholamine histofluorescence in the proximal section of the rabbit
central ear artery (REA). Note the network of both single and small
bundles of varicose fibres, as well as larger fluorescent nerve
bundles. Calibration bar = 30 pm.
(b) Immunofluorescent micrograph of the REA showing neuropeptide Y-like
immunoreactivity (NPY-LI). Note a similar network pattern of
fluorescence as in (a), i.e. single and small bundles of varicose, as
well as larger bundles of fluorescent perivascular nerve fibres.
Calibration bar = 30 pm.
(c) Catecholamine fluorescence abolished in the REA after pretreatment with
reserpine. Calibration bar = 30 pm.
(d) Marked reduction in intensity and density of NPY-LI after pretreatment
with reserpine. Calibration bar = 30 pm.
(e) Unchanged catecholamine histofluorescence in the REA after in vitro
incubation with capsaicin (CAPS, 1 pM). Calibration bar = 30 pm.
(f) NPY-LI in the REA after in vitro incubation with CAPS (1 pM). Note that
the density and intensity of NPY-LI is unaffected in comparison with
control preparations (b). Calibration bar = 30 pm.
(g) Abolition of catecholamine fluorescence in the REA after in vitro
incubation with 6-hydroxydopamine (6-0HDA, 0.4 mM). Calibration bar =
30 pm.
(h) Marked reduction in density and intensity of NPY-LI in the REA after in
vitro incubation with 6-0HDA (0.4 mM). Calibration bar = 30 pm.
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6.5

DISCUSSION

The density and distribution of the NPY-like immunoreactive nerve fibres
in the REA was similar to that'for catecholaminergic nerve fibres.
Following reserpine pretreatment, catecholaminergic nerve fibres were
absent and the intensity of NPY-LI was substantially reduced.

The results from the use of the sensory neurotoxin CAPS (Kawasaki

et

al., 1988; Maggi and Meli, 1988 ) suggest that these NPY-like immunoreactive
fibres were not of sensory origin, as they were unaffected by in vitro
incubation with CAPS.

In vitro incubation with 6-OHDA, however, supports the results of
pretreatment with reserpine which indicate that NPY-LI is stored in
reserpine- and 60HDA-sensitive sympathetic perivascular nerves (Allen et
al., 1985. 1986). The abolition of catecholamine histofluorescence after
both treatments shows that the sympathetic nerves had been damaged (Thoenen
and Tranzer, 1968 ; Bennett et al., 1970; Jonsson and Sachs, 1972). The
simultaneous substantial reduction in NPY-LI after each of these treatments
suggests that these NPY-containing nerves are mainly colocalised with NA in
the perivascular sympathetic nerves. There is, however, the possibility
that there may be a sub-population of nerve fibres which contain only NPYLI since not all NPY-LI was lost after treatment with the sympathetic
neurotoxins reserpine and 6-OHDA.

The results are in agreement with other studies which have shown that
reserpine induces a dose- and time-dependent depletion of NPY-LI from
nerves in the heart, spleen and skeletal muscle, although this has not been
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observed in the vas deferens or uterus of the guinea-pig (Lundberg et al.,
1984, 1985. 1986

). Since the colocalisation of NA and NPY in

sympathetic nerves has been shown in a variety of sympathetically
innervated preparations including blood vessels, (Lundberg et al.,
1983; HSkfelt et al., 1983; Ekblad et al., 1984; Allen et al., 1985; Uddman
et al., 1985 )» it is likely that these substances are colocalised in the
sympathetic perivascular nerves of the REA. Further experiments involving
double-labelling for tyrosine hydroxylase (the rate-limiting enzyme in the
catecholaminergic synthetic pathway) or dopamine p-hydroxylase and NPY-LI
are necessary to confirm this suggestion.
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SECTION 2

PLASTICITY AND PATHOLOGY OF THE LOCAL CONTROL OF VASCULAR TONE
IN THE RABBIT CENTRAL EAR ARTERY.

CHAPTER 7

PLASTICITY OF THE SYMPATHETIC NEUROTRANSMISSION
IN THE CENTRAL EAR ARTERY OF YOUNG ADULT AND AGED RABBITS
AFTER COLD EXPOSURE.
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7.1

SUMMARY

This study examines the effects of chronic cold exposure (8 days or 4
weeks, 4-8 °C) on the neurogenic and noradrenaline-induced contractile
responses in the central ear artery of young adult (4-6 months) and aged
(3+ years) rabbits. There were no significant differences between
contractile responses of the ear artery preparations from non-cold exposed
(control) animals from either age group. In young adult animal groups there
were no significant changes in neurally mediated contractile responses.
There was however, a marked transient decrease in responsiveness to
exogenous noradrenaline, 8 days after cold exposure, in comparison with
age-matched control animals. In aged animal groups there were no
significant changes in the noradrenaline-induced responses, but there was a
tendency towards reduced neurally mediated contractile responses after
chronic cold exposure. These results suggest that although sympathetic
transmission is unchanged in young adult compared with aged animals, there
is an age-related difference in the ability of sympathetic transmission in
the rabbit ear artery to adapt to chronic cold exposure.
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7.2

INTRODUCTION

It is well established that cold exposure increases activity of
sympathetic nerves and elevates levels of circulating noradrenaline (NA) in
plasma (Reite et al., 1966; Iriki, 1983; Avakian et al., 1984; McCarty,
1985 ). There are, however, conflicting reports regarding whether there are

age-related changes in the reactivity of the sympathetic nervous system in
response to cold stress (Avakian et al., 1984; McCarty, 1985 ).

It has recently been reported (Rochon and Bukowiecki, 1990) that chronic
(7 days) cold exposure resulted in markedly decreased sensitivity and
responsiveness of adipocytes to the action of catecholamines. Moreover, it
was shown that the effect of cold exposure was transient, as fully coldacclimated animals (3 weeks cold exposure) responded normally to
catecholamines.

In a previous study (Cowen et al., 1988) it was reported that although
there was no change in the density of noradrenergic nerves supplying the
rabbit ear artery (REA), chronic cold exposure induced an increase in the
concentration of neuropeptide Y (NPY) in the superior cervical ganglion
which supplies the REA with its sympathetic innervation. In this study, the
REA is used as a model to investigate whether there are any age-related
differences in neurally mediated and NA-induced contractile responses after
chronic cold exposure.
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7.3

MATERIALS AND METHODS

Experimental procedures involving treatment of the animals were
conducted as outlined in Chapter 2 (Section 2.6.3). Isolated REA segments
were dissected out and prepared for pharmacological experiments as
previously described in Chapter 2 (Sections 2.1, 2.5). Calculation and
analysis of the results were also performed according to the methods
described in Section 2.7. Drugs and peptides used were obtained as listed
in Section 2.8.

7.4

RESULTS

7.4.1.

Exogenous Noradrenaline

NA-induced contractile responses were concentration-dependent in all
animal groups. Over the concentration range of NA (0.1-300 pM) examined,
there were no significant differences in contractile responses between the
young adult and aged control animal groups (table 7*1). In addition, there
were no changes in the pD2 values in control compared with cold exposed
animals at either age group (table 7*1).

In the young adult animals, there was a significant reduction in the
maximal contraction induced by exogenous NA after 8 days cold exposure
(table 7*1)* After 4 weeks cold exposure, however, these NA-induced maximal
contractions were at control levels in both young and aged animal groups
(table 7.1).
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7.4.2.

Electrical Field Stimulation

EFS-induced contractile responses were neurogenic (tetrodotoxinsensitive, 1 pM) and frequency-dependent in all groups of animals studied.
As there were no significant changes in the pD2 values for NA-induced
contractions at either age group, EFS-induced contractile responses were
expressed as a percentage of the EC^q response to NA. There were no
significant differences in EFS-induced contractions between the young adult
and aged control animal groups (fig. 7*2a, b).

In young adult animals, there was a nonsignificant tendency, towards an
increase in EFS-induced contraction after 8 days, but not 4 weeks cold
exposure in comparison with age-matched control animals (fig. 7*2a).

In the aged animal groups there was a non-significant reduction in EFSinduced contractile responses after cold exposure at all frequencies
examined (fig. 7*2b).
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TABLE 7.1

Comparison of pD2 values and maximum responses to exogenous noradrenalineinduced (0.1-300 pM) contractile responses in the rabbit central ear
artery. Values represent mean ± s.e.m., where n is the number of animals.
**, P<0.01.

PD2 Value

Age

n

Maximum Tension
(mg)

4-6 months (young adult)

3+ years (aged)

Control

5 .6 ± 0 .1

6

35^2 ± 107

8 days

5 .6 ± 0 .1

6

2565 ± 142**

4 weeks

5 .8 ± 0 .1

6

3231 ± 106

Control

5 .8 ± 0 .6

5

3145 ± ^70

8 days

5 .9 ± 0 .1

6

3483 ± 162

4 weeks

5 .8 ± 0 .1

6

3223 * 233
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FIGURE 7-1

Histograms representing the frequency-dependent responses induced by
electrical field stimulation (EFS) on isolated rabbit ear artery
preparations. Preparations were taken from (a) young adult (4-6 months) and
(b) aged (3+ years) control animals and animals subjected to 8 days and 4
weeks cold exposure (4-8 °C). Responses were calculated as a percentage of
EC^q response to exogenous NA on each preparation and represented as mean
(bar) ± s.e.m (vertical line).
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FIGURE 7.2

Concentration-response curves representing contractile responses induced by
exogenous noradrenaline (NA) on isolated rabbit ear artery preparations.
Preparations were taken from (a) young adult (4-6 months) and (b) aged (3+
years) control animals and animals subjected to 8 days and 4 weeks cold
exposure (4-8 °C). Responses were calculated as a percentage of the maximum
response to exogenous NA on each preparation and represented as mean (bar)
± s.e.m (vertical line).
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7.5

DISCUSSION

The results show that there is no age-related change in either the
efficacy or sensitivity of exogenous NA in the rabbit ear artery of control
animals. Moreover, sympathetic transmission in this preparation seems to be
unaffected with age, since there were similar neurogenic contractile
responses in both young adult and aged control animals.

It is known that cold stress induces an increase in sympathetic activity
(Reite et al.> 1966 ; Iriki, 1983 ). The lack of significance of the tendency
towards increased EFS-induced contractile responses in the young adult
animals after 8 days cold exposure is perhaps due to the reduced efficacy
and sensitivity of the postjunctional a^-adrenoceptors (Roberts et al.t
1989; Rochon and Bukowiecki, 1990), as a result of raised levels of NA in
the plasma (Reite et al.t 1966; Iriki, 1983). The subsensitivity of the
postjunctional a^-adrenoceptors would explain the significant reduction in
the maximum responses to exogenous NA observed after 8 days cold exposure.
This reduction in efficacy of exogenous NA in young adult animals was
transient as NA-induced maximum contractions in the REA, after 4 weeks cold
exposure, were not significantly different from the age-matched control
group. The transient nature of the responses is consistent with the
alterations in adipocyte responses to lipolytic hormones during cold
acclimation reported by Rochon and Bukowiecki (1990).

The non-significant reduction of the neurogenic contractile responses in
aged animals after chronic cold exposure is perhaps indicative of the
latent response of the sympathetic system in aged animals to adapt to
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stressful situations (McCarty, 1985)• There was no period of transient
increased sympathetic activity, resulting in suppressed responsiveness to
exogenous NA, as in the young adult animal group since the response to
exogenous NA remained unchanged after cold exposure.

In conclusion, Avakian et al. (1984) suggested that there were no agerelated differences in the reactivity of the sympathetic nervous system to
cold stress. Although this may be true for acute cold exposure, the present
results suggest otherwise following chronic cold exposure.
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CHAPTER 8

X-RADIATION-INDUCED VASCULAR DAMAGE IN THE RABBIT CENTRAL EAR ARTERY.
An Ultrastructural Study.
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8.1

SUMMARY

Structural changes in the rabbit central ear artery were studied by
electron microscopy at 1 and 6 weeks after a single dose of x-irradiation
(45 Gy)* Damage was apparent throughout the arterial wall. The most
prominent changes in the cytoplasm of fibroblasts, endothelium, smooth
muscle cells and Schwann cells were degranulation and dilatation of the
cisternae of the endoplasmic reticulum, increased numbers of vesicles in
the Golgi apparatus and partial vacuolisation of the mitochondria. In
addition, there was an increase in filamentous material in the fibroblasts,
endothelial cells and Schwann cells. Smooth muscle cells were often seen
between the elastic lamina and endothelial cells in the intima. Axon
profiles of perivascular nerve fibres in the adventitia after irradiation
exhibited prominent neurotubules in the axoplasm, which perhaps suggests an
increase in the proportion of preterminal fibres or intervaricosities
compared with terminal varicosities. These changes in the perivascular
nerves of the rabbit central ear artery suggest that they are
radiosensitive and should be considered in addition to damaged endothelial
cells and smooth muscle cells with respect to regulation and control of
local blood flow after exposure to a single dose of 45 Gy irradiation.
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8.2

INTRODUCTION

One of the major problems with the use of x-radiation for cancer
treatment is the effect of ionising radiation on normal tissues; it is
therefore important that the effects of radiation on normal tissue are
understood. The 1980s saw a resurgence of intraoperative radiotherapy, i.e.
use of "single massive doses" of radiation to eliminate cancer nests in
sensitive areas such as near major blood vessels (Abe et al., 1980; Abe and
Takahashi, 1981; Goldson, 1981; Suit et al,, 1985; Gillette et al,, 1988 ;
Kinsella and Sindelar, 1989; LeCouteur et al,, 1989)* Single doses of
radiation are more likely to cause damage to normal tissue than
fractionated regimes. Consequently, this study was undertaken to try to
a
investigate the effect of a single massive dose of radiation on normal
vascular structure and function.

It was originally thought that radiation therapy either damaged the
autonomic nerves of blood vessels and/or caused the appearance of breakdown
products, humoral agents and/or vasoactive material in the blood (Warren,
19^2; Brooks et al,, 1956; Kivy-Rosenberg, 1980 ). Rubin and Casarett (1968)
subsequently developed the hypothesis that blood vessels are the doselimiting component in normal tissue although this proposal has been
challenged (Withers et al., 1980). There is now much evidence that the
primary effect of irradiation is on the endothelial cells of the
vasculature (Rubin and Casarett, 1968 ; Martins et al., 1977; KivyRosenberg, I98 O; Ts’ao et al., 1983; Fajardo, 1989b; Reinhold et al.,
1990 ), and more recently, that smooth muscle cells are also potential

target sites (Hopewell et al., 1989 ).
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Radiation-induced vascular damage due to conventional fractionated
radiation therapy can be divided into an early phase (hours to months) and
a late phase (months to years) (Law, 1981; Altman and Gerber, 1983; Fike et
al., 1984). The late phase is usually of greater clinical importance and is
thought to correspond with the slow turnover and death of endothelial cells
(Hopewell, 1974; Dimitrievich et al., 1977; Law, 1981; Fajardo and
Berthrong, 1988 ; Reinhold et al., 1990). During this phase there is also
intimal thickening due to myointimal proliferation, atrophy of smooth
muscle cells and general fibrosis of the vessel wall caused mainly by the
replacement of fibrin deposits by collagen. Thrombosis and rupture are also
manifested a few years after the initial radiation exposure (Fajardo and
Berthrong, 1988 ; Reinhold et al., 1990).

Vascular injury induced by convential fractionated radiation therapy has
been extensively investigated and well defined (for recent reviews see
Fajardo and Berthrong, 1988 ; Reinhold et al., 1990). This study has tried
to identify both structural and functional (Stewart-Lee et al., 1991)
abnormalities that could contribute to changes which may occur before any
clinical symptoms appear in man (Law, 1981).

The rabbit central ear artery (REA) was chosen for this investigation
because it is easily accessible and permits localised irradiation without
affecting the entire animal. The single dose of x-radiation delivered is
comparable to that used in intraoperative radiotherapy in man (Abe et al.,
1980; Kinsella and Sindelar, 1989* LeCouteur et al., 1989 )• A comparison is
made of changes occurring during the early phase after irradiation.
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8.3

METHODS AND MATERIALS

Experimental procedures involving x-ray treatment of the animals were
conducted as described in Chapter 2, Section 2.6.4. Isolated REA segments
were dissected out and prepared as previously described in Chapter 2,
Sections 2.1, 2.3. Six animals were examined from each experimental and
age-matched control group.

8.4

RESULTS

Structural changes were observed in all cellular components of the
arterial wall of the REA 1 week and 6 weeks after a single dose (45 Gy) of
x-radiation. However, the changes in the endothelium, smooth muscle cells,
Schwann cells and fibroblasts in response to radiation were not uniform at
either 1 week or 6 weeks after irradiation. In general, the abnormalities
increased between these two time periods.

The most striking ultrastruetural change common to all the cell types
studied were various degrees of degranulation of the endoplasmic reticulum
(figs 8.1c, 8.2b, 8.4c). This degranulation was usually accompanied by
dilatation of the cisternae of the endoplasmic reticulum, which were filled
with moderately electron-dense material, and many ribosomes lying freely in
the cytoplasm. The fibroblasts, endothelial cells and Schwann cells also
had large aggregates of filaments in their cytoplasm. In addition, many
cells exhibited a well-developed Golgi apparatus with an increased number
of dilated vesicles filled with electron-lucent material. Mitochondria
showed partial vacuolisation with moderately swollen cristae.
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The most consistent changes were found in the endothelial cells (fig.
8.1). There was often a bulging of the endothelial cells towards the lumen
of the artery (fig. 8.Id). However, while there were substantial changes in
the cytoplasmic structure, the intercellular relationships of the cells in
the intima were not markedly disturbed. No mitotic activity was observed in
the endothelial cells at either 1 week or 6 weeks after a single dose of 45
Gy irradiation.

The changes observed in the smooth muscle cells were not uniform (Fig.
8.2). Six weeks after exposure to a single dose of 45 Gy irradiation many
of the smooth muscle cells contained one or several large vacuoles, which
were packed with membranous material, and were probably lysosomes (fig.
8.2c). In one half of all the animals at six weeks after 45 Gy irradiation,
smooth muscle cells had penetrated between the elastic laminae and the
endothelial cell layer (figs. 8.Id, 8.3)* A similar finding was observed in
tissue taken from a 1 week post-irradiation animal. These migratory smooth
muscle cells were usually more electron dense with more prominent
ultrastruetural damage than other muscle cells within the tunica media.

The morphological changes observed in the fibroblasts in the tunica
adventitia were similar to those seen in the smooth muscle cells. The
tunica adventitia did not contain as many fibroblasts as controls at 6
weeks post-irradiation (fig. 8.2d). The integrity of the dense collagen
fibres and sparse elastin bundles seemed intact in both control and treated
preparations.

159

The nerve fibres of the autonomic innervation supplying the REA were
localised exclusively in the tunica adventitia in both control and
irradiated animals. Prominent neurotubules were observed in the
varicosities of these nerve fibres in animals 6 weeks after 45 Gy
irradiation compared with control animals (Fig. 8.4). The varicosities
contained both large- and small-dense cored vesicles as well as small,
agranular vesicles. The myelinated axons in the outer adventitia exhibited
partial destruction of their myelin sheaths (Fig. 8.4d). The morphological
changes described above were found in irradiated vessels fixed by both
perfusion and immersion, suggesting that fixation artefacts had been
minimised.
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FIGURE 8.1

(a) Endothelial cell from a control artery showing the normal
ultrastructural appearance. The nucleus (N) is surrounded by a thin layer
of cytoplasm containing sparse endoplasmic reticulum (ER) and scattered
mitochondria (M). Numerous pinocytic vesicles (P) at the cell surface open
towards the lumen of the vessel (L) or the subendothelial intercellular
space (S). Scale bar = 1 pm.

(b) Endothelial cell 1 week after irradiation. The cisternae of the
endoplasmic reticulum (ER) have become dilated and the Golgi apparatus (G)
is extensive. There are many free ribosomes (R) and filamentous material
(F) within the cytoplasm. Mitochondria (M) appear normal. The internal
elastic lamina (E) lies close to the endothelial cells in this micrograph.
Scale bar = 1 pm.

(c) Endothelial cell 6 weeks after irradiation. The cytoplasm has become
swollen with damaged mitochondria (M), extensive dilated cisternae of the
Golgi apparatus (G) and endoplasmic reticulum (ER), and large numbers of
free ribosomes (R). CT - centriole; S - subendothelial space. Scale bar = 1
pm.

(d) Micrograph showing part of the tunica intima and tunica media 6 weeks
after irradiation. The endothelial cells (EC) are bulging into the lumen. A
smooth muscle cell (*) has penetrated beneath the elastic lamina and
appears severely damaged, compared with the normal appearance of the smooth
muscle cells of the media (SM). E - elastic lamina. Scale bar = 5 U131*
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FIGURE 8.2

(a) Smooth muscle cells of tne tunica media in a control artery showing
endoplasmic reticulum (ER) and mitochondria (M), adjacent to the nucleus
(N). Pinocytic vesicles (P) on the sarcolemma open onto the intercellular
space (S), which consists of a collagen matrix. Scale bar = 1 pm.

(b) Smooth muscle cell 6 weeks after irradiation. The Golgi apparatus (G)
and endoplasmic reticulum (ER) are prolific, and there are a large number
of free ribosomes (R) in the cytoplasm, along with swollen mitochondria
(M). Scale bar = 1 pm.

(c) Smooth muscle cell 6 weeks after irradiation. This cell has been
disrupted by a large vacuole (V), although the mitochondria (M),
endoplasmic reticulum (ER) and extensive Golgi cisternae (G) appear
undamaged. Note the centriole (CT); R - ribosomes. Scale bar = 2 pm.

(d) Micrograph showing the tunica adventitia of an artery, 6 weeks after
irradiation. Within the collagen matrix (C) is a severely damaged
fibroblast (Fbl) undergoing autolysis. (Fb2) is a cytoplasmic protrusion
from a less severely damaged fibroblast. Scale bar = 5
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FIGURE 8.3

Micrographs showing the tunica intima and tunica media, 6 weeks after
irradiation. The lower power view (a) shows that a number of cells (*) have
penetrated the elastic lamina (E), some of which can be seen to have the
ultrastructural characteristics of smooth muscle cells (b). EC endothelial cells, SM - smooth muscle cells of the tunica media. Scale bar
= 5 pm, (b) = 1 pm.
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FIGURE 8 A

(a) Medio-adventitial border of a control artery. A smooth muscle cell (SM)
and small nerve bundle containing varicosities (V) are separated by the
collagen fibres (C) of the adventitia. Cytoplasm of a Schwann cell (SC)
partly surrounds the nerves which contain synaptic vesicles (arrows) and
mitochondria (M). Scale bar = 1 pm.

(b) Tunica adventitia 6 weeks after irradiation. A nerve bundle showing
varicosities (V) and intervaricose (N) regions of the nerve fibres, wrapped
in Schwann cell cytoplasm (SC); M - mitochondria. Scale bar = 0.5 pm.

(c) Tunica adventitia 6 weeeks after irradiation. Synaptic vesicles
(arrows) and mitochondria (M) are clearly seen in a nerve varicosity (V).
The Schwann cell (SC) containing fine filaments (F) is adjacent to, but not
surrounding the varicosity, and near to a fibroblast (Fb) with pale
cytoplasm and a lysosome (L). Scale bar = 0.5 pm*

(d) Part of a large nerve bundle within the tunica adventitia, 6 weeks
after irradiation. A large nerve axon (Ax) with a disrupted myelin sheath
(My) is shown surrounded by smaller unmyelinated nerve bundles (N) with
associated Schwann cells (SC). Scale bar = 5 pm.
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8.5

DISCUSSION

The electron microscopic study of the REA at 1 week and 6 weeks after a
single dose of 45 Gy irradiation has shown varying degrees of damage among
the different cell types as well as between the same cell type. The changes
described are typical of abnormalities found during the early phase of
radiation injury as well as some normally seen during the late phase after
conventional fractionated radiotherapy (Law, 1981; Altman and Gerber, 1983;
Reinhold et al., 1990). Generally, the extent of damage increased with
time. Ultrastructural abnormalities were observed in many subcellular
organelles in the vessel wall of all cell types. Changes in the endothelial
cells did not appear to be as severe as those seen in the smooth
muscle cells and fibroblasts. The extent of damage observed in some muscle
cells could potentially reduce contractile efficiency. The decreased
density of fibroblasts in the tunica adventitia was probably due to the
degree of autolysis of these severely damaged cells.

The most prominent ultrastructural change seen in the endothelial cells,
smooth muscle cells, Schwann cells and fibroblasts was degranulation of the
endoplasmic reticulum, which was usually accompanied by dilated cisternae,
presumably due to the accumulation of proteosynthetic products. These
changes, usually referred to as disorganisation of the granular endoplasmic
reticulum, are evidence that protein synthesis was probably impaired in
these cells (Ghadially, 1982 ). This, in combination with the increased
activity of the Golgi apparatus, probably contributed to the formation of
lysosomes and autolysis of severely damaged cells.
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There was an increased occurrence of fibrillar components in the
cytoplasm of the endothelial cells, fibroblasts and Schwann cells. A
similar increase was also reported by Narayan and Cliff (1982) who used a
p-ray source (75 Gy) on rabbit ear chambers. They speculated that the
polymerisation of intracytoplasmic filaments was probably caused by freeradicals created during irradiation. The presence of filamentous material
and accumulation of fibrin is common both soon after conventional
fractionated irradiation, or in the delayed late phase (Fajardo and
Berthrong, 1988 ; Fajardo, 1989 a), but often confined to the intimal layer
of small, medium and large arteries (Reinhold et al., 1990). Its appearance
is often indicative of the occurrence of degenerative changes (Schochet et
al., 1972; Ghadially et al., 1978; Roy, 1981).

In half of the experiments 6 weeks after 45 Gy irradiation, and in one
animal one week post-irradiation, smooth muscle cells were found between
the endothelial cell layer and the elastic lamina. These migratory cells
(myofibroblasts) are believed to be derived from myocytes that have crossed
the internal elastic lamina, and are responsible for the deposition of
collagen (Reinhold et al., 1990). This feature is often found in medium and
large arteries, but rarely in small-sized vessels (Fajardo, 1989 a).
Moreover, the presence of the migratory smooth muscle cells and the ensuing
fibrosis is often part of the delayed late changes observed in conventional
fractionated radiotherapy. Intraoperative radiotherapeutic doses alone, or
combined with fractionated radiotherapy, however, can result in mild
intimal proliferation (Hoopes et al., 1987; Gillette et al., 1988 ).
Myofibroblasts are seldom found in normal REA preparations, but they
appeared damaged, and more frequently after a single dose of 45 Gy
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irradiation. Irradiation, therefore, may have influenced the increase in
migration of these cells indirectly, in addition to the direct damage
suffered by these myofibroblasts.

The effect of conventional fractionated radiotherapy on peripheral
nerves is thought to be negligible (Warren, 19^3; Liebel and Sheline, 1987;
Kinsella and Sindelar, 1989)• Recent reviews (Fajardo and Berthrong, 1988 ;
Reinhold et al., 1990) have mentioned little or nothing regarding the
effect of radiation on perivascular nerves in the adventitial layer of
blood vessels which are a major contributor (along with endothelial cells,
Lincoln and Burnstock, 1990) to control of local blood flow. Recent studies
involving intraoperative radiotherapeutic regimes have suggested that
peripheral nerves are dose-limiting, either directly due to their response
to radiation exposure, or indirectly through damage to regional vasculature
(LeCouteur et al, 1989)* Moreover, pharmacological data acquired from animals
used in this study has shown that perivascular nerves are affected
functionally after exposure to a single dose of x-radiation (Stewart-Lee et
al., 1991).

Histopathological alterations after irradiation consist of dense
fibrosis with fibrous thickening (LeCouteur et al, 1989) often found in the
adventitial region of medium and large arteries (Fajardo and Berthrong,
1988 ), demyelination and filling in of spaces left by degenerated nerve

fibres with fibrous tissue. The present findings clearly support the claim
that peripheral perivascular nerve fibres are affected by single large
doses of radiation, similar to that seen after intraoperative radiotherapy.
Myelinated fibres in the outer adventitia were clearly damaged.
Furthermore, the prominence of neurotubules observed in the axoplasm of
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non-myelinated perivascular fibres is suggestive of an increase in the
proportion of preterminal fibres or intervaricosities in comparison with
terminal varicosities.

It is possible that the apparent predominance of preterminal fibres may
have been due to the loss in the abundance of terminal varicosities since
the bioassay studies confirmed a loss of noradrenaline content in
irradiated compared with control preparations (Stewart-Lee et al., 1991)•
This may indicate that the perivascular nerves may have been exhibiting the
onset of denervation, associated with the dense fibrosis in the adventitial
layer present in this study, and known to occur via after irradiation
(Fajardo and Berthrong, 1988; LeCouteur et al, 1989)•

These changes arelikely to adversely influence the local control of the
blood vessel, andcould perhaps

partially explain the alterations in blood

flow and neurogenic vasoconstriction observed after irradiation (Hirst et
al., 1979; Law, 1981; Song et al., 1983; Stewart-Lee et al., 1991)•

As previously mentioned, endothelial cells are also involved in the
local control of blood flow. It is likely, therefore, that there are some
radiation-induced abnormalities

in the synthesis, and/or uptake, and

subsequent release of vasoactive substances from endothelial cells which
could result in altered vasomotion (Fajardo, 1989b; Hopewell et al., 1989;
Lincoln and Burnstock, 1990). Indeed, endothelium-mediated relaxant
responses were significantly attenuated (Stewart-Lee, personal
communication), which correlates well with the structural damage of
endothelial cells mentioned here.
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In conclusion, it is clear from this and other recent studies that
peripheral perivascular nerves, as well as endothelial cells and smooth
muscle cells are radiosensitive. Since perivascular nerves are a main
source of control of local blood flow, their structural and functional
integrity, as well as those of endothelial cells and smooth muscle cells,
ought to be considered as contributing to radiation-induced alterations in
the vasculature. This could be monitored after irradiation treatment by the
use of noninvasive methods presently used to study the autonomic nervous
control of circulation in man (Linquist, 1990).
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CHAPTER 9

X-RADIATION-INDUCED VASCULAR DAMAGE IN THE RABBIT CENTRAL EAR ARTERY.
Changes in Catecholamine-, but not Peptide Levels in Perivascular Nerves.

Ilk

9.1

SUMMARY

Histochemical and immunoassay techniques have been used to study the
effects of a single dose of x-irradiation on the innervation of the rabbit
central ear artery 1, 4 and 6 weeks post-irradiation. There were no changes
in either the density or intensity of catecholamine fluorescence,
calcitonin gene-related peptide- or substance P-like immunoreactivity post
irradiation. Although the tissue contents of neuropeptide Y and calcitonin
gene-related peptide were unaffected, noradrenaline was significantly
reduced 6 weeks after x-irradiation.

175

9.2

INTRODUCTION

The rabbit ear vasculature has often been used to examine the effect of
irradiation with particular attention to morphological changes associated
with the proliferation of endothelial and subintimal cells (i.e.
myofibroblasts, smooth muscle cells and/or foam cells) and vascular repair
(Gerstner et al.y 1955; Van den Brenk, 1959* Dimitrievich et al., 1977*
Narayan and Cliff, 1982). None of these studies, however, examined the
innervation of the blood vessels of the rabbit ear vasculature. Moreover,
there is a scarcity of studies examining the innervation of blood vessels
after either single or fractionated doses of irradiation.

It was originally thought that the rabbit central ear artery (REA)
lacked sensory nerves (Hume and Waterson, 1978), and that it was
exclusively under sympathetic control (Saito and Lee, 1987 ). It is now
known that the REA is innervated by substance P-like immunoreactive (Morris
and Bevan, 1986 ; Chapter 3) and calcitonin gene-related peptide-like
immunoreactive perivascular nerve fibres (Chapter 3) • It was shown that
these perivascular nerves are probably sensory in origin since both SP- and
CGRP-like immunoreactivity (-LI) were significantly reduced after
incubation with capsaicin i.e. a sensory neurotoxin (Chapter 3)* In
addition, neuropeptide Y-like immunoreactive perivascular nerves have also
been localised in the REA, and is probably colocalised with noradrenaline
(NA) in sympathetic nerves (Chapter 6).

The aim of the present study, therefore, is to examine the effects of a
single dose of 45 Gy x-irradiation on the innervation of the REA 1, 4 and 6

176

weeks after treatment, since previous findings showed ultrastructural
damage to perivascular nerve fibres (Chapter 8).

9.3

METHODS AND MATERIALS

Experimental procedures involving x-ray treatment of the animals were
conducted as described in Chapter 2, Section 2.6.4. Isolated REA segments
were dissected out and prepared as previously described in Chapter 2,
Sections 2.1, 2.2, 2.4). Drugs, peptides and antibodies used are listed in
Chapter 2, Section 2.8.

9.4

RESULTS

9.4.1

Histochemistry

Histochemical localisation of catecholamine-containing nerves showed no
apparent changes in the density or pattern of fluorescence in the REA 1, 4,
or 6 week(s) after x-irradiation, in comparison with control preparations
(fig. 9-1).

There were also no obvious differences in either the density,
intensity or pattern of CGRP-LI (fig. 9*2) and/or SP-LI nerve fibres
innervating the REA 1, 4, and 6 week(s) post-irradiation compared with
control preparations.
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9 .4.2

Biochemical Assays

_ 1Cr\=6)

The mean content of NA in the control tissue was 3*87 ± 0.3 ng cm” .
A

However, REA segments examined from animals 6 weeks post-irradiation showed

Ch-0

a significant reduction (P<0.01) in NA content (2.56 ± 0.2 ng cm ” ).
A

Immunoassays were performed on control and 6 weeks post-irradiated
vessel segments. There was no significant change in the amount of either
NPY or CGRP in the tissue, 6 weeks post-irradiation (table 9*1)*
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TABLE 9.1

Tissue content of neuropeptide Y (NPY) and calcitonin gene-related peptide
(CGRP) in rabbit central ear artery segments from control and irradiated (6
weeks after a single dose of 45 Gy x-radiation) animals.
Data represented as meant s.ejm.

NPY

CGRP

(pmol/cm)

(pmol/cm)

Control
segments

0 .6 5 ± 0 .1 0

0.13 ± 0.03
(6)

Irradiated
segments

0 .5 9 ± 0.11

(6)

(6)

0.14 ± 0.01
(6)

Values are mean ± s.e.m. (n) indicates the number
of preparations.
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FIGURE 9.1

Catecholamine fluorescence in the rabbit central ear artery. Note that
there is no difference in density or pattern of small and large bundles of
varicose and non-varicose fluorescent perivascular nerve fibres amongst the
(a) control, (b) 1 week, (c) 4 weeks and (d) 6 weeks post-irradiation
micrographs. Calibration bar = 30 pm.
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FIGURE 9.2

Calcitonin gene-related peptide-like immunoreactivity (CGRP-LI) in the
rabbit central ear artery. Note that there are no changes in either the
density, intensity or pattern of CGRP-LI in (a) control, (b) 1 week, (b) U
weeks or (d) 6 weeks post-irradiation micrographs. Calibration bar = 30 p m .
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