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ABSTRACT

In this thesis, the local regulation of vascular tone has been
studied in normal, X-irradiated and atherosclerotic blood vessels,
primarily using in vitro pharmacological techniques.
In the first section, the early effects of a single dose of
4500 rad X-radiation on vasomotor control was studied in the NZW
rabbit central ear artery 1 , 4 and 6 weeks following exposure.
Sympathetic neurotransmission was attenuated by 1 week post
irradiation, with a greater reduction occuring after 4 and 6 weeks
and
respectively. A reduction in both endothelium-dependentj-independent
relaxations, with no change in the contractile response to NA,
indicated that the relaxant efficiency of the smooth muscle was
reduced following irradiation. The neuromodulatory actions of CGRP
and NPY were enhanced 6 weeks following irradiation.
The second section studies the development of atherosclerosisinduced alterations in local vasomotor control during maturation in
the WHHL rabbit (an animal model of familial hypercholesterolemia).
Animals were examined at 4, 6 and 12 months of age, with NZW rabbits
being used as controls.

In the WHHL rabbit ear and mesenteric

arteries, endothelium-dependent relaxant responses increased with
age, unlike responses in NZW rabbit arteries. Endothelium-independent
relaxations in the ear and mesenteric arteries were not altered
during maturation in WHHL rabbit arteries and also when compared with
NZW arteries. In contrast, the thoracic aorta from 12-month-old WHHL
rabbits exhibited reduced endothelium-dependent relaxant responses to
ACh, which appeared to be linked to the degree of occlusion of the
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vessel wall by atheromatous plaque. In the WHHL rabbit basilar
artery, endothelium-dependent relaxations also increased with age.
However, the basilar artery was shown to differ from the ear and
mesenteric arteries in that endothelium-independent relaxant
responses also increased with age. In the WHHL rabbit ear and
mesenteric arteries, sympathetic neurotransmission was significantly
reduced when compared with NZW rabbits.

In both arteries,

the

reduction in sympathetic neurotransmission appeared to be due to preas opposed to post-junctional factors.
In an addendum, relaxation by substance P in the NZW rabbit
mesenteric artery was found to be mediated by neurokinin-1 (NK-1)
£

receptors located on the endothelium, with substance P and [Glp ,LPro^jSP^.n being selective agonists.
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GENERAL INTRODUCTION

Over the last forty years, our understanding of the autonomic
control of the vasculature has changed considerably. Originally, it
was thought that vasoconstrictor responses were mediated by
noradrenaline (NA) released from perivascular sympathetic nerves, and
vasodilator responses due to acetylcholine (ACh) released from
parasympathetic nerves. However, it is now known that not only are
there transmitter substances in addition to NA and ACh, but
vasodilatory responses are often mediated by endothelial cells (see
Burnstock, 1988a).
The experimental work in this thesis has been divided into

two

sections, looking at how the dual control of blood flow by
perivascular nerves and the endothelium is affected: (a) following
exposure to X-irradiation (Chapters 3-5) and (b) as a result of
inherent atherosclerosis (Chapters 6-10). In an addendum following
these chapters, the subtype of endothelial neurokinin receptor is
identified on the rabbit mesenteric artery (Chapter 11). In chapter
12, there is a general discussion of some of the issues raised during
the course of this thesis.

In the first section of this thesis, the effect of Xirradiation on sympathetic neurotransmission and endotheliumdependent and -independent responses are studied (Chapters 3 & *0 •
Chapter 5 then looks at the neuromodulatory actions of CGRP and NPY
following X-irradiation. It is well established that therapeutic
doses of ionizing radiation can cause damage to blood vessels
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situated in the pathway of the radiation (see Reinhold et al., 1990).
Radiation-induced vascular damage has been proposed to lead to the
development of late changes, such as tissue necrosis, |in surrounding
tissues (Rubin & Casarett, 1968; Law, 1981). Although much of the
work to date in this field has concentrated on looking at the damage,
survival and repair of vascular cells (primarily endothelial cells),
there is some evidence that the functioning of surviving cells is
also affected. For example, a number of functions of endothelial
cells have been found to be impaired, including the production of
prostacyclin and angiotensin-converting enzyme (Ts'ao et al., 1983;
1988; Sinzinger & Firbas, 1985; Ward et al., 1983). However, despite
the discovery that the endothelium is of great importance in the
regulation of blood flow (Furchgott & Zawadzki, I98O), the effect of
irradiation on endothelium-mediated vascular responses has not been
studied. In addition, the effect of irradiation on nerve-mediated
responses has not yet been studied in any depth.
The rabbit ear artery was selected as a suitable vessel for the
study

as firstly, it is ideally located to allow selective

exposure

to X-radiation, without unnecessarily exposing major organs or
vessels

to

the

same treatment. Secondly, the

rabbit

blood

central

ear

artery is an established pharmacological preparation commonly used in
studies relating to perivascular sympathetic neurotransmission. It
known

that

both noradrenlaline (NA) and

adenosine

5 f"triphosphate

(ATP) have a role in excitatory sympathetic neurogenic
acting

on

postjunctional

a^-adrenoceptors

and

is

transmission,

P2x"Purinoceptors

respectively (Kennedy et al., 1986; Saville & Burnstock, 1988).
Radiation

vasculopathy

is known to be dependent both

on

the

19

dose of radiation applied and the time after exposure to radiation
the

longer the time elapsed, the greater the damage. The

radiation

most

commonly used to treat malignant tumors

range

3000

to

of

absorption).
doses,

In

rad

(rad

being

the

unit

clinical radiotherapy, it is usual

is
of

to

of

in

the

radiation
fractionate

giving daily fractions of 100 to 200 rad. However, since

delayed

effects

fractionated
Stewart,

or

1973).

effect
4500

7000

dosage

of

radiation

single

are

generally

doses are given

(for

the

same

example,

was

an acute dose would be expected to have

used

and

tissue

taken

1,

4

and

6

the

whether
Fajardo
a

sooner than fractionated doses. Therefore, a single
rad

-

&

similar
dose

weeks

of

after

irradiation. Using a single dosage of radiation is also applicable to
the more recent increased interest in the use of intraoperative
radiotherapy in which a single, large dose of radiation is delivered
at the time of surgical exploration with the aim of eliminating
specific cancer nests (Hoopes et al., 1987; LeCouteur et al,, 1989).
In

the

second

atherosclerosis

section

of

this

thesis,

the

effect

of

on the dual control of blood flow is studied in

the

rabbit ear, mesenteric, and basilar arteries, as well as the thoracic
aorta.

These

heritable

studies

were

undertaken

using

the

WHHL

hyperlipidemic) rabbit, which is the only existing

model of homozygous familial hypercholesterolemia (Kondo &
1980;

(Watanabe

Watanabe, 1980). One major consideration when

animal

watanabe,

planning

these

investigations, was the developmental aspect of atherosclerosis, that
is,
took

the

disease is known to progress with age. For this

reason,

a developmental approach, studying vessels from 4-, 6- and

month-old

WHHL

rabbits.

Gross

anatomical

observations

I
12-

have
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established
commonly

that

in the WHHL rabbit,

atherosclerotic

lesions

observed from 5 months of age and certainly by 6 months

age in the aorta and coronary arteries (Buja et al., 1983;
1980).
the

are

Therefore, the time scale used in the present

time

when lesions normally appear. In

Watanabe,

studies

addition,

of

by

cover

measuring

responses in arterial preparations taken from 4-month-old rabbits, it
should

be

possible

functioning
to

be

to

ascertain

whether

there

are

changes

which precede lesion development. It was also

able

to

distinguish between

changes

due

to

in

important

the

natural

development/maturation

process and those due to the

atherosclerotic

condition.

age-matched NZW (New Zealand

white)

Therefore,

rabbits

were used as controls.
Since

atherosclerosis

distribution
homogeneity

is

known

to

have

a

heterogeneous

within the vasculature, it was important not to
of

responses

in all blood vessels.

For

assume

this

reason,

several blood vessels were considered, including the thoracic
ear,

mesenteric

different

vessels

thoracic

aorta

and

basilar

are

arteries.

compared

was employed

endothelium-mediated

relaxations

in
as

The

the
a

responses

general

‘control’

aorta,

in
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functioning of the artery, despite the lack of lesion involvement.

CHAPTER 1

HISTORICAL BACKGROUND
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In reviewing

the established

control

of blood

flow by

perivascular nerves and the endothelium, this historical introduction
will 'set the scene' for the experimental chapters which look at how
this normal

control is altered following irradiation and in

atherosclerosis. The majority of work in this thesis is concerned
with atherosclerosis and therefore the historical background to
familial hypercholesterolemia,

the WHHL rabbit and the currently

known effects of atherosclerosis on the local control of blood flow,
are also briefly reviewed.

1.1 MORPHOLOGY OF THE VESSEL WALL

Before discussing in greater detail the mechanisms mentioned
above, a description of the arrangement of cells comprising the
vessel wall is imperative.
The blood vessel wall is generally organised into three layers;
the tunica intima, the tunica media and the tunica adventitia (see
Cervos-Navarro et al.y 1984). The tunica intima is the inner layer,
being in direct contact with the blood. The intima consists of a
single layer of endothelial cells which are simple squamous cells,
arranged characteristically in a "mosaic" pattern. Separating the
tunica intima and tunica media in arteries and arterioles is the
internal elastic lamina (IEL). The tuncia media forms the middle
layer of the blood vessel wall and contains smooth muscle cells
(generally arranged concentrically in layers) and connective tissue
(mainly collagen and elastin). Differences in the relative thickness
of this layer distinguishes arteries from veins, being thicker in
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arteries. The tunica adventitia is the outermost layer and consists
of elastic and collagenous fibres.
Autonomic perivascular nerve fibres are confined to the
adventitial-medial border and consist of an extensive network of
bundles of branching varicose fibres. Individual varicose fibres pass
close to (but do not form synapses with) muscle cells. The number of
varicosities vary during development and with the level of activity
of the nerves. Vesicles situated in terminal varicosities contain
high levels of neurotransmitter which is released ”en passage" during
the conduction of nerve impulses,

reaching receptors located

homogeneously on a group of smooth muscle cells (a muscle bundle)
(see Burnstock and Griffith, 1983).
Muscle bundles are formed from groups of individual smooth muscle
cells, connected by low resistance pathways, thus enabling the
electronic spread of activity (see Burnstock, 1986). These pathways
are represented morphologically by areas of close apposition between
the plasma membranes of adjacent cells, known to be ’gap junctions’
(Uehara and Burnstock, 1970).
The neuromuscular junction is particularly suitable for
neuromodulatory actions,

which may be either prejunctional,

decreasing or increasing the amount of transmitter released by the
nerve, or prejunctional, modulating the time course or extent of
action of the neurotransmitter. The minimum separation between nerve
varicosities and muscle cells varies between different vessels,
rarely being less than 80 nm even in vessels with dense innervation,
such as small muscular arteries or large arterioles and may be as
much as 1 or 2 pm in some large elastic arteries (see Burnstock and
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Griffith, 1983).

1.2 BASIC PRINCIPLES OF VASCULAR NEUROTRANSMISSION

1.2.1 NON-ADRENERGIC, NON-CHOLINERGIC (NANC) NEUROTRANSMISSION

Until the early 1960’s, the classical view concerning the
autonomic nervous system was that it consisted of adrenergic and
cholinergic nerves, releasing the respective neurotransmitters NA and
ACh when stimulated (Dale, 1933)* Evidence for NANC neurotransmission
was first presented by Burnstock and his students, Bennett and
Campbell in 1962 who were working on the guinea-pig taenia coli,
directly stimulating intrinsic nerves

(Burnstock et a l ., 19 6 3 ).

Despite blockade of both adrenergic and cholinergic nerves by
guanethidine and atropine
potentials still occurred.

respectively,
This

inhibitory

junction

response was blocked by low

concentrations of tetrodotoxin, showing that they must be the result
of nervous stimulation of NANC nerves and not due to direct
stimulation of the muscle.
There was also early evidence for NANC involvement in the
vascular system when it was demonstrated that stimulation of the
chorda tympani caused blood vessels of the salivary gland to dilate,
this not being abolished by concentrations of atropine sufficient to
prevent salivary secretion (Hilton & Lewis, 1957)* Atropine-resistant
vasodilatation of vessels in skin, skeletal muscle, mesentary and
intestine also provided early evidence for NANC involvement in the
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vascular system (Bunch, 1899; Dale, 1913; Dale & Gaddum, 1930; Kure
et al., 1931; Roddie et al.t 1957)•
Following the evidence for NANC neurotransmission in the
bladder, it was shown that the rabbit portal vein also exhibited NANC
inhibitory innervation as relaxations produced by both electrical
stimulation and nicotine were not blocked by guanethidine or
atropine, despite being inhibited by tetrodotoxin (Hughes & Vane,
1967; 1970). Vasodilatation of skin vessels, both reflex and in
response to nerve stimulation, were also shown to be atropineresistant (Beck, 1 9 6 1 ; Brody, 1 9 6 6 ; Abboud & Eckstein, 1 9 6 6 ). In
addition, contraction of skeletal muscle was shown to be accompanied
or followed by vasodilatation that appeared to be neither adrenergic
nor cholinergic (Jones & Berne, 1963; Hilton et al.t 1970; Ballard et
al.t 1970). Reflex vasodilatation of intestinal vessels by NANC
nerves was also shown (Hulten, 1969). The result of the accumulating
evidence was that by the end of the 1960's, the existence of NANC
nerves in the cardiovascular system was well established.
The growing evidence for NANC neurotransmission then led
researchers

to

try

and

identify

the

nature

of

the

NANC

neurotransmitter substance or substances. Systematic studies were
consequently carried out in the late 1 9 6 0 ’s and early 1 9 7 0 ’s
following the criteria suggested primarily by Eccles (1964) needing
to be satisfied by a putative transmitter - namely, synthesis and
storage in nerve

terminals;

C a^+-dependent

release on nerve

stimulation; inactivation by enzymes and/or uptake;

agents that

produce parallel block (or potentiation) of the responses to both
nerve stimulation and exogenous application of the substance.
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Using these criteria as a basis for research, many substances
were examined as putative neurotransmitters mediating the responses
of the smooth muscle stimulation by intramural inhibitory NANC nerves
of the intestine (relaxations) and bladder (contractions) - the two
initial preparations selected for detailed studies. It was found that
adenosine triphosphate (ATP) best satisfied the criteria for the
transmitter in these tissues (Burnstock et al., 1970). Largely as a
result of this evidence, it was Burnstock in 1971 who first coined
the term

'purinergic*

as a more specific name

for NANC purine

transmitters and neurons.

Despite abundant reports of the potent effects of purines on
the vascular system (Dury & Szent-GyQrgyi, 1929; Holton & Holton,
1954; Burnstock, 1980), there is no strong evidence for purinergic
vasodilatory innervation of blood vessels, apart from the rabbit
portal vein (Hughes & Vane, 1967; Su, 1975; Burnstock et al., 1979;
Levitt & Westfall, 1982; Burnstock et al., 1984; Kennedy & Burnstock,
1985). The apparent lack of purinergic vasodilatory innervation in
vessels sensitive to ATP has since been accounted for, as most of the
vasodilatory effects of purines are produced by the action of ATP
primarily on P2y“Purinoceptors located on vascular endothelial cells,
leading to the release of endothelium-derived relaxing factor (EDRF)
(De Mey & Vanhoutte, 1981; Kennedy et al., 1985; Burnstock & Kennedy,
1985; 1986). However, ATP has been shown to produce vasoconstriction
when released together with NA as a cotransmitter from perivascular
sympathetic nerves, by acting on P2^-purinoceptors, located on the
vascular smooth muscle (Burnstock & Kennedy, 1985; Burnstock &
Sneddon, 1985).
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Additional NANC Transmitter Substances

Between 1975 and 1977* it became obvious that NANC nerves were
unlikely to be a single population of nerves with one transmitter
substance. Indeed, up to nine morphologically distinguishable types
of neurones in the enteric plexus were revealed by systematic
electron microscopy studies (Cook and Burnstock, 1976). In addition,
some nerve profiles contained a complex mixture of vesicles,
suggesting that they might contain more than one transmitter
substance. Subsequent studies have identified many possible NANC
transmitter substances in perivascular nerves including not only ATP,
but also 5"hydroxytryptamine (5”HT; serotonin) and certain peptides
including substance P, vasoactive intestinal polypeptide

(VIP),

calcitonin gene-related peptide

(NPY),

(CGRP), neuropeptide Y

somatostatin, neurotensin, gastrin-releasing peptide and vasopressin
(see Burnstock, 1988a; Mione et al., 1990).

1.2.2 CO-TRANSMISSION AND NEUROMODULATION

The classical view known as ’Dale's Principle' was coined by
Eccles in the mid 1950's as: "at all the axonal branches of a neuron,
there is liberation of the same transmitter substance" and was
generally understood to mean that each nerve cell makes and releases
only one transmitter

(see Potter et al.,

1981).

Later,

Dale's

Principle was questioned by Burnstock due to the accumulation of
evidence suggesting the possibility of co-transmitters, that is, the
presence of more than one transmitter being stored in and released
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from a nerve terminal (Burnstock, 1976). Ironically, although Dale’s
Principle was generally taken to mean that one nerve only synthesises
and releases one transmitter substance,

the way in which Eccles

stated the Principle does not actuallyjpreclude the possibility of
there being co-transmitters. Today, however,

co-transmission is

widely accepted and there is sufficient evidence to suggest that
nerve fibres invariably contain more than one transmitter substance.
A neuromodulator is defined as a substance that modifies the
process of neurotransmission (Burnstock, 1990). Neuromodulators may
act p r e junctionally, decreasing or increasing the amount of
neurotransmitter released by the nerve varicosity. Alternatively, a
neuromodulator may act postjunctionally, regulating the timecourse or
extent of action of the transmitter. Both pre- and post-junctional
neuromodulation has

been

reported

to occur

at

the vascular

neuromuscular junction (see Burnstock, 1985). Neuromodulators may be
neurotransmitters released from either the same varicosity as the
principal neurotransmitter, or neurotransmitters released from nearby
nerves,

as well as circulating hormones,

local agents such as

prostaglandins, histamine or bradykinin (see Burnstock, 1987).

Co-Transmission in Sympathetic Nerves

Initial work on co-transmitters was mainly concerned with the
possibility of NA and ACh existing in the same sympathetic neurons
(Burn & Rand, 1965). Later work extended to include the possibility
of the co-existence of ATP with NA and ACh. There are now a number of
reports of ATP being be co-transmitted with NA in various blood

30

vessels including the rat tail artery (Sneddon & Burnstock, 1984a),
dog basilar and mesenteric arteries

(Muramatsu et a l . , 1981;

Muramatsu, 1986), rabbit saphenous, mesenteric, ear, pulmonary and
hepatic arteries (Katsuragi & Su, 1980; 1982; KUgelgen & Starke,
1985; Kennedy et al., 1986; Burnstock & Warland, 1987; Brizzolara &
Burnstock, 1990) as well as the rabbit aorta (Su, 1978).
Purines have been shown to act as both pre- and post-junctional
neuromodulators. For example, ATP and adenosine inhibit the pre
junctional release of NA from sympathetic nerves supplying a number
of blood vessels including the saphenous,

tibial, pulmonary and

mesenteric arteries as well as the rat portal vein (Su, 1978; Moylan
& Westfall, 1979; Paton, 1 9 8 1 ; Fredholm et a l ., 1983; Burnstock,
1986). In most situations, it is the prejunctional P^-purinoceptor
that mediates this action (De Mey et al., 1979)* It has also been
suggested that NA release is reduced as a result of the occupation of
P^-purinoceptors leading to a decrease in Ca^+ influx (Wakade &
Wakade, 1978). Post-junctionally, purines have been shown to enhance
the contractile action of NA in the portal vein (Kennedy & Burnstock,

1986).
There is also evidence that NPY coexists with NA in sympathetic
nerves (Lundberg et al., 1982; 1985; Ekblad et al., 1984). However,
the coexistence of NPY with NA does not necessarily imply that it is
a cotransmitter, as in many blood vessels it has little direct
postjunctional action (Pernow et al., 1986). Indeed, NPY appears to
have more of a neuromodulatory role, both prejunctinally, reducing the
release of NA, and postjunctionally, enhancing the action of NA
(Wahlestedt et al.,

19 8 6 ; Pernow et al.,

19 8 6 ; Glover,

1 9 8 5 ).
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However, in some blood vessels such as those in the spleen and
skeletal muscle, NPY has a direct vasoconstrictor action (Lundberg et
al., 1986). In the spleen, NA release is favoured by continuous
stimulation at low frequencies, while NPY release is optimal with
high-frequency intermittent bursts of stimulation. In most blood
vessels, NPY has an initial postjunctional, transmitter-potentiating
action at low concentrations, but as NPY levels build up in the
cleft,

it has a prejunctional inhibitory action

(see Burnstock,

1990).

Co-Transmission in Parasympathetic Perivascular Nerves

VIP appears to be stored with ACh in parasymapthetic nerves
supplying the cat salivary gland (Lundberg et al., 1981). The release
of ACh is favoured by low frequencies of stimulation, resulting in
increased salivary secretion from acinar cells and the minor
dilatation of local blood vessels
however,

is

frequencies,

released

(Bloom & Edwards,

preferentially

at

higher

1980). VIP,
stimulation

causing marked dilatation as well as acting as a

neuromodulator, enhancing the salivary secretion elicited by ACh and
also acting prejunctionally, increasing the release of ACh.

Co-Transmission in Sensory Nerves

Substance P (Duckies & Buck, 198 2), CGRP (Terenghi et al.,
1986) and ATP (Jahr & Jessel, 1983; Fyffe & Perl, 1984) have all been
claimed to be transmitters in primary afferent sensory nerves (see
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Burnstock,

1990).

It has also been proposed that during axon

reflexes, ATP may be released as a co-transmitter with substance P
and/or CGRP when antidromic impulses pass down sensory nerve
collaterals to supply blood vessels in the skin and possibly other
organs, eliciting vasodilatation and inflammation (Burnstock, 1977)*
These fibres have been termed "sensory-motor" to distinguish them
from afferent fibres with a purely sensory role (Burnstock, 1986).

Co-Transmission in Intrinsic Neurones

Intrinsic neurones in the atria of new-born guinea-pigs have
been found to exhibit immunofluorescence for either NPY or 5"HT, some
neurones showing a variable mixture of both (Hassall & Burnstock,
1987). Due to the difficulty of in situ study, little is known about
the physiological roles or the pharmacology of intrinsic neurones of
the heart. However,

both NPY and 5 ”HT are known to be potent

vasoconstrictors of coronary blood vessels and it has been suggested
that they may have synergistic actions, thereby reinforcing each
others actions (see Burnstock, 1990).
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1.3 CONTROL OF VASCULAR SMOOTH MUSCLE TONE BY ENDOTHELIAL CELLS

Over the last decade, it has become apparent that vascular tone
is controlled not only by substances released from perivascular
nerves, acting directly on the vascular smooth muscle, but also by
substances acting via endothelium-dependent mechanisms.
Endothelial cells are known to play a major role in capillary
transport,

regulation of plasma lipids and in the control of

hemostasis. They are involved in the activation of angiotensin I by
conversion to angiotensin II, the inactivation of bradykinin, NA and
5-HT and thus the endothelium controls the quantity of vasoactive
substances acting on the vascular smooth muscle cells (Moncada and
Vane, 1978). However, the endothelium has been found not only to
metabolise vasoactive substances and prostacyclin but also has the
ablilty to respond to the presence of many vasoactive substances by
mediating a response in vascular smooth muscle cells.

1.3-1 THE DISCOVERY OF ENDOTHELIUM-MEDIATED RELAXATION

The original observations of Henry Dale (1914) that injection
of

ACh

in

both

humans

and

animals

resulted

in

peripheral

vasodilatation are well established. This ACh-induced vasodilatation
in vivo, has been attributed in part to the inhibitory effect of ACh
on muscarinic receptors on adrenergic nerve terminals, suppressing
the release of the vasoconstrictor, NA (Vanhoutte and Shepherd,
1982). However, when it was found that the vasodilator effect of ACh
was maintained after denervation of vascular beds, it became obvious
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that there was some sort of mechanism independent of innervation by
which ACh could induce a vasodilator effect on blood vessels.
A further complication was that although ACh was known to act
as a potent vasodilator in vivo, this response was not always found
in vitro. For example, in the rabbit thoracic aorta, concentrations
of ACh above 0.1 pM resulted in graded contractions, mediated by
muscarinic receptors (Furchgott, 1955; Furchgott & Bradakom,1953)•
These experiments were carried out on helical strips of vessel.
However, a major breakthrough was reported in a classic paper by
Furchgott and Zawadzki

(1980). They found that by using ring

preparations of the rabbit thoracic aorta, vasodilatation occurred at
lower concentrations of ACh than those required for contraction. This
led to their discovery that the loss of relaxation in the strips, was
due to the unintentional rubbing of the intimal surface against
foreign objects during the preparation stages of the experiment. If
this was avoided, ACh was seen to elicit vasodilatation in both strip
and ring preparations. Furchgott and Zawadzki thus concluded that
relaxation in the rabbit thoracic aorta required the presence of
endothelial cells. In addition, endothelium-dependent relaxations to
ACh was blocked by atropine, thus showing that muscarinic receptors
were involved.
These studies led Furchgott and Zawadzki to formulate a
hypothesis. They proposed that ACh acts on muscarinic receptors on
endothelial cells causing them to release a substance(s) which then
acts

on

the smooth muscle

cells

of

the vessels,

activating

relaxation. This substance became known as "endothelium-derived
relaxing factor" (EDRF).
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Evidence supporting this hypothesis was shown by carrying out a
sandwich-mount experiment (Furchgott & Zawadzki, 1980). Transverse
and longitudinal strips of vessel were mounted with intimal surfaces
together. The transverse strip previously had its endothelial layer
removed and, due to the orientation of the cells in the longitudinal
strip,

its

contribution

to

any vasodilatation

observed

was

insignificant. It was found that when exogenous ACh was applied,
relaxation took place. It was therefore apparent from this experiment
that a substance(s) must have been released from endothelial cells on
the longitudinal strip which then diffused across to the muscle of
the de-endothelialised transverse strip, causing it to relax.

Endothelium-Dependent Vasodilators

Since the first discovery that ACh can act via endothelial
cells, further substances have been found to elicit a response via
the endothelium. These include the calcium ionophore A23187 (Zawadzki
et a l . t 1930; Furchgott,

1981;

Furchgott et a l ., 1 9 8 3 )* ATP,

adenosine 5 ’-diphosphate (ADP)(De Mey & Vanhoutte,
Furchgott & Zawadzki,

I9 8 O; Furchgott,

1981)

1980; 19Sl;

and substance P

(Zawadzki et al.t 1981)* Also, bradykinin acts via the endothelium in
canine and human arteries (Cherry et al., 1931; 1982; Chand & Altura,
1981; Altura & Chand, 1981), histamine in the rat aorta (Van de
Voorde & Leusen,

1 9 8 3 ). thrombin in canine arteries

(De Mey &

Vanhoutte, 1982; De Mey et a l ., 1982; Ku, 1982), VIP in the bovine
pulmonary artery and human splenic and cervical arteries (Ignarro et
al.t 1987; Hughes et al.t 1986) and CGRP in the rat aorta (Kubota et

al., 1985; Grace et al., 1 9 8 7). In addition, NA has been found to
have an endothelium-dependent action in canine coronary, pulmonary
and femoral arteries (Cocks & Angus, 1983; Matsuda et al., 1985;
Miller & Vanhoutte,

1 9 8 5 ). Aggregating platelets

also cause

endothelium-dependent relaxation in canine femoral veins (De Mey &
Vanhoutte, 1982), probably via the release of 5_HT or ADP (Vanhoutte
& Miller, 1985).

1.3.2 THE IDENTITY OF EDRF

Evidence that Nitric Oxide (NO) is EDRF

A widespread debate about the identity of EDRF prece^ded the
suggestion by both Furchgott (1 9 8 8) and Ignarro, Byrns and Wood
(1 9 8 8), that NO or a NO-like species may be EDRF, with L-arginine
being

its precursor

(Rees

et a l . , 1 9 8 9 ).

Comparison

of

the

pharmacological profiles of EDRF and NO showed that they were similar
compounds. For example, both EDRF and NO cause a similar relaxation
in vascular strips (Palmer et al., 1987). In addition, both EDRF and
NO inhibit platelet aggregation and adhesion (Radomski et al., 1987a
& b), as well as having similar half lives of 6-45 seconds (Radomski
et a l . , 1 9 8 7 c).

Further evidence

that EDRF is NO,

came from

experiments showing that the action of both substances on platelets
and vascular strips were potentiated by superoxide dismutase (SOD)
and cytochrome c and yet inhibited by Fe^+ and some redox compounds
(Hutchinson

et

al.,

1 9 8 7 ** Radomski

et

al.,

1 9 8 7 c).

These

investigators also found that the actions of EDRF and NO are
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similarly inhibited by haemoglobin through a mechanism not involving
O2-. Also, by direct measurements of cyclic GMP (cGMP), both EDRF and
NO have been shown to act on smooth muscle and platelets via the
stimulation of guanylate cyclase, resulting in the elevation of cGMP.
By directly measuring NO release, it has been shown that the
concentrations of bradykinin known to induce EDRF release from
cultured endothelial cells, also causes a concentration-dependent
release of NO (Palmer et al.t 1987). In addition, the amount of NO
released by endothelial cells was sufficient to account for not only
the relaxation of vascular strips, but also the anti-aggregating and
anti-adhesive activities of EDRF (Radomski et al., 1987a; 1987b;
Palmer et al,, 1987). Further evidence that EDRF may be NO has been
shown in that the levels of bradykinin- and ACh-evoked release of NO
from the guinea-pig and rabbit heart were sufficient in quantity to
account for at least part of the resulting vasodilatation (Amezcua et
al,, 1988; Kelm & Schrader, 1988).

Is NO the whole story ?

Despite all the evidence that EDRF is NO, it is still possible
that other substances may be involved, such as

metabolites of

arachidonic acid, or alternatively, an oxygen-derived free radical
(Furchgott, 1983), or even some other as yet unknown substance. There
is also evidence that EDRF may be a compound containing NO within its
structure, whilst not being NO itself, such as, S-nitrosocysteir(e or a
related nitrosothiol (Myers et al., 1990)*
It is possible that the process of endothelium-dependent
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relaxation is non-specific and may involve a variety of different
mechanisms depending on the nature of the relaxing agent.

In

addition, although in most vessels, endothelium-dependent relaxing
agents appear to act via EDRF, in cat and rabbit arteries, as well as
in human mesenteric arteries, endothelium-dependent, bradykinininduced relaxations are blocked by i n d o m e t h a c i n , implicating
prostacyclin, as opposed to EDRF, as the mediator (Cherry et a l .,
1982; FOrstermann et al., 1986a & b3). Similarly, the endotheliumdependent response to arachidonic acid in canine femoral arteries has
been attributed to the production of prostacyclin (Chand & Altura,
1981; De Mey et al., 1982).

1.3.3 MECHANISM OF ACTION OF EDRF

It is known that the production and/or release of EDRF is
dependent on an increase in intracellular Ca^+ in endothelial cells
(Singer & Peach, 1982; Long & Stone, 1985; Winquist et al., 1985;
Collins et al., 1 9 8 6 ). Accordingly, the release of EDRF has been
shown to be inhibited by increased intracellular Mg^+ concentrations
in canine coronary arteries (Ann & Ku, 1986). In addition, since
anoxia has been found to prevent ACh-induced relaxations,

it

therefore appears that oxygen is important for EDRF production and
/or release (De Mey & Vanhoutte, 1983; Furchgott, 1983).
As already discussed, the EDRF-induced relaxation of vascular
smooth muscle is usually coupled with increased cGMP, in a time- and
concentration-dependent manner (Holzmann, 1982; Rapoport & Murad,
1983; Furchgott et al., 1984), and is antagonized by haemoglobin and
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methylene blue, the Inhibitors of guanylate cyclase (Griffith et al.,
1985; Martin et al., 1985; Furchgott et al., 1984). It has been
suggested that cGMP causes relaxation through the phosphorylation and
dephosphorylation of myosin light chains. Alternatively, Na+K+ATPase
has also been suggested to be a mediator of smooth muscle relaxation.
In contrast

to this,

when

the peptides

VIP

and CGRP

elicit

endothelium-dependent relaxation, a rise in cyclic AMP (cAMP) occurs
simultaneously (Kubota et al., 1985; Ignarro et al., 1987).

1.3.4 HETEROGENEITY OF ENDOTHELIUM-MEDIATED RESPONSES

There is much variation between different species as well as
within the vasculature of individual species, to substances acting
via the endothelium to elicit vasodilatation or vasoconstriction. For
example, canine and human arteries are relaxed via the endothelium in
the presence of bradykinin, whereas cat and rabbit arteries are not
(Cherry et al., 1982). Also, within species, differences in responses
have been observed as a result of a variety of substances acting
either on arteries or veins. For example, in isolated canine veins,
ACh and ATP elicit a smaller endothelium-mediated response and
thrombin a more transcient response than found in isolated canine
arteries

(see Vanhoutte & Rimele,

1983)• These differences in

properties of the endothelial cells within species may be of
importance in the specific responses of various vascular sites. In
addition, endothelium-mediated vasodilatation prevails in arteries
whereas endothelium-mediated vasoconstriction (particularly those
evoked by arachadonic acid and thrombin) is more prevalent in veins.
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It has been suggested that this may be a consequence of veins being
located in the low pressure side of the circulation and in the
absence of pulsatile flow (De Mey & Vanhoutte, 1982).

1.3.5 CELLULAR SOURCES OF ENDOTHELIUM-DEPENDENT VASODILATORS

Following

the

discovery

of

endothelium-dependent

vasodilatation, the origin of endothelium-dependent substances has
proved to be problematical.

It seemed unlikely that transmitter

substances would diffuse through the smooth muscle layer separating
perivascular nerves, situated at the adventitial-medial border, from
intimal endothelial cells because, for example, ACh and ATP would be
degraded by AChE and 5'-nucleotidase respectively, located at the
adventitial-medial border. Furthermore, as many of the substances
acting via the endothelium, such as ACh, ATP and ADP, are rapidly
degraded by the blood, it would appear unlikely that they would reach
the endothelium from other sites via the circulation. It would
therefore seem more likely that endothelium-dependent vasodilator
substances arise from within the blood vessel itself.
In support of this, Burnstock's laboratories have now localised
choline acetyltransferase

(ChAT), the enzyme involved in ACh

synthesis, within endothelial cells of small vessels of the rat brain
(Parnavelas et al., 1985). This has led to the suggestion that during
ischaemia, ACh released from endothelial cells contributes to a
pathophysiological mechanism of vasodilatation,

thus protecting

vulnerable tissues, such as the brain and heart, from hypoxia-induced
damage. ChAT has since been found in endothelial cells in guinea-pig
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coronary vessels as well as in rabbit cerebral,

femoral and

mesenteric

unpublished

arteries

(Loesch,

Feher & Burnstock,

observations). Furthermore, electron microscopy studies have shown
that substance P and 5“HT are present in endothelial cells in the rat
femoral and mesenteric arteries (Loesch & Burnstock, 1988). 5"HT, ChAT
and substance P have also been localised in endothelial cells of the
rat coronary artery (Burnstock et al.1 9 8 8 ; Milner et al., 1 9 8 9 ).
Release studies have shown that hypoxia causes increased release of
ATP into the venous effluent of the guinea-pig coronary vascular bed
(Langendorff preparation)

(Paddle & Burnstock, 1974). In the rat

heart, hypoxia causes the release of substance P, ACh and 5"HT
(Burnstock et al., 1 9 8 8 ; Milner et al., 1989)• Increased flow has
also been shown to cause the release of ACh, ATP and substance P from
cultured umbilical vein endothelial cells (Milner et al., 1990).
There is, therefore,

increasing evidence that endothelial cells

themselves act as a source, as well as a target, of vasoactive
agents.

1.3.6 ENDOTHELIUM-MEDIATED VASOCONSTRICTION

Not

only

has

the

endothelium

the

ability

to

mediate

vasodilatation, but it is also known to mediate vasoconstriction, by
the production of what is known as endothelium-derived constricting
factor or factors

[EDCF(s)].

It was first shown by De Mey and

Vanhoutte in 1982 that in dog pulmonary veins,

arach$idonic acid

causes an endothelium-dependent contractile response. It has since
been shown that a variety of chemical and physical stimuli, including

k2

NA, thrombin, high extracellular potassium, hypoxia and stretch cause
endothelium-dependent vasoconstriction (De Mey & Vanhoutte, 1983;
Rubanyi & Vanhoutte, 1985; Katusic et al., 1986; 1987a,b).
The exact nature of EDCF(s) has not conclusively been shown,
although in 1988, Yanagisawa et al., isolated a 21 amino acid peptide
(named endothelin), from porcine aortic endothelial cells. Endothelin
has been shown to be a potent vasoconstrictor,

for example,

in

isolated human resistance vessels, rabbit skin microvasculature and
rat mesenteric resistance vessels (Brain et al., 1988; Hughes et al.,
1988; Warner et al., 1989)*

1.3.7 DUAL CONTROL OF LOCAL BLOOD FLOW BY PERIVASCULAR NERVES AND
ENDOTHELIAL CELL FACTORS

The result of all these studies is the proposal of a hypothesis
for the dual control of local blood flow by perivascular nerves and
endothelial cell factors (Burnstock, 1977)* This hypothesis suggests
that the neurotransmitters ACh, ATP, 5“HT and substance P can either
be released from perivascular nerves to act on subclasses of
receptors on the muscle, eliciting vasoconstriction, or are released
from endothelial cells to act on different subclasses of endothelial
receptors. It is proposed that these two regulatory systems maintain
dynamic balance during normal homeostatic physiological control.
However,

in pathological situations,

such as ischaemia,

the

endothelial vasodilator mechanism is dominant, acting as a protective
mechanism against hypoxic damage (Burnstock, 1988).
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1.4. ATHEROSCLEROSIS

1.4.1 HISTORICAL BACKGROUND TO FAMILIAL HYPERCHOLESTEROLEMIA

Cardiovascular disease is common throughout

the world,

particularly in developed countries where it is the main cause of
mortality,

accounting

for approximately half of all deaths.

Atherosclerosis is the prevailing type of cardiovascular disease in
these countries, being the principal cause of myocardial and cerebral
infarction (see Ross, 1986).
The atherosclerotic condition is recognised clinically by
increased levels of circulating low density lipoprotein (LDL), the
major cholesterol-transporting lipoprotein in plasma. Pathologically,
the resulting hypercholesterolemia leads to the deposition of LDLderived cholesterol in arteries (atheromas) as well as in tendons and
skin (xanthomas) (Goldstein & Brown, 1983* 1989)*
Atherosclerosis is now known to arise from a genetic disorder
resulting in a mutation in the structure and function of the cell
surface receptor normally removing LDL from the blood (see Goldstein
& Brown,

1989)• The concept of an inheritable tendency towards

development of hypercholesterolemia frequently associated with
atherosclerosis and xanthamatosis, has evolved over the last 150
years. Cutaneotendinous xanthomas were first reported by Rayer (1836)
and Addison and Gull (I85I). It later became obvious that the heart
and great vessels were also subject to severe xanthomatous lesions
(Lehzen & Knauss, 1889; Fogge, 1872; Fox, 1879; Poensgen, 1883). In
1910, Arning presented evidence suggesting that xanthomatosis was
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inheritable and by 1930 the syndrome of ’’familial xanthoma” (Ehrmann,
1930), was well established. Quinquad (1873) was credited to be the
first to suggest that xanthoma development was related to blood
lipids (Chaufford & La Roche, 1910), although it was not until 1920
that hypercholesterolemia was actually demonstrated in a patient with
xanthomatosis

(Burns,

1920).

It

later

became

evident

that

xanthomatosis was a secondary manifestation dependent upon the
duration of hypercholesterolemia (Piper & Orrid,

1956).

Studies

carried out by Brown and Goldstein beginning in 1974 established that
hypercholesterolemia plays a causitive role in coronary heart disease
with a direct cause-and-effect relationship between increased levels
of LDL in the blood and accelerated atherogenesis in patients with
the disease (see Goldstein & Brown, 1989).
In the mid 1960*s and early 1970’s, Khachadurian (1964) and
Fredrickson and Levy (1972) showed that familial hypercholesterolemia
(FH) exists clinically in two forms, the less severe heterozygous
form and the more severe homozygous form. FH heterozygotes carry a
single copy of a mutant LDL receptor gene and are quite common,
accounting for approximately 1 out of every 500 persons (Goldstein &
Brown, 1983). These individuals have a twofold increase in the number
of LDL particles in plasma from the time of birth. They usually
remain clinically asymptomatic until the third to sixth decade of
life, when they develop tendon xanthomas and premature coronary heart
disease of varying severity and may experience myocardial infarctions
as early as the fourth decade of life (Khachadurian, 1964; Nevin &
Slack, 1968; Fredrickson & Levy, 1972; Goldstein, 1972; Goldstein et
al., 19 8 5 ). FH homozygotes are much more severely affected than
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heterozygotes, although they are comparatively rare, numbering 1 in 1
million persons. They inherit two mutant genes at the LDL receptor
locus, one from each parent and exhibit 6-10-fold elevations in
plasma LDL from the time of birth and are subject to particularly
florid atherosclerosis

(see Goldstein & Brown,

1989). Cutaneous

planar xanthomas appear within the first 4 years of life with rapidly
progressive coronary, cerebral and peripheral vascular occlusive
disease associated with widespread accumulation of cholesterol in
atheromatous plaque. Coronary heart disease begins in childhood and
frequently causes death from myocardial infarction before the age of
30 (Mtiller, 1938; Khachadurian,

1964; Fredrickson & Levy,

1972;

Goldstein, 1972; Goldstein & Brown, 1983).

1.4.2 THE WATANABE HERITABLE HYPERLIPIDEMIC (WHHL) RABBIT

The WHHL rabbit is a strain of rabbit with a consistently
inherited hyperlipidemic trait, discovered in the late 1 9 7 0 's by
Yosio Watanabe, working in Kobe, Japan (Watanabe,

1980).

These

rabbits have a mutation in the LDL receptor gene, similar to that in
human

familial hypercholesterolemia,

resulting in defective

expression of the LDL receptor (Kita et al., 1981; Schneider et al.,
1983; Yamamoto et al., 1986) The WHHL rabbit is the only animal model
for human homozygous familial hypercholesterolemia, exhibiting
typical hypercholesterolemia, elevated plasma LDL levels, severe
atherosclerosis and cutaneous xanthomas (Kondo & Watanabe, 1975;
Watanabe, 1980). Average cholesterol levels in homozygous WHHL
rabbits aged 4-15 months have been reported to be 540-600 mg/dl (Buja
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et al., 1983). whereas, levels for New Zealand white (NZW) rabbits on
the same diet were reported to be 69 ± 6 mg/dl (Bilheimer et al.t

1982).
Differences in the development of atherosclerosis have been
reported between WHHL and NZW rabbits fed a high cholesterol diet,
with the main difference being that the cholesterol-fed NZW rabbits
developed accumulation of lipid in macrophages of the liver, spleen
and lymph nodes, unlike the WHHL rabbit (Buja et al., 1983). In this
respect, the WHHL rabbit is a more accurate model of human familial
hypercholes terolemi a .

1.4.3 THE EFFECT OF ATHEROSCLEROSIS ON THE LOCAL CONTROL OF BLOOD
FLOW

In atherosclerotic blood vessels,

endothelium-mediated

responses to ACh and substance P have been shown to be inhibited. For
example,

in

the

aorta

of

rabbits

subject

to

diet-induced

atherosclerosis (Habib et al.t 1986; Verbeuren et al., 1986; Chappell
et al.,

1987*

Hof & Hof,

1988;

Jayakody et a l .,

atherosclerotic human coronary artery

1 9 8 8 ),

(Berkenboom et al.,

the

1987;

Ginsberg & Zera, 1984; Ludmer et al., 1 9 8 6) and in the pulmonary
artery of cholesterol-fed chickens (Aksulu et al., 1986). There have
been various ideas as to the reason for reduced endothelium-mediated
responses in atherosclerotic vessels, such as

an increased barrier

to diffusion due to the thickened intima, or damage to endothelial
cells (Verbeuren et al., 1986; Harrison et al., 1987). Verbeuren et
al

(1 9 8 6 ) found

that

endothelium-mediated

relaxations

were

47
progressively inhibited as the amount of plaque increased in arterial
segments from the aorta of cholesterol-fed rabbits. Ragazzi et al.
(1989)

have reported that impairment of endothelium-mediated

relaxations

to

ACh

and

ATP

in

the

thoracic

aorta

of

the

atherosclerotic rabbit decreased down the vessel, being related to
the degree of cholesterol infiltration. A reduction in the release of
EDRF

has

also

been

proposed

to

explain

the

attenuation

in

endothelium-mediated responses. For example, EDRF release has been
demonstrated to be reduced in the atherosclerotic rabbit aorta
(Herman et al., 1987; Jayakody et al., 1988; Guerra et al., 1989)*
Reduced EDRF synthesis has also been shown in the atherosclerotic
rabbit aorta (Riezebos et al., 1990).
Although little information is available on sympathetic neural
function in atherosclerotic vessels, it has been reported that NA
storage and release is impaired in the rat tail artery in animals on
a saturated fatty acid diet, this being combined with a reduction in
nerve-mediated

constrictor

responses

with

sensitivity to exogenous NA (Panek et al.,

no

alteration

in

1 9 8 5 ). However,

in

contrast to this, it has also been shown in the atheroscelerotic rat
that responses to both periarterial electrical stimulation and
exogenous NA were greater in the renal and superior mesenteric
arterial beds (Al-Jubouri & Al-Bayati, 1981). It has also been shown
that sympathectomy reduces the progression of atherosclerosis in
rhesus monkeys with diet-induced atherosclerosis, suggesting that
chemical or surgical sympathectomy may be of use in reducing the
progression of atherosclerosis in specific arterial beds (Lichtor et
al., 1987).
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Constrictor responses have been reported to be altered in
atherosclerotic

vessels.

For

example,

there

are

reports

hyperresponsiveness to serotonin in the rabbit aorta

of

(Henry &

Yokoyama, I9 8 O; Verbeuren et al., 1 9 8 6 ), the monkey mesenteric
circulation (Brown et al., 1986) and hindlimb vasculature (Heistad et
al., 1984). There have been conflicting reports concerning responses
to adrenergic agonists: Henry and Yokoyama (1980) report unaltered
responses in the hypercholesterolemic rabbit aorta, whereas,
Verbeuren et al. (1986) report that responses are reduced in severely
atherosclerotic vessels. In contrast to this, Hof and Hof (1988)
claim that there is a general hyperrespinsiveness to constrictor
agents as they found NA, phenylephrine and angiotensin II-mediated
constrictor responses were increased in atherosclerotic animals in
vivo. Thus, the results of in vitro experiments may be related to the
severity of the lesions, which are known to vary depending on the
anatomical localisation of the blood vessels studied (Kottke &
Subbiah, 1978; Faggiotto et al., 1984; Verbeuren et al., 1986).

CHAPTER 2

GENERAL MATERIALS AND METHODS
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General
The

techniques

pharmacology,

used

fluorescence

in

this

thesis

histochemistry,

include

in

vitro

biochemical

and

immunoassays, and transmission electron microscopy. Male and female
New Zealand white (NZW) rabbits (Chapters 3 " H ) and female Watanabe
heritable hyperlipidemic (WHHL) rabbits (Chapters 6-10) were used in
these studies. Experiments were carried out on isolated central ear,
mesenteric and basilar arteries and the aorta (as specified in each
of the experimental chapters).

2.1

X-IRRADIATION PROCEDURE

Both ears of the male NZW

rabbits (2-3*5 kg) were locally

irradiated with a single dose of X-rays

(^500 rad ) , using the

following procedure: The rabbits were anaesthetised using

fentanyl

citrate and fluanisone (collectively known as hypnorm)(0.3 mg/kg,
i.p.) and midazolam hydrochloride (hypnovel)(up to 2 mg/kg, i.p).
Each animal was placed into a perspex box (jig) made to hold the
rabbit comfortably whilst allowing an ear to protrude from one side
of the jig and lie flat on the irradiation platform. The jig was
covered with a perspex cover and lead plates were used to shield the
side, top and front of the animal near the X-ray beam. Both the lead
plate protectors and a lead collimator made to focus the beam
provided the radiosensitive tissues of the animal with adequate
protection from any stray X-rays. Additional small lead plates (3 mm
thick) were placed along the sides of the central ear artery on the
sufrace of the flattened ear for further collimation of the X-ray
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beam. Radiation treatment was administered at 383 rad/min from a
General Electric Maximar 250 kV X-ray apparatus. The type of X-rays
given were 215 kV at 12.5 mA with no added filtration, 30 cm from the
source with a field size diameter of 17.75 cm.
Control animals were anaesthetised using the same procedure as
that used for the irradiated animals, but were not irradiated.
At intervals of 1, 4 and 6 weeks post-irradiation, animals were
killed by stunning and exsanguination. Control animals were killed in
the same manner. The entire ear artery was dissected from the ear and
divided into three specific segments for the various investigations
to

be

carried

out.

pharmacological

The

proximal

investigations

segment

since

was

this

used

region

for

the

responds

comparatively better than the distal regions for this purpose (de la
Lande & Waterson, 1968; Griffith et al., 1982; Owen et at. , 1983).
The middle portion of the artery was used for the noradrenaline assay
and immunoassay of NPY and CGRP. Sections from the distal segment of
the

artery

were

used

for

the

fluorescence

histochemistry.

Investigations were performed on identical segments from both control
and irradiated animals.
The irradiation procedure described in this section was carried
out by Mr. K. Maynard.
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2.2

WHHL RABBITS

Homozygous WHHL rabbits were obtained from Southampton General
Hospital Medical Faculty animal unit. The original WHHL rabbit used
to establish the colony was crossed with a half Lop. WHHL and control
(NZW) rabbits were allowed free access to food (standard rabbit chow)
and water.
In chapters 6-10, batches of 4, 6 and 12 month-old female WHHL
rabbits were used, with NZW rabbits being used as sex- and agematched controls. Animals were killed by lethal dose of sodium
pentobarbitone (60 mg/ml) injected into the right marginal ear vein,
followed by exsanguination.

2.3

2.3.1

IN VITRO PHARMACOLOGY

DISSECTION OF VESSELS

Proximal

segments

of

the

rabbit

central

ear

artery,

approximately 20 mm from the base of the ear were used for all
pharmacological investigations (Chapters 3-6 & 9).
First order branches of the superior mesenteric artery were
used in chapters 7* 10 and 11. Vessel branches were carefully
dissected from the mesentery, excised, and cleared from surrounding
fatty tissue under a dissecting microscope (Figure 2.1)
In dissecting the basilar artery, the brain was first isolated so
that the basilar artery was exposed on the ventral surface of the
brain (Figure 2.2)(Chapter 8). The vessel was kept moist during the
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Figure

2.1

Arteries and veins of the abdomen and thorax of

the

rabbit. The highlighted branches of the mesenteric artery are those
used in chapters 7. 10 and 11 (from J.Z. Young, 1975)*
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Figure 2.2

Arteries on the ventral surface of the brain, showing

the location of the basilar artery used in chapter 8.
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dissection using a few drops of Krebs' solution. The side branches of
the basilar as well as the vertebral and posterior cerebral arteries
were all cut near the basilar artery so that the entire artery could
be carefully lifted from the surface of the brain,

removing the

membranous pia mater in the process. Particular care was taken when
handling the basilar artery due to its fragile nature.

2.3.2

REMOVAL OF THE ENDOTHELIUM

During the dissection of all vessels, care was taken in order
to avoid excessive trauma,

so as to preserve the endothelium

(Furchgott and Zawadzki, 1980).
In instances where the endothelium was deliberately removed,
this was carried out by mechanical friction. Due to the small luminal
size of the vessels involved, the previously recorded method using a
wooden stick

(on the larger rabbit aorta)

was inappropriate

(Furchgott and Zawadzki, I98O). Therefore, this method was modified,
using instead a bluntened braided silk suture needle which was pulled
through the vessel lumen prior to mounting the vessel on the
stainless steel wires. Confirmation of the presence or absence of the
endothelium was established by testing with ACh (0.1-300 pM) on
raised-tone preparations. Vessels in which the endothelium had not
been removed, produced concentration-dependent relaxations to ACh, as
shown by Furchgott and Zawadzki (1980). When the endothelium had been
deliberately removed,

the relaxant response to ACh was also

abolished. Any individual control segment requiring the presence of a
functionally intact endothelium, yet failing to show the appropriate
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response to ACh, was not used for further experimentation.

In

addition, a substantial decrease in the maximum response to NA (as
established by carrying out a concentration-response curve to NA) in
preparations in which the endothelium had been removed, was taken to
indicate that damage to the medial smooth muscle had taken place
during the mechanical removal of the endothelium. Such preparations
were not used for further studies.

2.3.3

ORGAN BATH PHARMACOLOGY

In order to carry out isolated organ bath pharmacology,
sections of the appropriate isolated arteries were cut into rings,
approximately 5 mm in length (except for sections of the thoracic
aorta, which were cut to be approximately 10 mm in length). Each ring
was then mounted horizontally under isometric conditions in 10-20 ml
organ baths by inserting two stainless steel wires through the lumen
of the vessel, according to the method of Bevan and Osher (1972)
(Figure 2.3). The tissues were bathed in Krebs'

solution of the

following composition (mM): NaCl 133. KC1 4.7. NaHPO/j 1.35. NaHCO^
16.3. MgSO/j 0.61, glucose 7*8, CaCl2 2.52 (Btilbring, 1953). The
Krebs' solution was maintained at 37°C and bubbled with 95% O2 and 5%
CO2 . Bovine serum albumin (BSA)(0.005 %) and bacitracin (30 mgl”^)(a
non-specific protease inhibitor) were added to the Krebs' solution,
when appropriate, in order to prevent peptides adhering to the
surfaces of the glassware and peptide degradation respectively.
Preparations were allowed to equilibrate for at least 1 h under a
resting tension of approximately 1.0 g for the ear artery, 0.75 S Tor
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Figure 2.3

Diagrammatic representation of the organ bath apparatus

used for pharmacological experiments on isolated blood vessels.
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the mesenteric artery, 0.5"0.75 g for the basilar artery and 2.0 g
for the thoracic aorta. Contractions of the circular smooth muscle
were recorded by use of a Grass FT03C transducer and displayed on an
ink-writing oscillograph (Grass, Model 79 Quincy, Mass., USA).

(a) Peparation of Drugs

ACh was dissolved in distilled water and NA was dissolved in
0.1 mM ascorbic acid (so as to inhibit its oxidation). Solutions of
both drugs were made up fresh each day. a,^-methylene ATP (a,£-meATP)
was dissolved in sterile distilled water and stored at -20°C at a
concentration of 1000 pM. Neurokinin B was dissolved in dimethyl
sulphoxide

(DMS0). All the other tachykinins and analogues were

dissolved in 0.1# BSA in sterile distilled water. All tachykinins and
analogues were stored at -20°C at a concentration of 0.1 mM in
aliquots containing approximately 50 pi which were defrosted only
once and used immediately. Histamine was made up in distilled water
and stored as a stock solution at a concentration of 100 pM, with
serial dilutions being made up each day. KC1 was also made up in
distilled water and kept refrigerated as a 3 M stock solution.
Substance P, NPY, CGRP and VIP were stored at -20°C in aliquots
containing approximately 25 pi of individual peptides dissolved in
sterile distilled water. Aliquots were defrosted once and used
immediately.
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(b) Contractile Responses at Basal-Tone

KC1 (120 mM) and a,p-methylene ATP (1 pM) were added to the
organ bath as single doses and washed out once a maximum response had
been established, a,^-methylene ATP is a stable analogue of the
neurotransmitter substance ATP and was used since it is potent and
selective for the P2x_PUI‘inoceP tors, which are activated by ATP
produced from sympathetic nerves (Burnstock,

1990)* Due to the

tachyphylactic effect of a,£-methylene ATP leading to desensitisation
of P2x"Purinoceptors, it was added at the end of the experiment so as
not to affect nerve-mediated contractile responses. NPY also causes
tachyphylaxis and was therefore applied as a single dose (0.1 pM) and
washed

out

of

the

bath

once

the

maximum

response

had

been

established. NA and histamine were added cumulatively to the bath
(0.1-300 pM) in order to construct concentration-response curves.

(c) Electrical Stimulation of Intramural Nerves

Electrical stimulation of the intramural nerves of the ear and
mesenteric arteries was delivered via two platinum wire electrodes
placed parallel to and on either side of the vessel segment,
approximately 5 mm apart, with a Grass Sll stimulator. The voltage
(60 V for both ear and mesenteric arteries) pulse duration (0.1 and
0.2 ms in the ear and mesenteric arteries respectively) and length of
stimulation

(1 s and 5 s for the ear and mesenteric arteries

respectively) at which the neurogenic responses were near-maximal,
were established in preliminary experiments and kept constant
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throughout. Preliminary experiments also ascertained that with the
parameters used on each vessel, the contractile responses to nerve
stimulation were completely blocked by tetrodotoxin (3 p M ) , thus
confirming that the contractions were entirely due to neural
stimulation, with no direct stimulation of the muscle.
Where appropriate, intramural nerves were stimulated over a
range of frequencies (4-64 Hz), with an interval of at least 2 min
between each stimulation, so that a frequency-response curve could be
established.

To test the neuromodulatory effects of NPY (0.1 pM) and CGRP
(0.01 pM) on isolated segments of the ear artery (Chapter 5). field
stimulation was applied at a frequency of 64 Hz for a period of 1 s,
with an interval 1.5 min between each stimulation. Before the effect
of

any

drugs

on

the

neurogenic

response

was

investigated,

stimulations were repeated to ensure responses were consistent. The
initial nerve-evoked contractile response was also measured. Peptides
were left in contact with the vessel segments for 7~10 minutes whilst
periods of stimulation continued. This allowed enough time for the
maximum neuromodulatory response to be established and recorded.
In chapter

11,

segments

of the mesenteric

artery

were

stimulated at a frequency of 32 Hz for a period of 5 s, which
produced a measurable and reproducible response. Stimulation was
repeated every 30 s in order that the transient responses to the
tachykinins and tachykinin analogues could be measured. Shortly after
the maximum response had been attained (or approximately 2 min after
addition of the drug to the Krebs'

solution in the case of sub

64

threshold doses),

the K r e b s ’ solution was changed in order to

minimise the tachyphylactic effect of the tachykinins on the vessel.

(d) Relaxant Responses at Raised-Tone

In order to study the relaxant responses of various agonists, a
cumulative concentration-response curve was first determined on each
vessel segment for either NA (0.1-300 pM)(ear, mesenteric and aorta)
or histamine (0.1-300 pM)(basilar) in order to establish the maximal
contractile response.
because,

[Histamine was used in the basilar artery

in preliminary experiments,

it was found to maintain

vascular tone better than either NA or 5“HT.] To examine relaxation,
vascular tone was raised with a concentration of NA or histamine that
produced approximately

70% of the maximum contractile response in

each vessel (as indicated in the specific chapters). ACh did not
cause tachyphylaxis in raised-tone preparations and was therefore
added cumulatively to the organ bath. The relaxant effects of
substance P (0.1 pM), CGRP (0.01 pM) and VIP (0.3 pM) on raised-tone
preparations were also ascertained. To avoid tachyphylaxis, each
peptide was added separately to preparations and washed out of the
bath once the point of maximum response had been recorded. The dose
of a particular peptide used was confirmed to give near maximal
relaxations in preliminary experiments involving the establishment of
a non-cumulative relaxation-response curve to the individual peptides
(for example, see chapter 12 for substance P).
In chapter 12, because the concentration of tachykinins and
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tachykinin analogues could not be raised cumulatively, separate doses
were tested on segments and a non-cumulative dose-response curve
constructed. The tachykinins and analogues were washed out of the
Krebs’ solution either once a maximum relaxant response had been
reached or after the drug had been in contact with the vessel for
approximately 2 min in the case of sub-threshold doses.

2.4

FLUORESCENCE HISTOCHEMICAL LOCALISATION OF NA-CONTAINING NERVES

Nerves containing NA, were demonstrated by the glyoxylic acid
technique of Lindvall & Bjorklund (197*0 and Furness & 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, segments were stretched onto slides
adventitial side uppermost and air-dried until they assumed a
transparent appearance. They were then incubated at 100°C for 4 min
after which they were mounted in parafin, viewed and photographed
under a Zeiss photomicroscope equipped with a 3RS epi-illumination
system. The catecholamine fluorescence was examined using the
following filters: exciter-interference BP436/8, barrier-LP and a FT
460 dichromatic beam splitter. Photographs were taken automatically
on Kodak TMax asa 3200 black and white film.
The methods described in this section were carried out by K.
Maynard and J. Aberdeen.
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2.5

CATECHOLAMINE ASSAY BY ELECTROCHEMICAL DETECTION FOLLOWING
LIQUID CHROMATROGRAPHY

Sections of artery were cleaned and frozen in liquid nitrogen
until assay. After measurements of length and weight were taken,
arteries were homogenised in 500 yl of 0.1 M perchloric acid
containing 0.4 mM sodium bisulphite and 12.5 ng dihydroxybenzylamine
(DHBA) using a motor-driven, glass-glass homogenizer. Following lowspeed centrifugation, the supernatants were subjected to alumina
extraction (Keller et al., 1976). NA and DHBA levels were measured
using

high

performance

liquid

chromotography

(HPLC)

with

electrochemical detection. Separation was achieved on a radial pak
lOu Bondapak Cl8 reverse-phase column using a mobile phase of
0.1 M sodium dihydrogen phosphate (pH 5*0) containing 5 mM heptane
sulphonate, 0.1 mM EDTA (ethylenediaminetetraacetate) 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. NA levels
were corrected for recovery using the DHBA internal standard. Tissue
content of NA was calculated as ng/cm length artery.
The m e thods d e s c r i b e d in this s ection have b een d e v e l o p e d in
B u r nstock’s laboratories by Dr. J. Lincoln and carried out by J.
Lincoln.
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2.6

PEPTIDE IMMUNOASSAYS

Segments of artery were weighed, measured and the peptides
extracted into 0.5 M acetic acid in polypylene tubes in a boiling
water bath for 15 min. The samples were homogenized, centrifuged for
30 min at 3500 g, and lyophilized.
NPY and CGRP were quantified using an inhibition enzyme-linked
immunosorbent assay, briefly described as follows: flat-bottomed
polystyrene microtiter plates were coated with NPY and CGRP in 0.1M
carbonate-bicarbonate buffer, pH 9*6, containing 0.02 % sodium azide,
by incubating for 18-2^ h at k°C. The lyophilized samples were
reconstituted in PBS/Tween containing 0.1 % gelatin, 0.2 % sodium
azide and 0.001# aprotinin at 0°C. After incubation, the contents of
the plates were discarded and washed three 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 to
synthetic NPY and CGRP diluted to 1:12500 for CGRP and NPY in sample
buffer. The plates were covered and incubated for 3 days at 4°C. The
plates were then washed three 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 b at 37#C. The unbound goatantirabbit immunoglobulin conjugated to alkaline phosphatase was
removed using three washes with PBS/Tween and one wash with glycine
buffer, containing 1 mM magnesium chloride and 1 mM zinc chloride (pH
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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.
The methods described in this section were carried out by Dr.
P. Milner.

2.7

TRANSMISSION ELECTRON MICROSCOPY USING IMMERSION FIXATION

Segments of rabbit ear artery were dissected out and rapidly
immersed in a fixative containing 1.5 % glutaraldehyde and 1.5 %
paraformaldehyde in 0.1 M cacodylate buffer, pH 7*3* Surrounding
connective tissue was carefully removed and the arteries were sliced
transversely into 1 mm rings. The tissues were immersion-fixed with
agitation,

at room temperature,

for a further 6 h in the same

fixative. Samples were washed overnight in four changes of 0.1 M
cacodylate buffer, containing 3 % sucrose, then post-fixed in 2%
osmium tetroxide in 0.1 M

cacodylate buffer for a further 1 h. After

dehydration in a graded series of ethanols, tissues were placed in
propylene oxide,

then embedded in an epoxy resin (Araldite) for

conventional electron microscopy. Sections 80-100 nm in thickness
were cut, using a Reichert 0MV2 ultramicrotone, picked up on copper
grids, stained with uranyl acetate (saturated solution in 5 0 :5 0
methanol:water) for 15 min and in lead citrate for 15 min. Sections
were viewed and photographed in a Philips 301 transmission electron
microscope.
The methods in this section were carried out by Dr. A.

69

Tomlinson.

2.8

ANALYSIS OF RESULTS

Throughout this thesis, results have been given as a mean value
± the standard error of the mean (s.e. mean). For each result, one
average value per animal was taken with 'n' referring to the number
of animals from which vessels were used. Concentration-response
curves were constructed by plotting the response (expressed as
indicated in the specific chapters) produced at various -log agonist
concentrations, thereby producing a near straight line (Cho & Jenden,
1964). The

is defined as the -log EC^g and is a measure of

potency of the agonist. pD2 values have been estimated from the mean
-log concentration of agonist ± s.e. mean which produced

30% of its

maximal response in each concentration-response curve.

In chapter

11, with the exception of substance P and L-Pro,

the maximal

relaxation to a particular tachykinin or analogue was not attained at
the concentrations tested; thus, EC^q values could not be calculated.
Instead drug potencies were expressed in terms of 40# of the maximal
relaxation to substance P.
In chapter 3* the potentiating effect of NPY was measured at
the point of maximum potentiation and the percentage increase was
calculated by comparison with the tension generated in the absence of
NPY. Likewise, the inhibitory effect of CGRP was measured at the
point of maximum inhibition and has been expressed as the percentage
change in the nerve-mediated contractile response measured before the
addition of CGRP.
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In chapters 6-10, statistical analysis of results within each
strain of rabbit were carried out using Tukey's method following one
way analysis

of variance

(ANOVA)

in order

to establish

any

significant changes with increasing age (Stevens, 1990). Statistical
analysis of differences between the two strains of rabbit at any one
particular age was carried out using Student's unpaired t test.
In chapter 11, results from nerve stimulation experiments were
analyzed using Student's paired t test. In all other experimental
chapters, results were analyzed using Student's unpaired t test.
In all statistical tests, a probability of P < 0.05 was considered
significant.
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2.9

SOURCES OF DRUGS AND CHEMICALS

Acetylcholine chloride (ACh): Sigma
Aprotinin: Sigma
Bacitracin: Sigma
Bovine serum albumin: Sigma
Calcitonin gene-related peptide: Cambridge Research Biochemicals
Dihydroxybenzylamine (DHBA): Aldrich Chemicals
Gelatin: Sigma
[Glp^,L-Pro9]SPg_j^: Merk, Sharp and Dhome
[Glp^,D-Pro9]SPg_j^: Merk, Sharp and Dhome
Glyoxylic acid monohydrate: Sigma
Heptane sulphonate: Aldrich Chemicals
Histamine dihydrochloride: Sigma
Hypnorm: Janssen Pharmaceutical Ltd.
Hypnovel: Roche
L-arterenol bitartrate (NA): Sigma
Neurokinin A : Sigma
Neurokinin B : Sigma
Neuropeptide Y: Cambridge Research Biochemicals
N-succinyl-[AspD ,MePhe°]SP£_n: Merk, Sharp and Dhome
a,^-methylene ATP: Sigma
PBS/glycerol solution: Citiflour Ltd.
Potassium chloride (KC1): BDH Ltd.
Sodium azide: Sigma
Sodium nitroprusside: Sigma
Substance P: Cambridge Research Biochemicals
Tetrodotoxin: Sigma
Vasoactive Intestinal Polypeptide: Cambridge Research Biochemicals

All chemicals used to make the Krebs' solution were obtained from BDH
and all materials for T.E.M were obtained from Agar Scientific.
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EXPERIMENTAL CHAPTERS - PART 1:

EFFECT OF X-IRRADIATION ON THE LOCAL CONTROL OF BLOOD FLOW
IN THE RABBIT CENTRAL EAR ARTERY

73

CHAPTER 3

Sympathetic Neurotransmission is Affected as Early as One
Week Following a Single Dose of X-Irradiation in the Isolated
Rabbit Ear Artery
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3.1 SUMMARY

The

short-term effect of a single dose of 4500

irradiation on sympathetic neurotransmission

rad X-

(involving both

noradrenergic and purinergic components) was assessed in the rabbit
central ear artery, 1, 4 and 6 weeks post-irradiation.
Neurally mediated contractions were reduced as early as 1 week
post-irradiation, with responses to lower frequency stimulation being
initially affected most. This suggests that the purinergic component
of the contractile response is affected earlier than the adrenergic
component.
There was no change in the amplitude or sensitivity of treated
preparations to the cumulative application of NA when compared with
untreated preparations. In contrast, contractions to a,p-methylene
ATP (1 yM), a P2 _purinoceptor agonist, were significantly increased
at 4 and 6 weeks post-irradiation,

although not at 1 week post

irradiation.
There were no apparent changes in the pattern of catecholamine
fluorescence as a result of irradiation. However, the tissue content
of NA was significantly reduced 6 weeks post-irradiation when
compared with control preparations.
It is concluded that damage to sympathetic cotransmission is
one of the early effects of irradiation, with initial impairment
predominantly of the purinergic component.
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3.2 INTRODUCTION

It is well established that blood vessels are sensitive to Xirradiation (see Fajardo & Berthrong,

1988) . However, previous

studies have concentrated almost entirely

on morphological damage to

the various parts of the vessel wall, without considering the
functioning of the vessel.
In this study, the nervous control of the rabbit central ear
artery is investigated at intervals of 1, 4 and 6 weeks following
exposure to a single dose of X-irradiation. Since it is now generally
accepted that sympathetic transmission involves NA and ATP as
cotransmitters in many tissues (see Burnstock, 1988b), including the
rabbit ear artery (Kennedy et aZ.,1986; Saville & Burnstock, 1988),
the effects of irradiation on both components are considered. The
rabbit central ear artery was selected as a suitable vessel for this
study since it is a vessel conveniently isolated for receiving
irradiation.
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3-3 METHODS

X-Irradiation Procedure
See section 2.1

In vitro Pharmacology

See section 2.3 for description of the method used for the
stimulation of perivascular nerves (4-64 Hz) and the measurement of
contractile responses to NA (0.1-100 pM) and a,^-methylene ATP (1 pM)
at basal tone.

Histochemistry

See section 2.4 for description of the method used in the
fluorescent histochemical localisation of NA-containing nerves.

Noradrenaline Assay

The content of NA in sections of ear artery from control and 6
weeks post-irradiated animals was measured. See section 2.5 for
description of the method used.
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3.4 RESULTS

Pharmacology

Neural stimulation resulted in rapid, frequency-dependent
contractions in control preparations (Figure 3*la). However, the
effect of radiation was to reduce significantly the contractile
response as early as 1 week post-irradiation,

with a further

reduction at 4 and 6 weeks post-irradiation (Figures 3*1 and 3*2). At
4 Hz, only the control vessels produced contractile responses to
nerve stimulation (0.07 ± 0.03 g) and at 8 Hz there were minimal
contractile responses in some of the vessels which had been
irradiated 1 week previously (0.01 ± 0 .0 0 3 g) t but no response at
this frequency in the 4 and 6 weeks post-irradiated vessels. At 16,
32 and 64 Hz, all the irradiated

vessels showed a contractile

response to neural stimulation,

although

the responses were

significantly reduced when compared with the control vessels. Maximum
reduction in the contractile response at 16, 32 and 64 Hz appears to
be established by 4 weeks post-irradiation with the responses
remaining at a similar level of significance at 6 weeks post
irradiation. However, when results are expressed as mean percentage
variation

from

control

values,

the

percentage

reduction

in

contractions are the greatest at the lowest frequencies (Figure 3*3)•
The cumulative application of NA

(0.1-100 pM) produced a

concentration-dependent contraction in all preparations tested. In
control preparations, NA produced a maximum contraction of 2.95 ±
0*05 g» giving a pD2 value of 6.00 ± 0.09. There was no significant
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difference in both the maximum contractions and pl>2 values between
control

and

irradiated preparations

1,

4 and 6 weeks

after

irradiation (Figure 3*4; Table 3*1)*
Application of a, {3-methylene ATP (1 yM) to preparations at
resting tone produced a rapid contraction of 20.83 * 3*06 % NA
maximum response. There was no significant variation in this response
1 week post-irradiation

(25.43

± 3*38 % NA max.).

However,

preparations 4 and 6 weeks post-irradiation produced a significantly
increased response

(46.85 * 6.49 and 47.00 ± 2.14 % NA max.

respectively) (Figure 3*5).

Fluorescence Histochemistry

Histochemical localization of catecholamine-containing nerves
revealed clear noradrenergic innervation in both control and
irradiated preparations, with no apparent changes in the pattern of
fluorescence 1, 4 or 6 weeks after irradiation.

Although the

intensity of fluorescence could not be quantitatively assessed, there
appeared to be no obvious difference amongst the irradiated vessels.

Noradrenaline Content

The mean content of NA in control tissue was 3*87 ± 0.3 ng/cm.
However, tissues examined from irradiated sections taken 6 weeks
post-irradiation showed a significant reduction (P < 0.01)
content (2.56 ± 0.2 ng/cm) (Figure 3*6).

in NA
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Figure 3*1

Contractions of the isolated rabbit ear artery to 1 s

periods of perivascular nerve stimulation

(0.1 ms duration,

supramaximal voltage of 60 V; k, 8, 16, 32 and 6k Hz) Contractions
produced in (a) control preparations and (b) preparations 6 weeks
following irradiation.
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Figure 3-2

Contractions of the isolated rabbit ear artery to 1 s

periods of perivascular nerve

stimulation

(0.1 ms duration,

supramaximal voltage of 60 V ; 4, 8, 16, 32 and 64 Hz). Contractions
produced in control preparations (n=7)» are compared with those 1
{n=7). 4 (n=7) and 6 weeks

(n=6) post-irradiation. Vertical bars

denote s.e.mean. Significant differences between control and post
irradiation contractions are shown as : * P < 0.05 ; #* P < 0.01 ;
*** P < 0.001.

Statistical analysis was performed using Student's
i

unpaired t test.
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Figure 3*3
periods

of

Contractions of the isolated rabbit ear artery to 1 s
perivascular

nerve

stimulation

(0.1ms

duration;

supramaximal voltage of 60 V; 4, 8, 16, 32, and 64 Hz). Contractions
are expressed as a percentage of the control contractions at each
frequency,

1

(71 = 7)

(•) » 4 (n=7) (■) and 6 weeks

{n = 6) (A) p o s t 

irradiation treatment. Vertical bars denote s.e.mean. No s.e. bars
are shown when they are smaller than the symbols used.
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Figure 3*^

Cumulative dose-response curves to NA (0.1-100 pM) in

isolated ring preparations of the rabbit ear artery.

Control

preparations (•)(n=7) are compared with preparations 1 (■) (n=8), 4

(A) (n=7) and 6 weeks(^) (n=9) post-irradiation. Vertical bars denote
s .e .mean.
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Figure 3*5

Contractions of the isolated rabbit ear artery to a

single dose of a,^-methylene ATP (1 pM) . Contractions produced in
control preparations (n-7) are compared with those 1 (rc=7). 4 (n-6)
and 6 weeks (n=4) post-irradiation treatment. Vertical bars denote
s.e.mean. ** shows a significant difference at P < 0.01.

control
1 week post rad.
4 weeks post rad.
6 weeks post rad.
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Figure 3*6

NA content in segments of rabbit ear artery. NA content

in control segments (n=5) are compared with those 6 weeks post
irradiation (n=5)* Vertical bars denote s.e.mean.
significant difference at P < 0.01.

Statistical analysis

was performed using Student’s unpaired t test.

** shows a

H

c o n tro l

[J

6 w e e k s p ost rad.
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Table 3*1

Statistical analysis of the effect of NA on isolated

transverse ring preparations of the rabbit ear artery. Control
preparations are compared with those 1, 4 and 6 weeks after having
received a dose of ^500 rad X-irradiation.

NAmax.

pD2

n

Control

2.95 ± 0.05

6.00 ± 0.09

1

1 wk.

2.82 ± 0.21n s

6.35 ± 0.1

8

4 wks.

2.65 ± 0.25NS

6 .27 ± 0.08

7

6 wks.

2.91 ± 0.24NS

6.23 ± 0.09

9

All values are given as mean ± s.e.mean.
Maximum contractions to NA have been calculated in grams.
fn' denotes the number of observations.
PD2 values have been calculated from the -log molar concentration of
NA producing 50% of the maximal response.
'NS' denotes no significant difference between control and irradiated
preparations at P < 0.05.
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3.5 DISCUSSION

This study gives a clear indication of changes in sympathetic
neurotransmission in the isolated rabbit central ear artery after
having been exposed to X-irradiation.
A dramatic reduction in neurally mediated contractions was seen
as early as 1 week post-irradiation. This shows for the first time
that endothelial cells are not necessarily the most sensitive
component of blood vessels to irradiation as previously reported
(Fischer-Dzoga et al., 1984)(see chapter 4). Clearly, the advantage
of the pharmacological technique is that it is based on actual
functioning of the vessel.
The

alteration

irradiation

in

treatment

sympathetic
could

be

neurotransmission

attributed

to

pre-

after
and/or

postjunctional factors: a reduction in sympathetic neurotransmitter
release prejunctionally, changes at the postjunctional receptor level
and/or general damage to the smooth muscle are possible explanations.
However, since there was no alteration in the contractile response to
NA following irradiation, any significant damage to smooth muscle
function or to postjunctional a-adrenoceptors can be effectively
ruled out.
Histochemically, there appeared to be no difference in the
pattern of catecholamine fluorescence over the 6 week period. It is
difficult to judge absolute tissue levels of catecholamines based
purely on the intensity of histofluorescence (Furness and Costa,
1975)* Had catecholamine levels been reduced dramatically, this would
probably

have

been

obvious

histochemically.

Nevertheless,
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fluorescence histochemistry did enable

the observation

that

sympathetic nerves were still present and had not been destroyed by
irradiation treatment.
The biochemical assay results, however, indicate a reduction in
the NA tissue content when measured 6 weeks following irradiation.
This suggests that there was a depletion in the prejunctional levels
of NA being stored in perivascular nerves,

which could be a

contributory factor in the reduction in nerve-mediated constrictor
responses.
It is also possible that ATP contributed to the observed
changes. There is much evidence supporting the hypothesis that ATP is
a cotransmitter with NA in sympathetic nerves (Fedan et al., 1981;
Sneddon & Westfall, 1984; Sneddon & Burnstock, 1984b; Burnstock,
1988).

In particular,

ATP has previously been shown to be a

cotransmitter with NA in sympathetic nerves in the rabbit central ear
artery, acting postjunctionally via P2x”Purinoceptors situated on the
muscle to elicit a constrictor response (Kennedy & Burnstock, 1985 ;
Kennedy et al., 1986 ; Saville and Burnstock, 1988). Furthermore,
Kennedy et al.

(1986) found that ATP was the primary transmitter

responsible for neurogenic contractions at lower stimulation
frequencies. In the present study, when the reduction in neurally
mediated contractions at each frequency are expressed as a percentage
of the average values in control preparations, it is possible to see
that initially, at 1 week post-irradiation, the lower frequencies are
affected more than the higher frequencies.
irradiation,

By 4 weeks pos t 

this effect is not so evident because the higher

frequencies are also greatly affected. This would suggest that the
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predominantly purinergic component of the nerve-mediated response at
low

frequencies

is

damaged

earlier

in

comparison

with

the

predominantly adrenergic component seen at higher frequencies.
However, specific studies on cotransmission would be necessary in
order to confirm a hypothesis of early selective impairment of the
purinergic component.
When a,^-methylene ATP (1 pM) was applied exogenously to
preparations 1 week post-irradiation,
difference

in

the

contractions.

there was no significant

This

indicates

that

the

postjunctional P2x “Purinoceptors are functioning normally,

thus

suggesting that any purinergic contribution to the initial reduction
in nerve-mediated contractions is likely to be due to prejunctional
damage to the purinergic component. It is conceivable that the
content of ATP in sympathetic nerves may also have been affected,
although further work would be required to establish this.
It is interesting that the responses to exogenous application
of a,(S-methylene ATP at 4 and 6 weeks post-irradiation, showed a
significant increase. This is in contrast to the responses to
exogenous application of NA, which remained the same throughout the
course of the study. This suggests that there may be a selective
increase in the sensitivity of the postjunctional P2x"Purinoceptors
as a result of the initial changes.
In

summary,

this

study

has

shown

that

sympathetic

neurotransmission is sensitive to X-irradiation,

a previously

unrecognized consequence, which would certainly contribute to early
alterations in vasomotor control. This initial study leaves much
scope for further work, particularly, in depth cotransmission studies
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on vessels exposed to irradiation.
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CHAPTER 4

Vasodilator Responses are Attenuated While Vasoconstrictor
Responses are Preserved Following a Single Dose of X-Irradiation
in the Isolated Rabbit Ear Artery
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4.1 SUMMARY

The central ear artery of male NZW rabbits was exposed to a
single dose of X-irradiation (4500 rad). Endothelium-dependent and
-independent responses of isolated segments were examined 1, 4 and 6
weeks later.
From 1 week after irradiation, endothelium-dependent relaxant
responses to both ACh (0.1-100 pM) and substance P (0.1 pM), as well
as the direct muscle mediated relaxant response to CGRP (0.01 pM)
were reduced, whereas the contractile response to NA (0.1-100 pM) was
unaffected.
It is concluded that whilst contractile responses of the rabbit
ear artery

are unaltered, the relaxant efficiency of the smooth

muscle is reduced following irradiation.
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4.2 INTRODUCTION

It is a recognised problem that X-rays used for cancer
radiotherapy have a damaging effect on normal blood vessels situated
in the pathway of the radiation. It has been suggested that such
vascular damage may be a major cause of tissue necrosis seen in late
radiation injury (Rubin and Casarett, 1968; Law, 1981). Furthermore,
endothelial cells are thought to be the initial site of radiation
injury to the vasculature, being more radiosensitive in comparison
with cells derived from the media or adventitia (Phillips, 1 9 6 6 ;
Fischer-Dzoga et al.,1984, Fajardo & Berthrong, 1988).
Work to date has concentrated primarily on morphological
investigations looking at radiation-induced damage, survival and
proliferative repair of endothelial cells both in culture and in
situ. However, recent evidence suggests there is damage to certain
aspects of the functioning of endothelial cells. These include
prostacyclin production, angiotensin-converting enzyme production and
reduced fibrinolytic activity (see Fajardo, 1989)•
It is now well established that the vascular endothelium is of
great importance in the control of blood pressure, primarily due to
its ability to synthesise and release EDRF in response to many
vasoactive substances, including ACh, ATP, substance P and 5~HT (see
Burnstock, 1988b).
The effect of irradiation on EDRF-related functioning of
endothelial cells has not yet been studied. This study aims to assess
the effect of a single dose of X-irradiation on endothelial
functioning

by looking at the ability of ACh and substance P to
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induce endothelium-dependent relaxation 1, 4 and 6 weeks post
irradiation. The effect of CGRP following X-irradiation was compared
with that of ACh and Substance P, in order to distinguish between
smooth muscle and endothelium-mediated relaxant efficiency, since
CGRP has been reported to act directly on the smooth muscle,
independently of the endothelium in the rabbit central ear artery
(Dogramatzis et al,, 1987).
This study tests ACh, substance P and CGRP on raised-tone
preparations of the (control) rabbit ear artery in order to confirm
the respective endothelium-dependent and -independent nature of these
drugs. In addition, NA is tested on segments in the presence and
absence of the endothelium on order to assess the importance of the
endothelium in NA-mediated constrictor responses since it has been
reported to exert an inhibitory influence via endothelial c^adrenoceptors in the rabbit ear artery (Verrecchia et al,, 1 9 8 5 ) .
Furthermore,

by

examining

the

constrictor

action

of

NA,

differentiation can be made between smooth muscle-mediated relaxant
and constrictor responses following X-irradiation.
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4.3 METHODS

X-Irradiation Procedure
See section 2.1

In vitro Pharmacology

The relaxant responses of raised-tone vessel segments to ACh
(0.1-100 p M ) , substance P (0.1 pM) and CGRP

(0.01 pM)

and the

contractile effect of NA (0.1-100 pM) on basal-tone vessel segments
was measured from control (un-irradiated) and irradiated rabbits, 1,
4 and 6 weeks following irradiation. See section 2.3 for description
of the methods used (including removal of the endothelium).

4.4 RESULTS

In control preparations, ACh produced a concentration-dependent
relaxant response in raised-tone preparations which was dependent on
the presence of the endothelium. The maximum relaxant effect of ACh
measured in control preparations (with intact endothelium)(80.87 ±
3*75 %). was significantly reduced 1, 4, and 6 weeks post-irradiation
(Figure 4.1 & 4.2a). The degree of loss of the relaxant response
increased with time post-irradiation, being

greatest after 6 weeks.

The pD2 value measured in control preparations (5*95 ± 0.18) was not
significantly altered following irradiation treatment.
Both substance P (0.1 pM) and CGRP

(0.01 pM) produced a

relaxant response in untreated, raised-tone vessel segments (27.42 ±
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4.39 and 57*61 ± 5*38 % respectively). The relaxant response to
substance P was dependent on the presence of the endothelium, whereas
relaxations to CGRP were not significantly different in control
segments in which the endothelium had been mechanically removed.
Relaxant responses to both peptides were significantly reduced in
segments exposed to X-radiation (Figure 4.2b,c).
The

cumulative

application

of

NA

(0.1-100

pM)

produced

a

concentration-dependent contraction in all preparations tested, which
was not significantly different when the the endothelium was removed.
NA produced a maximum contraction of 2.95 * 0.05g in control
preparations

with a pD£ value

of 6.0

± 0.09*

In irradiated

preparations there was no significant change in either the maximum NA
contraction (Figure 4.2d) or pD2 value in comparison with controls.
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Figure 4.1

Isolated transverse ring preparations of the rabbit

central ear artery with tone raised by NA (3 pM). Responses to ACh;
(a) control and (b) 6 weeks after 4500 rads X-irradiation. (c)
Cumulative log concentration-response curves to ACh (0.1-100 p M ) ;
control

( • ) (n=7)»

1 ( ■ ) (w®6) , 4 ( A ) (n=6) and 6 weeks post

irradiation {^){n=9). Responses are expressed as % relaxation of NA
contraction. All values are given as a mean value with s.e. mean
shown by vertical bars.
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Figure 4.2

Isolated transverse ring preparations of the rabbit

central ear artery. Control preparations (n=7) are compared with
those 1 (n=6), 4 (n=6) and 6 weeks (n=9) following exposure to 4500
rad X-irradiation. Maximum relaxations to ACh (0.1-100 pM)(a),
relaxations to substance P (0.1 pM)(b) and CGRP

(0.01 pM)(c)

in

raised-tone preparations and maximum contractions to NA (0.1-100 pM)
in resting tone preparations

(d). Responses are expressed as

percentage change from the control value. All values are given as a
mean value with s.e. mean shown by vertical bars. Asterisks denote
significant differences (** P < 0.01; *** P < 0.001 ) and NS denotes
no

significant

preparations.

differences

between

control

and

irradiated

Statistical analysis was performed using Students'

unpaired t test.
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4.5 DISCUSSION

The progressive reduction in relaxant responses to ACh and
substance P following irradiation suggests the functioning of the
endothelium may have been impaired. However,

since the relaxant

response to CGRP was affected to a similar degree, and CGRP was shown
to act independently of the endothelium (see also Dogramatzis et al.,
1987)» this suggests that the reduction in ACh- and substance Pmediated relaxations may be due to a general decrease in the relaxant
capacity of the smooth muscle. In contrast, radiation treatment had
no effect on the (endothelium-independent) contractile ability of NA,
which would suggest that the relaxant ability of the smooth muscle
was specifically affected at this stage.
This work also provides evidence against any contribution of
inhibitory endothelial adrenoceptors in the contractile response
elicited by NA in the rabbit central ear artery, as proposed by
Verrecchia et a l . (1 98 5) using perfused segments of the isolated
rabbit

central

ear

artery.

They

found

that

removal

of

the

endothelium significantly increased the constrictor response to NA
and proposed this to be evidence for the presence of inhibitory
endothelial adrenoceptors. It was originally proposed that the
increased potency of NA seen after the removal of the endothelium
is due to the loss of EDRF (Cocks & Angus, 1983). Further work has
suggested that inhibitory endothelial c^-adrenoceptors can mediate
the release of EDRF (Egleme et al., 1984; Macleod et al., 1987)•
However, the present study on isolated segments of the rabbit central
ear artery suggests that such endothelial receptors are of little
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consequence, since there was no alteration in the potency of NA in
segments in which the endothelium had been removed.
possible that in this preparation, endothelial

It could be

adrenoceptors were

present, but in such a low density that a larger section of the
vessel would have been required for their effect to be evident.
This study has shown that in the rabbit central ear artery,
endothelium-mediated responses were not specifically affected by
irradiation, although there was a general decrease in vasodilator
responses.

In addition, it has been shown that the vasodilator

mechanism is more sensitive to radiation than the constrictor
mechanism. This is probably not due to a reduction in energy
utilization of the vessel as constriction requires more energy than
relaxation (Siegman et al., 1980), but may indicate selective damage
to transduction mechanisms involved in vasodilatation.
In the previous chapter it was shown that nerve-mediated
contractile responses are reduced as early as 1 week following
irradiation in the rabbit central ear artery.

The present study

therefore identifies an additional effect of irradiation on the
functioning of the ear artery in that the relaxant capacity of the
vessel appears to have been affected.
Further

studies

using

lower,

fractionated

doses

of X-

irradiation, as used in radiotherapy treatment, would be beneficial
because of its clinical significance, as would extending the studies
to include looking at the long-term effects of X-irradiation.
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CHAPTER 5

The Effect of X-Irradiation on the Neuromodulatory Actions of NPY
and CGRP in the Rabbit Ear Artery
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5.1 SUMMARY

Pharmacological and immunoassay techniques have been used to
study the effects of a single dose of X-irradiation on the modulation
of sympathetic neurotransmission by NPY and CGRP in the rabbit
central ear artery 1, 4 and 6 weeks post-irradiation.
Although nerve-evoked contractions were greatly reduced post
irradiation, NPY significantly increased its potentiating action on
nerve-evoked contractions 6 weeks post-irradiation. The direct
relaxatory response elicited by CGRP was markedly attenuated post
irradiation although the modulatory action of CGRP

on nerve-evoked

contractions was unaffected post-irradiation. The tissue contents of
both NPY and CGRP in the ear artery were unaffected by irradiation.
These results are discussed in terms of the compensatory
upregulation of postjunctional NPY receptors following irradiation
and considers the evidence for a dual action of CGRP in the rabbit
central ear artery.
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5.2

INTRODUCTION

It is well established that sympathetic transmission in the ear
artery involves the cotransmitters NA and ATP (Kennedy et al.,, 1986;
Saville & Burnstock, 1988; Saville et al., 1990). It has also been
reported that NPY and CGRP have neuromodulatory actions in the rabbit
ear artery (Saville et al., 1990; Maynard et al., 1990).
NPY, which is colocalised with NA and ATP in sympathetic nerves
(Lundberg et al., 1983; Ekblad et al., 1984; Mione

et al. , 1990) and

has also been localised in reserpine-sensitive perivascular nerves in
the rabbit ear artery (Saville et al. , 1990), is reported to have
little or no direct contractile effect on the ear artery upon
application at basal tone (Gustafsson & Nilsson, 1990; Saville et
al. , 1990). It is known, however, to potentiate contractions elicited
by electrical field stimulation and by application of exogenous NA
and a, fi-methylene ATP (a potent analogue of ATP) in the rabbit ear
artery (Edvinsson

et al., 1984; Glover, 1985; Juan et al. , 1988;

Wong-Dusting & Rand, 1988; Budai et al., 1989; Gustafsson & Nilsson,
1990; Saville et al., 1990). NPY can also act prejunctionally to
inhibit the release of NA in the rabbit ear artery (Wong-Dusting &
Rand, 1988).
It was originally thought that the rabbit ear artery lacked
sensory nerves and was exclusively under sympathetic control (Hume &
Waterson, 1978). However, it is now known that the rabbit ear artery
is innervated by CGRP-like immunoreactive- (CGRP-LI) (Maynard et al.,
1990) and substance P-like immunoreactive- (SP-LI)(Morris & Bevan,
1986; Maynard et a l ., 1990) perivascular nerve fibres. These

Ill

perivascular nerves are probably sensory in origin since both CGRPand SP-LI intensity and density have been shown to be significantly
reduced after incubation with the sensory neurotoxin,

capsaicin

(Maynard et al., 1990). CGRP is known to act as an inhibitor against
contractions elicited by electrical field stimulation and by
administration of exogenous drugs such as NA and

a,|5-methylene ATP

(H&nko et al., 1985; Moritoki et al., 1990; Maynard et al,, 1990). On
the other hand, CGRP does not inhibit the release of NA (Maynard &
Burnstock, 1989). However, in the sympathetic nerves supplying the
guinea-pig vas deferens, whilst CGRP does not inhibit the release of
NA, it does inhibit the release of ATP (Ellis & Burnstock, 1 9 8 9 ).
Furthermore, CGRP elicits an endothelium-independent relaxation of
raised-tone

preparations of the rabbit ear artery (Chapter 4, see

also Dogramatzis et al,, 1987; Maynard et al,, 1990).
Chapters 3 and 4 have shown functional changes following Xirradiation; there is diminution of both vasoconstrictor responses
elicited by sympathetic neurotransmission (Chapter 3; Stewart-Lee et
al., 1991). and vasodilatory responses elicited by both endotheliumdependent and -independent agents (Chapter 4). The aim of the present
study

is

to

examine

the

effects

of

X-irradiation

on

the

neuromodulation of sympathetic neurotransmission by NPY and CGRP.

V
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5.3

METHODS

X-Irradiation Procedure
See section 2.1

In Vitro Pharmacology

The neuromodulatory actions of NPY and CGRP and the relaxant
response of raised-tone preparations to CGRP were measured

(see

section 2.3 for description of methods used).

Immunoassay for CGRP and NPY

Segments of the mid portion of the rabbit ear artery were
weighed, measured and the peptides extracted. NPY and CGRP levels
were quantified using an enzyme-linked immunosorbent assay, as
described in section 2.6.

5.4

RESULTS

Pharmacology

Nerve-evoked constrictions were diminished in all pos t 
irradiated preparations of the rabbit ear artery when compared with
control vessel segments (Figures 5 .la,b; 5*2a,b).
NPY (0.1 pM) had no visible contractile effect on preparations
of the rabbit ear artery at basal-tone, before or after irradiation,
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However, NPY caused an increase in the neurally-mediated contractile
response in all vessel segments tested

(see Figure 5»la).

The

potentiating effect of NPY was unchanged until 6 weeks following
irradiation, when there was a significant increase in its effect
(Figure 5»lb,c).
CGRP (0.01 pM) inhibited the nerve-evoked constrictions in
control vessel segments (Figure 5*2a). After irradiation, there was
no significant difference in the inhibitory effect of CGRP on nerveevoked contractions (Figure 5*2b,c).
In control vessel segments preconstricted with NA (1 pM),
CGRP (0.01 pM) produced a relaxant response (Figure 5*3a). The
magnitude of this response was significantly reduced as early as 1
week post-irradiation, and was reduced even further 6 weeks following
exposure to radiation (Figure 5»3b,c).

Immunoassays

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 5-1).
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FIGURE 5*1

Contractile responses of the isolated rabbit central ear

artery to 1 s periods of perivascular nerve stimulation (supramaximal
voltage; 0.1 ms pulse width; 64 Hz) in the presence of NPY (0.1 pM)
before and after X-irradiation. A typical response in a control
vessel segment (a), is compared with a typical response in a

segment

6 weeks post-irradiation (b). In (c), the results are expressed as
the percentage change in the neurally-mediated contraction in the
presence of NPY in control (n=6), 1 (n=6), 4 (n=5) and 6 (n=8) weeks
post-irradiated segments. Symbols represent mean responses and
vertical bars denote s.e. mean. Statistical analysis was performed
using Student's unpaired t test and
difference of P £ 0.05.
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FIGURE 5*2

Contractile responses of the isolated rabbit central ear

artery to 1 s periods of perivascular nerve stimulation (supramaximal
voltage; 0.1 ms pulse width, 64 Hz) in the presence of CGRP (0.01 pM)
before and after X-irradiation. A typical response in a control
vessel segment (a), is compared with a typical response in a 6 weeks
post-irradiated segment (b). Results are expressed as the percentage
change in the neurally-mediated response in controls (n=7), 1 (n=7).
4 (n=6) and 6 (n=8) weeks post-irradiated segments

(c). Symbols

represent mean responses and vertical bars denote s.e.

mean.

Statistical analysis was performed using Student’s unpaired t test.
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FIGURE 5.3

Relaxations mediated by CGRP (0.01 pM) on raised-tone

preparations in the isolated rabbit central ear artery before and
following X-irradiation. A typical response in a control segment (a)
is compared with a typical response in a 6 weeks post-irradiation
segment (b). Results in (c) are expressed as percentage change in the
NA-mediated constrictor response in control (n=7)* 1 (n=5), 4 (n=8)
and 6 (n=9) weeks post-irradiated segments. Symbols represent mean
responses and vertical bars denote s.e. mean. Statistical analysis
was performed using Student's unpaired t test.
significant differences of P <. 0.05 and

and '**' indicate

P £ 0.01 respectively.
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TABLE 5*1

Tissue content of CGRP and NPY in control and 6 weeks

post-irradiated segments of the rabbit central ear artery.

Control
segments

CGRP
(pmol/cm)

NPY
(pmol/cm)

0.13 ± 0.03

0.65 ± 0.10

(6)
Irradiated
segments

(6)

0.14 ± 0.01

0.59 ± 0.11

(6)

(6)

Results are expressed as mean ± s.e. mean.
(n) indicates the number of preparations.
No significant differences in peptide levels were calculated between
control and irradiated segments.
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5.5

DISCUSSION

The present study shows that there is a reduction in nerveevoked contractions following X-irradiation in the rabbit ear artery.
This confirms what has been reported in chapter 3* It is shown in
this chapter that the potentiating action of NPY is enhanced 6 weeks
following X-irradiation and the inhibitory effect of CGRP on nerveevoked constrictions is unaffected, despite a reduction in the
relaxant effect of CGRP 1 week following X-irradiation.

The

immunoassay results, however, showed no change in the levels of NPY
or CGRP in tissue sections taken before or after irradiation.
The significant increase (two-fold) in the potentiating effect
of NPY on the neurally-mediated contractions 6 weeks post-irradiation
may be due to an upregulation of postjunctional NPY receptors, or a
direct postjunctional depolarization of the smooth muscle (Potter,
1988). However, the latter option is unlikely since NPY had no direct
contractile effect on the preparation following irradiation. Song et
al.t (1983) proposed that early (2-4 weeks) changes in blood flow
after irradiation (in addition to direct damage to endothelial cells
and the basement membrane), may be due to increased sensitivity of
receptor sites in vessels to vasoactive compounds. The present
findings suggest that this may be so for NPY receptors,

and is

possibly a mechanism whereby the vessel compensates for the reduced
levels of NA (see chapter 3) and diminished neurally-mediated
contractions post-irradiation.
It is interesting to note that whilst NA levels were reduced
post-irradiation (Chapter 3). NPY levels were unchanged. There is

122
evidence that NPY and NA are colocalised in reserpine-sensitive
(sympathetic) fibres in the rabbit ear artery (Saville et al., 1990).
This suggests that X-irradiation either only damages sympathetic
fibres which do not contain NPY, or that it has a differential effect
on the expression of these two neurotransmitters

(Cowen et al.,

1988).
The inhibitory action of CGRP on nerve-evoked contractions
suggests that CGRP may be acting pre- and/or postjunctionally. It has
been previously shown that in the rabbit ear artery, CGRP reduces the
vasoconstrictor responses not only to electrical field stimulation,
but also to exogenous NA and a, |5-methylene ATP, thus suggesting a
primarily postjunctional action in this vessel

(Maynard et al.,

1990).
This

study

shows

that

although

there

is

a

reduced

postjunctional relaxant effect of CGRP following X-irradiation, the
effect of CGRP on electrical field stimulation was unchanged. This
suggests that CGRP may be acting at a second postjunctional site of
action (separate from that mediating direct relaxation in raised-tone
preparations), which was unaffected by X-irradiation. It may also be
possible that CGRP acts prejunctionally to inhibit the release of
ATP, as has been shown in the guinea-pig vas deferens

(Ellis &

Burnstock, 1989)t although CGRP is known not to inhibit the release
of NA in the rabbit ear artery

(Maynard & Burnstock,

1989)•

Verification of this suggestion would necessitate release studies.
However, if CGRP does inhibit ATP release in the rabbit ear artery,
it would appear that this is unaffected by irradiation, unlike the
direct relaxant effect of CGRP.

It conclusion, although in the past it has been argued that the
neural components of the vasculature are less likely to be damaged by
irradiation (Warren, 19^3; Rubin & Casarett, 1968), these studies
have shown unequivocally that perivascular nerves are functionally
affected following irradiation. It has been shown that X-irradiation
causes changes in the sympathetic transmission (Chapter 3) and its
modulation (this study) in the rabbit ear artery. Moreover, these
early changes could severely disrupt the control of blood flow in
normal vessels exposed to radiation.

124

EXPERIMENTAL CHAPTERS - PART 2:

EFFECT OF ATHEROSCLEROSIS ON THE LOCAL CONTROL OF BLOOD FLOW
THE VASCULATURE OF WHHL RABBITS

IN
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CHAPTER 6

Endothelium-Mediated Responses are Potentiated in the Ear Artery
Attenuated in the Aorta of WHHL Rabbits.

but
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6.1

SUMMARY
Endothelium-dependent and independent relaxant responses were

compared in isolated ear arteries from female WHHL and NZW rabbits at
4, 6 and 12 months of age and in the thoracic aorta at 12 months.
Endothelium-mediated relaxations to ACh (0.1-300 pM) and substance P
(0.1 pM) increased with age in raised-tone preparations of the ear
artery

from hyperlipidemic

rabbits

but

not

in NZW

animals.

Endothelium-independent relaxations to CGRP (0.001 p M ) , however,
showed no age-related change.
The ultrastructure of the ear artery of WHHL rabbits at 4
months showed little morphological change. At 6 months,

intimal

thickening, due to migration and accumulation of smooth muscle cells
was widespread, but was less evident at 12 months. The integrity of
the endothelium was maintained and plaque absent at all ages studied.
In raised-tone preparations of the thoracic aorta of the WHHL
rabbit,

ACh-mediated relaxations

(0.1-100 pM)

were attenuated

(despite 100% relaxation to sodium nitroprusside) in comparison with
those of NZW rabbits. The degree of attenuation correlated with the
area of intimal surface covered by plaque. Endothelial integrity was
often destroyed and the intima thickened by accumulation of lipid
laden cells in a fibrotic matrix.
The current investigation shows that the attenuation of
endothelium-mediated responses is heterogeneous in the vasculature of
the WHHL rabbit. Attenuation occurred in the highly atherosclerotic
thoracic aorta, but not in the ear artery. Fully developed lesions
were absent from the ear artery at 12 months despite the appearance
of early atherogenesis.
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6,2

INTRODUCTION

Atherosclerosis is an age-related disease with severe clinical
consequences including stroke, heart and peripheral vascular disease
and is recognised to be the major cause of death in the Western
World. The vascular endothelium is of great importance in the control
of blood pressure due to its ability to synthesise and release EDRF
in response to many vasoactive substances, including ACh, ATP,
substance P and 5”HT (Furchgott & Zawadzki, 1980; Furchgott et a l .,
1981; Zawadzki et al., 1981; Vanhoutte & Rimele, 1983; Furchgott,
1984; Gordon, 1986).
It is generally accepted that endothelium-mediated responses
are

attenuated

in

atherosclerotic

vessels.

For

example,

acetylcholine-mediated relaxations are impaired in the cholesterolfed atherosclerotic rabbit aorta (Habib et a l ., 1986; Verbeuren et
al., 1986; Chappell et al., 1987; Hof & Hof, 1988; Jayakody et al.,
1988) and in the atherosclerotic human coronary artery (Ginsberg I
Zera, 1984; Ludmer et al., 1986). Endothelium-dependent relaxations
to substance P have also been claimed to be abolished in human
isolated coronary arteries with moderate or severe atherosclerotic
lesions (Berkenboom et al., 1987). In the WHHL rabbit thoracic and
abdominal aorta, endothelium-mediated relaxations to ACh are also
attenuated (Ragazzi et al., 1989; Wines et al., 1989; Chinellato er
al., 1990).
Atherosclerosis is known to have a heterogeneous distribution
in blood vessels (Armstrong & Warner, 1971)* but functional studies
to date have primarily concentrated on the large vessels which
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typically exhibit atheroma. Indeed, Hof and Hof (1988)

found no

change in the response to ACh in vivo, although the response in vitro
in atherosclerotic aortic rings was severely impaired. This suggests
that probably not all vessels exhibit reduced endothelium-mediated
responses in atherosclerosis.
In the present study, the rabbit central ear artery was
examined to see if endothelium-mediated responses are affected in the
same way as has been reported for larger atherosclerotic blood
vessels. Ultrastructural correlates with changes in functional
responses were investigated. The homozygous WHHL rabbit used in this
study

is

the

only

existing

animal

model

of

familial

hypercholesterolemia, exhibiting typical hypercholesterolemia,
elevated plasma low density lipoprotein

(LDL)

levels,

severe

atherosclerosis and cutaneous xanthomas (Kondo & Watanabe, 1975;
Watanabe, 1980). In the WHHL rabbit, anatomical observations have
established that atherosclerotic lesions

(plaque) are commonly

observed from 5 months and certainly by 6 months of age in the aorta
and coronary arteries

(Watanabe,

I98O; Buja et a l ., 1 9 8 3). Thus

vascular responses were evaluated at 4 months (i.e. before lesions
are developed) and at 6 and 12 months of age.
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6.3

METHODS

In Vitro Pharmacology

See section 2.3 for method used to measure relaxant responses
to ACh (0.1-300 y M ) , substance P (0.1 yM) and CGRP (0.01 yM) in
raised-tone preparations of the ear artery.
The ability of ACh (0.1-100 yM) and sodium nitroprusside (100
yM) to relax raised-tone preparations of the thoracic aorta from 12month-old NZW and WHHL rabbits was also measured. At the end of the
experiments involving the thoracic aorta, the hooks were carefully
removed from the vessel, the segments were cut open longitudinally,
pinned out flat and examined for the presence of plaque. Estimations
of the area covered by plaque were made.

Transmission Electron Microscopy

See section 2.7

6A

RESULTS

The cumulative application of ACh (0.1-300 yM) to isolated
segments of the rabbit central ear artery precontracted by NA (3 yM),
caused concentration-dependent relaxations in all preparations
tested.
In preparations from NZW rabbits, maximum relaxations to ACh in
the ear artery decreased between 4 and 6 months of age, with no
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further change at 12 months (Figure 6.1a; Table 6.1). In WHHL rabbits,
however, preparations showed a greater maximal response to ACh at
both 6 and 12 months,

this being significant at 6 months when

compared with the response at 4 months of age (Figure 6.1b; Table

6 .1 ).
When relaxations to ACh in the ear artery of the two strains of
rabbit were compared at 4 months, NZW preparations produced a greater
maximal response than WHHL preparations (Figure 6.2; Table 6.1).
However, at 6 months, maximal responses to ACh in NZW

preparations

were smaller than those in WHHL preparations. At 12 months of age,
NZW rabbit preparations again showed a smaller maximal response to
ACh when compared with those of WHHL rabbit preparations (at P <
0.01), although this was not as significant as at 6 months of age (P
< 0 . 001) .
The pD2 value calculated in preparations from 4-month-old NZW
rabbits (5*74 ± 0.21) did not differ at 6 and 12 months of age.
Likewise, the pD2 value calculated in preparations from 4-month-old
WHHL rabbits (5*86 ± 0.1) did not differ at 6 or 12 months of age.
There was no significant difference in the pD2 values to ACh when
preparations from NZW and WHHL rabbits were compared for any of the
ages tested.
Substance P (0.1 yM) produced a relaxant response when applied
as a single dose to raised-tone preparations of the rabbit central
ear artery (Figure 6.3a)* Relaxant responses were generally minimal
in all preparations of the ear artery from NZW rabbits, with no
significant variation in the response over the three different age
groups studied (Table 6.1). In preparations from WHHL rabbits at 4
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and 6 months, responses were again minimal. However, preparations
from 12-month-old WHHL rabbits showed a greater relaxant response
when compared with the response measured in preparations from both 4and 6-month-old rabbits (Table 6.1). When the two species of rabbit
were compared, there was no difference between the responses at 4 and
6 months, although at 12 months responses were significantly greater
in preparations from WHHL as opposed to those from NZW rabbits
(Figure 6.3b).
CGRP (0.01 yM) produced a relaxant response when applied as a
single dose to raised-tone preparations of the rabbit central ear
artery (Figure 6.4a). The responses to CGRP in preparations of the
ear artery were not significantly different either within the two
strains or when the two strains of rabbit were compared with each
other at 4, 6 and 12 months respectively (Figure 6.4b; Table 6.1).
The ultrastructure of the ear artery of the WHHL rabbit at 4
months of age showed little evidence of morphological abnormality in
comparison with controls.

Endothelial and smooth muscle cell

morphology appeared normal; the only indication of abnormality was
the occurrence of occasional ruptures in the internal elastic lamina.
At 6 months of age, regions of the vessel wall showing normal
morphology co-existed with areas in which there

were multiple

ruptures of the internal elastic lamina (Figure 6.5)* Invasion of the
sub-endothelial space by the underlying smooth muscle cells was
widespread. Figure 6.6 illustrates the phenomenon of smooth muscle
cell migration, via a rupture in the internal elastic lamina, into
the sub-endothelial space. Intimal thickening, as a consequence of
smooth muscle cell accumulation, resulted in the displacement of the
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endothelium (Figure 6.7). Many of the migrated muscle cells showed an
increase in cytoplasmic rough endoplasmic reticulum, in comparison
with those of the media (Figure 6.8). Morphological abnormalities
were absent

from the majority of endothelial cells,

and the

endothelium, although often displaced, maintained its integrity.
At 12 months of age, smooth muscle cell accumulation in the
sub-endothelial space was less noticeable than at 6 months. A common
feature of abnormality was the presence of amorphous, membrane-bound
sacs which contained electron-dense material and were accompanied by
myelin figures and extracellular organelles, located in the region
between the internal elastic lamina and the smooth muscle of the
media.
Morphological abnormalities of the tissues of the media and
adventitia

were

not

apparent

at

any

stage

of

development.

Intracellular lipid accumulation was not observed and there was no
evidence of atherosclerotic plaque in the region of the ear artery
examined.
The cumulative application of ACh (0.1-100 yM) to raised-tone
preparations of the rabbit thoracic aorta taken from 12-month-old
rabbits produced

concentration-dependent

relaxations

in all

preparations (Figure 6.9). There was no significant difference in the
PD2 values from NZW and WHHL rabbits (6.62 ± 0.08 and 6.45 ± 0.16
respectively). However,

there was a significant decrease in the

maximum relaxant response to ACh in the WHHL rabbit preparations when
compared with those from the NZW rabbits (27.2 ± 14.86 % and 71.57 *
8.54 % respectively). Sodium nitroprusside (100 yM) produced a 100%
relaxant response in aortic preparations from both NZW and WHHL
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rabbits.
Gross examination of the thoracic aorta of WHHL rabbits at 12
months showed areas of atherosclerotic plaque occluding up to 90% of
the intimal surface. When individual aortic segments were examined,
the area of intima occluded by plaque correlated with the maximum
percentage of relaxatory response to ACh, i.e. the smaller the area
occluded, the greater the relaxant response and vice versa (Table
6.2). Aortic segments from the NZW rabbits revealed no plaque on
gross examination, with maximum relaxant responses to ACh being
greater than those in segments from WHHL rabbits. In lesioned areas,
the ultrastructure of the WHHL rabbit thoracic aorta revealed the
destruction of normal intimal organisation (Figure 6.10). A common
feature in lesioned areas was the disruption of the endothelium and
endothelial cell loss, allowing elements of the exposed underlying
tissues access to the lumen. Endothelial cells were often vacuolated
and contained lipid inclusions. The sub-endothelial intimal region
contained lipid-laden cells, which may have arisen from smooth muscle
cells or monocyte-derived macrophages (foam cells), lying within a
fibrotic matrix. The presence of extracellular organelles, indicative
of tissue disruption, was widespread.
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FIGURE 6.1.

Isolated transverse ring preparation of the rabbit

central ear artery with tone raised by NA
concentration-response

curves

to

ACh

preparations taken from (a) NZW rabbits

(3 p M ) . Cumulative

(0.1-300

pM)

in

ring

(n=6,9*9) and (b) WHHL

rabbits 4 (71=8 ,6 ,8 ) at 4, 6 and 12 months of age respectively. Data
points are means with s.e. mean shown by vertical bars. Significant
differences (*,+ P < 0.05; **,++ P < 0.01) between the different age
groups of each separate strain of rabbit were calculated by Tukey’s
test following analysis of variance.

indicates significant

differences between 4 and 6 months and '+’ indicates significant
differences between 4 and 12 months of age.
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FIGURE 6.2
central

ear

Isolated transverse ring preparations of the rabbit
artery

with

tone

raised by 3 UM NA.

Cumulative

concentration-response curves to ACh (0.1-300 pM) in preparations
taken from (a) 4-month- {n-6,8), (b) 6-month- (n=9,6) and (c) 12month-old (n=9,8) NZW and WHHL rabbits respectively. Data points are
means with s.e. mean shown by vertical bars. Significant differences
(* P < 0.05; ** P < 0.01; *** P < 0.001) between responses from NZW
and WHHL rabbit preparations were calculated using Student’s unpaired
t test.
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FIGURE 6.3. Isolated transverse ring preparation of the rabbit
central ear artery with tone raised by NA (3 yM). (a) Trace showing a
typical response to substance P (SP)(0.1 yM)
preparation from a NZW rabbit,
rabbit preparations
rabbit

preparations

on a raised-tone

(b) Responses to SP (0.1 yM) in NZW

(n=6,9*8) are compared with those from WHHL
(n=7*8,8)

at 4,

6 and

12 months

of

age

respectively. Data points are means with s.e. mean shown by vertical
bars. Significant differences (** P < 0.01) between responses from
NZW and WHHL rabbit preparations were calculated using Student’s
unpaired t test.
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FIGURE 6.4.

Isolated transverse ring preparation of the rabbit

central ear artery with tone raised by NA (3 pM). (a) Trace showing
response to CGRP (0.01 pM) on a raised-tone preparation from a 4month-old NZW rabbit,
preparations

(b) Responses to CGRP (0.01 pM) in NZW rabbit

(n=6,9.8)

are compared with those from WHHL rabbit

preparations (n=7#8,8) at 4, 6 and 12 months of age respectively.
Data points are means with s.e. mean shown by vertical bars.
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FIGURE 6 .5 .

Ear artery from 6 month-old WHHL rabbit. Illustrates

ruptures in the internal elastic lamina (arrowed), coexisting with
areas of normal morphology, X 7*800. EC, endothelial cell; SMC,
smooth muscle cell; IEL, internal elastic lamina.

m

FIGURE 6.6.

Ear artery from 6-month-old WHHL rabbit. Micrograph of a

migrating smooth muscle cell protruding into the sub-endothelial
space, X 13.000. EC, endothelial cell; SMC, smooth muscle cell; IEL,
internal elastic lamina.
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FIGURE 6 .7

Ear artery from 6-month-old WHHL rabbit. Illustrates the

appearance of a number of smooth muscle cells in the intima (*),
resulting in the displacement of the endothelium, X 8,000.
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FIGURE 6.8

Ear artery from 6 month-old WHHL rabbit. A smooth muscle

cell in the intimal region of the artery, containing abundant rough
endoplasmic

reticulum

(arrowed)

indicative

of the

synthetic

phenotype, X 7*800. EC, endothelial cell; SMC, smooth muscle cell;
IEL, internal elastic lamina.
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FIGURE 6.9*

Isolated transverse ring preparation of the rabbit

thoracic aorta from 12-month-old animals with tone raised by NA (1
pM) . Cumulative concentration-response curves to ACh (0.1-100 pM)
from preparations taken from NZW rabbits

(n=3) and WHHL rabbits

(n=3). Data points are means with s.e. mean shown by vertical bars.
Significant differences (* P < 0.05) between responses from NZW and
WHHL rabbit preparations were calculated by Student’s unpaired t

test.

NZW
WHHL
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FIGURE 6.10

Thoracic aorta from 12-month-old WHHL rabbit which

illustrates a region of plaque.

Endothelial cells are destroyed

(arrow) and the sub-endothelial space occupied by foam cells (FC) and
areas of fibrosis (F), X 3*600.
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TABLE 6.1

Statistical analysis of relaxant responses in isolated

preparations of the central ear artery with tone raised by NA (3 pM)
in NZW and WHHL rabbits at 4, 6 and 12 months of age.

Maximum

relaxations to ACh (0.1-300 pM) and relaxations to substance P (SP)
(0.1 pM) and CGRP (0.01 pM).

% relaxation
ACh max.

SP

CGRP

AGE (months)
NZW
4 (6)

42.31 ± 5.86a,b,d

1.21 ± 0 .9 2

20.38 ± 6.81

6 (9)

14.69 ± 4.42a,e

4.28 ± 2 .1 7

13.84 ± 4.53

12 (8)

13.45 ± 4.79b,f

2.35 ± 1.151

8.75 ± 3.19

4 (7)

24.72 ± 4.72c,d

1.48 ± 0.82h

11.68 ± 4.05

6 (8)

62.73 ± ll.27c,e

1.81 ± 1.03s

20.88 ± 7.45

12 (8)

45.14 ± 6.63f

9 .5 6 ± 1 .92s ’ 11' 1

19.95 ± 7.86

WHHL

All values are given as mean ± s.e.

mean with the number of

observations {n) in parentheses. Significant differences (d P < 0.05;
a,b,c,f,g,h,i p < o.Ol; e P < 0.001) were calculated using Tukey's
method within the individual strains of rabbit (when analysis of
variance indicated significant variation within the group)

and

Student's unpaired t test between the two strains of rabbit at any
one age. Values having the same superscript are significantly
different (no superscript indicates no significant difference).
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TABLE 6.2

Maximum relaxation to ACh in individual preparations of

the isolated rabbit thoracic aorta vs. estimated degree of occlusion
of intima by plaque.

Preparation

WHHL

NZW

1

ACh max.
(% relaxation)

Approx. %
plaque

44.12

10-20

2

15.88

40-50

3

7-90

80-90

65.83

0

2

59.04

0

3

88.26

0

1
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6.5

DISCUSSION

The advantage of the approach of comparing responses from 4-12month-old NZW and WHHL rabbits is that it enables changes due to
aging to be distinguished from those due to atherosclerosis.
The results show that in the NZW rabbit central ear artery,
endothelium-dependent relaxations decrease with age. The effects of
aging on endothelium-dependent relaxations appear to be heterogeneous
both within species and between blood vessels within species. For
example, in the dog, aging reduces endothelium-dependent relaxations
to ACh in the mesenteric artery (Shimizu & Toda, 1986) but not in the
coronary artery

(Toda et a l ., 1986).

In the rat,

endothelium-

dependent relaxations to ACh in various arteries are not affected by
aging (Hynes & Duckies, 1987). but in the thoracic aorta, histamineinduced, endothelium-dependent relaxations decrease with age
(Moritoki et al., 1988).

It is well documented that blood pressure

increases with age (Master & Lasser, 1961; Miall & Lovell, 1967;
Stamler et a l ., 1978)

and it is possible

that a decrease in

vasodilator responsiveness, such as has been shown in the present
study in the rabbit ear artery, may be a contributory factor to
increases in blood pressure. There may also be implications for
changes in temperature control mechanisms with age, in which the ear
artery vasculature plays an important role (Grant et al., 1932).
In 4-month-old rabbits, the relaxant responses elicited by ACh
in the central ear artery were less in WHHL than in NZW rabbit
preparations. This is interesting, because at this age lesions are
not yet established even in highly susceptible vessels (Watanabe,
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1980; Buja et al., 1983) and certainly not in the rabbit ear artery
(as shown by gross and ultrastruetural examination). The reason for
this difference is unclear, although it may be associated with
differences between the two strains of rabbit. However, decreased
endothelium-mediated responses have been reported previously in young
atherosclerotic animals prior to lesion development (Wines et al.,
1989).
Surprisingly,

these results show that endothelium-mediated

relaxations to ACh and substance P increased with age in WHHL rabbit
ear artery preparations. Electron microscope examination of the WHHL
rabbit ear artery at 4, 6 and 12 months revealed no unequivocal
ultrastructural correlates to account for such potentiation of
endothelium-mediated responses. Endothelium-independent responses,
however, were unaffected in the WHHL rabbit ear artery because
relaxant responses

to CGRP,

which acts

independently of

the

endothelium (Dogramatzis et al., 1987; Maynard & Saville, 1990),
showed no difference between the two strains of rabbit.
It has been reported previously that although EDRF release was
inhibited in the thoracic aorta of the atherosclerotic rabbit, there
was an increase in sensitivity to exogenously applied EDRF when
compared with responses in normal vessels (Guerra et al., 1989). This
may indicate a general increase in sensitivity to EDRF throughout the
vasculature, and would be an explanation for increased endotheliummediated responses in the central ear artery. Furthermore, LDL is
known to inhibit endothelium-dependent relaxations (Andrews et al.,
1987) and elevated levels of LDL (as found in the WHHL rabbit - Kondo
& Watanabe, 1975; Watanabe, 1980) over a prolonged period of time may
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lead to a compensatory increase in sensitivity to EDRF. This would
probably be present throughout the entire vasculature, although only
functionally important where atherosclerosis did not involve
extensive endothelial cell damage.
It is interesting that Chinellato et al. (1990) report greater
endothelium-mediated relaxations to ATP, although not to ACh, in the
7-24-month-old WHHL rabbit aorta when compared with NZW controls.
They propose that this is due to increased endothelial sensitivity to
ATP and suggest that a compensatory mechanism may have slowly evolved
with genetic atherosclerosis

to preserve endothelium-mediated

relaxation.
A further possible explanation for the increased endotheliummediated responses in the ear artery may be an increase in levels of
superoxide anion scavengers, for example, superoxide dismutase. EDRF
is inhibited by superoxide anions, and increased levels of a specific
scavenger would potentiate the action of EDRF in vessels with a
functionally intact endothelium (Rubanyi & Vanhoutte, 1986).
The finding that in both NZW and WHHL rabbit preparations, AChmediated relaxations were greater than those elicited by substance P
is not totally unexpected because it has been reported that EDRFmediated responses differ widely according to the agonist used
(Bhardwaj & Moore, 1 9 8 8 ; Christie et a l ., 1989)• Christie et al.
(1989) found that in the rabbit aorta, the rate of release of EDRF in
response to substance P was greater than that for ACh. They suggest
this as a possible explanation of why maximal relaxations induced by
substance P are greater than those induced by ACh (Zawadzki et a l .,
1981). In this study, results for the ear artery show the opposite
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effect, in that ACh-mediated relaxations were greater than those
induced by substance P. Therefore, this could indicate a greater rate
of EDRF release in response to ACh in comparison with substance P.
In WHHL preparations, the increased vasodilator action of ACh
and substance P did not follow the same time-scale. ACh-mediated
responses were augmented in 6-month-old WHHL rabbit preparations,
whilst substance P-mediated responses increased in 12-month-old
animals. Assuming that the relative amounts of EDRF released by both
agonists remain the same, thus showing similar trends, alterations in
the relative expression of muscarinic and NK-1 receptors at 6 and 12
months may explain the findings. Autoradiographic studies could be
used to test this hypothesis.
The present study shows that in the thoracic aorta of 12-monthold rabbits, there is decreased responsiveness to ACh in WHHL when
compared with NZW rabbits. This is in keeping with the findings of
Ragazzi et a l . (1989) who reported diminished responses to ACh in
thoracic aorta preparations from ll-l4-month-old WHHL when compared
with NZW rabbits. The reduction in ACh-mediated relaxations in the
WHHL rabbit aorta was not due to a decrease in the responsiveness of
the smooth muscle, because sodium nitroprusside (100 pM) caused 100#
relaxation of raised-tone preparations from both NZW and WHHL
rabbits. Furthermore,

there are reports that the smooth muscle

retains its ability to respond to EDRF in atherosclerotic vessels
(Jayakody et a l ., 1988;

Guerra et al.,

1989)•

Thus,

reduced

relaxation to ACh in the WHHL rabbit aorta was due to specific
inhibition of the endothelium-mediated response. Gross examination of
the aorta at the end of experiments allowed calculation of the area
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covered by plaque. The reduction of endothelium-dependent responses
in individual segments of the WHHL rabbit thoracic aorta appeared to
be proportional to the estimated percentage of intimal surface
covered by atherosclerotic lesion. Disruption of the endothelium and
the loss of endothelial cells in lesioned areas would also account
for reduction in endothelium-dependent vasodilatation. Therefore, it
was impossible to conclude whether an increased diffusion barrier due
to increased intimal thickness or endothelial cell destruction in the
area of plaque, or a combination of both, were responsible for the
reduced responses to ACh.
Possible reasons for reduced endothelium-mediated responses
include an increased barrier to the diffusion of EDRF due to a
thickened intima, endothelial cell damage, receptor downgrading or
reduced synthesis and/or release of EDRF (Verbeuren et a l ., 1986;
Herman et a l ., 1987; Jayakody et al., 1988; Guerra et al., 1989).
However, regression studies of lesions do not support the theory that
the thickened intima acts as a physical diffusion barrier to EDRF
(Harrison et al., 1987). This does not exclude the possibility of a
functional barrier to the diffusion of EDRF in vessels susceptible to
atherosclerosis.

For example, Harrison et al.

(1 9 8 7 ) found that

regressed lesions no longer contained inflammatory cells. They
suggest that reactive oxygen species (oxygen-derived free radicals)
released by inflammatory cells present in an active lesion may bind
to, or destroy EDRF in transit, thus forming a functional barrier.
The ’response to injury' hypothesis of atherogenesis (Ross,
1986) postulates endothelial cell injury
chemical,

(due to mechanical,

toxic, viral or immunologic agents,

with or without
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denudation) leads to endothelial cell dysfunction. The secretion of
chemotactic factors encourages monocyte attachment and invasion of
the endothelium. Intimal accumulation of proliferated smooth muscle
cells, the formation of connective tissue and the inclusion of lipid
by cells

in the intima,

leads

to the development of occlusive

lesions. It is also postulated that the fibrotic matrix observed in
the thickened intima probably arises from the migrated smooth muscle
cells which have an altered phenotype. They are no longer contractile
but rather exist in a synthetic state and as such are able to secrete
substances including collagen, PDGF-like factor and probably other
fibrous proteins (McCullagh &. Balain, 1975; Ross & Glomset, 1976;
Campbell & Chamley-Campbell, 1981; Walker et al., 1986). The presence
of increased levels of rough endoplasmic reticulum in migrated smooth
muscle cells in the ear artery from 6-month-old WHHL rabbits would
suggest that the cells have taken on the synthetic phenotype. Indeed,
Geer and Haust (1972) also reported that the smooth muscle cells of
plaques often contain large amounts of rough endoplasmic reticulum
and few myofilaments.
In this study,

the morphology of aortic lesions suggests a

similar pattern of development to that proposed by Ross

(1986). In

the ear artery, the intimal accumulation of smooth muscle cells was a
common phenomenon, more widespread at 6 than at 12 months.
unclear

whether

the

disappearance

at

12

months

occurs

It is
as

a

consequence of regression or some other mechanism. Monocyte-derived
macrophages were not observed at any age. The development into full
occlusive lesions did not occur in the ear artery. In contrast, in
the hepatic artery of the WHHL rabbit,

advanced lipid/fibrotic
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lesions

were evident

at 6 months,

occurring

in a region

of

bifurcation of the artery (Tomlinson, personal communication). No
such bifurcation existed in the region of the ear artery examined,
which may partly explain why no lesions were observed. It has been
proposed that branching points in the vasculature may be the site of
smooth muscle cells that are permanently in the synthetic state (due
to repeated cell division), thus forming sites of predilection for
the formation of atherosclerotic plaques

(Campbell & Chamley-

Campbell, 1981).
In summary, the present study shows that the WHHL rabbit ear
artery up to 12 months of age is not susceptible to extensive lesion
development. Increased endothelium-mediated vasodilator responses to
ACh and substance P in the ear artery are in contrast to greatly
attenuated ACh-mediated relaxations in the heavily lesioned thoracic
aorta. Increased endothelium-mediated responses in the WHHL rabbit
ear artery may be attributed to compensatory dilatation, to maintain
normal blood pressure. This study emphasises the heterogeneity of
responses in blood vessels of WHHL atherosclerotic rabbits.
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CHAPTER 7

Increase in Endothelium-Dependent but not

-Independent Relaxant

Responses With Age in the Isolated WHHL Rabbit Mesenteric Artery
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7.1

SUMMARY

Endothelium-dependent and -independent relaxant responses were
studied in the isolated rabbit mesenteric artery from 4-, 6- and 12month-old WHHL rabbits, with NZW rabbits acting as age- and sexmatched controls.
In raised-tone preparations of the mesenteric artery from WHHL
rabbits, endothelium-mediated relaxations to ACh (0.1-100 pM) and
substance P (0.1 pM) were preserved or increased with increasing age,
respectively.

In contrast,

both ACh- and substance P-mediated

responses decreased with increasing age in preparations from NZW
rabbits. Endothelium-independent relaxations to CGRP (0.01 pM) and
VIP (0.3 pM) revealed no variation with increasing age in both WHHL
and NZW rabbit preparations.
These results show that in the mesenteric artery of the WHHL
rabbit, there is an increase in endothelium-dependent relaxant
responses in contrast to endothelium-independent relaxations. This
suggests that there is an endothelium-derived compensatory mechanism
for increasing blood flow through this vessel from atherosclerotic
animals, despite the lack of mature lesions.
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7.2

INTRODUCTION

Familial hypercholesterolemia is a genetically inherited
disorder primarily caused by a mutation in the gene specifying the
receptor for low-density lipoprotein (LDL). Because LDL is the major
cholesterol-transporting lipoprotein in plasma, this disease leads to
reduced

plasma

clearance

of

cholesterol

hypercholesterolemia (see Goldstein & Brown,

and

therefore

1989)* One of the

resulting effects of hypercholesterolemia is the deposition of LDLderived cholesterol in arteries, thereby forming atherosclerotic
lesions (plaque). This occurs specifically in the large and medium
sized arteries, commonly the aorta, coronary, carotid, iliac and
femoral arteries (see Munro & Cotran, 1988). The lesions form beneath
the vascular endothelial layer and are produced by the proliferation
of migrated smooth muscle cells in the intima and the subsequent
lipid accumulation and connective tissue formation by intimal cells
(Ross, 1986).
One of the effects of lesion formation is a reduction of
endothelium-mediated relaxations in vessels with atherosclerotic
lesions present. This has been demonstrated in atherosclerotic human
vessels (Ginsburg & Zera, 1984; Ludmer et al., 1986), cholesterolfed, atherosclerotic animal models (Habib et al., 1986; Verbeuren et
al., 1986; Chappell et al., 1987; Hof & Hof, 1988; Jayakody et al.,
1 98 8) and in the WHHL rabbit (Ragazzi et al., 1989; Wines et al.,
1989; Burnstock et al., 1991)» an animal model of human familial
hypercholesterolemia (Kondo & Watanabe, 1975; Watanabe, 1980).
In the previous chapter,

it was reported

that although
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endothelium-mediated relaxations were inhibited in the highly
atherosclerotic 12-month-old WHHL rabbit thoracic aorta, responses
were increased in the WHHL rabbit central ear (where lesions were
minor). Electron microscopy work has also established that the WHHL
rabbit mesenteric artery does not develop fully advanced lesions in
rabbits

aged

between

4

and

12

months

(Tomlinson,

personal

communication).
The aim of this study is to establish how endothelium mediated
responses are affected in the WHHL mesenteric artery. In the rabbit
mesenteric artery, ACh and substance P elicit vasodilatation which is
dependent on the presence of an intact endothelium (Zawadzki et al.,
1981; Vanhoutte & Rimele, 1983; Mathieson & Burnstock, 1985; StewartLee & Burnstock, 1989; see also chapter 11). In contrast to this,
CGRP and VIP have generally been shown to act independently of the
endothelium in various blood vessels (see Mione et al., 1990). In the
present study, CGRP and VIP were tested in the rabbit mesenteric
artery in order to confirm a similar mode of action.

Because

atherosclerosis is an age-related disease, WHHL rabbits at 4, 6 and
12 months of age are used, which covers the period of time in which
the initial development of morphologically recognisable lesions have
been reported in vessels susceptible to atherosclerosis (Watanabe,
1980; Buja et al., 1 9 8 3). To enable the distinction between agerelated and atherosclerosis-related factors, age- and sex-matched NZW
rabbits were used as controls.
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7.3

METHODS

In Vitro Pharmacology

The relaxant responses elicited by ACh 0.1-100 yM), substance
P (0.1

yM)» CGRP (0.01 yM) and VIP (0.3 yM) were measured in raised-

tone preparations of the mesenteric artery from NZW and WHHL rabbits.
For details of methods used, see section 2.3. including removal of
the endothelium.

7A

RESULTS

Endothelium-Dependent and -Independent Vasodilators

The relaxant responses to ACh (0.1-100 yM) and substance P (0.1
yM) were abolished in raised-tone preparations from 4-month-old NZW
rabbits, which were devoid of the endothelium (see Figure 7*3a»b).
However, both CGRP (0.01 yM) and VIP (0.3 yM) elicited a relaxant
response in raised-tone preparations which were not dependent on the
presence of the endothelium (see Figures 7*^a,b & 7*5a*b).

Changes in Endothelium-Dependent Responses to ACh and substance P in
NZW and WHHL Rabbits

In isolated, pre-contracted segments of the rabbit mesenteric
artery,

the cumulative application of ACh (0.1 - 100 yM) caused

concentration-dependent relaxations in all preparations tested (see
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Figure 7*la). In preparations from NZW rabbits, relaxant responses to
ACh were unaltered between 4 and 6 months of age, although maximal
responses were significantly attenuated in preparations from
12-month-old NZW rabbits when compared with the responses recorded in
preparations from both the 4 and 6 month-old rabbits (Figure 7*la;
Table 7*1)* In contrast, mesenteric artery preparations from WHHL
rabbits showed no significant variations in relaxant responses over
the age range studied (Figure 7*lc; Table 7*1)*
When the two strains of rabbit were compared, the maximum
relaxant

response

to

ACh

in

12-month-old

WHHL

rabbits

was

significantly greater than those recorded in NZW rabbits. In 4-monthold animals, the concentration-response curve to ACh was shifted
slightly to the left in W HHL rabbits,

although there was no

difference between strains at both 4 and 6 months of age (Figure 7*2;
Table 7*1)* The pD£ values, however, did not vary either within the
individual strains of rabbit between 4 and 12 months of age or
between strains at any of the age groups studied (Table 7*1)•
In preparations from NZW rabbits,

there was no significant

difference between relaxant responses elicited by substance P at 4
and 6 months of age. However, responses were reduced in preparations
from 12-month-old NZW rabbits when compared with those from 6-monthold NZW rabbits (Table 1.2). In contrast, relaxant responses to SP in
WHHL

rabbits

increased

significantly

in

6-month-old

rabbit

preparations when compared with responses at 4 months. There was no
further significant change at 12 months so that responses were still
significantly augmented when compared with those measured in
preparations from 4-month-old WHHL rabbits (Table 1.2).
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When the two strains of rabbit were compared,

responses to

substance P in preparations from 4-month-old WHHL rabbits were
significantly smaller than those from NZW rabbits. At 6 months of
age, there was no variation between the substance P-induced relaxant
responses,

although

in

12-month-old

rabbits

responses

were

significantly greater in WHHL rabbits when compared with the NZW
rabbits (Figure 7«3c; Table 7.2).

Endothelium-Independent Responses to CGRP and VIP in NZW and WHHL
Rabbits

Endothelium-independent relaxant responses to both CGRP and VIP
in raised-tone preparations showed no differences over the time
period studied, both within the two strains of rabbit and also when
responses in the two strains were individually compared with each
other in 4-, 6- and 12-month-old rabbits (Figures 7 A c & 7*5c; Table
7-2).
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F igure J.l

Isolated transverse ring preparation of the rabbit

mesenteric artery with tone raised by NA (3 pM). (a) Trace showing
cumulative concentration-response curve to ACh (0.1-100 pM) in a ring
preparation derived from a 4-month-old NZW rabbit. Concentrationresponse curves to ACh (0.1-100 pM) in ring preparations taken from
(b) NZW rabbits {n-5,6,9) and (c) WHHL rabbits (n=7.7»7) at 4, 6 and
12 months of age respectively. Data points are means with s.e.mean
shown by vertical bars. Significant differences (+ P < 0.05; ** P <
0.01) between the different age groups of each separate strain of
rabbit were calculated by T u k e y ’s test following analysis of
variance.

indicates significant differences between 4 and 12

months of age and
12 months of age.

indicates significant differences between 6 and
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Figure 7*2
mesenteric

Isolated transverse ring preparations of the rabbit
artery with

concentration-response

tone raised by NA
curves

to

ACh

preparations taken from (a) 4- (n=5.7).

(3 pM) . Cumulative

(0.1-100

pM)

in

ring

(b) 6- (n=6,7) and (c) 12-

month-old {n=9,7) NZW and WHHL rabbits respectively. Data points are
means with s.e.mean shown by vertical bars. Significant differences
(* P £ 0.05; ** P < 0.01) between responses from NZW and WHHL rabbit
preparations were calculated by Student’s unpaired t test.
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Figure 7*3

Isolated transverse ring preparations of the rabbit

mesenteric artery with tone raised by NA (3 pM) . (a) Traces showing
typical response to substance P (SP)(0.1 pM) on a raised-tone
preparation from a 4-month-old NZW rabbit with intact endothelium and
(b) with the endothelium removed, (c) Responses to SP (0.1 pM) in NZW
rabbit preparations (n=7.7.8) are compared with those in WHHL rabbit
preparations (n=7t8,7) at 4, 6 and 12 months of age respectively.
Data points

are means with s.e.mean shown by vertical

bars.

Significant differences (* P £ 0.05; *** P ^ 0.001) between responses
from NZW and WHHL rabbit preparations were calculated using Student's
unpaired t test.
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Figure 7*4

Isolated transverse ring preparations of the rabbit

mesenteric artery with tone raised by NA (3 p M). Traces showing
typical response to CGRP (0.01 pM) on raised-tone preparations from
4-month-old NZW rabbits (a) with intact endothelium and (b) with the
endothelium removed,
preparations

(c) Responses to CGRP (0.01 pM) in NZW rabbit

(n=7.7.8)

are compared with those in WHHL rabbit

preparations (n=7.8,7) at 4, 6 and 12 months of age respectively.
Data points are means with s.e. mean shown by vertical bars.
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Figure 7*5

Isolated transverse ring preparations of the rabbit

mesenteric artery with tone raised by NA (3 p M ) . Traces showing
typical response to VIP (0.3 pM) on raised-tone preparations from 4month-old NZW rabbits with (a) intact endothelium and (b) with the
endothelium removed,
preparations

(c) Responses to VIP (0.3 pM) in NZW rabbit

(n=7*7*8)

are compared with those in WHHL rabbit

preparations (71=7.8,7) at 4, 6 and 12 months of age respectively.
Data points are means, with s.e. mean shown by vertical bars.
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Table 7*1

Statistical analysis of relaxant responses to ACh (0.1-

100 pM) in isolated preparations of the rabbit mesenteric artery
preconstricted with NA (3 pM) from NZW and WHHL rabbits at 4, 6 and
12 months of age.

AGE
(months)

NZW

WHHL

ACh max.

pD2

{% relaxation)

4(5)

64.96 ± 3-31b

5 .9 2 ± 0.14

6(6)

63.54 ± 7.06 a

5.91 ± 0.08

12(9)

39.28 ± 7.24a *b,c

6.13 ± 0.15

4(7)

63.23 ± 5.22

6.17 ± 0.14

6(7)

62.79 ± 8.88

6.29 ± 0.15

12(7)

64.58 ± 5.10c

6.37 ± 0.13

All values are given as mean ± s.e. mean, with the number of
observations (n) in parentheses.
pD£ values have been calculated from the mean -log (concentration of
ACh) ± s.e.mean which produced 50% of the maximal response.
Significant differences (a »b »c p ^ 0.05) were calculated by Tukey’s
method within the individual strains of rabbit (when analysis of
variance indicated variation within the group) and Student’s unpaired
t test between the two strains of rabbit at any one age. Values
having the same superscript are significantly different (no
superscript indicates no significant difference).
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Table 7*2

Statistical analysis of relaxant responses to substance

P (SP) (0.1 pM), CGRP (0.01 pM) and VIP (0.3 pM) in isolated
preparations

of the rabbit mesenteric artery preconstricted with

NA

(3 pM) from NZW and WHHL rabbits at 4, 6 and 12 months of age.

% RELAXATION
SP(0.1 pH)

CGRP(0.01 pM)

VIP(0.3 pM)

AGE (months)
NZW

WHHL

4(7)

32.48 ± 5.78d

34.40 ± 5.43

29.44 ± 6.6 9

6(7)

36.72 ± 6.00a

31.82 ± 2.53

24.77 ± 4 .3 0

12(8)

15.07 ± 6.08a *e

35.37 * 6.17

20.64 ± 7 .5 6

4(7)

5.0 9 ± i.i|5b *c *d

38.77 ± 6.33

42.07 ± 4.97

6(8)

22.62 ± 10.83b

38.51 ± 7.75

43.70 ± 8 .5 6

12(7)

3 5 .8 ± 7 *21c,e

49.15 ± 6.46

29.86 ± 4.44

All values are given as mean ± s.e.mean, with the number of
observations (n ) in parentheses.
Significant differences (a »b »c *e p ^ 0.05; d P ^ 0.001) were
calculated by Tukey’s method within the individual strains of
rabbit (when analysis of variance indicated significant variation
within the group) and Student’s unpaired t test between the two
strains of rabbit at any one age. Values having the same superscript
are significantly different (no superscript indicates no significant
difference).
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7-5

DISCUSSION

This study shows that in isolated, raised-tone preparations of
the rabbit mesenteric artery, endothelium-mediated responses decrease
with age in preparations from NZW rabbits, whilst in WHHL rabbits,
endothelium-mediated responses are preserved.
In preparations of the mesenteric artery from NZW rabbits,
endothelium-dependent relaxations

to both ACh and substance P

followed the same trend with increasing age in that responses were
attenuated in 12-month-old rabbits in comparison with those in 4- and
6- month-old rabbits.

Decrease with age in endothelium-mediated

responses has also been reported in the dog and rat mesenteric
arteries (Moritoki et al.t 1986; Shimizu & Toda, 1986), although the
effect of age on endothelium-mediated responses has been reported to
vary considerably between blood vessels and species

(Vanhoutte,

1988). It is possibile that a decrease in endothelium-mediated
responses with increasing age, as shown in the NZW rabbit mesenteric
artery, may contribute to typical increases in blood pressure (Miall
& Lovell,

1967; Stamler et al., 1978). Endothelium-independent

relaxant responses to CGRP and VIP in the NZW rabbit mesenteric
artery did not change in rabbits up to 12 months of age,

thus

confirming a specific attenuation in endothelium-mediated responses
as opposed to a change in smooth muscle function.
In WHHL rabbit preparations, endothelium-dependent responses to
ACh and substance P showed a different pattern in comparison with
those measured in NZW rabbits of increasing age. In 12-month-old WHHL
rabbits, relaxant responses to ACh in the mesenteric artery were
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maintained at a similar level as those measured in 4- and 6-month-old
rabbits and did not decline, as found in NZW rabbits. Similarly,
substance P-mediated relaxations did not decline with increasing age
in WHHL rabbits, but actually increased between 4 and 6 months of
age, this increase being more pronounced in 12-month-old rabbits. In
contrast to this,

relaxant responses to CGRP and VIP remained

unaltered between 4 and 12 months of age in WHHL rabbits. This shows
specific augmentation of endothelium-mediated responses measured in
the WHHL rabbit mesenteric artery.
Such an increase is in contrast to the reduced endotheliummediated responses measured in the WHHL rabbit thoracic aorta
(Ragazzi et al., 1989; Wines et al ., 1989; Burnstock et al., 1991.
see also chapter 6). However,

responses of the WHHL rabbit ear,

hepatic, saphenous and basilar arteries showed a similar trend to
those measured in the mesenteric artery because endothelium-dependent
responses were specifically augmented with increasing age, despite no
change in endothelium-independent relaxant responses (Burnstock et
a l ., 1991)* Guerra et al.

(1 9 8 9 ) have found that although EDRF

release was inhibited in atherosclerotic vessels, the same vessels
were more sensitive than normal vessels to exogenously applied EDRF.
In the WHHL rabbit mesenteric artery (and other WHHL rabbit arteries
showing increased endothelium-dependent responses), it may be
possible that sensitivity to EDRF may likewise be enhanced.
In this study, relaxations to ACh were maintained between 4 and
12 months of age at a similar level in WHHL rabbits,

whereas

relaxations to substance P increased with increasing age. This
suggests that the mechanism responsible for preserving endothelium-

m

mediated responses in the WHHL rabbit mesenteric artery involves
individual increases to the specific agonists ACh and substance P,
rather than a more general
responses.

increase in endothelium-mediated

Chinellato et al. (1990) report that in the aorta of WHHL

rabbits aged between 7 and 24 months, endothelium-dependent responses
to ATP were potentiated, whilst those to ACh were diminished when
compared with NZW rabbit controls.

They hypothesise that the

potentiated response is due to increased endothelial sensitivity,
specifically to ATP, acting as a compensatory mechanism to preserve
endothelium-dependent relaxation.

In the WHHL rabbit mesenteric

artery, the increased endothelial sensitivity to substance P and ACh
would also contribute to a compensatory preservation of endotheliummediated responses, with substance P being more sensitive in this
response than ACh.

(Chapter 6 showed that in the WHHL rabbit ear

artery, ACh is the more sensitive than substance P.)
It is suggested that explanations for increased endotheliummediated responses may include elevated levels of superoxide anion
scavengers such as superoxide dismutase and elevated levels of
circulating LDL leading directly to compensatory increases in
endothelium-mediated responses.

Elevated levels of superoxide

dismutase would potentiate endothelium-mediated responses because
superoxide anions inhibit EDRF (Rubanyi & Vanhoutte,

1986). In

addition, endothelium-dependent relaxations are known to be inhibited
by LDL (Andrews et al., 1987). It is possible that, since the WHHL
rabbit has elevated circulating levels of LDL (Kondo & Watanabe,
1975; Watanabe, 1980), a compensatory increase in sensitivity to
endothelium-dependent agents may develop with increasing age, such as
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has been shown here.
Thus, in the WHHL rabbit mesenteric artery it has been shown
that in the absence of lesions, endothelium-mediated relaxations to
ACh and substance P are augmented. It is hypothesised that in WHHL
rabbits, there is an increase in sensitivity to EDRF throughout the
entire vasculature, this being evident in vessels not susceptible to
atherosclerosis, that is, with a largely intact endothelium. However,
this would have no functional significance in vessels with severe
atherosclerosis involving dysfunctional endothelial cells, leading to
impaired endothelium-mediated relaxant responses. Furthermore,
vasospasm has been linked with endothelial cell damage in arterial
beds and there is evidence that vasospasm may be a precursor of
atherosclerotic lesions (Gutstein et a l ., 1962; Hellstrom,

1977;

Barndt et aZ . f 1978; Jacobs & Sommer, 1 9 8 1 ). Therefore, augmented
endothelium-mediated relaxations may contribute to the lack of lesion
development in the WHHL rabbit mesenteric artery because they would
protect the vessel against vasospasm.
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CHAPTER 8

Changes

in

Vasoconstrictor

and

Vasodilator

Responses

Maturation in the WHHL Rabbit Basilar Artery.

During
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8.1

SUMMARY

This investigation looks at functioning of the isolated rabbit
basilar artery in atherosclerosis, using WHHL rabbits as a model and
NZW rabbits as controls.
Vasoconstricor responses to KC1 (120 mM) in isolated segments
of the basilar artery were consistently larger in preparations from
4-, 6- and 12-month-old WHHL rabbits when compared with NZW controls.
In 4- and 6-month-old animals, the maximum contractile response to
histamine was smaller in WHHL than in NZW rabbit preparations, with
no difference between the two strains of rabbit at 12 months of age.
In 12-month-old rabbit preparations, the contractile response to NPY
(0.1 pM) was greater in WHHL than in NZW rabbits, with no difference
between the two strains of rabbit at 4 and 6 months of age.
Endothelium-dependent relaxations to ACh

(0.1-300 pM)

in

raised-tone preparations were greater in WHHL preparations when
compared with those from NZW rabbits.

In contrast,

endothelium-

independent relaxations to CGRP (0.01 pM) and VIP (0.3 pM) were
greater (to a lesser extent than ACh) in 6-month-old WHHL rabbits,
with no difference detected between 12-month-old NZW and WHHL
rabbits.
The significance of these changes in the rabbit basilar artery
in

atherosclerosis is discussed in relation to the ’protection' of

intracranial arteries from atherosclerosis and also their subsequent
susceptibility to cerebral ischemia and stroke.
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8.2

INTRODUCTION

It

is generally

acknowledged

that

the

distribution

atherosclerotic lesions in blood vessels is heterogeneous

of

(For

example, Armstrong & Warner, 1971). In particular, the involvement of
intracranial arteries in atherosclerosis is unusual because these
arteries appear to be subject to less atherosclerosis than others.
Indeed, it has been reported that cerebral arteries are the last to
be affected in man (McGarry et al.t 1 9 8 5 ). as well as in various
animal models subjected to diet-induced atherosclerosis. For example,
in rhesus and cynomolgus monkeys
spontaneously hypertensive rats

(Weber et a l ., 1983;

(Manley & Hawksworth,

1986),

1965)

and

rabbits (Kurozumi, 1975*. Wilson et a l ., 1982; Weber et a l ., 1982;
1983)1

including the WHHL rabbit (Weber et al., 1989).
One of the clinical manifestations of atherosclerosis is

cerebral infarction (stroke). However, many investigators have
pointed out the importance of atherosclerosis in the extracranial
carotid arteries in the pathogenesis of cerebrovascular disease,
particularly

in

the

light

of

the

apparent

'protection*

of

intracranial arteries from atherosclerosis (Hicks & Warren, 1951;
Kramsch & Hollander, 1968; Armstrong & Warner, 1971; Solberg & Eggen,
1971; Stehbens, 1972; Wexler & True, 1963; Armstrong, 1976).
The apparent 'protection' of the intracranial vasculature from
atherosclerosis is not limited to humans and non-human primates. For
example, in rats subjected to a short-term atherogenic diet, lesions
in the cerebral vessels (Circle of Willis) were virtually absent,
unlike in the carotid arteries and aorta where intimal lesions were
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identified (Weber et al., 1986). Moreover, the absence of lesions has
been reported in basilar arteries of 20 to 34 month-old WHHL rabbits,
despite the presence of lesions in the aorta, coronary arteries and
at the carotid bifurcation in the neck (Weber et al., 1989). It has
been confirmed in Burnstock*s laboratories that there are minimal
structural changes to the basilar artery of 4 to 12-month-old WHHL
rabbits (Tomlinson, personal communication).
It is well established that the vascular endothelium is of
great importance in the regulation of blood flow
Zawadzki,

I9 8 O;

Furchgott,

1984;

Furchgott

et

(Furchgott &
a l .,

1984).

Furthermore, it is recognised that vasodilatation mediated via the
release of EDRF is reduced in grossly atherosclerotic vessels (Habib
et al,, 1986; Freiman et al., 1986; Verbeuren et al., 1986; Bossaller
et al., 1987; Harrison et al., 1987).
In this study, vasodilatory responses to ACh, CGRP and VIP were
examined in the basilar artery of WHHL rabbits. Vasodilator responses
to ACh are generally known to be endothelium-dependent, whereas CGRP
and VIP are both known to have potent vasodilatory actions in
cerebral arteries,

acting directly on the muscle,

i.e.

endothelium-independent manner (see Mione et al., 1990).

in an
In the

present study, the role of the endothelium in the relaxant responses
of the basilar artery to ACh, CGRP and VIP was initially tested.
4-, 6- and 12-month-old female WHHL rabbits will be used with
NZW rabbits

acting as age- and sex-matched controls

so that

developmental changes can be recognised. This particular age range
was chosen because atherogenesis has been reported to occur from 5
months of age in the aorta and coronary arteries of the WHHL rabbit
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(Watanabe, 1980; Buja et al ., 1983). This age range will therefore
cover the time when lesions normally appear and will allow any
functional changes, which may be linked to the protection of the
vessel from plaque formation, to be observed.

8.3

METHODS

In Vitro Pharmacology

Constrictor responses elicited by histamine (0.1-300 pM) and
NPY (0.1 pM) in basal-tone preparations and relaxant responses
elicited by ACh (0.1-300 p M), CGRP (0.01

pM) and VIP (0.3 pM) in

raised-tone preparations of the basilar artery from NZW and WHHL
rabbits were tested. For details of methods used, see section 2.3.
including removal of the endothelium.

8.4

RESULTS

Vasoconstrictor Responses

KC1

(120 mM) produced a rapid contraction in all vessel

segments tested (Figure 8.1a). Within each strain of rabbit, there
was no significant change in the magnitude of the contraction over
the age range studied (Table 8.1). However, when the responses to KC1
were compared between NZW and WHHL rabbits, at each age studied,
contractions were significantly greater in the WHHL rabbits (Figure
8.1b; Table 8.1).
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The cumulative application of histamine

(0.1-300 pM)

to

isolated segments of the basilar artery, produced concentrationdependent contractions in all vessel segments tested. There was
little variation in either the maximum contractions to histamine or
the pD2 values calculated from the concentration-response curves for
NZW rabbits at 4, 6 or 12 months of age (Figure 8.2a; Table 8.1,
Table 8.2).

In WHHL rabbits,

however,

the maximum contractile

response to histamine increased at 12 months of age so that it was
significantly greater than the contractions measured at 4 and 6
months of age in this strain of rabbit (Figure 8.2b; Table 8.1). When
the two strains of rabbit were compared, maximum contractions to
histamine were significantly smaller in the WHHL rabbits at 4 and 6
months of age when compared with the NZW rabbits, although there was
no difference in the maximum responses to histamine between the two
strains at 12 months of age (Figure 8.3; Table 8.1). In addition, the
pD£ values calculated from the concentration-response curves for
histamine were significantly shifted to the left on the curve in 4month-old WHHL rabbits when compared with the values calculated from
NZW rabbits of the same age (Table 8.2). There was, however, no
variation between the two strains of rabbit in the pD2 values at 6
and 12 months of age.
NPY (0.1 pM) produced a relatively small contraction in NZW
rabbit preparations of the isolated basilar artery, showing no
variation between 4, 6 and 12 months of age (Table 8.1). In WHHL
rabbits,

contractions to NPY were significantly increased at 12

months of age when compared with responses measured at 4 and 6 months
of age in this strain (Table 8.1). When the contractile responses to
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NPY were compared between the two strains of rabbit, there was no
difference between responses at either 4 or 6 months of age. However,
at

12

months

of

age,

WHHL

rabbit

preparations

produced

a

significantly greater response to NPY in the basilar artery than NZW
rabbit preparations (Figure 8.4; Table 8.1).

Vasodilator Responses

Endothelium-Dependent Vasodilatation

The cumulative application of ACh (0.1-300 pM) to isolated, raisedtone segments of the basilar artery produced an endothelium-mediated,
concentration-dependent relaxant response in control vessel segments
tested (i.e. in segments from 4-month-old NZW rabbits).
In NZW rabbit preparations, maximum relaxations to ACh were
significantly reduced at 12 months of age when compared with
responses measured at both 4 and 6 months of age (Figure 8.5a; Table
8.3)* However, there was no change in the pD2 values calculated in
NZW preparations at 4, 6 or 12 months of age (Table 8.2).
In WHHL rabbit preparations,

maximum relaxations to ACh were

significantly increased at 6 months, when compared with responses
measured at 4 months of age. This increase in maximum relaxations to
ACh then decreased significantly at 12 months in WHHL rabbits so that
it was no longer different from relaxations measured at 4 months of
age (Figure 8.5b; Table 8.3)* There was no variation in the pD£
values calculated from the concentration-response curves at 4 and 6
months of age in WHHL rabbit preparations, although, at 12 months of
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age,

the pD£ value showed a significant shift to the right when

compared with the average pD2 value calculated at both 4 and 6 months
(Table 8.2).
When the two strains of rabbit were compared, there was no
variation in the maximum relaxant response to ACh in 4 month-old
rabbits.

In 6 and 12 month-old rabbits,

however,

the maximum

relaxations to ACh were significantly greater in WHHL rabbit
preparations when compared with responses measured in the NZW rabbit
preparations (Figure 8.6). There was no difference in the pD2 values
when compared across the two species at 4, 6 and 12 months of age
(Table 8.2).

EndotheIiim-Independent Vasodilatation

CGRP (0.01 pM) produced an endothelium-independent relaxant
response in isolated, raised-tone preparations of the rabbit basilar
artery. In NZW preparations, the relaxant response to CGRP declined
with increasing age and was significantly reduced between 4 and 12
months of age

(Table 8.3)*

In WHHL rabbits,

however,

relaxant

responses to CGRP showed a slight increase at 6 months of age when
compared with responses at 4 months of age. When the two strains of
rabbit were compared, there was no significant difference in relaxant
responses to CGRP at 4 months of age, although,
rabbits,

for 6-month-old

responses were significantly greater in WHHL rabbit

preparations when compared with responses measured in NZW rabbit
preparations (Figure 8.7)* In preparations from 12-month-old WHHL
rabbits, responses to CGRP were greater when compared with NZW rabbit
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preparations, although (probably due to the size of the standard
error) this was not significant.
VIP (0.3 uM) also produced an endothelium-independent relaxant
response in isolated, raised-tone preparations of the rabbit basilar
artery. In NZW rabbit preparations, the relaxant response to VIP was
significantly reduced at 6 and 12 months of age, when compared with
responses

measured

at 4 months

(Table

8 .3 ).

In

WHHL

rabbit

preparations, responses increased between 4 and 6 months of age,
decreasing at 12 months, although not significantly. When relaxant
responses to VIP in the two strains of rabbit were compared, at 4
months of age, responses to VIP were significantly smaller in WHHL
rabbit

preparations

when

compared

with

those

in NZW

rabbit

preparations. At 6 months of age, however, responses to VIP in WHHL
rabbit preparations were significantly greater than those measured in
preparations from NZW rabbits. At 12 months of age, there was no
difference between the relaxant responses to VIP in either strain of
rabbi t (Figure 8.8).

195

FIGURE 8.1

Isolated transverse ring preparation of the rabbit

basilar artery at resting tone,

(a) Trace showing response to KC1

(120 mM) on a resting tone preparation from a 4-month-old NZW rabbit,
(b) Responses to KC1 (120 mM) in NZW (n= 9,9.9) and in WHHL rabbit
preparations

(n= 8,6,9) at 4, 6 and 12 months of age respectively.

Data p o i n t s

are m e a n s w i t h s.e.

m e a n sh o w n by v e r t i c a l

bars.

Significant differences (** P < 0.01) between responses from NZW and

WHHL rabbit preparations were calculated using Student's unpaired t
test.
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FIGURE 8.2

Isolated transverse ring preparations of the rabbit

basilar artery at resting tone. Cumulative concentration-response
curves to histamine (0.1-300 yM) in ring preparations taken from (a)
NZW rabbits (n= 9.9.9) and (b) WHHL rabbits (n= 8,6,9) at 4, 6 and 12
months of age respectively. Data points are means with s.e. mean
shown by vertical bars. Significant differences (*,+ P < 0.05; **,++
P < 0.01; *** P < 0.001) between the different age groups of each
separate strain of rabbit were calculated by Tukey's test following
analysis of variance. *** indicates significant differences between k
and 12 months and ’+ ’ indicates significant differences between 6 and
12 months.
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FIGURE 8.3

Isolated transverse ring preparations of the rabbit

basilar artery at resting tone. Cumulative concentration-response
curves to histamine (0.1- 300 pM) in ring preparations taken from (a)
4-month- (71=9 .8 ), (b) 6-month- (?i=9,6) and (c) 12-month-old (ti=9 .9 )
NZW and WHHL rabbits. Data points are means with s.e. mean shown by
vertical bars. Significant differences (* P < 0.05) between responses
from NZW and WHHL rabbit preparations were calculated using Student’s
unpaired t test.
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FIGURE 8.4

Isolated transverse ring preparations of the rabbit

basilar artery at resting tone,

(a) Trace showing response to NPY

(0.1 pM) on a resting tone preparation from a 4-month-old NZW rabbit,
(b)

Responses to NPY (0.1 pM) in NZW (n- 9»9.9)

and in WHHL rabbit

preparations

(72= 8 ,6 ,9) at 4, 6 and 12 months of age respectively.

Data p o i n t s

are m e a n s w i t h s.e.

mean s h o w n by v e r t i c a l

bars.

Significant differences (* P < 0.05) between responses from NZW and

WHHL rabbit preparations were calculated using Student’s unpaired t
test.
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FIGURE 8.5

Isolated transverse ring preparations of the rabbit

basilar artery with tone raised by histamine (10 p M ) . Cumulative
concentration-response
preparations taken from

curves

to

ACh

(a) NZW rabbits

(0.1-300
(n= 9*9*9)

pM)

in

ring

and (b) WHHL

rabbits (n= 8,6,9) at 4, 6 and 12 months of age respectively. Data
points are means with s.e. mean shown by vertical bars. Significant
differences (*,+,®

P < 0.05; * * , + + , P < 0.01; * * * , + + + , P <

0.001) between the different age groups of each separate strain of
rabbit were calculated by T u k e y ’s test following analysis of
variance.

indicates significant differences between 4 and 6

months; ’+ f indicates significant differences between 4 and 12 months
and *®' indicates significant differences between 6 and 12 months of
age.
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FIGURE 8.6

Isolated transverse ring preparations of the rabbit

basilar artery with tone raised by 10 pM histamine.
concentration-response

curves

to

ACh

(0.1-300

preparations taken from (a) ty-month- (n=9»8),

Cumulative

pM)

in

ring

(b) 6-month- (?i=9,6)

and (c) 12-month-old (n=9»9) NZW and WHHL rabbits. Data points are
means with s.e. mean shown by vertical bars. Significant differences
(* P < 0.05; ** P < 0.01; *** P < 0.001) between responses from NZW
and WHHL rabbit preparations were calculated using Student's unpaired
t test.
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FIGURE

8.7

Isolated transverse ring preparation of the rabbit

basilar artery with tone raised by histamine

(10 p M ) . (a) Trace

showing response to CGRP (0.01 pM) on a raised-tone preparation from
a 4-month-old NZW rabbit,

(b) Responses to CGRP (0.01 pM) in NZW (n=

9.9.9) and WHHL rabbit preparations (n= 8,6,9) at 4, 6 and 12 months
of age respectively. Data points are means with s.e. mean shown by
vertical bars. Significant differences (* P < 0.05) between responses
from NZW and WHHL rabbit preparations were calculated using Student’s
unpaired t test.
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FIGURE 8.8

Isolated transverse ring preparation of the rabbit

basilar artery with tone raised by histamine

(10 pM) . (a) Trace

showing response to VIP (0.3 pM) on a raised-tone preparation from a
4-month-old NZW rabbit,

(b) Responses to VIP (0.3 pM) in NZW

9,9.9) and in WHHL rabbit preparations
months of age respectively.

(n= 8,6,9)

(n=

at 4, 6 and 12

Data points are means with s.e. mean

shown by vertical bars. Significant differences (* P < 0.05) between
responses from NZW and WHHL rabbit preparations were calculated using
Student’s unpaired t test.
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Table 8.1

Statistical analysis of constrictor responses in isolated

preparations of the basilar artery at basal tone from female NZW and
WHHL rabbits at 4, 6 and 12 months of age: Contractions to KCI (120
m M ) , maximum contractions to histamine (Hist.)(0.1-300 pM) and
contractions to NPY (0.1 pM).

KCI (g)

Hist. max.
(% KCI)

NPY
(% KCI)

AGE (months)
NZW

4

(9)

1.07 ± 0.03a

156.16 ± 9 .43f

15.31 ± 3.32

6

(9)

1.08 ± 1 .10b

165.52 ± 7 .15s

23.3 ± 5.4

12 (9 )

1.06 ± 0.12c

172.05 ± 16.73

22.64 ±3 .65^

WHHL

4

(8)

1.66 ± 0.l4a

127.02 ± 5.le,f

12.13 ± 0 .92h

6

(6)

1.62 t 0.12b

130.18 ± 9.35d,s

21.47 ± 7-041

12 (9)

1.53 * 0.08c

164.73 ± 6.I2d,e

53.05 ±

All values are given as mean ± s.e.

mean with the number of

observations (n) in parentheses.
Contractions to histamine and NPY are expressed as a percentage of
the KCl-induced contraction.
Significant differences (d.e,g,h,i p < 0.05; ^ P < 0.01; a *b.c,f p <
0.001) were calculated using Tukey’s method within the individual
strains of rabbit (when analysis of variance indicated significant
variation within the group) and Student’s unpaired t test between the
two strains of rabbit at any one age.
Values having the same superscript are significantly different (no
superscript indicates no significant difference).
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Table 8.2

Statistical analysis of pD2 values to ACh and histamine

calculated from the respective concentration-response curves, in
isolated preparations of the basilar artery from female NZW and WHHL
rabbits at 4, 6 and 12 months of age.

AGE (months)

Histamine

ACh

NZW

4 (9)

5 .3 ± 0 .08a

6.27 ± 0.23

6 (9)

5 .26 ± 0.1

6.14 ± 0.1 7

12 (9)

5.52 ± 0.12

5.9 ± 0.2

4 (8)

5.53 ± 0.07a

6.0 ± 0.12c

6 (6)

5.55 ± 0.14

6.18 ± 0.l6b

12 (9)

5.46 ± 0.11

5.32 ± 0.2b *c

WHHL

All values are given as mean ± s.e.

mean with the number of

observations (n) in parentheses.
pT>2 values have been calculated from the mean -log (concentration of
histamine or ACh) ± s.e. mean which produced 50% of the maximal
response.
Significant differences (a *b *c p < 0.05) were calculated using
Tukey’s method within the individual strains of rabbit (when analysis
of variance indicated significant variation within the group) and
Student's unpaired t test between the two strains of rabbit at any
one age. Values having the same superscript are significantly
different (no superscript indicates no significant difference).
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Table 8.3

Statistical analysis of relaxant responses in isolated

preparations of the rabbit basilar artery preconstricted with
histamine (10 pM) from NZW and WHHL rabbits at 4, 6 and 12 months of
age. Maximum relaxant response to ACh

(0.1-300 pM) , relaxant

responses to CGRP (0.01 pM) and VIP (0.3 pM).

ACh max.

% relaxation
CGRP

VIP

AGE (months)i
NZW
4 (9)

53.76 ± 2.96b

49.07 ± 7-74g

60.22 ± 9.451 ’J ’k

6 (9)

51.96 ± 3.19a,e

34.95 ± 6.06h

21.67 ± 7.481 *1

12 (9)

17.59 ± 5.59a *b» f

27.4 ± 6.4lg

15.44 ± 6.31J

4 (8)

63.28 ± 3*38c

40.64 ± 7.8 9

33.4 ± 6.73k

6 (6)

87.59 ± 7.36c,d,e

62.05 ± 8.99h

50.85 ± 9.231

12 (9)

69.55 * 6.79d,f

53.51 ± 11.7

22.97 ± 3.04

WHHL

All values are given as mean ± s.e. mean, with the number of
observations (n) in parentheses.
Significant differences (a *b,c,d,g,i,j,k,1 p <

q

.05; k P < 0.01;

e *^ p < 0.001) were calculated using T u k e y ’s method within the
individual strains of rabbit (when analysis of variance indicated
significant variation within the group) and Student's unpaired t test
between the two strains of rabbit at any one age. Values having the
same superscript are significantly different
indicates no significant difference).

(no superscript

2ib

8.5

DISCUSSION

This study clearly identifies various differences

in the

functioning of the isolated basilar artery from atherosclerotic
(WHHL) rabbits when compared with responses in the same artery from
NZW rabbits, despite the absence of visible lesions.

Contractile responses to KCI, histamine and NPY showed no
variation over the age range studied in NZW rabbits. The absence of
any change in contractile response to KCI in basilar arteries of NZW
rabbits

between

4 and

12 months

of

age

suggests

that

full

contractility of the smooth muscle has developed by 4 months of age
in these rabbits. This is consistent with a previous study on the NZW
rabbit basilar artery in which it was reported that potassium-induced
contractions primarily increased with age only up to 90 days of age
(the

present

study

began

using

approximately

animals)(Toda & Hayashi, 1979)* However,

120

day-old

the finding that KCI

produced greater contractions in the WHHL rabbit basilar artery when
compared with responses seen in the NZW rabbit basilar artery, with
no other variation within the individual strains between 4 and 12
months of age, suggests that strain differences may be responsible
for this variation. It is also possible that the smaller maximal
contractions to histamine seen in 4- and 6-month-old WHHL basilar
artery preparations may be a consequence of strain variation because
the responses to histamine are expressed as a percentage of the KC1induced contraction and would therefore mirror the greater response
to KCI in WHHL rabbits. However, this would not explain why, at 12
months of age, the maximal contractile response to histamine in WHHL
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rabbits increased so that it was no longer different from the
responses measured in preparations from NZW rabbits at this age. We
also report increased contractile responses to NPY in 12-month-old
WHHL rabbit preparations. One possible explanation for the increased
contractile responses to histamine and NPY in preparations from the
12-month-old WHHL rabbit basilar artery may be a general upgrading of
postjunctional receptors for specific constrictor agents.
The contractile response elicited by NPY in the NZW rabbit
basilar artery, was generally small at all ages studied, particularly
in comparison with the responses to KCI and histamine. This weak
contractile response to NPY has previously been recorded in various
rabbit arteries and veins, including the basilar, middle cerebral and
internal carotid arteries (Edvinsson et al., 1984; Able & Han, 1989).
It is also known that NPY coexists with NA in perivascular nerve
fibres (Ekblad et al., 1984; Lundberg et al., 1983; Sternini &
Brecha,

1 9 8 5 ) and is coreleased with NA on sympathetic nerve

stimulation (Lundberg et a l ., 1986; see Burnstock,

1990).

In

addition, NPY potentiates the contractile response of isolated blood
vessels to NA, histamine and sympathetic nerve stimulation (Edvinsson
et al., 1984; Ekblad et al., 1984; Wahlested et al., 1985; Glover,
1985)• The small vasoconstrictor action of NPY would suggest that the
potentiating effects of NPY may be the more important contribution to
vasoconstriction, rather than its direct effects. However, in this
study, the importance of the direct vasoconstrictor action of NPY in
the WHHL rabbit basilar artery has been shown, because its effect
increased significantly in 12-month-old rabbits.
This study shows that in NZW rabbits, relaxant responses to
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ACh,

CGRP and VIP followed similar trends in that responses

diminished with age. The decrease in ACh-mediated relaxations in NZW
rabbits may be partly due to a specific decline in endotheliummediated responses between 6 and 12 months of age since responses to
VIP and CGRP, which act directly on the muscle,

did not decline

significantly between these two age groups. There is no general
agreement as to whether or not endothelium-dependent responses
decline with age since there seems to be much variation between
species, blood vessels within species and even the dilator substance
used (Shimizu & Toda, 1986; Toda et a l ., 1 9 8 6 ; Tsujimoto et al.,
Moritoki et al, 1988). However, in the

1986; Hynes & Duckies, 1987;

NZW basilar artery, endothelium-mediated relaxations to ACh appear to
decrease with increasing age.
In this study, endothelium-mediated responses are specifically
potentiated in the 6-month-old WHHL rabbit basilar artery, since
relaxations to ACh were significantly increased in 6-month-old
rabbits when compared with WHHL rabbits at 4 months of age. In
contrast, endothelium-independent relaxations to CGRP and VIP,
although slightly increased in 6-month-old WHHL rabbits, were not
significantly different when compared with responses measured in 4month-old WHHL rabbits.

In grossly atherosclerotic vessels,

endothelium-mediated responses are specifically inhibited. For
example, in the human coronary artery (Ginsburg & Zera, 1984; Ludmer
et al., 1986) and in the rabbit aorta (Verbeuren et al., 1986; Hof &
Hof, 1 9 8 8 ; Burnstock et al., 1990/91)* The WHHL rabbit basilar
artery, however, does not appear to follow this trend. This may be
linked to the lack of evidence for extensive lesions in this artery.
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The WHHL rabbit ear and mesenteric arteries, which have also been
found not to develop significant atherosclerotic lesions before 12
months of age, also exhibited augmented endothelium-mediated
responses (Chapter 6 & 7; see also Burnstock et al., 1991)* Possible
reasons suggested for this augmentation include increased levels of
superoxide anion scavengers, such as superoxide dismutase, which
would result in the potentiation of EDRF action. A second possibility
is that the compensatory increase in sensitivity to EDRF is the
result of elevated levels of circulating low density lipoprotein
(LDL) over a prolonged period of time, since LDL is known to inhibit
endothelium-dependent relaxations (Andrews et al., 1987). Increased
sensitivity to exogenously applied EDRF has been previously reported
in the thoracic aorta of the atherosclerotic rabbit (Guerra et al.,
1 98 9)* Furthermore,

such a potentiation in endothelium-mediated

responses would only be apparent in vessels with a functionally
intact endothelium. This would explain the decrease in endotheliummediated responses commonly reported to occur in vessels exhibiting
atherosclerotic plaque, for example, in the 12-month-old WHHL rabbit
thoracic aorta, where extensive endothelial cell damage has also been
reported (Chapter 6; see also Burnstock et al., 1991)•
Vasodilator responses showed a general increase at 6 months of
age in the WHHL basilar artery. This is the age when the development
of atherosclerotic lesions has become established in these rabbits
(Watanabe,

1980; Buja et al., 1 9 8 3 ). It could be possible that

lesions formed in the neck (carotid) arteries (which are known to be
susceptible to atherosclerosis: Armstrong et al., 1983; Heistad et
al., 1980; Solberg & Eggen, 1971; Weber et al., 1989) have caused a
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restriction in blood flow to the brain,

leading to compensatory

vasodilatation in the intracranial vessels.

In support of this,

Heistad et al. (1980) found that cerebral blood flow and vascular
resistance were similar in normal and atherosclerotic monkeys and
suggest

that

despite

si g n i f i c a n t

obstruction

of

extracranial arteries by atherosclerotic lesions,

the

large,

distal blood

vessels must be dilated in order to maintain normal cerebral blood
flow.

T hey

claim

that

this

is

evidence

for

compensatory

vasodilatation by the intracranial arteries.
The latter increased sensitivity of the basilar artery to
histamine and NPY in preparations from 12 month-old animals, however,
does not appear to be consistent with this hypothesis because their
action would act against a compensatory vasodilator effect. It is
possible that subsequent increased vasoconstriction of intracerebral
blood vessels,

even in the absence of obstructive plaque,

eventually lead to arterial spasm,

ischemia and stroke.

could
In an

extensive investigation carried out by Hicks and Warren (1951). they
reported that,

in man,

cerebral vasospasm can occur without the

presence of thrombus or mechanical occlusion.

Furthermore,

this

vasospasm is local and not a result of a more general systemic
circulatory failure and they concluded that an intrinsic vascular
change must be responsible.
Thus,

it is possible that despite apparent

'protection'

of

cerebral vessels from atherosclerotic lesions, they may be affected
by reduced blood flow due to occlusion of the extracranial (neck)
arteries which is compensated for by autoregulatory vasodilatation.
Potentiated endothelium-mediated responses would contribute to an

219

increase in vasodilatation. However, in the longer term, changes
leading to increased sensitivity to specific vasoconstrictor agents
may explain the vasospasm,

cerebral ischemia and stroke which

commonly occur in atherosclerosis.
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CHAPTER 9

Diminished Sympathetic Neurotransmission in the Rabbit Ear Artery in
Early Atherosclerosis
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9-1

SUMMARY

Sympathetic neurotransmission was studied in the isolated
rabbit central ear artery from 4, 6 and 12 month-old female WHHL
rabbits with NZW rabbits acting as age- and sex-matched controls.
When NZW and WHHL rabbits were compared, neurally-mediated
contractile responses were significantly smaller in 4 and 6 month-old
WHHL rabbits. A similar trend was seen at 12 months, although it was
not statistically significant, largely because there was a decline in
neurogenic responses in control NZW vessels at this age.
Contractile responses of WHHL vessels to KCI (120 mM) and NA
(0.1-300 pM) were unchanged at 4 and 12 months when compared with NZW
controls, although at 6 months, responses to KCI were elevated while
those to NA were reduced. Contractile responses to a,($-methylene ATP
(0.1 pM) were unchanged at 4 and 6 months, but were reduced at 12
months.
The reduction in sympathetic vasoconstriction in the ear artery
in early

atherosclerosis

is discussed

protection' against lesion formation.

in

terms

of

’trophic
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9.2

INTRODUCTION

Atherosclerosis is a progressive disease, the most severe form
(homozygous) frequently resulting in death from myocardial infarction
before the age of 30 (Khachadurian, 1964; Ross, 1986; Goldstein &
Brown, 1989)* As the earliest stages of atherosclerosis cannot easily
be identified clinically,
atherosclerosis,

it is usually the complications of

such as ischaemic heart disease,

stroke or

peripheral vascular disease, that are most frequently investigated.
Animal models of atherosclerosis

involve

the initiation of

atheromatous plaque formation by feeding on a high cholesterol diet.
This has the limitation that studies usually commence once the
presence of plaque has been confirmed, this being taken as the sign
that the atherosclerotic disease has been initiated.
The homozygous WHHL rabbit used in this study is the only
animal model of familial hypercholesterolemia available at present
(Kondo & Watanabe, 1980; Watanabe, 1980). The advantage of using such
a model is that the study can commence before the appearance of
atherosclerotic lesions, which have been reported to occur from 5
months of age

(Watanabe,

1980; Buja et a l ., 1983)

and should

therefore enable any early functional changes to be uncovered.
Although a number of pharmacological studies on vasodilator
(endothelium-dependent and -independent) and vasoconstrictor
responses have been reported, little work has been carried out on
sympathetic neural function in atherosclerotic vessels and none in
WHHL rabbit vessels. Impairment of sympathetic neural function has
been claimed in the rat tail artery of cholesterol-fed animals in
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which NA storage and release is diminished, this being combined with
a reduction in nerve-mediated constrictor responses

(with no

alteration in sensitivity to exogenous NA) (Panek et a l ., 1985) • It
has also been suggested that chemical or surgical sympathectomy may
be of use in reducing the progression of atherosclerosis in specific
arterial beds (Lichtor et al.y 1987).
In this study, the isolated rabbit central ear artery from WHHL
rabbits

was

examined.

The

ear

artery

is

an

established

pharmacological preparation commonly used in studies relating to
perivascular sympathetic neurotransmission. It is established that in
the rabbit ear artery, both NA and ATP have a role in excitatory
sympathetic neurotransmission, acting on postjunctional

a-^-

adrenoceptors and P2x"Pur*inocePtors respectively (Kennedy et al.„
1986; Saville &. Burnstock, 198 8). The action of both agonists is
considered in this study so that pre- and postjunctional changes can
be distinguished.

9.3

METHODS

In Vitro Pharmacology

See section 2.3 for description of the method used for the
stimulation of perivascular nerves (8-64 Hz) and the measurement of
contractile responses to KCI (120 m M ) , NA (0.1-300 pM) and a,li
me thylene ATP (1 pM) at basal tone.
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9A

RESULTS

Nerve Stimulation

Stimulation of perivascular nerves produced rapid, transcient,
frequency-dependent contractions in all preparations of the isolated
rabbit central ear artery tested (Figure 9,1a). At 4 months of age,
nerve-mediated contractions were significantly smaller in WHHL rabbit
preparations when compared with those measured in preparations from
NZW rabbits at 16, 32 and 6*1 Hz, although not at 8 Hz, whilst also
appearing to be reduced (Figure 9.1b). At 6 months, there was still a
significant reduction in responses at 32 and 64 Hz in WHHL rabbit
preparations when compared with the NZW rabbit preparations. Although
there was no significant reduction seen at 8 and 16 Hz, the average
contractile responses were still lower in WHHL when compared with
those in NZW rabbit preparations. In 12-month-old rabbits, there was
no significant variation between nerve-mediated contractions in NZW
and WHHL preparations although WHHL responses were again seen to be
slightly attenuated.
In preparations from NZW rabbits,

there was no variation

between contractile responses to electrical field stimulation between
4 and 6 months of age. However, at 12 months of age, contractile
responses were significantly reduced at all frequencies tested when
compared with responses at 6 months of age and at 16, 32 and 64 Hz
when compared with responses in 4 month-old NZW rabbits

(Figure

9.2a).
In WHHL rabbit preparations, at 6 months of age, the nerve-
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mediated contractions were greater at all frequencies when compared
with responses measured in preparation from 4 month-old rabbits, this
being significant at 16, 32 and 64 Hz (Figure 9*2b). At 12 months of
age, preparations from WHHL rabbits
showed a decreased contractile

(like the NZW preparations)

response

to electrical

field

stimulation at all frequencies, this being significant at 16, 32 and
64 Hz. There was no significant variation in the responses in WHHL
rabbit preparations

when compared between 4 and 12 months of age.

Direct Muscle-Mediated Responses to KC1

KC1 (120 mM) produced a rapid, maintained contraction in all
preparations of the isolated rabbit central ear artery tested (Figure
9.3a). When NZW and WHHL rabbits were compared,

there was no

significant difference between the KCl-induced contractions in
preparations taken from 4-month-old animals (Figure 9*3b; Table 9*1)•
In 6 month-old rabbits, however, the responses to KC1 measured in
WHHL rabbit preparations were significantly greater than those

measured in preparations from NZW rabbits. In 12-month-old rabbits,
contractile responses to KC1 in WHHL rabbit preparations were no
longer significantly different from the responses measured in NZW
rabbit preparations.
The responses to KC1 in preparations from NZW rabbits showed no
significant variation over the age

range

studied

(Table 9*1)*

However, in preparations from WHHL rabbits, contractile responses to

KC1 increased significantly between 4 and 6 months of age, with a
significant decrease in the response being measured between 6 and 12
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months of age. There was therefore no difference between the
responses to KC1 between 4 and 12 months of age in WHHL rabbit
preparations.

Responses to Sympathetic Neurotransmitters, NA and ATP

The

cumulative

addition

of

NA

(0.1-300

pM)

produced

concentration-dependent maintained contractions in all preparations
of the isolated rabbit central ear artery tested (Figure 9.4). When
maximum contractile responses to NA were compared in preparations
from NZW and WHHL rabbits, there was no difference at both 4 and 12
months of age

(Figure 9*4;

Table 9*1)•

However,

the maximum

contractile response to NA measured in preparations from 6-month-old
WHHL rabbits was significantly attenuated in comparison with those
measured in preparations taken from 6-month-old NZW rabbits.
In preparations

taken

from

NZW

rabbits,

there

was

no

significant difference between maximum contractions to NA at 4, 6 or
12 months of age (Figure 9*5a; Table 9*1)• In WHHL rabbits however,
the maximum contractile response to NA measured in preparations from
6-month-old rabbits was significantly attenuated in comparison with
those measured in preparations from both 4-and 12-month-old animals
(Figure 9*5b; Table 9*1)• There was no change in the maximum
contractile response to NA in WHHL rabbits between 4 and 12 months of
age. The pD2 value calculated in preparations from 4-month-old NZW
rabbits (6.16 ± 0 .1 5 ) did not differ at 6 and 12 months of age.
Likewise, the pD£ value calculated in preparations from 4-month-old
WHHL rabbits (5*80 ± 0.10) did not differ at 6 or 12 months of age.
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There was no significant difference in the pD2 values to NA when
preparations from NZW and WHHL rabbits were compared at any of the
age groups tested.
a,(S-methylene ATP (lpM)(the stable analogue of ATP) produced
rapid, transcient contractions in all preparations of the isolated
rabbit central ear artery (Figure 9.6a). When the two strains of
rabbit were compared, responses to a,p-methylene ATP in preparations
from both 4- and 6-month-old WHHL rabbits were not significantly
greater from those seen in age-matched NZW rabbit preparations
(Figure 9*6; Table 9*1)* In 12 month-old WHHL rabbit preparations,
contractile responses to a,|S-methylene ATP were significantly reduced
when compared with those measured in 12-month-old NZW rabbit
preparations.
In preparations from NZW rabbits, there was no significant
variation in contractile responses to a,p-methylene ATP at 4, 6 or 12
months of age and also when responses were compared between 4 and 12
months of age (Table 9*1)* In WHHL rabbits, however, the contractile
response to a ,(5-methylene ATP measured in 6-month-old rabbit
preparations was significantly greater than those measured in
preparations from 4-month-old animals. In preparations from 12-monthold WHHL rabbits, responses were then significantly attenuated when
compared with those measured in preparations from 6-month-old rabbits
so that there was no significant difference in the responses to a,|Jmethylene ATP in WHHL rabbits when calculated between 4 and 12 months
of age.
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Figure 9*1

Isolated transverse ring preparations of the rabbit

central ear artery at resting tone,

(a) Traces showing typical

response to neurogenic transmural stimulation (0 .1 ms; supramaximal
voltage for 1 s at 8 , 16, 32 and 64 Hz) on a resting tone preparation
from a 4-month-old NZW rabbit, (b) Responses to neurogenic transmural
stimulation in NZW (?t=6 ,8 ,8 ) are compared with those in WHHL rabbit
preparations (71=7 .8 ,6 ) at 4, 6 and 12 months of age respectively.
Columns show means with s.e. mean shown by vertical bars. Significant
4Mt

differences (

P < 0.01;

P < 0.001) between responses from NZW

and WHHL rabbit preparations at any one age and frequency were
calculated using Student’s unpaired t test.
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Figure 9.2

Isolated transverse ring preparations of the rabbit

central ear artery at resting tone.

Responses

to transmural

stimulation (0.1 ms; supramaximal voltage for 1 s at 8, 16, 32 and 64
Hz) on resting tone preparations from (a) NZW rabbit preparations at
4 (n= 6), 6 {n=8) and 12 (n=8) months of age and (b) responses from
WHHL rabbit preparations at 4 (n=7), 6 (n=8) and 12 (n= 6) months of
age. Columns show means with s.e. mean shown by vertical bars.
.* +
Significant differences ( ,

P < 0.05;

*# ++
.
P < 0.01) between the

different age groups of each separate

strain of rabbit were

calculated by T u k e y ’s test following analysis of variance.
indicates significant differences between consecutive age groups and
'+' indicates significant differences calculated between preparations
from 4- and 12-month-old rabbits.
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Figure 9*3

Isolated transverse ring preparations of the rabbit

central ear artery at resting tone,
response to a single dose of KC1

(a) Trace showing typical

(120 mM)

preparation from a 4-month-old NZW rabbit,

on a resting tone

(b) Responses to KC1 in

NZW (?i=7,8,8) are compared with those in WHHL rabbit preparations
(?i=7.8,6) at 4, 6 and 12 months of age respectively. Data points are
means with s.e. mean shown by vertical bars. Significant differences
(*** P

< 0.001)

between

responses

from NZW

and WHHL

rabbit

preparations at any one age were calculated using Student’s unpaired
t test.

(a)

r
0.5 g

L

4 min
KCI (120 mM)

(b)
*

2.4 1

*
*

2. 0 c

o
4— i

O
03

1. 6

-

co

E
03

O)

0. 8 NZW

0.4 •

0

WHHL

“I

//-

6
AGE (months]

12

234

Figure 9.4

Isolated ring preparations of the rabbit central ear

artery at resting tone. Cumulative concentration-response curves to
NA (0.1-300 pM) in ring preparations taken from (a) 4- (7.7). (b) 6(8,8) and (c) 12-month-old (8,6) NZW and WHHL rabbits respectively.
Data points are shown as means with s.e. mean shown by vertical bars.
Significant differences (* P < 0.05) between responses from NZW and
WHHL rabbit preparations at any one age were calculated using
Student’s unpaired 't' test.
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Figure 9*5

Isolated ring preparations of the rabbit central ear

artery at resting tone. Cumulative concentration-response curves to
NA

(0.1-300 jjM) in ring preparations taken from

(a) NZW rabbits

(71=7 ,8 ,8 ) and (b) WHHL rabbits (ti=7»8,6) at 4, 6 and 12 months of age
respectively. Data points are shown as means with s.e. mean shown by
vertical bars. Significant differences (*,+ P < 0.05; **,++ P < 0.01;
***,+++ p < 0 .0 0 1 ) between the different age groups of each separate
strain of rabbit were calculated by Tukey's test following one-way
analysis of variance.

indicates significant differences between 4

and 6 months and '+* indicates significant differences between 6 and
12 months of age.
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Figure 9*6

Isolated transverse ring preparations of the rabbit

central ear artery at resting tone,

(a) Trace showing typical

response to a single dose of a, |J-methylene ATP (a, |J-meATP) (1 pM) on a
resting tone preparation from a 4 month-old NZW rabbit, (b) Responses
to a,p-meATP (1 pM) in NZW rabbit preparations (n=7.8,8) are compared
with those in WHHL rabbit preparations

(n=7.8,6)

at 4, 6 and 12

months of age respectively. Data points are means with s.e. mean
shown by vertical bars. Significant differences (

P < 0.01) between

responses from NZW and WHHL rabbit preparations at any one age were
calculated using Student’s unpaired t test.
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Table 9.1

Statistical analysis of contractile responses in

isolated preparations of the central ear artery at basal tone from
NZW and WHHL rabbits at 4, 6 and 12 months of age. Contractions to
KCI

(120

mM) , maximum

contractions

to NA

(0.1-300

pM)

and

contractions to a, |5-methylene ATP (a,(JOmeATP)(1 pM).

KCI (k )

a,B-meATP
(% KCI)

NA max.
(% KCI)

AGE (months)
NZW
1.37 ± 0.12
4 (7)

184.31 ± 9.21

27.94 ± 4.99

6 (8)

1.33 ± 0.08°

193.42 ± l8.08f

37.89 ± 4.98

12 (8)

1.25 * 0.13

201.32 ± 14.67

42.34 ± 5.21

WHHL
4 (7)

1.54 ± 0.1a

196.67 ± 8.78d

2 7 .OI ± 5.7s

6 (8)

2.08 ± 0 .09a,b,c

144.35 ± 6.62d,e,f

43.64 ± 4.6g,b

12 (6)

1.38 ± 0.08b

217 .6 ± 19.63®

13.67 ± 4 .51h,:

All values are given as mean ± s.e. mean with the number of
observations (n ) in parenthesis.
Contractions

to

NA

and

a, |5-methylene

ATP

are

expressed

as

a

percentage of the KCl-induced contraction.
Significant differences (a *b,d,e,f,g,h,i p < 0.01; c P < 0.001)
were calculated using Tukey’s method within
rabbit (when analysis
within

the

group)

the individual strainsof

of variance indicatedsignificant variation
and Student’s unpaired t test

between

the two

strains of rabbit at any one age. Values having the same superscript
are significantly different (no superscript indicates no significant
difference).
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9.5

DISCUSSION

This

study

shows

that

in

the

WHHL

rabbit

ear

artery,

sympathetic neurotransmission is diminished when compared with NZW
controls. These results are discussed in relation to responses
measured to the direct contractile agent, KCI and the sympathetic
cotransmitters NA and ATP.
The early reduction in nerve-mediated contractile responses in
WHHL rabbits appears to be due to prejunctional

factors since

responses elicited by KCI, NA and a, (J-methylene ATP were all not
significantly different between preparations from 4 month-old NZW and
WHHL rabbits. Reduced responses to nerve-mediated contractions have
also been reported in the tail artery of rats fed a diet high in
saturated fat when compared with rats on both a normal diet and a
diet high in unsaturated fats (Panek et al.t 1985) • This was coupled
with reduced field stimulation release of NA and increased NA content
in artery segments.

Neuronal uptake blockade experiments ruled out

the possibility of increased uptake of NA accounting for the
augmented NA content. Panek et al. (1985) attribute these changes to
alterations in membrane lipid composition as a result of the diet
received

by

the

rats.

In particular,

they

suggest

that

the

sympathetic neuronal membrane had been altered as a result of the
diet

so

that

the

microenvironment

of

the

prejunctional

adrenoceptors, which regulate NA release, had been perturbed.

a-

It is

possible that the high circulating levels of low density lipoprotein
(LDL) may have had a similar effect in the WHHL rabbit.

It could be

possible that in this study, decreased release of NA in WHHL ear

2k2

artery preparations was also responsible for the diminished responses
we observed.
It was also found that in WHHL rabbits nerve-mediated responses
in preparations from 6 month-old WHHL rabbits were significantly
augmented when compared with those measured in preparations from 4
month-old WHHL rabbits. The reason for this increased response is not
due to increased sensitivity of postjunctional a^-adrenoceptors, as
responsiveness to NA decreased at 6 months of age. However,

the

increased responsiveness to KCI and a,|S-methylene ATP in 6 month-old
WHHL rabbit preparations, may be

contributory factors. Increased

release of the neurotransmitters NA and ATP may also occur, although
this was not measured here. However, despite there being an increase
in nerve-mediated contractile responses to field stimulation in 6month-old WHHL rabbits, when responses were compared between WHHL and
NZW rabbits at this age, nerve-mediated contractions were still
reduced in WHHL rabbits, although to a slightly lesser degree than at
4 months of age. The increased responsiveness to field stimulation in
6 month-old WHHL rabbits, however, would tend to act against the
effect of increased endothelium-dependent vasodilatation to ACh,
measured in ear artery preparations from WHHL rabbits of the same age
(Chapter 6).
The subsequent decrease in nerve-mediated vasoconstrictor
responses in 12 month-old WHHL rabbit preparations may be due to the
decreased contractile responses measured to both KCI and a,|Smethylene ATP at this age, although not NA, as maximal NA-induced
contractions

actually

increased in 12-month-old WHHL

rabbit

preparations when compared with 6-month-old rabbit preparations. In
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NZW rabbits, a similar decrease in contractile responses to field
stimulation was measured in 12-month-old animals.

However,

this

decrease in responsiveness was not due to a change in either smooth
muscle reactivity or decreased sensitivity of the postjunctional a^adrenoceptors or P2x"Purinoceptors on which the cotransmitters NA and
ATP act (Kennedy & Burnstock, 1985; Kennedy et at., 1986; Saville &
Burnstock,

1988)

since there was no change in the response of

isolated preparations to exogenously applied KCI (which acts directly
on the smooth muscle),

NA or a,^-methylene ATP.

These results

therefore suggest that the decrease in nerve-mediated responses
measured in preparations from 12-month-old NZW rabbits must be due to
prejunctional factors leading to a decrease in the release of NA
and/or ATP.

(In addition, by expressing results as a percentage of

the KCl-induced contractions,

we can be sure that the responses

measured would have indicated any specific changes in receptormediated responses,

had there been any,

rather

than being a

reflection of changes in smooth muscle function.) In support of a
decrease in neurotransmitter release, stimulation-evoked release of
endogenous NA has been reported to decrease significantly in central
ear artery preparations from adult when compared with young female
NZW rabbits and this correlated with a decreased response to
transmural nerve stimulation (Duckies, 1983)• It is also possible
that in 12-month-old WHHL rabbit ear artery preparations, the release
of neurotransmitter substances may similarly be decreased.
Contractile responses to KCI were augmented only in 6-month-old
WHHL rabbit preparations. This would suggest increased smooth muscle
responsiveness specifically at this age although the reason for this
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increase is not evident. Wines et al.

(1989) also measured increased

responses to KCI in WHHL aortic preparations when responses were
compared between 1 and 6 months of age in this strain of rabbit (2.8
± 0.1 and 3.9 ± 0.1 respectively), although they did not comment on
this. As atherogenesis is observed from 5 months of age in the WHHL
rabbit (Buja et al., 1983; Watanabe et al., 1985) and signs of early
lesion development (i.e. migration of smooth muscle cells into the
intima ) have been reported in the 6-month-old WHHL rabbit ear artery
(Chapter 6), there could be a link between atherogenesis and the
responsiveness of the smooth muscle.
Contractile responses elicited by a, fS-methylene ATP in WHHL
rabbit preparations did not follow the same trend as NA: Responses
increased significantly in preparations from 6-month-old animals when
compared with responses seen in 4-month-old WHHL rabbit preparations.
In 12-month-old preparations from these rabbits, there was then a
decrease in the response measured to exogenous a ,{S-methylene ATP. The
increase in response to a,p-methylene ATP measured in 6-month-old
WHHL rabbit preparations was not due to a change in smooth muscle
contractility as KCl-mediated contractions also increased at this
age. Therefore, in expressing results as a percentage of the KClmediated contractile response, no significant change in the response
elicited by a,p-methylene ATP would be expected. However, this was
not the case and would therefore suggest increased number and/or
sensitivity of the postjunctional P2x“Purin°ceptors in the 6-monthold WHHL rabbit ear artery.
Sympathectomy has been reported to reduce the progression of
atherosclerosis in atherosclerotic rhesus monkeys (Lichtor et al.,
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1987). It is possible that the reduced response to sympathetic nerve
stimulation measured in the WHHL rabbit ear artery in this study, may
act to reduced the progression of atherosclerosis. This may partly
explain why fully developed atherosclerosis was not observed in this
artery up to 12 month of age (Chapter 6). In addition, increased
endothelium-mediated vasodilatory responses in isolated preparations
of the ear artery from 6- and 12-month-old WHHL rabbits, combined
with the decrease in the nerve-mediated constrictor responses, may
also

be

a contributory

factor

retarding

atherosclerosis in this vessel,
suggested,

vasospasm

is

linked

atherogenesis (Gutstein, 1988).

the

development

particularly if,
to

endothelial

of

as has been
injury

and

CHAPTER 10

The Effect of Atherosclerosis on Sympathetic Neurotransmission
the Rabbit Mesenteric Artery.

2kl

10.1

SUMMARY

This study e x amines

s y m p a thetic n e u r o t r a n s m i s s i o n

in the

mesenteric artery of atherosclerotic (WHHL) rabbits at 4, 6 and 12
months of age, with NZW rabbits being used as age- and sex-matched
controls.
Contractile responses to nerve stimulation were significantly
smaller in 12-month-old WHHL compared to NZW rabbits, although there
was no difference at k and 6 months of age.
Contractile responses of WHHL vessels to NA (0.1-100 pM) were
greater than NZW controls at 4 months, but no differences were seen
at 6 and 12 months. The contractile responses to a,^-methylene ATP
(0.1 pM) was greater in WHHL rabbit at 6 months but were unchanged at
4 and 12 months. There was no difference in the contractile response
to KCI (120 mM) between 4-, 6- and 12-month-old WHHL and NZW animals.
In both strains of rabbit, there was no variation in the density of
catecholamine-containing nerves between 4 and 12 months of age,

as

seen using fluorescence histochemistry.
It

is

suggested

that

the

reduction

of

sympathetic

neurotransmission in WHHL rabbits at 12 months is largely due to a
r e d u c t i o n in the release of the c o t r a n s m i t t e r s NA and ATP.

The

reduced contractile response to nerve stimulation in 12-month-old
WHHL rabbits is discussed in terms of ’protection’ of the mesenteric
artery from potential vasospasm and atherogenesis.
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10.2

INTRODUCTION

Familial h y p e r cholesterolemia is a condition

affecting

primarily large and medium-sized arteries and is characterised by
focal intimal thickening in these vessels (see Munro & Cotran, 1988).
It is possible

that

there may be a link between sympathetic

neurotransmission and atherogenesis as sympathectomy has been
reported to reduce the progression of atherosclerosis in the
atherosclerotic rhesus monkey (Lichtor et a l ., 198 7 ).

It has been

shown that in the WHHL rabbit mesenteric artery, although there is an
absence of mature lesion development in rabbits up to 12 months of
age,

(in contrast to the aorta and carotid arteries)(A. Tomlinson,

personal communication), changes in endothelium-mediated responses
can be detected (Chapter J; see also Burnstock et al,, 1991)* In
addition, it is also of interest to see whether there is any change
in nerve-mediated responses in this vessel.
In the rabbit mesenteric artery, NA and ATP are cotransmitters
from sympathetic neurones, acting on postjunctional a^-adrenoceptors
and P2x “PurinoceP tors receptors respectively (KUgelgen & Starke,
1985; Burnstock & Warland,

1 9 8 7 ). Thus,

this study measures the

contractile effects of exogenous NA and a,p-methylene ATP (a potent,
stable analogue of ATP) in order to ascertain whether there are
specific alterations in the postjunctional actions of either of these
two neurotransmitters in the mesenteric artery of the WHHL rabbit. In
addition, the measurement of contractile responses to electrical
field

stimulation

prejunctional changes.

should

enable

the

identification

of

any
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The pharmacological data are supported by

the histochemical

localization of catecholamine-containing nerves in order to identify
any changes in pattern or intensity of innervation that may influence
the interpretation of functional changes seen.

10.3

METHODS

In Vitro Pharmacology

See section 2.3 for description of the method used for the
stimulation of perivascular nerves (8-64 Hz) and the measurement of
contractile responses to KCI

(120 mM) , NA (0.1-100 pM) and a,|J-

methylene ATP (1 pM) at basal tone.

Histochemistry

See section 2.4 for description of the method used in the
fluorescent histochemical localisation of catecholamine-containing
(including NA) nerves.
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10.4

RESULTS

Pharmacology

Nerve Stimulation

Stimulation of perivascular nerves produced rapid, transient,
frequency-dependent contractions in all preparations of the isolated
rabbit mesenteric artery tested (Figure 10.1a). At both 4 and 6
months of age, there was no difference between the nerve-mediated
contractions measured in preparations from NZW and WHHL rabbits.
However, in 12-month-old rabbits, nerve-mediated contractions were
significantly smaller in WHHL preparations when compared with those
measured in preparations from NZW rabbits at 32 and 64 Hz, although
not at 8 and 16 Hz (although they appeared reduced at 16 Hz) (Figure
10.1b).
In preparations from NZW rabbits, responses were increased at 8
and 16 Hz in 6-month-old rabbits when compared with responses
measured at 4 months of age. However, there was no variation in the
contractile responses to electrical field stimulation between 4 and 6
months of age at 32 and 64 Hz. In preparations from 12-month-old NZW
rabbits, contractile responses to electrical field stimulation were
significantly decreased at 8 and 16 Hz, (although not at 32 and 64
Hz) when compared with responses measured in preparations from both
4- and 6-month-old rabbits (Figure 10.2a).
In WHHL rabbit preparations, there was a increase in nervemediated contractions between 4 and 6 months of age at the lower
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frequencies, this being significant at 16 Hz. In preparations from 12month-old WHHL rabbits, responses were significantly reduced at 32
and 64 Hz when compared with responses measured in preparations from
both 4- and 6-month-old rabbits and also at 16 Hz when compared with
6-month-old WHHL rabbits. At 8 Hz, although the response to field
stimulation was reduced

in 12-month-old rabbits,

this was not

significantly different from responses measured in both 4- and 6month-old WHHL rabbits (Figure 10.2b).

Direct Muscle-Mediated Responses to KC1

KC1 (120 mM) produced a rapid, maintained contraction in all
preparations of the isolated rabbit mesenteric artery tested (Figure
10.3a). The responses to KC1 in preparations from both NZW and WHHL
rabbits showed no variation over the age range studied both when
responses between the two strains were compared at each age group and
within the individual strains. (Figure 10.3b; Table 10.1).

Responses to Sympathetic Neurotransmitters, NA and ATP

The cumulative

application of NA

(0.1-100 yM)

produced

concentration-dependent maintained contractions in all preparations
of the isolated rabbit mesenteric artery tested. When contractile
responses to NA were compared in preparations from the two strains of
rabbit, there was no difference in the maximal responses at both 6
and 12 months of age. However, the maximum contractile response to NA
measured in preparations from 4-month-old WHHL rabbits was augmented
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when compared with that measured in preparations

taken from 4 month-

old NZW rabbits (Figure 10.4; Table 10.1).
In preparations taken from NZW rabbits, there was no difference
in the maximum contractions to NA at 4 or 6 months of age. However,
maximum contractions to NA were increased in preparations from 12month-old NZW rabbits, this being significantly greater than maximum
responses measured in preparations from both 4- and 6-month-old NZW
rabbits. In preparations taken from WHHL rabbits, however, there was
no significant change in the maximum contractions to NA at 4, 6 or 12
months of age or between 4 and 12 months of age (Figure 10.5; Table

10.1 ).
The pD2 value calculated for NA in preparations from 4-monthold NZW rabbits (5*17 * 0.08) was unaltered at6 and 12 months of
age. Likewise, the pD2 value calculated in preparations from 4-monthold WHHL rabbits (5*22 ± 0.07) did not differ at 6 or 12 months of
age. There was also no significant difference in the pD2 values when
NZW and WHHL rabbits were compared at any of the age groups studied.
a,^-methylene ATP (1 yM) produced rapid, transient contractions
in all preparations of the isolated rabbit mesenteric artery (Figure
10.6a). When the two strains of rabbit were compared, there was no
difference between responses to a,^-methylene ATP in preparations
from both 4- and 12-month-old rabbits although in 6-month-old
rabbits, responses measured in WHHL preparations were augmented when
compared with those measured in NZW preparations (Table 10.1; Figure
10.6b).
In preparations from NZW rabbits,

there was no significant

variation in either the contractile responses to a,p-methylene ATP at
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4, 6 or 12 months of age or when responses were compared between 4
and 12 months of age

(Table 10.1).

In WHHL rabbits,

although the

contractile response to a,^-methylene ATP measured in 6-month-old
rabbit preparations was greater than those measured in preparations
from 4- month-old animals, analysis of variance revealed no overall
difference in the responses between 4 and 12 months of age (Table

10.1).

His tochemi s try

Catecholamine-containing nerve fibres formed dense plexuses on
the vessel wall,

being bright and varicose in both NZW and WHHL

rabbits. No large changes were seen in the densities of these nerve
fibres in the rabbit mesenteric artery when samples were compared
both within and between the two strains of rabbit at 4, 6 and 12
months of age.
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Figure 10.1

Isolated transverse ring preparations of the rabbit

mesenteric artery at resting tone,

(a) Traces

showing typical

response to neurogenic transmural stimulation (0.2 ms; supramaximal
voltage for 5 s at 8, 16, 32 and 64 Hz) on a resting tone preparation
from a 4-month-old NZW rabbit, (b) Responses to neurogenic transmural
stimulation in NZW (n=7.8,8) are compared with those in WHHL rabbit
preparations (71=8 ,8 ,6 ) at 4, 6 and 12 months of age respectively.
Columns show means with s.e. mean shown by vertical bars. Significant
differences

(*** p < 0.001) between responses from NZW and WHHL

rabbit preparations at any one age and frequency were calculated
using Student's unpaired t test.
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Figure 10.2
mesenteric

Isolated transverse ring preparations of the rabbit
artery

at

resting

tone.

Responses

to

transmural

stimulation (0.2 ms; supramaximal voltage for 5 s at 8, 16, 32 and 64
Hz) on resting tone preparations from (a) NZW rabbit preparations
(n=7,8,8) and (b) WHHL rabbit preparations (?i=8,8,6) at 4, 6 and 12
months of age resectively. Columns show means with s.e. mean shown by
vertical bars. Significant differences (*,+ P < 0.05; **,++ P < 0.01)
between the different age groups of each separate strain of rabbit
were calculated by Tukey’s test following analysis of variance.
indicates significant differences between consecutive age groups and
'+' indicates significant differences calculated between preparations
from 4- and 12-month-old rabbits.
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Figure 10.3

Isolated transverse ring preparations of the rabbit

mesenteric artery at resting tone, (a) Trace showing typical response
to a single dose of KC1 (120 mM) on a resting tone preparation from a
4-month-old NZW rabbit,

(b) Responses to KC1 on NZW (?t=7.8,8) are

compared with those on WHHL rabbit preparations (?i=8,8,6) at 4, 6 and
12 months of age respectively. Data points are means with s.e. mean

shown by vertical bars.
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Figure 10.4

Isolated transverse ring preparations of the rabbit

mesenteric artery at resting tone. Cumulative concentration-response
curves to NA (0.1-100 pM) on preparations taken from (a) 4 month
(?i=7.8),

(b) 6 month {n=8,8) and (c) 12 month-old (n=8,6) NZW and

WHHL rabbits respectively. Data points are shown as means with s.e.
mean mean shown by vertical bars. Significant differences

(* P <

0.05) between responses from NZW and WHHL rabbit preparations at any
one age were calculated using Student’s unpaired t test.
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Figure 10.5

Isolated ring preparations of the rabbit mesenteric

artery at resting tone. Cumulative concentration-response curves to
NA (0.1-100 pM) on ring preparations taken from (a) NZW (n=7.8,8) and
(b) WHHL (71=8 ,8 ,6 ) rabbits at 4, 6 and 12 months of age respectively.
Data points are shown as means with s.e. mean shown by vertical bars.
Significant differences
different

age groups

(* P £ 0.05;

**,++ P £ 0.01)

of each separate

between

strain of rabbit were

calculated by Tukey’s test following one-way analysis of variance.
indicates a significant difference between 4 and 12 months and
'+' indicates a significant difference between 6 and 12 months of
age.
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Figure 10.6

Isolated transverse ring preparations of the rabbit

mesenteric artery at resting tone, (a) Trace showing typical rsponse
to a single dose of a, p-methylene ATP (a, ft-meATP) (1 pM) on a resting
tone preparation from a 4 month-old NZW rabbit, (b) Responses to a,ftmeATP (1 pM) in NZW rabbit preparations (n=7t8»8) are compared with
those in WHHL rabbit preparations [n=8,8,6) at 4, 6 and 12 months of
age respectively.
vertical bars.

Data points are means with s.e. mean shown by

Significant differences

(** P < 0.01)

between

responses from NZW and WHHL rabbit preparations at any one age were
calculated using Student's unpaired t test.
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Table 10.1

Statistical analysis of contractile responses in isolated

preparations of the mesenteric artery at basal tone from female NZW
and WHHL rabbits at 4, 6 and 12 months of age. Contractions to KCI
(120 mM), maximum contractions to NA (0.1-100 pM) and contractions to
a,6-methylene ATP (a,6-meATP)(1 pM).

KCI (g)

NA max.
(% KCI)

a ,pmeATP
(% KCI)

AGE (months)
NZW
4 (7)

1.16 ± 0.12

133o4 ± 15.08b,c

60.63 ± 7.01

6 (8)

1.21 ± 0.06

132.91 ± Il.l8a

60.88 ± 2.95d

12 (8)

1.10 ± 0.12

202.37 ± 17.07a,b

8 6.16 ± 15.36

WHHL
4 (8)

1.32 ± 0.11

166.15 ± 6.47c

55.89 ± 4.15

6 (8)

1.39 ± 0.12

149.84 ± 10.38

88.10 ± 6.24d

12 (6)

1.39 ± 0.27

159.78 ± 16.34

74.30 ± 23.14

All values

are given as mean ± s.e.

mean with the number of

observations (n ) in parenthesis.
Contractions to NA and a,6methylene ATP are expressed as a percentage
of the KCl-induced contraction.
Significant differences (c P £ 0.05; a,b,d p ^ 0.01) were calculated
using Tukey's method within the individual strains of rabbit (when
analysis of variance indicated significant variation within the
group) and Student’s unpaired t test between the two strains at any
one age. Values having the same superscript are significantly
different

(no superscript indicates no significant

difference).
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10.5

DISCUSSION

The present study shows that sympathetic neurotransmission is
substantially reduced in mesenteric artery preparations from
12-month-old WHHL rabbits, although there was no change in the
density of catecholamine-containing nerve fibre plexuses within
either strain of rabbit between 4 and 12 months of age. These results
are discussed in relation to responses measured to KCI (which acts
directly on the smooth muscle) and the release and actions of the
sympathetic cotransmitters NA and ATP.
Since there was no difference in the responsiveness of the
mesenteric artery to KCI, NA or a, fimethylene ATP between the two
strains of rabbit at 12 months of age, this suggests that less NA and
ATP is released in the 12-month-old WHHL mesenteric artery. There was
no difference in the density of CA innervation between NZW and WHHL
rabbit mesenteric arteries, suggesting that the catecholaminecontaining fibres in the 12-month-old WHHL rabbits were not
significantly damaged, although the fluorescence histochemical
technique cannot easily distinguish reduced levels of NA storage in
nerve varicosities (Furness & Costa, 1975)*
A decrease

in

the

release

of

NA

on

sympathetic

field

stimulation as well as nerve-mediated contractions, with increased NA
tissue content has been previously reported in the tail artery of
rats on a high saturated fatty acid diet when compared with animals
on a diet enriched with unsaturated fatty acids or on a normal diet
(Panek et a l ., 1985)• This was combined with no change in the
response to exogenous NA.

It was suggested that the increased
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circulating lipid levels (specifically saturated fats) may be having
an effect on receptors, which exist as protein macromolecules
embedded in a lipid matrix membrane. Indeed, they cite evidence that
the activity of many membrane-bound enzymes is affected by changes in
the lipid composition of the membranes.

It is possible that the

reduction in sympathetic nerve responses in 12 month-old WHHL when
compared with NZW rabbits is because prejunctional receptors
regulating the release of NA and ATP may have been affected by
elevated lipid levels in the circulation, causing a reduction in
their release.
In 12-month-old NZW rabbit preparations, nerve-mediated
contractile responses decreased, particularly at 8 and 16 Hz, when
compared with 4 and 6 month-old NZW rabbits. As there was no
reduction in responsiveness to NA, a,^-methylene ATP or KCI, this
suggests an attenuation in the release of NA and/or ATP. Since the
reduction in neurally-mediated contractions was greater at 8 and 16
Hz, with no significant change at 32 and 64 Hz, this may represent a
specific decrease in the release of ATP because it has been shown
that the purinergic component of the nerve-mediated contractile
response is more dominant at lower frequencies than the adrenergic
component (which is more dominant at higher frequencies)

(Kennedy et

a l ., 1986; Moss & Burnstock, 1985). However, it was also found that
the maximum NA-induced contractions in the NZW rabbit mesenteric
artery significantly increased in 12-month-old animals when compared
with responses measured in 4- and 6-month-old animals.

It is

possible, therefore, that an increased postjunctional contractile
effect of NA may explain the lack of change in nerve-mediated
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contractile responses at 32 and 64 Hz in 12-month-old rabbits. This
may mask a decrease in nerve-mediated contractions at all frequencies
of stimulation. It is also possible that in 12-month-old WHHL rabbits
there

is

a similar

age-related

neurotransmitter substances,

decrease

in

the

release

of

which is enhanced further by the

atherosclerotic condition.
In both NZW and WHHL rabbits,

nerve-mediated contractile

responses were seen to increased at 6 months when compared with
responses measured at 4 months of age, this being particularly
evident at lower stimulation frequencies. In the WHHL rabbit, this
may reflect the increased postjunctional response to a,|5methylene ATP
measured in 6-month-old WHHL rabbit preparations. However, in NZW
rabbits, there was no change in the response to a,^-methylene ATP (as
well as those to NA and KCI)

between 4 and 6 months of age,

suggesting an increase in the release of ATP.
Atherosclerosis is known to alter the reactivity of many blood
vessels, with augmentation of the constrictor action of serotonin
being amongst the first of such changes demonstrated experimentally
(Henry & Yokoyama, 1980; Shimokawa et a l ., 1983; Yokoyama et a l .,
1983; Kawachi et al., 1984; Verbeuren et al., 1 9 8 6 ; Brown et a l .,
1986). There is some controversy as to the effect of atherosclerosis
on responses to adrenergic agonists, which have been reported to
either be unaltered (Henry & Yokoyama,

1980; Berkenboom et a l .,

1987). reduced (Verbeuren et al., 1986; Herman et al., 1987) or even
augmented

(Hof & Hof,

1 9 8 8 ) . In

the WHHL

rabbit

aorta,

the

contractile response to NA has been reported to be reduced in 1- and
6-month-old rabbits when compared with NZW controls (Wines et al..
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19 8 9 ). It has been found that in the 12-month-old rabbit thoracic
aorta, maximum contractile responses to NA were no different between
WHHL and NZW rabbits (Stewart-Lee, unpublished data). However, it has
been shown here that in the WHHL rabbit mesenteric artery,

the

contractile effect of NA is greater in 4-month-old WHHL rabbits when
compared with NZW rabbits, although there was no difference between
the two strains of rabbit at 6 and 12 months of age. Furthermore, in
the WHHL rabbit central ear artery, the maximum contractile response
to NA was attenuated in 6-month-old rabbits yet unchanged at 4 and 12
months of age when compared with responses measured in NZW rabbits
(Chapter 9)* It therefore appears that even within the WHHL rabbit,
responses to NA depend on the vessel studied in rabbits of increasing
age.
It has been reported that vasospasm produces endothelial cell
injury as well as smooth muscle proliferation, thus favouring the
onset of atherogenesis

(Gutstein,

1990).

In the WHHL

rabbit

mesenteric artery, no smooth muscle cell proliferation was seen in
rabbits aged between 4 and 12 months of age (Tomlinson, personal
communication). Therefore,

it is possible that the reduction in

nerve-mediated contractile responses seen in 12-month-old WHHL
rabbits, may 'protect* the vessel from vasospasm and therefore from
proliferation of the smooth muscle cells seen in atherogenesis. It is
also possible that the previously reported potentiated endotheliummediated vasodilator responses to ACh and substance P in the WHHL
rabbit mesenteric artery would provide further protection of the
vessel from vasospasm and atherogenesis
Burnstock et al., 1991)*

(Chapter 7; see also
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CHAPTER 11:ADDENDUM

Actions

of Tachykinins on the Rabbit Mesenteric Artery: Substance

and [Glp^,L-Pro^]SPg_^^ are Potent Agonists for Endothelial
Neurokinin-1 Receptors

P
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11.1

SUMMARY

Identification of the subtype of neurokinin receptor on the
endothelium of the rabbit mesenteric artery was demonstrated by
comparing the relative potencies of the naturally occurring
tachykinins, substance P, neurokinin A and neurokinin B and the
highly selective agonists [Glp^,L - P r o ^ S P ^ ^

(L-Pro) , [Glp^,D-

Pro9]SPg_n (D-Pro) and succinyl-[Asp^,MePhe^]SP£_n (senktide).
Relaxations of the rabbit mesenteric artery to substance P,
neurokinin A and neurokinin B were concentration-dependent and were
abolished by the removal of the endothelium.
Substance P was more potent than neurokinin A or neurokinin B
and L-Pro was more potent than D-Pro or senktide.
Substance P, neurokinin A and neurokinin B all significantly
reduced the nerve-mediated contractile response in the presence of
the endothelium at a concentration of 0.1 pM, with a rank order of
potency substance P > neurokinin A > neurokinin B.
At a concentration of 0.1 pM, L-Pro also significantly reduced
the nerve-mediated contractile response, unlike D-Pro and senktide.
It is concluded that the relaxation of the rabbit mesenteric
artery produced by substance P is mediated by neurokinin-1 receptors
(NK-1) located on the endothelium. Furthermore, of the analogues, LPro was particularly potent for these receptors.
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11.2

INTRODUCTION

The tachykinins are a family of biologically active peptides
that share the common C-terminal sequence Phe-X-Gly-Leu-Met-NH^
(Erspamer,198l). Substance P was initially identified in 1931 (von
Euler & Gaddum, 1931) and fairly recently two additional mammalian
tachykinins were isolated, these being neurokinin A

and neurokinin B

(Kangawa et al., 1983 Kimura et. al., 1983; Nawa et. al., 1984). The
discovery of neurokinin A and neurokinin B led to further studies
aimed at identifying pharmacological preparations in which substance
P was not necessarily the most potent tachykinin. For example, the
rabbit pulmonary artery has been found to be particularly sensitive
to neurokinin A (D fOrleans-Juste et. al., 1985) and the rat portal
vein

to neurokinin B (Mastrangelo et. aZ.,1986).
It has been proposed that the actions of the different

tachykinins are mediated by multiple receptors which have been
classified as neurokinin-1 (NK-1) (SP-P), NK-2 (SP-E) and NK-3 (SP-N)
subtypes (Watson et. al., 1983; Laufer et. al., 1985; bee et al.,
1986; Henry, 1987). These receptors have been defined according to
the rank orders of potencies of the various tachykinins. At the NK-1
receptor, substance P is the most potent tachykinin (for example, dog
carotid artery: Regoli et.

al.;

1984;

1987) while at the NK-2

receptor, neurokinin A is more potent than substance P or neurokinin
B (for example, rabbit pulmonary artery: Regoli et. al., 1987) and at
the NK-3 receptor, neurokinin B is the most potent (for example, rat
portal vein: Regoli et. al., 1987).
In

the rabbit

mesenteric

artery,

substance P

elicits
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vasodilatation which is dependent on the presence of an intact
endothelium (Zawadzki et al., 1981). In the present study, an attempt
has been made to classify the subtype of receptor responsible for
eliciting this endothelium-dependent vasodilatation, using not only
the naturally occurring tachykinins substance P, neurokinin A and
neurokinin B, but also some recently developed tachykinin analogues
that have been shown to exert a degree of selectivity for

the

receptor subtypes (Lee et. al., 1986; Wormser et. al., 1986; Fletcher
et al., 1987; Iversen et al., 1987).
Until recently, there has been a lack of potent and specific
antagonists available to characterise the tachykinin receptors,
meaning that the only method available was to compare the rank order
of potency of the tachykinins. However, preliminary work has shown
that the recently developed tachykinin analogues used in this study
display a specific pattern of agonist potencies characteristic to the
tachykinin receptors: [Glp^,L-Pro^]SPg_^^ (L-Pro) shows a degree of
selectivity for the NK-1 receptor on the smooth muscle of the guineapig ileum and guinea-pig urinary bladder (Iversen et. al., 1986; Lee
et. al., 1986); [Glp^.D-Pro^jSP^.-j^ (D-Pro) shows selectivity for the
NK-2 receptor on the rat vas deferens and hamster urinary bladder
(Iversen et a l . , 1987; Lee et. a l ., 1 9 8 6 ), while N-succinylA
o
[Asp ,MePhe ]SPg_-Q (senktide) has been found to show a degree of
selectivity for the neuronal

NK-3 receptor in the myenteric plexus

of the guinea-pig ileum (Wormser et.al.,1986). It has been proposed
that the comparison of the relative potencies of these agonists may
be useful in characterising the specific tachykinin receptors; thus
their relative specificities in the rabbit mesenteric artery were
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ascertained in this study.

11.3

METHODS

In Vitro Pharmacology

Sections of the mesenteric artery were excised and mounted on
stainless steel wires for organ bath pharmacology, as described in
section 2.3.
The vasodilator effect of the tachykinins and analogues on
raised-tone preparations, were measured in the presence and absence
of the endothelium.

Similarly, the effect of the tachykinins and

analogues on the contractile response to nerve stimulation was also
measured. See section 2.3 for details of the methods used.

11.4

RESULTS

Rank Order of Potency of Tachykinins and Analogues in Producing
Direct Responses

Substance P (0.01-100 nM) produced

concentration-dependent

relaxations in isolated sections of rabbit mesenteric artery when
applied in a non-cumulative manner to preparations with tone raised
by 10 pM NA (Figures 11.1a & 11.2a). These relaxations did not occur
in the absence of the endothelium (Figure 11.1b). Presence of an
intact endothelium was established by testing ACh (0.1-300 pM) on
each preparation. A relaxant response of 80% or greater was taken as
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confirmation of the presence of the endothelium as shown by Furchgott
& Zawadzki (1980). When the endothelium had been deliberately been
removed, the relaxant response to ACh was also abolished.
Neurokinin A and neurokinin B (both 0.1-1000 nM) also produced
concentration-dependent

relaxations

in

the

presence

of

the

endothelium in raised-tone preparations. The overall rank order of
potency was substance P > neurokinin A = neurokinin B (Figure 2a).
Since neither neurokinin A nor neurokinin B had reached maximal
relaxation within the concentration range used (0.1-1000 n M), the
EC^q values could not be compared. Furthermore, as D-Pro and senktide
did not cause relaxations equivalent to 50% of the maximal relaxation
to substance P, EC/jq values were compared, the EC/jq value being

the

concentration of a particular tachykinin or analogue required to
produce the equivalent of 40# of the maximal relaxation to substance
P. The -log EC/jq for substance P (9*3 * 0.13) was significantly
different from the values calculated for neurokinin A (7*9 ± 0.09)
and neurokinin B (7*7 * 0.10). Substance P was therefore 20-40 times
more potent than neurokinin A or neurokinin B which were not
significantly different from each other (Table 11.1). Substance P,
neurokinin A and neurokinin B did not produce a response at basal
tone.
L-Pro,

D-Pro and senktide also produced dose-dependent

relaxations in preparations of the rabbit mesenteric artery which
were dependent on the presence of the endothelium. Although neither
D-Pro

nor

senktide

reached

maximal

relaxation

within

the

concentration range used (1-1000 nM ) , it was clear that L-Pro was
more potent than either D-Pro or senktide, the rank order of potency
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thus being L-Pro > D-Pro = senktide (Figure 11.2b).

Again the EC^q

values were calculated from the equivalent value found for substance
P as neither D-Pro nor senktide reached maximal relaxant responses
within the concentration range used. The value calculated for -log
ECZ|0 for L-Pro (7*90 ± 0,16) was significantly greater than that for
D-Pro (6.3 * 0.08) and senktide (6.2 ± 0.06). Thus L-Pro is in the
order of 40-50 times more potent than D-Pro or senktide, which were
not significantly different from each other (Table 11.1).

Effect of Tachykinins and Analogues on Neurogenic Contractions of
Preparations

Substance P (0.1 pM) caused a significant reduction in the
contractile response to nerve stimulation in the presence of the
endothelium (Figure 11.1c). There was no reduction in the contractile
response to nerve stimulation in the absence of the endothelium
(Figure 11.Id). Neurokinin A (0.1 pM) and neurokinin B (0.1 pM) also
caused a significant reduction in the nerve-mediated contractile
response in the presence of the endothelium (Figures 11.3a & 11.4a).
The order of potency at the concentrations used was substance P >
neurokinin A > neurokinin B (Figure 11.3a). As with substance P,
neither neurokinin A nor neurokinin B produced a significant change
in the neurally-induced contractile response when the endothelium was
not present (Figure 11.3b).
At 0.1 pM, L-Pro also caused a significant reduction in the
contractile response to nerve stimulation, unlike D-Pro and senktide,
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which had no effect (Figures 11.3c and 11.4b). In all three instances,
the endothelium was present. In the absence of the endothelium, the
inhibitory effect of L-Pro was not observed.
LPro was very selective when compared with D-Pro and senktide
in inducing an inhibitory response in nerve-mediated contractions
(Figure 11.4b). Although substance P was more potent than neurokinin
A and neurokinin B, the contrast in potencies was not as marked as
the contrast between the tachykinin analogues (Figure 11.4a).
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Figure 11.1

Isolated transverse ring preparation of the rabbit

mesenteric artery. (a,b) Non-cumulative concentration-response to
substance P (SP)(0.01-100 nM)with tone raised and maintained by NA
(10 pM), (a) in the presence of endothelium and (b) with endothelium
removed.

(c,d) Effect of substance P on contractions produced by

neurogenic transmural stimulation (0.2 ms; supramaximal voltage) for
5 s at 32 Hz in the presence (c) and absence (d) of endothelium.
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Figure 11.2

Isolated transverse ring preparation

of the rabbit

mesenteric artery with tone raised by NA (10 pM). (a) Non-cumulative
concentration-response curves to substance P (SP)
(n=6), neurokinin A (0.1-1000 nM) ( ■ )
1000 nM)

(A)

(0.01-100 nM)

(#)

(n=10) and neurokinin B (0.1-

(ti=6) . (b) Non-cumulative concentration-response curves

to L-Pro (0.1-1000 nM)
senktide (1-1000 nM)

(•)

(n=10), D-Pro (1-1000 nM) ( ■ )

(A) {n=6).

(ti=5) and

In the presence of endothelium. Data

points are means with s.e. mean shown by vertical bars.
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Figure 11.3

Contractions of isolated transverse ring preparations

of the rabbit mesenteric artery to 5 s periods of intramural nerve
stimulation (0.2 ms, supramaximal voltage, 32 Hz), expressed as a
percentage of the maximal contraction to NA. Contractions produced in
the absence of any drug (control, open columns) are compared with
those obtained in the presence of a tachykinin or analogue (hatched
columns): 0.1 pM substance P (SP) (n=8,6), neurokinin A (NKA) (n=6,5)
or neurokinin B (NKB) (n=6,5) in the presence (a) and absence (b) of
endothelium; and (c) in the presence of 0.1 pM L-Pro (n=7), D-Pro
(?i=5) or senktide (n=5) with endothelium present. Columns show means
with s.e. mean shown by vertical bars. Significant differences (

P <

0 .0 5 ) between control and experimental contractions were calculated
by Student's paired t test.
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Figure 11.k

Contractions of isolated transverse ring preparations

of the rabbit mesenteric artery to 5 s periods of intramural nerve
stimulation (0.2 ms, supramaximal voltage, 32 Hz) expressed as a
percentage change in contractile response between control and in the
presence of (a) 0.1 pM substance P (SP), neurokinin A (NKA) or
neurokinin B

(NKB)

and

(b) 0.1 pM L-Pro,

D-Pro or senktide.

Endothelium present. Columns show means with s.e. mean indicated by
vertical bars.
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Table

11.1

Comparison

of

agonist

potencies

on

raised-tone

preparations of the rabbit isolated mesenteric artery.

-log EQ|q

R.P.

Mammalian Tachykinins
Substance P

9-3 ± 0.13 (6)

1.0

Neurokinin A

7-9 ± 0.09 (10)*

0.0k

Neurokinin B

7-7 ± 0.10 (6)*

0.025

L-Pro

7-9 ± 0.16 (10)

0.04

D-Pro

6.3 ± 0.08 (5) +

0.001

Senktide

6.2 ± 0.06 (6) +

0.001

Tachykinin analogues

All values are given as mean ± s.e.mean with number of observations
(n ) in parentheses.
Note that as the pl>2 value was not attained in all cases, the results
are expressed as -log {k0% maximal relaxation to substance P) (-log
E C 4 0 )•

Relative potency (R.P.)(substance P = 1) is defined as the ratio of
EC^q of substance P to the EC^q of peptides tested.
Significant difference (P < 0.05) between substance P values and
other tachykinin values, calculated by Student's unpaired t test.
+ Significant difference (P < 0.05) between L-Pro values and
other tachykinin analogue values, calculated by Student's unpaired t
test.
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11.5

DISCUSSION

These findings confirm that in the rabbit mesenteric artery,
substance P appears to be acting solely via a substance released from
the endothelium, since both direct and nerve-mediated contractile
responses were only affected in preparations with an intact
endothelium. This is keeping with previous findings in which it has
been reported that substance P acts via the release of EDRF (Zawadzki
et al,t 1981) • Furthermore, the fact that substance P inhibited both
the contractile response induced by NA and nerve stimulation to the
same extent, and that the nerve-mediated contractile response was
unaffected in the absence of the endothelium, suggests that the
effect may be purely due to a change in smooth muscle contractility.
This supports previous findings which have shown that in the rabbit
pulmonary artery, cat cerebral artery and the canine blood perfused
gracilis muscle, substance P does not have a prejunctional effect
(Endo et. al., 1977* Edvinsson & SkSrby, 1984; Kahan et. al.% 1985 )
The tachykinin analogues were less potent than substance P,
neurokinin A or neurokinin B. It is suggested that the reduction in
potency is attributable to the decrease in the length of the peptide
chain from the N-terminal end. Indeed, it has been shown, in the dog
carotid artery, that the NK-1 receptors are more sensitive to the
tachykinins than to their fragments (Regoli et al., 1987). However,
L-Pro was very selective in inhibiting neurally-mediated contractions
when compared with the analogues, unlike substance P which was not as
selective when compared with the other tachykinins.
Substance P was more potent than the other tachykinins in both
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the direct responses of tone-raised preparations and in reducing the
nerve-induced contractile response, which suggests that the NK-1
receptor is responsible for mediating this action. Indeed, in the
neurally-mediated contractile responses, substance P was found to be
more potent than neurokinin A, which was in turn more potent than
neurokinin B. This order of potency is in keeping with that proposed
for the NK-1 receptor ( Regoli e t . a l . , 1987)*

In raised tone

preparations, substance P was again the most potent tachykinin while
neurokinin A and neurokinin B appeared to have similar potencies.
This is similar to the hamster and mouse urinary bladders where
neurokinin A and neurokinin B are equipotent and are more potent than
substance P (Laufer et. al., 1985).
The tachykinin agonist L-Pro was found to be significantly more
potent than either D-Pro or senktide both in raised-tone preparations
and inhibiting the nerve-induced contractile response. This provides
further evidence that in the mesenteric artery the tachykinin
receptors are of the NK-1 type,

since in previous studies on

established models, such as the guinea-pig ileum and rat salivary
gland, L-Pro has been shown to be selective for the NK-1 receptor
(Iversen et al., 1987). The inactivity of D-Pro and senktide also
demonstrates the lack of NK-2 and NK-3 receptors respectively (Piercy
et al., 1985; Wormser et al., 1986).
One limitation of the present procedure for measuring the
relative potencies of the tachykinins and analogues used, was that
the maximum effect could not be found in all cases because such a
high

concentration

of

peptide

would

be

required.

This

was

particularly true for the analogues D-Pro and senktide, which were
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extremely weak within the concentration range used. In the absence of
maximum effects to neurokinin A, neurokinin B, D-Pro and senktide,
the pD 2 values

could not be calculated

from

the

incomplete

concentration-response curves. Thus the method used to compare drug
potencies had to be by comparison of the EC^q values, this being the
concentration of drug required in order to produce the equivalent of
of the maximum relaxant response to substance P. Nevertheless, it
can still be said that the comparison of the potencies of the
tachykinins and the analogues clearly demonstrates that the analogues
provide a far more selective response.
Thus it appears that, in the rabbit mesenteric artery, there
are

NK-1 receptors located on the endothelium. This is in keeping

with previous work which has also shown that the endothelial
tachykinin receptors are of the NK-1 type, for example,

in the

guinea-pig basilar artery (Edvinson & Jansen, 1987). the dog carotid
artery (Regoli et. al., 1984; 1987) and the pig coronary artery
(Gulati et. a l ., 1987). This is in contrast to the tachykinin
receptors located on the vascular smooth muscle which are either of
the NK-2 type, for example, the rabbit pulmonary artery (Regoli et.
a l ., 1987) or the NK-3 type, for example,

the rat portal vein

(Mastrangelo et. al., 1986). The proposition that substance P acts
via the endothelium is supported by work carried out by Stephenson
et.

al. { 1986)

who have shown that by using autoradiographic

techniques in the dog carotid artery, there are indeed binding sites
for substance P on the endothelium.
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The present results thus lead to the proposal that, in the
rabbit mesenteric artery, substance P acts via NK-1 receptors on the
endothelium to cause vasodilatation.

CHAPTER 12

GENERAL DISCUSSION
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The effects of genetically inherited atherosclerosis and Xirradiation on the dual control of blood flow by perivascular nerves
and the endothelium have been studied in this thesis. This discussion
focuses on: (1) the effect of atherosclerosis on endothelium-mediated
responses,

(2)

the role of sympathetic neurotransmission in

atherosclerosis and (3) the effects of X-irradiation on vascular
functioning.

12.1

Endothelium-Mediated Responses in Atherosclerotic Blood Vessels

In normal vessels with an intact endothelium, a variety of
substances, including ACh, substance P and ATP, have been shown to
cause relaxation via the release of EDRF (Furchgott & Zawadzki, 1980;
Furchgott et al ., 1981; Vanhoutte & Rimele, 1983; Furchgott, 1984;
Gordon, 1986). This effect is diminished in severely atherosclerotic
vessels including the human coronary artery (Ginsberg & Zera, 1984;
Ludmer, 1 9 8 6 ; Berkenboom et al., 1987* the thoracic aorta of the
cholesterol-fed rabbit (Chappell et al., 1987; Habib et al., 1986;
Verbeuren et al., 1986; Hof & Hof, 1988; Jayakody et al., 1988) and
the thoracic aorta of the WHHL rabbit (Ragazzi et al., 1989* Wines et
al., 1989). Chapter 6 of this thesis showed that endothelium-mediated
responses to ACh were also diminished in the 12 month-old WHHL rabbit
thoracic aorta, in comparison with age- and sex-matched controls.
There

are

several

possibilities

which

may

explain

the

attenuation of endothelium-mediated responses in atherosclerotic
vessels. For example, the release of EDRF may be decreased. Such a
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decrease may be secondary to alterations in membrane receptors or
dysfunction of the pathways leading to the synthesis and release of
EDRF. A reduction in the release of EDRF has been demonstrated in the
thoracic aorta of the cholesterol-fed, atherosclerotic rabbit (Herman
et al., 1987; Jayakody et al., 1988; Guerra et al., 1989; Riezebos et
al., 1990). Furthermore, by the examination of EDRF release in
response to A23187

(which directly activates EDRF synthesis and

release independently of receptor activation), Guerra et al. (1989)
have shown that the reduction in release must be due to the
impairment of events in the biosynthesis of EDRF. i.e. beyond the
activation of endothelial cell membrane receptors. However, in
contrast, Hayashi et al. (1989) found that in the thoracic aorta of
cholesterol-fed rabbits, relaxations induced by ACh and ATP were
inhibited, whereas relaxations induced by A23187 were not. They
propose that the earliest change in endothelium-mediated relaxation
in atherosclerosis is not a decrease in the capacity of endothelial
cells to release EDRF, but a decrease of endothelial receptor
affinity for vasodilators such as ACh and ATP. They suggest that the
discrepancy between their results with A23187 and those of other
investigators may indicate that a certain length of duration of
hypercholesterolemia, or the presence of atherosclerosis itself is
necessary before decreased release in EDRF occurs. Their data was
derived from rabbits fed a high-cholesterol diet for 12 weeks, after
which only mild fatty streaks (as opposed to mature atheromatous
plaque) were present.
Reduced

endothelium-mediated

responses

have

also

been

attributed to the thickened intima, acting as a structural barrier to
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the diffusion of EDRF (Verbeuren et al., 1986; Keitoku et al., 1988).
There is, however, some evidence against the involvement of plaque in
the attenuation of endothelium-mediated responses. For example, Wines
et al (1989) have reported that in the WHHL rabbit aorta, as early as
at

one

month

of

age,

endothelium-dependent

relaxations

to

methacholine were significantly reduced when compared with agematched responses in aortas from NZW rabbits. It therefore appeared
that reduced responses to methacholine prece^ded the development of
gross atherosclerosis, which has been reported to occur from 5 months
of age in these rabbits (Watanabe, 1980; Buja et al., 1 9 8 3 ). In
addition,

regression studies suggest that the thickened intima,

acting as a barrier to the diffusion of EDRF,

is probably not

important in reducing its response. In atherosclerotic monkeys
subject to regression of diet-induced atherosclerosis, the previously
attenuated endothelium-mediated relaxant responses were restored,
despite

the

intima

remaining

substantially

thickened

after

atherosclerosis regression (Harrison et al., 1987)• Also, in chapter
6 of this thesis, it was shown that in the WHHL rabbit ear artery,
the increase in intimal thickening observed at 6 months, which may
have appeared to present a diffusion barrier to EDRF, was not coupled
with a decrease in endothelium-mediated responses.

Thus the

thickened intima probably does not act as a physical barrier to the
diffusion of EDRF from endothelial cells to the smooth muscle.
However, this does not exclude the possibility that there may be a
functional barrier to the diffusion to EDRF in vessels susceptible to
atherosclerosis. EDRF may be inactivated by oxygen radicals released
by inflammatory cells which are known to be present in the wall of
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atherosclerotic vessels (Gyrglewski et al., 1986; Rubanyi & Vanhoutte,
1986). Evidence supporting this theory derived from regression
studies shows that regressed lesions no longer contain inflammatory
cells, this being coupled with restoration of endothelium-mediated
relaxation (Harrison et al., 1 9 8 7 ). Thus it was suggested that
reactive oxygen species (oxygen-derived free radicals) released by
inflammatory cells present in active lesions may form a functional
barrier by binding to, or destroying EDRF in transit. It was also
suggested that lipid may prevent the diffusion of EDRF as its
resorption was shown to occur in regressed vessels.
It is possible that endothelial cells from atherosclerotic
vessels may release a constricting factor, such as endothelin, which
would reduce the relaxant effect of EDRF released at the same time.
However, this seems unlikely as Guerra et al (1989) found no evidence
for the concomitant production of an endothelium-derived constricting
factor during stimulation of EDRF release by ACh in thoracic aorta of
the cholesterol-fed, atherosclerotic rabbit.

Heterogeneity of Endothelium-Mediated responses in the WHHL Rabbit

Despite the reduction in the response to ACh in the thoracic
aorta of the WHHL rabbit (Ragazzi et al., 1989; Wines et al., 1989;
see also chapter 6 of this thesis), the ear, mesenteric and basilar
arteries were found not to follow this trend (see chapters 6, 7 and
8). In the ear artery, maximum relaxant responses to ACh were greater
in 6- and 12-month-old WHHL rabbits when compared with NZW controls.
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The basilar artery showed exactly the same trend in 6- and 12-monthold WHHL rabbits.

In the mesenteric artery, however,

a slightly

different trend was observed in that the maximum relaxant response to
ACh was greater only at 12 months of age in WHHL when compared with
NZW rabbits.

It was also found that in the ear and mesenteric

arteries, relaxant responses to substance P were greater in 12 monthold WHHL rabbits in comparison with NZW controls. These results
therefore emphasise the heterogeneity of endothelium-mediated
responses both within and between different blood vessels of the WHHL
rabbit.
While it is clear that the presence of mature atheromatous
plaque, such as that seen in the thoracic aorta, is associated with
reduced endothelium-mediated responses, a feature of the present
studies is the surprising increase in endothelium-mediated responses
in the central ear, basilar and mesenteric arteries. In all three
vessels, in rabbits of up to 12 months of age, mature atheromatous
lesions do not develop. This is despite the appearance of smooth
muscle cells in the intima of the 6 month- (but not 12 month-)old
WHHL rabbit central ear artery

(Annette Tomlinson,

personal

communication; see also chapter 6).

At present,

there are two additional reports suggesting

increased endothelium-mediated responses in the WHHL rabbit:
Chinellato et al.

(1990) found that in the WHHL rabbit thoracic

aorta, although the relaxant response to ACh was diminished by 50%
when compared with NZW controls, the endothelium-dependent relaxant
response to ATP was much greater. In a similar study, Ragazzi et al.
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(1 9 8 9) also reported that the relaxant response to ATP was much
greater in the WHHL rabbit aorta than in NZW controls. Chinnellato et
al. (1990) suggest that the paradoxical increased response to ATP,
but not ACh, may indicate that a compensatory mechanism may have
slowly evolved with genetic atherosclerosis, to preserve endotheliumdependent relaxation. The decreased response to ACh may vary
according to the vessel under study, as the WHHL rabbit thoracic
aorta is known to develop severe atherosclerosis (Buja et al., 1983).
In addition, Chinnellato et al. (1990) used rabbits within the age
range of J-2k months, which makes interpretation of the results
difficult due to the age-dependent nature of atherosclerosis. For
example, the thoracic aorta of 6-8 month-old WHHL rabbits exhibit
relatively minor intimal lesions in comparison with rabbits aged 15
months and over, which exhibit advanced atherosclerosis of the aorta
(Buja et al., 1983).
These studies suggest that in atherosclerotic vessels, AChinduced relaxation is the first endothelium-mediated response to be
affected. This may represent a greater dysfunctional susceptibility
of muscarinic receptors, as opposed to other endothelial receptors.
Supporting evidence has been presented by Crossman et al. (1989), who
showed that in a study on 5 patients with ischaemic heart disease,
the endothelium-dependent dilatory response to intracoronary infusion
of substance P was preserved in 3 out of the 5 patients. This was in
contrast to the well established abolished dilator response to ACh in
these vessels, suggesting that muscarinic receptors are the first to
be affected in atherosclerosis.
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Possible causes of increased endothelium-mediated responses
include increased sensitivity to EDRF or an increase in the release
of EDRF on activation of endothelial receptors. It has been reported
that in the thoracic aorta of the diet-induced,

atherosclerotic

rabbit, there was increased sensitivity to EDRF obtained from normal
vessels, although this was accompanied by a decrease in the release
of EDRF (Guerra et a l ., 1989). It is not clear from the studies
presented in this thesis whether increased sensitivity to EDRF or an
increase in its release is responsible for the increased endotheliummediated responses - this would be the focus of future studies.
However, as the present results have shown endothelium-mediated
responses in the ear, mesenteric and basilar arteries to be greater
in the WHHL rabbit in comparison with NZW controls, this may suggest
that there is a general increase in sensitivity to EDRF throughout
the entire vasculature. Furthermore, as the ear, mesenteric and
basilar arteries do not develop mature lesions, unlike the thoracic
aorta (which showed reduced responses to ACh), it would seem that
EDRF

release

is

only

reduced

in

vessels

with

advanced

atherosclerosis. This would explain why in the vessels studied,
endothelium-mediated responses are much greater than in NZW controls,
in vessels spared from atherosclerosis, yet in the presence of
plaque, endothelium-mediated responses are reduced.
Theories as to possible causes of an increased sensitivity to
EDRF have been suggested in the discussion sections of chapters 6, 7
and 8. They include a compensatory supersensitivity to EDRF as a
result of its long-term inhibition by LDL and increased levels of
superoxide

anion

scavengers,

such

as

superoxide

dismutase,
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potentiating the action of EDRF.
In the isolated thoracic aorta, LDL has been shown to inhibit
endothelium-mediated relaxations induced by ACh and the calcium
ionophore, A23187. by a receptor-dependent mechanism (Andrews et al.,
1987). Furthermore, (S-VLDL, the precursor of LDL, has also been shown
to inhibit relaxations to ACh, ATP and A23187 in the thoracic aortae
of hypercholesterolemic

rabbits

(Hayashi

et

1 9 8 9 ).

al.,

As

circulating LDL levels are known to be enhanced in WHHL rabbits
(Kondo & Watanabe, 1975; Watanabe,

1980), it could be that by 6

months of age, the sustained inhibition of EDRF by LDL leads to a
compensatory increase in sensitivity of the vessel to EDRF. However,
as the release of EDRF is probably reduced in atherosclerotic vessels
(Herman et al., 1987; Jayakody et al., 1988; Guerra et al., 1989;
Riezebos et al., 1990), an increased sensitivity to EDRF, leading to
augmentation of endothelium-mediated reponses, would occur in vessels
with little atherogenic change.
Cultured endothelial cells have been shown to produce oxygenderived free radicals, such as superoxide anions (Rosen & Freeman,
1984), which were later shown by Rubanyi and Vanhoutte (1 9 8 6 ) to
inhibit endothelium-dependent relaxations

to ACh.

Conversely,

superoxide anion scavengers, such as superoxide dismutase (SOD),
which catalyze the dismutation of superoxide radicals

(McCord &

Fridovich, 1969), have been shown to augment relaxations to ACh, also
doubling the half-life of EDRF (Rubanyi & Vanhoutte, 1986). SOD was
thus proposed to have a ’protective* effect on endothelium-mediated
relaxant responses. More recently, SOD has been shown to potentiate
the relaxation induced by ACh and substance P in the dog femoral

artery (Minami & Toda, 1989). It is possible that in atherosclerosis
superoxide anion scavengers, such as SOD, have a protective role in
potentiating endothelium-mediated relaxations in vessels with a
functionally intact endothelium. Further studies are necessary to
test this theory and establish the conditions under which the release
and action of SOD is enhanced.
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12.2

The Role of Sympathetic Neurotransmission in Atherosclerosis

In this thesis, a reduction in sympathetic neurotransmission
has been shown to occur in WHHL rabbits as early as at 4 months of
age in the central ear artery and at 12 months of age in the
mesenteric artery. Since both these arteries were found not to
develop mature atheromatous lesions,

the following discussion

considers the evidence for a link between the sympathetic nervous
system and atherogenesis.
There is no consensus of opinion as to the exact relationship
between atherosclerosis and the sympathetic nervous system, although
the general clinical impression is that sympathectomy slows down its
progression.

Early studies suggested the opposite in that the

sympathetic nerves were believed to have a ’protective* effect on the
progression of atherosclerosis. For example, Murphey et al . (1956)
demonstrated that in the rabbit on an atherogenic diet, bilateral
lumbar sympathectomy resulted in extreme lower lumbar and femoral
atherosclerosis.

These results were later confirmed

(Snyder &

Campbell, 1958) in the aorta and lumbar and iliac arteries. More
recently, the long-term effects of chemical sympathectomy (with 6hydroxydopamine), have been shown to increase arterial susceptibility
to lipid accumulation in rabbits fed a high cholesterol diet (Fronek
& Turner, 1980).
In contrast to these findings, Whittington-Coleman et al.
(1973) and Chobanian et al. (1985). found that in rabbits on a high
cholesterol diet, treatment with the ^-adrenergic blocker, propanolol
resulted in a significant reduction in intimal fat deposition in the
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aorta. Atherogenesis has been found to also be retarded in rabbits
treated with the peripheral sympathetic blocker,

guanethidine

(Whittington-Coleman &. Carrier, 1970). Lichtor et al (1 9 8 7 ) found
that bilateral thoracic sympathectomy (and to a lesser extent,
treatment with propanolol), appeared to reduce the progression of
atherosclerosis in the carotid arteries and thoracic aortae of
monkeys on an atherogenic diet, in comparison to control monkeys just
fed an atherogenic diet. However,

they found little difference

between the two groups of monkeys in the degree of atherosclerosis in
the abdominal aorta or femoral arteries. It was therefore concluded
that surgical or chemical sympathectomy may be useful in controlling
atherosclerosis in specific arterial beds.

It is interesting to

speculate that in the ear and mesenteric arteries of the WHHL rabbit,
the reduced responses to sympathetic stimulation may be linked to the
lack of mature lesion development.
Epidemiological evidence has also been presented which
implicates behavioural factors (such as the response to stress), in
causing a tendency towards atherosclerosis,

these factors being

mediated through the sympathetic nervous system. For example, in
monkeys fed an atherogenic diet, stress has been shown to exacerbate
the

development

of

atherosclerosis.

Surgical

or

chemical

sympathectomy reduced this tendency in the presence of the same
stress-inducing conditions (Manuck et a l ., 1 9 8 8 ; Lichtor et a l .,

1987).
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Induction of Atherogenesis by the Sympathetic Nervous System and
Smooth Muscle Cells

Although the initial stimulus causing atherogenesis is unknown,
it is generally believed that endothelial cell injury is an important
contributory factor (Ross, 1986; Gutstein, 1 9 8 8 ). Of the various
ideas as to the cause of endothelial cell injury

(including

mechanical, chemical, toxic, viral or immunological agents), the
induction of vasospasm has been shown to induce severe endothelial
cell damage (Gutstein et al., 1984;1987). There is evidence that
continued arterial spasm is a precursor of arterial lesions. For
example,

free-moving rats fed a normal diet, were subjected to

repetitive electrical stimulation of the lesser splanchnic nerve,
causing vasoconstriction of the aorta.

This was shown to lead to the

appearance of atherosclerotic lesions in the same region of the aorta
(Gutstein et al., 1962). Betz & Schlote (1979) have also shown that
in conscious,

free-moving rabbits,

formation of atherosclerotic

lesions occurred when vasospasm was induced by applying an electrical
current for a period of time to the vessel wall of the common carotid
arteries. It is possible that vasospasm induces endothelial cell
injury by restricting blood flow through the constricted vessel,
leading to elevated wall sheer stress. Alternatively, it has been
suggested that constriction of the medial smooth muscle would lead to
torsional and compressive stresses acting on the intima thus
encouraging endothelial cell damage (Gutstein, 1988).
Thus, in the ear and mesenteric arteries, the absence of lesion
formation

may

be

linked

to

the

reduction

in

sympathetic
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neurotransmission as well as to the increased endothelium-mediated
vasodilator responses to ACh and substance P measured in both vessels
(Chapters 6 & 7)* Both these effects would increase blood flow and
therefore reduce the possibility of mechanically-induced endothelial
cell damage.

Smooth muscle cell proliferation is known to play a key role in
the pathogenesis of atherosclerosis

(Ross,

1976), and therefore

factors controlling the proliferation of vascular smooth muscle cells
are of importance in atherogenesis.

Growth factors including

platelet-derived, epidermal, fibroblast and endothelial cell-derived
growth factors

have all been shown to promote the proliferation of

vascular smooth muscle cells. (Ross et al., 197^; Gospodarowicz et
al., 1977; Gajdusek et al., 1980). In contrast, it has been proposed
that cGMP inhibits the proliferation of rabbit aortic smooth muscle
cells (Kariya et al., 1989)* It was therefore suggested that cGMPelevating vasodilators such as EDRF may suppress atherogenesis by
inhibiting smooth muscle cell proliferation. Thus, it is possible to
speculate that in WHHL rabbit vessels exhibiting an augmented
response to ACh and substance P, there will be a greater amount of
cGMP generated from GTP (by the action of guanylate cyclase) and this
may suppress

atherogenesis by inhibiting smooth muscle

cell

proliferation. It was interesting to note that in the WHHL rabbit ear
artery, although migration of smooth muscle cells into the intima was
observed at 6 months of age, there was no evidence at either 6 or 12
months of age for their proliferation.
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12.3

Effects of X-Irradiation on Vascular Functioning

It is well established that therapeutic doses of ionising
radiation are known to cause damage to tissue situated in the pathway
of the radiation (see Reinhold et al., 1990). The damaging effect of
radiation on blood vessels is of particular importance since the
d e v e l o p m e n t of severe,

late r a d i a t i o n injury,

such as tissue

necrosis, has been attributed to radiation-induced damage to blood
vessels

(Rubin

& Casarett,

1 9 6 8 ; Hopewell,

1980;

1 9 8 3 )*

In

particular, capillaries appear to be sensitive to radiation, with
s t u d i e s s u g g e s t i n g that there is a d e c r e a s e in the n u m b e r of
microvessels occurring relatively early following irradiation of, for
example, the myocardium and skin, leading eventually to ischaemia
(Fajardo & Stewart, 1971; Hopewell, 1987). Ischaemia due to reduced
m icrov ascular network has been proposed

to be one of the most

important mechanisms of delayed radiation-induced injury (Fajardo &
Berthrong, 1988).
Very little work has been carried out on the functioning of
blood vessels following irradiation, with the majority of studies
concentrating on morphological investigations of irradiation-induced
changes. However, radiation is known to cause abnormal vasodilatation
of arterioles
exposure

(see

and capillaries
Reinhold,

a few weeks

1990).

For

to many years

example,

after

significant

vasodilatation in the rat cerebral cortex has been shown to occur 9
months after irradiation (Hopewell et al., 1978 ).

Increased blood

flow in the brain has been proposed to occur in response to tissue
hypoxia as a late consequence of X-irradiation (Keyeux et al., 1971)*
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Altered vascular function has also been shown in the skin and muscle
of the hind limb of rats following irradiation, with an immediate
increase in blood flow followed by a second increase 2-4 weeks post
irradiation (Song et al., 1983). The increase in blood flow after
irradiation is thought to be the result of capillary dilatation, with
accompanying increases in vascular volume due to dilatation of
arterioles, capillaries and venules.

There is evidence to suggest differential radiosensitivity
amongst vascular cells, with endothelial cells being the most
radiosensitive.

For

example,

radiosensitivity of intimal

in

a

(endothelial)

study

comparing

cells,

medial

the

(smooth

muscle) cells and adventitial cells (mostly fibroblasts) derived from
the rabbit and monkey aorta, by measuring cell growth it was found
that cells derived from the aortic intima were more radiosensitive
than those derived from the media or adventitia (Fischer-Dzoga et
al., 1984). Johnson et al. (1982) also found that smooth muscle cells
displayed significantly less growth inhibition 4 and 5 days after
irradiation in comparison with endothelial cells.
However, despite the apparent sensitivity of endothelial cells
to radiation,

it was shown in chapter 4 of this thesis that the

general relaxant capacity of the irradiated ear artery was reduced as
early as 1 week following irradiation. As CGRP acts independently of
the endothelium (Dogramatzis et al., 1987)* whilst ACh and substance
P do not (Kennedy & Burnstock, 1985; Bolton & Clapp, 1986), this
suggests that endothelium-mediated responses were not specifically
affected

at

this

stage.

Although

apparently

functionally
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inconsequential, some structural changes were observed in endothelial
cells following irradiation, such as, swelling, vacuolization and
occasional

rupture

of

the

cells

(J.

Cavanagh,

personal

communication).
Morphological changes were also observed in smooth muscle
cells, many of which contained vacuoles packed with membranous
material and exhibiting various degrees of autolysis (F. Kristeck ,
unpublished observations).

The functional studies in chapters 3 and

4 show that there is no reduction in the constrictor actions of NA or
a, (5-methylene ATP following irradiation, thus demonstrating that,
despite structural changes, the direct constrictor function of the
vessel was unimpaired.
A further common feature observed morphologically was the
migration of smooth muscle cells into the subintimal space, as is
common in atherogenesis. Atherosclerosis has been previously reported
to occur following irradiation, for example, in the coronary arteries
following neck irradiation (Shaverberg et al., 1978). In addition, Xirradiation has been proposed to cause the acceleration of the
naturally atherosclerotic condition (Johnson et al., 1969)*

It was surprising that in the irradiated ear artery,

the

vasodilator capacity of the vessel appeared to be selectively
damaged. Further studies would be required in order to ascertain an
is
explanation, although itjpossible that the transduction mechanisms
involved in vasodilatation may be the focus of the damage. CGRPmediated,

endothelium-independent relaxation is coupled with an

increase in the intracellular transmitter cyclic AMP (cAMP) (Coupe et
al., 1987). whereas ACh- and substance P-mediated,

endothelium-
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dependent

relaxations

are

coupled

with

an

increase

in

cGMP

(Forstermann et al., 1986; Bolton & Clapp, 1986). Increased synthesis
of cAMP and cGMP is associated with cAMP- and cGMP-dependent protein
kinase activation and subsequent relaxation by the dephosphorylation
of myosin light chain (Fiscus et al., 1983; Rapoport et al., 1983;
Berridge, 1985; Murad, 1986). As many similarities exist between the
cAMP and cGMP systems,

it is possible that X-irradiation may

therefore have an effect on the mechanism by which both intracellular
transmitters induce a relaxant response in vascular smooth muscle.
For example, smooth muscle relaxation induced by both cAMP and cGMP
involves a reduction in levels of free cytoplasmic calcium by uptake
primarily by intracellular sites such as the sarcoplasmic reticulum
(Kuriyama, 1981; Murad, 1986). Contraction of arterial smooth muscle
on the other hand

is thought

to involve

an increase

in

the

concentration of free calcium in the cytoplasm, both by the entry of
extracellular calcium as well as the release of calcium from
intracellular stores such as the sarcoplasmic reticulum (Murphy,
1989; Kuriyama, 1981). It is possible that irradiation may affect the
uptake of free intracellular calcium, thus reducing the relaxant
response, although this would need to be tested.

A decrease in sympathetic neurotransmission was found to occur
as early as 1 week post-irradiation, showing for the first time that
functioning of perivascular nerves are affected by radiation.
Decreased nerve-mediated constrictor responses were probably the
result of a reduction in the amount of neurotransmitter substances
being released as a reduction in NA tissue content was also measured.
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Although there are no other reports of impaired vascular
sympathetic neurotransmission following X-irradiation of isolated
arteries, the autonomic nervous system as a whole has been suggested
to be affected by whole body exposure to X-irradiation in rabbits, in
which an initial hypotensive

(up to 2 hours post-irradiation)

response was measured (Brooks et al., 1956). However, they also found
that if plasma from irradiated animals was injected into control
animals, a slight but consistent fall in blood pressure was produced,
thus suggesting the release of a vasoactive substance into the blood
may also contribute to the response.

In addition to the decrease in dilator capacity of the
isolated, irradiated ear artery, on external observation of the ear
following exposure to radiation, the artery appeared dilated within a
few days, in comparison with the unirradiated ear artery. According
to the theory of dual control of blood flow by perivascular nerves
and endothelial cell factors, these two regulatory systems maintain
dynamic balance during normal homeostatic physiological control
(Burnstock, 1988). It may therefore be possible that a reduction in
levels of continuously released sympathetic neurotransmitters would
lead to a reduction in basal tone of the irradiated ear artery, thus
accounting for the dilated appearance of the vessel.

It has long been established that the rabbit ear vasculature is
of importance in controlling body temperature. Grant et al,

(1932)

reported that if the body temperature of the rabbit was increased
above 37°C, an initial vasodilatory response was observed in ear
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vessels until body temperature began to fall, after which the ears
became pale and cool, thus indicating vasoconstriction. In denervated
ears, however, they found that the vasculature no longer responded to
changes in body temperature. It is therefore of interest that the
thermosensitivity of vessels has been shown to be impaired following
irradiation. Song et a l . (1983) reported that the normal dilator
response to heating was impaired 40 days after irradiation in vessels
in the skin and muscle of the hind limb of rats. It is also possible
that the temperature control mechanism in the rabbit ear artery is
affected after irradiation due to decreased vasodilatation and
neurally-mediated vasoconstriction.

Impairment of the typical

vasodilatory response to hyperthermia in irradiated vessels may be of
clinical importance as heat is known to cause cellular damage (Dewey
et al., 1977; Hahn, 1979)* Furthermore, the increase in blood flow in
tumors is insignificant (particularly if the vasculature of tumors
deteriorate) on heating to temperatures commonly used in clinical
hyperthermia (Storm et al., 1979; Kang et al., 1980; Song et al.,
1980). This would therefore result in slow heat dissapation and may
potentiate cellular damage in irradiated tissues.
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In summary,

this thesis shows that changes occur in vascular

neuroeffector functioning in atherosclerosis and following exposure
to X-radiation. These studies suggest that alterations in the balance
of interactions between perivascular nerves and endothelial cells in
both situations may be of significance in the development of vascular
damage in vivo . In the future,

studies should focus on measuring

mechanistic aspects and how they relate to both atherosclerosis- and
X-irradiation-induced changes in vascular functioning.
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