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ABSTRACT

This thesis presents a study of the changes in perivascular
catecholamine(CA)- and peptide-containing nerves of peripheral and
central blood vessels during ageing, after sympathectomy, in diabetes
and atherosclerosis and after acrylamide poisoning.
Histochemical changes in innervation on blood vessels during
ageing was studied in rats and rabbits and assessed qualitatively and
quantitatively using image analysis. The density of CA-containing and
neuropeptide Y-immunoreactive (NPY-IR) nerve fibres did not change in
either species over the ages studied.

In rabbits, fine, varicose,

calcitonin gene-related peptide (CGRP)-IR nerve fibres decreased with
age while vasoactive intestinal polypeptide (VIP)- and substance P
(SP)-IR nerve fibres showed increased with age.

In rats, the density

of VIP-IR nerve fibres could not be seen to change however, CGRP- and
SP-IR nerve fibres increased steadily with age.

Quantitative

measurements revealed that both CGRP- and SP-IR nerve fibres increase
similarly until 12 months of age then SP-IR nerve fibres begin to
decrease while CGRP-IR nerve fibres continue to increase in number.
Vascular innervation patterns were also studied in two other species.
The sheep middle cerebral artery was shown to have dense plexuses of
VIP-IR, CGRP-IR and CA-containing nerves.
CA-containing, NPY-, CGRP-, VIP- and SP-IR perivascular nerves were
revealed in the guinea pig spiral modiolor artery of the inner ear;
CGRP- and SP-IR were colocalized.
Sympathectomy by chronic treatment of young and mature rats with

guanethidine led to large increases in CGRP-IR nerves in blood vessels
while CA and NPY-IR nerves were virtually abolished.
unchanged.

SP-IR nerves were

VIP-IR nerves were unchanged when young rats were treated

with guanethidine, but showed in increase when adults were treated.
Sympathectomy by treatment of neonatal rats with antibodies to nerve
growth factor (NGF) produced decreases in CGRP- and SP-IR nerves as
well as CA-containing and NPY-IR nerves, but VIP-IR nerve fibres were
unchanged.

Since by 8 weeks of age NPY-IR but not CA-containing nerves

were found to reinnervate the mesenteric artery, the likelihood that
NPY-containing non-sympathetic nerves are involved is proposed.
The neuropathies caused by diabetes and acrylamide poisoning in
rats and by atherosclerosis in rabbits have been studied. In both
diabetes and acrylamide poisoning CA-containing, NPY-, CGRP- and SP-IR
nerves were decreased and the nerves often showed structural damage.
However, VIP-IR nerves increased slightly in diabetic vessels, but
decreased after acrylamide poisoning.

Atherosclerotic vessels showed

little change in perivascular innervation patterns except for a slight
decrease in SP- and CGRP-IR nerve densities.
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GENERAL INTRODUCTION

The group of nerves that essentially maintain the "internal
millieu" of an organism by involuntary control belong to the autonomic
nervous system.

These nerves play a crucial role in maintaining

homeostasis by controlling the cardiovascular system, which delivers
oxygen and essential nutrients to the tissues and removes waste and
other unwanted substances.

Neuronal control of the vasculature

maintains blood pressure by varying individual vessel tone, helped by
humoral agents circulating in the blood or released locally.

The

relative importance of neuronal or humoral control varies in different
parts of the vascular tree.
The early perception of the autonomic nervous system had an
anatomical basis and saw nervous control of tissues consisting of
antagonistic sympathetic noradrenaline-containing nerves and
parasympathetic acetylcholine-containing nerves.

However, with the

advent of improved tools and techniques in pharmacology,
immunohistochemistry and microscopy, numerous putative transmitters
have been identified in nerves.

These substances have now been

recognized in combinations in nerve fibres, where they appear to be
involved in cotransmission and/or neuromodulation.

Therefore, while

the broad anatomical divisions of the autonomic nervous system are not
challenged, it is recognized that there are more sophisticated
peripheral control mechanisms available than originally thought.
This system can be disrupted by ageing and by disease.

Nerves

known to be lost from some vessels with age and some diseases cause
peripheral neuropathy.

Neuronal mechanisms change during development,

but what degree of plasticity occurs in the adult nervous system is not

fully known.

Controlled experimental conditions are required to

determine the kinds of plastic changes that can occur.
The aim of this thesis was to examine the changes that
perivascular nerves undergo during ageing, after selective denervation
and in disease.

An introduction to the historical and modem views of

the autonomic nervous system, and background information about the
conditions studied in this thesis are given in the Historical
Introduction (Chapter 1).

The methods section (Chapter 2) describes

the techniques employed for indirect immunofluorescence on whole mounts
of blood vessels and tissues sections of organs.

Techniques for

neurochemical assay of levels of transmitter substances and organ-bath
pharmacology used in collaborative studies are also described.
The results are presented in three main sections.

Part One

describes perivascular nerves in adult and ageing vessels including: an
account of the changes that occur during development and ageing in
resistance vessels of rats and rabbits (Chapter 3); the localization
and function of nerves on the sheep middle cerebral artery (Chapter 4);
a study of the neuronal basis for regulation of cochlear blood flow,
examining the peptidergic and adrenergic innervation of the spiral
modiolar artery of the guinea pig (Chapter 5).
Part Two examines the changes in perivascular nerves following
sympathectomy including studies of: increases in calcitonin generelated peptide-containing nerves in the developing rat following long
term sympathectomy with guanethidine (Chapter 6); increases in CGRPand VIP-containing nerves following sympathectomy of mature rats
(Chapter 7); and increases in NPY in non-sympathetic nerve fibres

supplying rat mesenteric vessels after immunosympathectomy (Chapter 8).
Part Three deals with changes in perivascular nerves in disease
including: changes in peptide-containing nerve fibres in mesenteric
vessels of diabetic rats (Chapter 9); histological and pharmacological
studies of acrylamide-induced autonomic neuropathy in rat mesenteric
vessels (Chapter 10); and the effect of atherosclerosis on sympathetic
neurotransmission and on neuromodulation of sympathetic
neurotransmission by CGRP and NPY, in the rabbit mesenteric artery
(Chapter 11).
In Chapter 12, some topics are selected for general discussion
including the involvement of trophic factors as mediators of plasticity
and the implications of coexistence of transmitters in perivascular
nerves on vascular control.

CHAPTER 1

HISTORICAL INTRODUCTION

The division of the peripheral nervous system that controls
visceral and cardiovascular function by involuntary reflexes is known
as the autonomic nervous system.

Traditionally this was thought to

consist simply of antagonistic sympathetic noradrenaline (NA)containing nerves and parasympathetic acetylcholine (ACh)-containing
nerves.

However anomalies have been seen in the last few decades that

could not be explained by the existence of only two transmitters.

This

triggered intensive research to identify new substances and now there
are an increasing number of putative neurotransmitters localized to
autonomic nerves, including the sensory-motor division.

These

polypeptides, purines and amino acids are often co-localized with NA
and ACh, as well as in many combinations with each other.

The

anatomical division of the autonomic nerves into sympathetic and
parasympathetic is still useful but it is now recognized that a complex
multi-transmitter system is involved in the control of cardiovascular
and visceral function.

The following brief review of current thinking

on the organization of this control system deals with features of
vascular autonomic nerves that are relevant to this thesis.

VASCULAR NEUROEFFECTOR JUNCTION
The vascular neuromuscular junction is unlike the skeletal
neuromuscular junction in that the effector is not a single muscle
cell.

No fixed relationship exists between nerve and muscle and no

postsynaptic specializations occur; the change in membrane potential is
spread by electrotonic coupling at areas of close apposition between
plasma membranes of adjacent cells (Uehara and Bumstock, 1970).

Studies of the structural relationship between autonomic nerves and
vascular smooth muscle (Bumstock, 1970) led to the description of the
vascular neuroeffector junction (Bumstock and Iwayama, 1971).
Autonomic nerves are found in the adventitia of blood vessels
(Bumstock, 1975) where terminal axons branch extensively to form a
plexus of varicose fibres.

These fibres are free of the Schwann cell

envelope and have varicosities occurring at 5-10 |im intervals (Gabella,
1981) that contain neurotransmitters stored in vesicles.

As nerve

impulses are conducted, neurotransmitters are released from the
varicosities "en passage" and reach specific receptors located on the
effector muscle bundle.

However, the separation between terminal

varicosities and smooth muscle varies widely, depending on the tissue,
ranging from 20 nm in densely innervated tissue to 2000 nm in large
elastic arteries (Bumstock, 1986).

The wide junctional cleft

facilitates opportunities for modulation of the response at pre- and
postjunctional receptor sites.

SYMPATHETIC NERVES
The sympathetic nerves arise from cell bodies in the spinal cord
between segments T-l and L-2.

The preganglionic fibre leaves the cord,

passes through the white ramus to either a ganglion of the sympathetic
chain, where it synapses with a postganglionic neuron or it continues
to an outlying ganglion to form a synapse.
then sends a fibre to its effector organ.

The postganglionic neuron

Transmission at the

preganglionic synapse is mediated by ACh acting on nicotinic receptors
and classically, by NA at the effector synapse.

However, many other

transmitters have been identified in the effector terminal that may
mediate transmission.
The presence of adenosine 5*-triphosphate (ATP) in storage
vesicles in sympathetic nerves has been recognized for many years
(Geffen and Livett, 1971), and co-transmission with NA has been
proposed since 1976 (Bumstock, 1976, 1982; Bumstock and Sneddon,
1985).

Neuropeptide Y (NPY) has been shown to exist in sympathetic

nerves by noting its depletion after surgical (Edvinsson et al., 1983;
Ekblad et al., 1984) or chemical (Allen et al., 1985; Furness et al.,
1983; Lundberg et al., 1985; Morris et al., 1986) sympathetic
denervation.

NPY is stored in large dense-cored vesicles (80-90 nm)

with NA and ATP (Fried at al, 1985; Wharton and Gulbenkian, 1987).
However NPY is not always localized with catecholamines and is often
found on its own or coexisting with other peptides in intrinsic neurons
of the gut (Fumess and Costa, 1982) and heart (Hassall and Bumstock,
1984).

Furthermore, during development and occasionally in adults,

postganglionic sympathetic fibres contain ACh (Bumstock, 1978).
Although the majority of sympathetic neurotransmission involves
the combination of substances described above, sympathetic nerves have
also been shown to contain somatostatin (Hokfelt et al., 1982),
enkephalin (Schdltzberg et al, 1983) and dynorphin (Gibbins and Morris,
1990).

PARASYMPATHETIC NERVES
The parasympathetic nerves arise in the cranial and sacral
segments of the spinal cord and preganglionic fibres are sent out of

the central nervous system in a similar manner to the sympathetic
system.

However, parasympathetic preganglionic fibres pass

uninterrupted to the effector organ where postganglionic neurons are
most often sited.
The classical postganglionic parasympathetic transmitter is ACh
which acts on muscarinic receptors.

Acetylcholinesterase (the enzyme

that breaks down ACh) has been co-localized with vasoactive intestinal
polypeptide (VIP) in parasympathetic perivascular nerves (Hara et al.,
1985) and acetyl transferase (a catalytic enzyme in ACh synthesis) has
been co-localized with both VIP and NPY (Leblanc et al., 1987).

NPY

and VIP also coexist in non-sympathetic nerves in cerebral vessels
(Gibbins and Morris, 1988).

Furthermore, convincing evidence for

cotransmitter role for ACh and VIP has come from release studies in the
cat salivary gland (Lundberg, 1981; LundbeTg et al., 1984), where
release of each transmitter from the same nerve is triggered by
different frequencies of nerve stimulation.
VIP is also found in many local ganglia in the peripheral nervous
system including those that innervate the gut (Costa and Furness,
1973), heart (Weihe et al., 1984), lungs (Dey et al., 1981) and
cerebral vessels (Gibbins et al., 1984).

SENSORY NERVES
Sensory nerve fibres arise from cells in the dorsal root ganglia
(DRG) which have a central and peripheral connection.

These neurons

have a dual sensory-efferent function ie they release transmitter at
the site of stimulus and also convey an action potential to the central

nervous system (Szolcsanyi, 1984).

Primary afferent sensory neurons

are sensitive to capsaicin, which stimulates and destroys the
peripheral fibre (see Buck and Burks for review, 1986).
DRG neurons are a heterogeneous population of small (less than 20
pm), medium (20-30 Jim ) and large (30-45 Jim ) cells containing various
combinations of transmitters.

Ju et al. (1987) have studied the

pattern of coexistence of peptides in rat DRG.

Cells that contain SP,

somatostatin and galanin contain CGRP; most SP cells contain galanin;
some CGRP cells contain VIP.

40% of cells contain calcitonin gene-

related peptide (CGRP) - of these 40% are large, 30% are medium-sized
and 30% are small (Lee et al., 1985; Ju et al., 1987).

CGRP is often

co-localized with substance P (SP), especially in small cells (Lee et
al., 1985), and most large CGRP cells lack SP. The extent of
coexistence is species dependent as most SP cells also contain CGRP and
vice versa in guinea pigs (Gibbins et al., 1985).
It must be noted that two types of CGRP have been found (Amara
al., 1985).

a-rat CGRP is found mainly in sensory nerves while p-rat

CGRP mRNA is found only in the gut (Mulderry et al., 1988).
The list of neuroactive substances found in sensory neurons of
various species is still growing and in addition to those mentioned
above includes cholecystokinin (Lundberg et al., 1978; Dockray et al.,
1981), bombesin (Panula et al., 1983; Fuxe et al., 1983), enkephalin
(Del Fiacco and Cuello, 1980) endorphin (Itoga et al., 1980; Kim et
al., 1984) dynorphin (Botticelli et al., 1981; Weihe et al., 1985),
oxytocin and arginine vasopressin (Kai-Kai et al., 1985). It has also
been suggested that ATP may coexist in primary afferent nerve fibres

(Bumstock, 1977).

TROPHIC INTERACTIONS
The nerve types and transmitters described above provide the basis
for a complex set of interactions and hence a balance must be achieved
between the various elements.

These interactions can be loosely

defined by their time course: neurotransmission is a rapid short-term
effect involving transmitters moving across a narrow cleft and trophic
interactions are long-term effects mediated by various factors which
play a role in development and regeneration of nerves and tissues
(Varon and Bunge, 1978; Barde et al., 1983).
During development, sympathetic and neural crest-derived sensory
nerves compete for a trophic factor which is well-known: nerve growth
factor (NGF; Korsching and Thonen, 1985). Its importance was discovered
in the sixties (Levi-Montalcini and Angeletti, 1968) although
hypothesized earlier (Hamburger and Levi-Montalcini, 1949; Cohen et
al., 1954) as a protein that promotes survival and cellular metabolism
of these neurons.

It was recognized that "adequate connections with

the periphery" were necessary for neuronal survival (Hamburger and
Levi-Montalcini, 1949) and therefore NGF was proposed as a retrograde
trophic messenger.

More recent studies have now provided evidence for

retrograde axonal transport of exogenous (Hendry and Campbell, 1976)
and endogenous (Korsching and Thoenen, 1983a) NGF molecules in
peripheral nerves and that blockade of retrograde transport causes cell
death (Thoenen and Barde, 1980).

Furthermore, neuronal death by

deprivation of NGF during development, by mechanical or chemical

destruction of peripheral nerve terminals (Thoenen and Barde, 1988;
Purves and Lichtman, 1985 for review), can be prevented by
administration of exogenous NGF (Johnson et al, 1986).

Therefore the

trophic activity of NGF that promotes cell survival appears to involve
synthesis in target tissues (Korshcing and Thoenen, 1983b), receptormediated uptake at terminal axons (Sutter et al, 1979) and retrograde
transport to the somata.

Further influences attributed to the presence

of NGF include determination of the content of peptides (Kessler and
Black, 1981; Hayashi et al., 1985; Lindsay and Harmer, 1989) and
catecholamines (Chun and Patterson, 1977) in developing neurons.
Sympathetic and sensory neurons require NGF at different stages of
development.

Sensory neurons need NGF early in their development while

sympathetic neurons do not require it until later (Johnson et al.,
1976; Levi-Montalcini and Angeletti, 1968; Black, 1986).

Furthermore,

NGF is important for survival of mature sympathetic neurons (Gorin and
Johnson, 1980) and is probably involved in neuronal regeneration.

The

pattern of regeneration closely resembles the interactions between
smooth muscle cells and nerve fibres seen during development
(Bumstock, 1978).

In vitro, smooth muscle cells form long-lasting

associations with the first nerve fibre that reaches them and reject
other fibres that arrive later.

Nerves are strongly attracted to

muscle cells from densely innervated tissue (Chamley et al., 1973) and
form long-lasting associations with them, but only transitory
connections are made with cells from sparsely innervated tissue and the
attraction is weak.

Furthermore, muscle cells’ recognition sites do

not distinguish between NA and ACh fibres in culture (Campbell et al.,

1978) and later adjustments are necessary (Bumstock, 1981).

Similarly, regenerating nerve fibres grow into a denervated tissue
until a density similar to normal is restored (Bumstock et al., 1978)
and readjustment to a correct balance of nerve types follows (Bennett
and Raftos, 1977; Bumstock, 1981).

The involvement of NGF in nerve

associations is further suggested by a study showing the expression of
NGF receptors on Schwann cells is switched on and off by the presence
or absence of nerves (Taniuchi et al., 1988).
O^ourse NGF is the best characterized, but not the only trophic
factor, for nerve fibres.

Indeed NGF is not thought to be responsible

for switching on VIP-mRNA expression (Neilsch and Keen, 1988).

Many

transportable factors may be involved that can influence growth,
expression and regeneration of different nerve fibres.
Conversely, nerve fibres may exert a trophic influence of their
own that does not require a target-derived trophic substance.

A

trophic role for the sympathetic nervous system has been proposed
(Azevedo and Osswald, 1986; Klein and Torres, 1978) and neuropeptides
have a role in controlling cell proliferation (Zachary et al., 1987)
and other long-term effects (Bumstock, 1982). For example, the
presence of sympathetic nerves prevents dedifferentiation of smooth
muscle cells in culture and accelerates bundle and nexus formation
(Chamley et al, 1974).

Nerve fibres may also influence aspects of the

structure and function of blood vessels (Bevan and Tsuru, 1981). This
may be due to trophic factors being released from nerve terminals,
which may include the transmitters themselves.
Furthermore, nerves can have trophic influences on each other,

particularly in regulating the differentiation of postganglionic nerve
fibres (Black et al., 1971; 1979; Kessler et al., 1983).

These effects

may be due to the presence of neuromuscular activity (Kessler and
Black, 1982) and competition for neurotrophic factors (Oppenheim,
1989).
In order to understand some of these interactions between nerves
and their target organs it is useful to study changes in nerve fibre
patterns when there has been disruption in innervation due to selective
denervation, disease or even during ageing.

DEVELOPMENT AND AGEING
The normal process of development and ageing shows changes in
innervation of blood vessels that appear to depend on position in the
vascular tree (Bumstock, 1990; Cowen and Bumstock, 1985; 1986).

The

density of CA nerve fibres increases in all vessels of the rabbit up to
6 weeks of age and then tends to decrease in the large capacitance
vessels, but not in the smaller resistance vessels (Cowen et al.
1982).

Most information regarding changes during ageing is for CA

nerves, however peptide-containing nerves have been studied on cerebral
vessels in the rat (Mione et al. 1988; Saba et al., 1984) and
mesenteric and carotid vessels of the guinea pig (Dhall et al., 1986).
All these vessels showed variations in the pattern of innervation by
different peptide-containing nerves from birth through to old age,
raising questions about the implications for vascular control.

SELECTIVE DENERVATION

Denervation of tissues by mechanical means cannot always be
selective for one nerve type, therefore neurotoxic chemicals that
utilize specific neuronal uptake mechanisms have been developed.
earliest of these neurotoxins was 6-hydroxydopamine (60HDA),
analogue of noradrenaline (Jonsson, 1980; Kostrzewa, 1988).

The
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This

compound is generally cytotoxic if administered in large doses but
because it is selectively accumulated by neurons that have a
catecholamine (CA) transport mechanism, its degenerative action can be
restricted by regulating the dose given (Jonsson and Sachs, 1972; Sachs
and Jonsson, 1975).

60HDA is taken up and stored in amine storage

vesicles but it is the extragranular concentration which is critical in
causing complete destruction of nerve terminals (Jonsson and Sachs,
1970; Jonsson et al., 1972).

The neurotoxic potency of 60HDA is

potentiated by administering the drug with a reducing agent such as
ascorbic acid (Jonsson et al., 1974) which protects 60HDA from
oxidation, thereby prolonging its "life" and allowing sufficient time
for uptake into the nerve terminals.

Cell bodies of adult animals are

not affected by selective doses of 60HDA and therefore nerve terminals
regenerate within a few weeks (see Malmfors and Thonen, 1971).
However, administration of controlled doses of 60HDA is accepted as a
method for achieving acute sympathectomy.
Attention was soon turned to NA blocking drugs to find a
selective agent to cause a long-lasting sympathectomy.

It was found

that if guanethidine was administered to adult rats for prolonged
periods, CA-containing cell bodies were destroyed for up to a year

(Bumstock et al., 1971; Heath et al., 1972).

Chronic guanethidine

treatment is highly selective for sympathetic nerves (Heath and
Bumstock, 1977) and the "short adrenergic neurons" of male rats are
most sensitive (Evans et al., 1972; Evans and Bumstock, 1978).

An

immunological mechanism seems to be responsible for the ultimate
destruction of cells by guanethidine and this technique is only wholly
effective in rats (Evans et al., 1978; Manning et al., 1982, 1983).
However, in the rat, chronic guanethidine treatment produces a near
complete long-lasting sympathectomy (Bumstock et al., 1971).
Long-lasting sympathetic denervation can also be achieved by
injection of newborn mammals with specific antisera to NGF
(immunosympathectomy) (Levi-Montalcini and Booker, 1960). The
antibodies bind exogenous NGF thereby preventing nerve fibres from
obtaining this growth factor which is essential for their survival
(Levi-Montalcini and Angeletti, 1968). There is permanent destruction
of 90-95% of sympathetic neurons in newborn mammals and fluorescence
noradrenergic perivascular nerves disappears (Hill et al., 1985;
Matsubayashi et al., 1989).

However, as some sensory nerve cells also

require NGF, approximately 20% of DRG cells are lost after antisera
treatment (Yip et al., 1984).

DISEASES
Some diseases are known to cause autonomic neuropathy in humans
when the condition is advanced, but it is impossible to discern the
causes or the extent of nerve damage with non-invasive techniques.
Animal models of disease can begin to answer some of these questions.

Peripheral autonomic neuropathy is seen in severe diabetes
(Sidenius, 1982), usually appearing in late stages of the disease and
causes disruption of the cardiovascular system.

The mechanism by which

nerves are destroyed is,not clear, although defective axonal transport
and hyperglycemia have been proposed as possible causes (Sidenius and
Jakobsen, 1981; Tuck et al., 1984).

The changes in neural control of

the vasculature are not well studied but perivascular innervation has
been reported in the penile vessel (Crowe et al., 1983) and
perivascular plexuses were specifically studied in cerebral vessels
(Lagnado et al., 1987), in mesenteric vessels (Petch and Cowen, 1988;
Webster and Cowen, 1988; Scott et al., 1984) and caudal artery (Hart et
al., 1987).

The most commonly used animal model is streptozotocin-

induced diabetes in the rat.

Streptozotocin is a relatively selective

beta cell cytotoxin (Rakeiten, Rakeiten and Nadkami, 1963), its
diabetogenic activity being monitored by indices such as serum glucose,
urine volume and glucosuria, ketonuria and serum immunoreactive insulin
(Junod et al., 1969).

Streptozotocin-induced diabetic rats become

severely hyperglycaemic, polyuric and lose weight rapidly.

In fact,

most of the symptoms in the diabetic rat are similar to the clinical
features of human diabetic neuropathy although no single animal model
can be identified as resembling all features of the human condition
(Sidenius, 1982).
Neuropathy can also occur as a result of exposure to toxic
substances, such as acrylamide, which is used in industrial processes.
Studies showing a generalised peripheral neuropathy following
acrylamide treatment (Hoffman et al., 1984; Miller and Spencer, 1985)

have been extended to show specific effects on the sympathetic (Post
and McLeod, 1977a,b; Schmidt et al, 1987; Sterman, 1984),
parasympathetic (Satchell et al., 1982; Hopkins, 1970)^ somato-motor
(Bisby and Redshaw, 1987; Moretto and Sabri, 1988; Brismar et al.,
1987) and sensory (Goldstein and Lowndes, 1981; Schaumberg et al.,
1974; Sterman, 1983) divisions of the nervous system.

Damage is caused

by disrupting axonal transport and neuroskeletal elements (Moretto and
Sabri, 1988; Gold et al., 1985; Jakobsen and Sidenius, 1983; Lapdula et
al., 1989).

Animal models of atherosclerosis have been developed primarily to
characterize the development of lesions and lipid metabolism in blood
vessels (see Luscher, 1988).

The Watanabe heritable hyperlipidemic

rabbit is a genetic model of atherosclerosis that exhibits similar
development and progression of disease as seen in humans (Kondo and
Watanabe, 1975; Watanabe, 1980).

The hypertrophy and disruption of the

vessel wall and plaque formation is well known (Buja et al., 1983;
Rosenfeld et al., 1987; Goldstein et al., 1983) but the changes in the
perivascular nerves have not been described.

It is possible that

trophic interactions between muscle and nerves may cause changes in
innervation patterns.

This is suggested by a study that showed

hypertrophy of smooth muscle cells in the wall of the rabbit ear artery
after denervation (Bevan and Tsuru, 1979).
cells was attributed to reduced nerve activity.

This change in the muscle
Perhaps the

hypertrophied muscle cells in the walls of atherosclerotic vessels are
also a consequence of reduced innervation or the muscle may exert an

influence on the nerves itself. At present, interest in vascular
control has focused on neuropeptides whose effects may be exerted
through the endothelium (Harrison, 1988).

CHAPTER 2

METHODS
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This thesis is primarily based on data acquired from
histochemical and immunohistochemical visualization of nerve fibres on
whole mounts of blood vessels and in organs.

This has been supported

by neurochemical assays which were performed by my collaborators on
tissues from sympathectomized animals.

Pharmacological data were also

obtained in collaboration and are included in the studies of
atherosclerotic rabbit vessels, mesenteric arteries from acrylamide
poisoned rats and the function of nerves in the sheep middle cerebral
artery.
The general experimental procedures used throughout this thesis
are described in this chapter.

Specific details of animals and tissues

examined will be given in each experimental chapter.

A discussion of

the interpretation of results obtained from these techniques can be
found in the final general discussion chapter.

Animals
All animals were kept in conditions approved by the Home Office
with unrestricted food and water and regulated light cycles.

All rats

used in this study were bom and reared in the animal unit of
University College.

Watanabe heritable hyperlipidemic (WHHL)

atherosclerotic rabbits were imported from a colony maintained by the
Southampton University Animal Unit (Hampshire, U.K.).

All rabbits were

accompanied by documentation showing them to be homozygous for the gene
causing atherosclerosis. All WHHL rabbits were kept in quarantine until
sacrifice to ensure their good health as well as that of other rabbits.

New Zealand white (NZW) rabbits were bought from Goreside Ltd.,
Hertfordshire, U.K. and maintained in appropriate cages in the animal
unit.
Guinea pigs were bom and raised in the animal unit of the
Institute of Laryngology and Otology, London and sheep heads were
obtained fresh from an abbatoir.

A.

INDUCTION OF SYMPATHECTOMY

Selective destruction of sympathetic nerves has been achieved by
three different means.

The first two methods have been selected to

cause chronic long-term sympathectomy while the third has been used to
cause acute destruction of sympathetic nerve terminals.

I.

Guanethidine sympathectomy
To investigate whether there is compensation for the loss of

sympathetic fibres, we selectively denervated rats by chronic
administration of large doses of guanethidine (Bumstock et al., 1971;
Eranko and Eranko. 1971; Heath and Bumstock, 1977).

1. In immature animals

Matched litters of Sprague-Dawley rats were given subcutaneous
(s.c.) injections of either 50 mg/kg guanethidine sulphate (Ismelin) or
saline from day
al. 1976)

8

after birth for 3 weeks, 5 days per week (Johnson et

They were killed between days 36 and 51 (approximately

6

weeks of age) or days 126 and 136 (20 weeks of age) by an overdose of
CO2 gas.

2. In mature animals

Matched litters of Sprague-Dawley rats were maintained until 12-14
weeks of age then were given intraperitoneal (i.p.) injections of
either 80 mg/kg guanethidine sulphate (dissolved in 0.9% sterile
saline) or saline for 4 weeks, 5 days per week.
at 18-20 weeks of age (ie

2

They were sacrificed

weeks after treatment ceased) by an

overdose of CC>2 .

II.

Immunosympathectomy

Matched litters of Wistar rats were injected with either 10 |il/g
body weight of antiserum to nerve growth factor (NGF) (raised against
mouse NGF) or saline s.c. from day of birth until day
1980).

They were sacrificed at 4 or

8

8

(Hill et al.,

weeks of age by an overdose of

CC> 2 gas.

III.

6

-hydroxydopamine (acute) sympathectomy

Rats that were age-matched to those used in other types of
sympathectomy were injected with
dissolved in sterile saline with
oxidization of the drug.

1

6

-hydroxydopamine (6 -OHDA),

i.p.

mg/ml (0 . 1 %) ascorbic acid to retard

The injection regime for 4,

6

and

8

week old
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rats was lOOmg/kg on day 1 of treatment, 250mg/kg on day 2 and
sacrifice on day 3. Rats of 20 weeks of age received lOOmg/kg on day 1,
200mg/kg on day 2, 250mg/kg on day 3 and were sacrificed on day 4.
Sacrifice was by an overdose of CC> 2 gas.

B.

INDUCTION OF DIABETES

Diabetes was induced in adult male Wistar rats (weighing 300-350
g) by a single i.p. injection of buffered streptozotocin (65mg/kg body
weight). They were maintained without insulin treatment for

8

weeks and

the onset of diabetes was established by glucosuria 3 days after
streptozotocin injection. All rats lost weight rapidly and showed
intermittent to continuous diarrhoea.

Mean body weight for controls

was 490.71+ 15.21gm (7) and for treated diabetic rats was 304.43 +
8.62gm (7) at time of sacrifice.

C.

INDUCTION OF ACRYLAMIDE POISONING

Eight to ten week old male Wistar rats were given 8 - 9

doses of

acrylamide (65 mg/kg daily, i.p.) in 0.9% saline over a total of 11 13 days (cumulative dose 185.34 ± 4.11 mg (n = 18), equivalent to 655
mg/kg based on the final weight of the animals). These doses compare
with those given by other authors to induce neuropathy in rats: Bisby
and Renshaw (1987) used 50 mg/kg daily, i.p. for 10 days; Sterman
(1984) used 50 mg/kg daily, i.p. for 9 - 10 days.
heparin

(1 0 0 0

The rats were given

units i.p.) and then killed by stunning and
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exsanguination.

D.

ATHEROSCLEROSIS

WHHL rabbits of both sexes and ages 2, 4,

6

, 12 and 18 months were

acquired from the colony described above. The disease was evident from
gross morphology in all ages (except

2

months) as plaque deposited in

the abdominal aorta and an oily film over all tissues.

Age and sex

matched NZW rabbits were used as controls (the Japanese white rabbit
from which the WHHL strain is derived were unobtainable).
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HISTOCHEMICAL PROCEDURES

Demonstration of catecholamines

The visualization of catecholamines in peripheral nerves has
traditionally been via methods that induce fluorescence of the amines
by formaldehyde treatment (see Falck and Owman, 1962).

These required

freeze-drying or perfusion, sections to be cut and then heating in the
presence of formaldehyde vapour.

Simpler and faster techniques have

been developed using glyoxylic acid (GA; CHO-COOH) to convert various
catecholamines and indolamines to highly fluorescent compounds.

These

reaction products are stable for many months and the techniques are
sensitive and reliable. Two methods have been used in this study: an
aqueous technique developed by Fumess and Costa (1975) for use in
whole mounts, and a modified sucrose-potassium phosphate-GA (SPG)
method for use in tissue sections.

GA technique for whole mounts:

Blood vessels were rapidly removed from all animals and the
segment designated for CA nerve fibre demonstration was immediately
placed in 2 % glyoxylic acid in 0.1 M phosphate buffered saline (PBS,
adjusted to pH 7.2 with 5 M NaOH).

The vessel segments were kept moist

with this solution while they were cleaned, slit open and stretched
onto blocks of Sylgard.
at least 1.5h.

Total incubation time in the GA solution was

Segments were stretched onto clean glass slides, dried
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until translucent then placed in an oven at 100°C for 4 min.
Coverslips were mounted with liquid paraffin and the slides were viewed
under a Zeiss epifluorescence microscope equipped with an ultra violet
filter.

SPG technique for tissue sections: ( d e l a T o r r e & S u r g e o n ,

1976)

Tissues that was designated for demonstration of CA nerve fibres
were rapidly removed from the animal and immediately frozen on to cork
blocks with OCT compound by dipping in cooled isopentane and were
stored in liquid nitrogen.

Tissues were sectioned on a cryostat at 10

Jim and mounted on clean glass slides. The slides were quickly dipped
in the SPG solution (10.2 g sucrose, 4.8 g KH2 PO4 , 1.5 g GA in 100 ml
distilled water (dt^O); titrated to pH 7.4 with 1 M NaOH and made up to
150 ml volume with cffl^O) three times and rapidly dried in front of a
cool fan. Dried sections were placed in an oven at 80°C for 4 min,
coverslips mounted with liquid paraffin and slides were viewed as for
whole mounts (see above).

Immunocytochemistry

The indirect immunofluorescence technique has been used in the
present study to visualize the presence of peptide-like
immunoreactivity in peripheral nerves.

This method was introduced by
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Coons (1955) as an adaptation to an earlier direct staining method
(Coons and Kaplan, 1950). The improved indirect method employs two
layers of molecules to identify an antigenic site.

The first layer is

an antibody raised against the substance of interest and is applied to
tissues where it binds to its antigen.

The second layer consists of

an antibody raised to the gamma globulin (IgG) of the species which
donated the first antibody, and which is conjugated to a fluorescent
dye.

More than one anti-IgG molecule can bind to each primary

antibody, increasing the signal seen, and this second layer can be used
to stain any number of first layer antibodies provided they have all
been raised in the same species donating the IgG for the second layer.
This is a widely used method which is reliable for localizing
substances in nerve fibres provided satisfactory controls are
performed.

Controls have to eliminate false positives due to cross

reactivity and non-specific labelling.

Non-specificity of polyclonal

antisera usually arises from either : shared amino acid sequences
between related substances (particularly peptides) so that an antibody
can react with several antigens instead of the desired one; or the
heterogeneity of antibodies in the donor serum which can react with
tissue compounds to give non-specific immunoreactivity.

The latter

source of non-specificity does not apply to antisera that are raised in
vitro to produce monoclonal antibodies, however common amino acid
sequences can not be ruled out.

These non-specific reactions of

primary antisera can be revealed by preabsorbing the antibody with its
specific antigen and observing no stain (if the antibody is specific);
and by preabsorbing the antibody with related and unrelated antigens
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and seeing no diminution of staining (no cross reactivity). The
secondary antisera’s specificity is tested by applying it to the tissue
when the primary layer has been omitted from the procedure - no
staining should be seen.
The fixatives used in this study were chosen for their efficiency
in preserving antigens as insoluble products whilst retaining the
structure of their binding sites, therefore maintaining the
immunoreactivity of the antigen.

These fixatives also give good

morphological preservation for light level microscopy, they do not
interfere with subsequent antigen/antibody reactions and they prevent
the antigen from extraction, diffusion or displacement from the tissue
(see Polak and Van Noorden, 1987 for a review).

Immunostaining:
Tissues were removed from animals and placed in Hank’s balanced
salt solution (BSS) where they were cleaned and divided into
appropriate segments.

Blood vessels were treated as whole mounts while

other tissues were treated as sections.

Sections:
Ganglia and organs were fixed by immersion in 4% paraformaldehyde
in 0.1 M PBS (pH 7.2) for 1.5 h, or Zamboni’s fixative (2%
formaldehyde, 0.2% picric acid in 0.1 M PBS, pH 7.4) overnight.
Zamboni’s-fixed tissues was washed three times in 80% alcohol to remove
the yellow pigment, returned to PBS, then all tissues were placed in 7%
sucrose/0.1% sodium azide in PBS for at least 1 day, before freezing on
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to cork blocks (as above) and sectioning at 10 |im.

These sections were

mounted on gelatin coated-subbed slides and allowed to dry thoroughly.
They were incubated overnight at room temperature with polyclonal
primary antiserum raised in rabbits against either; n e u r o p e p t id e Y (NPY,
!

vasoactive intestinal polypeptide (VIP, 1:400), substance P
(SP, 1:400) or calcitonin gene-related peptide (CGRP, 1:400, which
identifies both CGRP I and II).

After three washes in PBS, they were

finally incubated for 1 h with fluorescein isothiocyanate (FITC)conjugated goat-anti-rabbit IgG diluted 1:50.
with

Coverslips were mounted

PBS/glycerol and viewed under a Zeiss fluorescence microscope

fitted with the appropriate FITC filter system.
In double labelling studies where immunoreactivity to CGRP (CGRPIR)

and SP (SP-IR) was being colocalized, the SP antibody was

monoclonal rat anti-SP and the second layer was goat anti-rat IgG
conjugated to tetramethyl

rhodamine isothiocyanate (TRITC).

A few sections from the ganglia were stained with toludine blue
for routine morphology.
Whole mounts

Blood vessels were also labelled with antibodies to the various
peptides but were treated as whole mounts.

They were slit open

longitudinally and pinned out onto small pieces of Sylgard

before

fixing in 4% paraformaldehyde for 1.5 h or Zamboni’s overnight as
above.

The vessels were dehydrated in a graded series of alcohols

(80%, 90%, 100%, 90%, 80%) and washed three times in PBS/0.1% Triton,
then incubated with antibodies as described above (apart from the

1 : 400)

1
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washes between the two layers of antibodies which were PBS/Triton).
After the second antibody, vessels were counterstained with pontamine
sky blue to reduce background fluorescence (Cowen et al., 1985),
unpinned, and stretched onto clean slides.

The vessels were dried,

mounted and viewed as described above.

Specificity of immunostaining
The specificity of immunoreactivity was tested by preabsorbing
each antibody with its appropriate antigen before applying it in the
techniques described above.

No labelling was seen for any of the

antibodies after preabsorption with 10'^M of its appropriate peptide.
Antibodies were also preabsorbed with inappropriate antigens but no
diminution in labelling was seen.

When the primary antibody was

omitted from the procedure, no immunoreactivity was seen.

Assessment

of immunohistochemistrv

For qualitative assessment, slides were viewed by two independent
investigators, without knowledge of treatment.

The labelling seen was

rated on a scale of + to ++++, where + = one or two fibres seen to ++++
= very densely packed fibres.

At least 5 animals were carefully

assessed, often more.
Quantitative assessment was subsequently repeated on selected
whole-mount preparations using a computerised image analysis system
(Seescan, Cambridge, U.K.) to produce a measure of fibre density.

To

achieve a standard degree of stretch for each vessel, graph paper was
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embedded in the Sylgard blocks.

Each vessel was removed from the

animal, cut into standard (usually 4 mm) lengths, and stretched to
lines of the graph paper - degree of stretch depended on the
elasticity of the vessel type.

The grid size was noted and subsequent

matched vessels were stretched to these parameters.

Specimens were

placed under the fluorescence microscope and an image of the fibre
plexus captured on a low light video camera (Moonlight camera,
Panasonic, U.K.) through a X25 lens.

Only clean specimens with low

background levels of fluorescence were suitable for the camera to
detect a high contrast image.

Fibres were usually traced by hand onto

the video image to ensure all terminal, varicose fibres were included
in the assessment.

The largest possible fixed frame area was selected

throughout all studies to reduce sampling error for a small field of
view.

At least 5 frames were assessed for each animal and a mean of

these frames was taken as the fluorescence area for that animal.
least 3 animals were assessed for each treatment.

At

Final values have

been expressed as the area of fluorescence in a standard frame size,
giving a mean ± SEM .

Statistical difference was determined by using

the unpaired two-tailed Student’s t test;

p < 0.05 was taken as

significant.

NEUROCHEMISTRY

Tissues from treated and control animals were taken exclusively
for assay for total amines and for the various peptides.

These samples

were dissected as quickly as possible, cleaned of excess tissue,
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rinsed, blotted dry and immediately frozen in liquid nitrogen for later
analysis.

Noradrenaline assav:

Noradrenaline levels were measured using high-

performance liquid chromatography with electrochemical detection.
Tissue samples were thawed, weighed and lengths measured, then were
homogenized in 500 p.1 of 0.1 M perchloric acid containing 0.4 mM sodium
bisulfite and 25 ng of dihydroxy-benzylamine (Aldrich, Gillingham,
U.K.) using a motor-driven glass-glass homogenizer.

After low-speed

centrifugation, the supernatants were filtered through a Millipore
filter (45 (im) (Millipore, Bedford, Mass.).
was subjected to alumina extraction

The filtered supernatant

and noradrenaline was

separated on a 10-|i Bondapak C-18 reverse-phase column (Waters
Associated, Norwich, U.K.) using a mobile phase of 0.1 M sodium
dihydrogen phosphate (pH 5.0) containing 5 nM heptane sulfonate
(Aldrich), 0.1 mM ethylenediaminetetraacetic acid, and 13% (vol/vol)
methanol.

Quantitation was performed with a glassy carbon-paste

electrode set at a potential of +0.72 V.

Noradrenaline levels were

corrected for recovery using the dihydroxybenzylamine internal
standard.

Peptide assay:

VIP, SP, CGRP and NPY levels were quantified using an

inhibition enzyme-linked immunosorbent assay.

Tissues were thawed,

weighed and lengths measured then peptides were extracted into 0.5 M
acetic acid in polypropylene tubes in a boiling water bath for 15 min.
The samples were homogenized, centrifuged for 30 min at 3500 g, and
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lyophilized.

Flat-bottomed polystyrene microtiter plates from Dynatech

(Dynatech Laboratories, Inc., Alexandria, Va.) were coated with VIP and
NPY (CRB) (NPY diluted in 0.1 M carbonate-bicarbonate buffer, pH 9.6,
containing 0.02% sodium azide) and similar plates from Beckman (
were coated with CGRP and SP (CRB).
the plates for 18 - 24 h at 4°C.

uk

)

Coating was achieved by incubating

The lyophilized samples were

reconstituted in PBS/Tween containing 0.1% gelatin, 0.2% sodium azide,
and 0.001% aprotinin (Sigma Chemical Co., Poole, U.K.) at 0°C.

After

incubation, the contents of the plates were discarded and the plates
were 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 VIP, CGRP, SP and
NPY, diluted 1:7500 for VIP and SP and 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
(Sigma Chemical Co.) was added to each well at a dilution of 1:500 in
sample buffer.
37°C.

The plates were incubated in a humid chamber for 3 h at

The unbound goat antirabbit immunoglobulin conjugated to

alkaline phosphatase was removed using three washes with PBS/Tween and
one wash with glycine buffer, containing 0.001 M magnesium chloride and
0.001M zinc chloride (pH 10.4).
nitrophenyl phosphate,
well.

1

The chromogenic substrate p-

mg/ml in glycine buffer, was added to each

The colour development was monitored for 4 h at room
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temperature.

The absorbance was read in a Titertex Multiscan automatic

spectrophotometer (Flow Laboratories, Rickmansworth, Herts, U.K.) at
405 nm.

Statistical analysis
Levels of tissue content of noradrenaline and peptides are
expressed as mean ± SEM (n) where n = number of animals.

Differences

between ages and treatments were assessed using the unpaired two-tailed
Student’s t test; p < 0.05 was taken as significant.

PHARMACOLOGICAL PROCEDURES

The pharmacological techniques described in this study were
carried out by collaborators on rat, rabbit, sheep and cat blood
vessels.

1.

Pharmacology of rat mesenteric arterial bed
Mesenteric vascular beds were isolated and prepared for perfusion

as described previously (Ralevic and Bumstock, 1988): the abdomen was
opened and the superior mesenteric artery was isolated and cannulated.
Perfusion was commenced with Krebs’ solution containing (mM): NaCl 133,
KC1 4.7, NaH2 P 0 4 1.35, NaHC0 3 16.3, MgS0 4 0.61, glucose 7.8 and CaCL2
2.52, with added bovine serum albumin (5 gl"*) (Byfield et al., 1986).
The perfusate was gassed with 95% 0 2, 5% C 0 2 and maintained at 37°C.

The superior mesenteric vein was immediately severed and the gut
dissected away.

Brief interruption of perfusion allowed the vascular

bed to be transferred to a heated organ bath containing Krebs’, where
perfusion was resumed at a constant rate of 5 ml min~*.

Effluent

passed from the mesenteric bed to mix with the extraluminal medium escape was by controlled overflow.

Responses were measured as changes

in perfusion pressure (mmHg) using a Gould P23 pressure transducer on a
side-arm of the main perfusion cannula and recordings made on a Grass
model 79D polygraph.

The beds were allowed to equilibrate for 60 min.

Both treated and control mesenteric bed preparations were divided
into two groups: in the first group, the preparation at basal tone was
used to examine pressor responses to sympathetic nerve stimulation and
to doses of noradrenaline (NA), adenosine triphosphate (ATP) and KC1.
In the second group the tone of the preparation was raised with
methoxamine (10'^ M) in the presence of guanethidine (5 x 10'^ M added
to the perfusate
transmission.

10

min before raising the tone) to block sympathetic

This group was used to examine responses to sensory

nerve stimulation and the relaxant effects of acetylcholine (ACh),
sodium nitroprusside (NaN) and CGRP.

At the end of each experiment the

methoxamine was washed out until the tone of the preparation had
returned to its original level and pressor responses to KC1 were
established.

All agents were applied intraluminally as 50 pi bolus

injections via an injection port proximal to the preparation.

Stimulation of peripheral nerves was produced by a bipolar

platinum ring electrode placed around the superior mesenteric artery.
A Grass model S9 stimulator was used to produce electrical stimulation.
Pulses of 1 ms duration for 30 s at supramaximal voltage and at
frequencies of

4 -32

Hz were used forsympathetic

(preparation at basal tone).

Parameters

nervestimulation

for sensory nerve stimulation

were 0.1 ms, supramaximal voltage, 30 s at frequencies of 1 -

Hz.

8

Responses to sympathetic and sensory nerve stimulation using these
parameters had been shown in previous
tetrodotoxin (3 x 10

M, Ralevic and

experiments to be blocked by
Bumstock, 1990), and those to

sensory nerve stimulation were additionally abolished by capsaicin
M) (Ralevic and Bumstock, 1990).

(1 0

A 14 - 16 min period was allowed

between sympathetic nerve stimulation to avoid tachyphylaxis; the
recovery period (when tone returned to its initial level) was 6 - 3 0
min, with greater time needed after higher frequencies of stimulation.

2.

Pharmacology of rabbit vessels.
NZW and WHHL rabbits were used in these studies.

Their origins

and method of sacrifice are described above.
Sections of the isolated artery were cut into rings approximately
5mm in length and these were mounted horizontally under isometric
conditions in 10 ml organ baths, according to the method of Bevan and
Osher (1972). The tissues were bathed in Krebs’ solution of the
following composition (mM): NaCl 133, KC1 4.7, NaHPO^ 1.35, NaHCO^
16.3, MgSC> 4 0.61, glucose 7.8, CaC^ 2.52. Bacitracin (30 ml/1, a
bactericide), and bovine serum albumin (0.005 %, prevents peptides
from adhering to glassware) were also added to the Krebs’ solution. The
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Krebs’ solution was bubbled with 95% O2 and 5 CO2 and maintained at a
constant temperature of 37°C. Preparations were allowed to equilibrate
for at least 1 h under a resting tension of approximately 0.75g.
Contractions of the circular smooth muscle were recorded by use of a
Grass FT03C transducer and displayed on a Grass ink-writing
oscillograph (Model 79).
The electrical stimulation of intramural nerves was applied via
two platinum wire electrodes placed parallel to and on either side of
the vessel segment, approximately 5mm apart, using a Grass S ll
stimulator. Supramaximal voltage (60 V) and pulse duration (0.2 ms)
were established and kept constant throughout the experiment. With
these parameters, the contractile response to field stimulation at 64
Hz was completely blocked by tetrodotoxin (3 pM), thus confirming
stimulation of intramural nerves rather than direct stimulation of the
muscle.

Neuromodulation:

To test the neuromodulatory effects of NPY (0.1 pM)

and CGRP (0.01 JiM) on the vessel segments, field stimulation was
applied at a frequency of 64 Hz for a period of 5 s, with an interval
1.5 min between each stimulation. The nerve-evoked contractile response
was allowed to stabilize before the addition of the peptides. 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. The
nerve-evoked contractile response was calculated as a percentage of the
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contraction elicited by a single dose of potassium chloride (120 mM) in
each preparation. The effect of CGRP was also measured on preparations
with tone raised by noradrenaline (NA, 3 |iM), this concentration
producing approximately 70% of the maximal NA contraction in this
vessel (see Stewart-Lee et al., submitted).

3.

Sheep middle cerebral arteries
In these studies all middle cerebral arteries were denuded of

endothelium by intraluminal perfusion with the non-ionic detergent
Triton X-100 which results in denudation of the endothelium without
causing any damage of the cerebrovascular smooth muscle (Connor &
Feniuk, 1987).

A stainless steel cannula was inserted via the circle

of Willis into the lumen of the middle cerebral artery and the tissue
was perfused intraluminally with 0.1% Triton X-100 solution for 1 min
at a flow rate of 0.5ml min"*.

The tissue was then perfused with

physiological salt solution for 1 min at a flow rate of 0.5ml min"*
before removing the cannula.

The section of artery which had been in

contact with the cannula was discarded.

Rings prepared from sheep

middle cerebral arteries that had not been perfused with Triton X-100
contained endothelium as demonstrated by relaxation with substance P
(100 nM) following precontraction with 10 fiM 5-hydroxytryptamine (5-HT)
(relaxation 58 ± 5% of 5-HT-induced tone n = 12).

Triton X-100

perfusion caused complete destruction of endothelium since no
relaxation occurred in any of

12

preparations on addition of substance

P (100 nM) following precontraction with 5-HT.
Arterial ring segments of 3-4mm in length were cut from each
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middle cerebral artery.
parallel wires of

100

Each ring was suspended on two intraluminal
fim diameter in a manner similar to that of

Nielsen & Owman (1971).
tension for

1

The rings were then placed under 0.2 g of

h before application of the optimal preloads for each

artery, determined in preliminary experiments as

g for the sheep

1 .0

middle cerebral artery and 0.5 g for the cat middle cerebral artery.
The tissues were then left for a 30 min equilibrium period following
which the middle cerebral arteries were precontracted with a maximal
concentration of 5-HT (10 |iM).

Absence of functional endothelium was

confirmed by lack of relaxation of the precontracted artery on addition
of substance P (100 nM).

The tissues were washed at 0, 2, 4,

10 min and then left for 30 min to equilibrate.

6

,

8

and

The tissues were then

precontracted with a submaximal concentration of 5-HT (1 jxM, giving
approximately 80% of 5-HT maximum contraction) and left for 5 min to
attain a constant tension.

Either CGRP or VIP were then added to the

tissue in a cumulative fashion (1 nM-300 nM) and any changes in tone
were noted.

The tissues were washed at 0, 2, 4,

6

,

8

and 10 min and

left for 30 min before the addition of either haemolysate solution (1
plml" ), L -N ° monomethyl arginine (L-NMMA; 100 jlM) or any equivalent
volume of drug vehicle as a control.

The tissues were left for a

further 30 min equilibration period.
The tissues were then precontracted with 5-HT (1 |iM) and the
addition of either CGRP or VIP was repeated.

The changes in tone

induced by these agents were expressed as percentages of the resting
tone induced by 5-HT (1 pM), and concentration-effect curves were
plotted for each compound in the absence and presence of haemolysate of
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L-NMMA.

In each arterial ring the potency of the agonist was

calculated as the negative logarithm of the molar concentration
necessary to give 50% of the maximum relaxation (pD2 value).

From

these individual pD2 values were calculated the mean and s.e.mean for
each series of experiments.

Fleming et al. (1972) showed that

generally, pD2 values are normally distributed.

Moreover, the

statistical package that was used in the present study includes a test
for normality, which confirmed a normal distribution.

A recovery time

of 60 min between concentration-effect curves was chosen to avoid
problems of tachyphylaxis.

The effect of haemolysate on the VIP-

induced relaxation of the cat middle cerebral artery was investigated
using a similar experimental protocol as that described above.

Because

of the variability of 5-HT responses in the cat middle cerebral artery,
U46619 (100 nM) was used to precontract the arteries.
The effect of other agents on the VIP-induced relaxation of the
sheep middle cerebral artery were examined.

An identical protocol to

that described above was used except that addition of the haemolysate
was replaced by the addition of either indomethacin (19 pM), M&B 22948
(10 pM), methylene blue (10 pM) or superoxide dismutase (150 unitsmT*),

The effect of L-NMMA on neurogenic relaxation in the sheep middle
cerebral artery was also investigated.

The arteries were precontracted

with 1 pM 5-HT and left for 5 min to attain a constant tension.
Electrical field stimulation was carried out with parallel platinum
electrodes, one on either side of the arterial ring, and stimulation
parameters were chosen which produced supramaximal nerve stimulation
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(15s trains of stimuli, 20 V,

8

Hz, 0,2 ms pulse width, 10 min cycle).

After obtaining 3 reproducible responses to electrical stimulation, LNMMA (100 pM) was added and stimulation repeated until a further 3
reproducible responses were obtained.

All responses elicited with

electrical stimulation were abolished by tetrodotoxin (300 nM).

Materials and Drugs used throughout
The following substances were obtained from Sigma: acrylamide,
acetylcholine (chloride, ACh), adenosine 5’ - triphosphate (sodium
salt, ATP), methoxamine, noradrenaline (bitartate, NA), 60HDA, sodium
nitroprusside (NaN), superoxide dismutase (bovine), Triton X-100,
Substance P (for use in Chapter 4), VIP (Chapter 4), 5-HT creatinine
sulphate (Chapter 4), indomethacin (Chapter 4), CGRP (human, Chapter
4), methylene blue and guanethidine sulphate (powder form).

CGRP, SP,

VIP and NPY for neurochemical assays were obtained from Cambridge
Research Biochemicals (CRB) Ltd, Cambridge, U.K.
NPY, SP and CGRP;

as were antibodies to

VIP antibody, Immunodiagnostics Ltd; Citifluor, City

University; Sylgard, Dow Coming, BDH, Poole, U.K.; goat anti-rabbit
IgG conjugated to FITC and goat anti-rat IgG conjugated to TRITC,
Nordic;

Hank’s BSS, Gibco U.K., Scotland; PBS/glycerol, Citifluor

Ltd., London; OCT compound, BDH; anti-NGF, Collaborative Research
Incorporated, U.S.A.;

Streptozotocin, donated by Division of Cancer

Treatment, National Institutes of Health, Bethesda, Maryland;
guanethidine sulphate, Ismelin, Ciba-Geigy;
May and Baker Ltd, Dagenham, U.K.

pentobarbitone (Sagatal),

M&B 22948 (2-0-propoxyphenyl-8-

azapurin-6 -one), May and Baker, Dagenham; L-N^-monomethyl arginine,
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William Harvey Institute, London; U46619 (lla,9a-epoxymethano
prostaglandin H2 ), Upjohn, Kalamazoo, MI, USA.

The drugs were dissolved in distilled water to form a stock
solution of 10 mM.

Exceptions to this were indomethacin and U46619

which were dissolved in 10% ethanol to give 1 mM stock solutions and
M&B 22948 which was dissolved in 1 M sodium hydroxide to give a 10 mM
stock solution.

All subsequent dilutions were carried out with 0.9%

NaCl.
In Chapter 4, haemolysate solution was prepared by lysis of feline
erythrocytes in a hypotonic phosphate buffer, followed by
centrifugation and dialysis to produce a final concentration equivalent
to 5% whole blood by the method of Bowman & Gillespie (1982).

The

haemoglobin concentration of the haemolysate was determined by
spectrophotometric analysis and it was found to be

8

± 4 gl"* (n = 3)

which is equivalent to a molar concentration of 120 ± 60 fiM.
haemolysate was used at a final bath concentration of

1

jilmT^

resulting in a haemoglobin concentration of 120 ± 60 nM.

The

55

EXPERIMENTAL RESULTS

PART I: PERIVASCULAR NERVES IN ADULT AND AGEING VESSELS.
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CHAPTER 3

CHANGES DURING DEVELOPMENT AND AGEING IN
MESENTERIC VESSELS OF RATS AND RABBITS
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ABSTRACT
Perivascular nerve fibres containing catecholamines or
immunoreactivity for NPY, CGRP, SP or VIP were localized on the
mesenteric artery of rabbits and the mesenteric vein of rats.

Rats

were investigated from 4 weeks to 2 years of age and rabbits were
studied from 2months to 12 months of age.

Changes in the pattern and

density of labelled nerve fibres were assessed qualitatively in both
species as well as quantitatively in the rat.
vessels

Both rat and rabbit

showed no change in density of catecholamine-containing and

NPY-immunoreactive (IR) nerve fibres.

In rabbit vessels, fine,

varicose, CGRP-IR nerve fibres appeared to decrease in density with
age, while SP- and VIP-IR nerve fibres appeared to increase in density
with age.

In rat vessels, the density of VIP-IR nerve fibres appeared

to decrease while the density of CGRP- and SP-IR nerve fibres increased
with age.

Subsequent quantitative measurements revealed that the

density of CGRP-IR nerve fibres increases in a linear manner until 2
years of age while the increase in density of SP-IR nerve fibres is
also linear up to 12 months of age but then declines.

The functional

implications for a trend of increased density of vasodilator nerve
fibres with age on the mesenteric vessels of both species art discussed.

INTRODUCTION

The control of blood flow by autonomic nerves is an important
element in blood pressure control.

Perivascular nerves control

vascular resistance by causing constriction or dilatation of blood
vessels by release of transmitters from sympathetic, sensory and
parasympathetic fibres.

Variations in the timing of the appearance and

expression of transmitters in these nerves has been shown during
development (Black, 1978; Cowen et al., 1986; Llewellyn-Smith, 1984;
Appenzeller et al., 1984; Dhall et al., 1986; Scott and Woolgar,
1987).

Studies of further changes in the autonomic, perivascular

nerves during ageing have concentrated on catecholamine (CA)-containing
nerves (Cowen and Bumstock, 1985 and 1986 for reviews), while
peptide-containing nerves during ageing have only been studied in
cerebral vessels (Mione et al., 1988; Dhital et al., 1988) and guinea
pig peripheral vessels (Dhall et al., 1986).
Therefore, to further our understanding of age-related changes in
peptide-containing perivascular nerve fibres, we have studied the
changes in the density of nerve fibres containing neuropeptide Y (NPY),
calcitonin gene-related peptide (CGRP)- , substance P (SP)- , and
vasoactive intestinal polypeptide (VlP)-immunoreactive (IR) nerve
fibres on the mesenteric vein of the rat from 4 weeks up to 2 years of
age and the mesenteric artery of the rabbit from
of age.

2

months to 18 months

The density of catecholamine (CA)-containing nerve fibres was

also monitored.

Qualitative assessment is reported for both species

with the addition of quantitative measurement of CGRP- and SP-IR nerve

fibre densities on rat mesenteric vein.
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METHODS
Vessels for this study were collected as controls during the
experimental projects in this thesis.
obtained for 4 and

8

Rat mesenteiic veins were

weeks of age during the study on

immunosympathectomy (Chapter

8

);

6

and 20 weeks of age from the study

of guanethidine sympathectomy of young rats (Chapter

6

); 14 weeks of

age from controls for acrylamide poisoning experiments (Chapter 10) and
18 weeks of age from controls for diabetic rats (Chapter 9).

Two rats

were obtained from the Joint Animal House that were 16 months of age
and were killed by an overdose of pentobarbitone anaesthetic.

Two

further animals of 2 years of age were perfused with 4 %
paraformaldehyde for inclusion in this study.
Rabbit vessels were obtained from NZW rabbits that were control
animals during the study on the effects of atherosclerosis on neural
transmission in the rabbit mesenteric artery (Chapter 11).
Procedures for histochemical identification of peptide- and CAcontaining perivascular nerve fibres are described in Chapter 2
(Methods).
Qualitative assessment was a result of thorough examination of all
specimens available; observations were made without prior knowledge of
the specimens’ identity (when possible).

Computer-assisted image

analysis was carried out on the CGRP- and SP-immunoreactive nerve
fibres of the rat mesenteric vein as these were the samples most suited
to this technique (see Chapter 2 for full procedure).
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RESULTS

RABBIT MESENTERIC ARTERY

The densities of CA-containing and NPY-IR nerve fibres were not
*
seen to change over the age period studied (Fig. 3.1a,b; only NPY
shown).
at

2

Dense plexuses of labelled nerve fibres could be demonstrated

months of age and did

not decrease in density by1 2 months of age.

CGRP-IR nerve fibres could also be shown at 2 months of age (Fig.
3.1c) when they formed a honey-comb plexus of large paravascular
bundles and fine varicose fibres.

At 12 months of age the number of

fine fibres was reduced (Fig 3. Id) while the large bundles remained.
SP- and VIP-IR nerve fibres were found on mesenteric arteries of
all ages (Fig. 3.1e) although labelled fibres were often sparse and
background staining was high.
fibres was different in

12

However, the pattern of VIP-IR nerve

month old vessels when compared to

2

month

old vessels (Fig. 3. If) and the density of labelled fibres was assessed
as increased.
increased in

The density of SP-IR nerve fibres was also assessed as
12

month old vessels when compared to younger vessels.

RAT MESENTERIC VEIN

No changes were seen in the densities of CA- containing or NPY-IR
nerves on rat mesenteric veins over the ages studied (Fig. 3.2a-d).
Both types of nerves formed

dense plexuses at 4 and

6

weeks of age

(Fig. 3.2a,c) and these plexuses were not decreased at 2 years of age.

CA-containing fibres often appeared dim in older animals (Fig. 3.2d)
and NPY-IR fibres often showed fewer varicosities (Fig. 3.2b) however
the densities of both nerve fibre types were not different across all
age groups.
Changes in the density of VIP-IR nerve fibres were difficult to
assess as fibres were generally scarce in all age groups.

However

in

labelled fibres were judged to be more abundant young animals (Fig.
3.2e) than in older animals (Fig. 3.2f).
The density of CGRP-IR nerve fibres was assessed both
qualitatively and quantitatively.

A honey-comb plexus of fine,

varicose fibres was seen in young animals (Fig. 3.3a), the density of
which increased steadily with age until

2

years of age, incorporating

an increasing number of large fibre bundles (Fig 3.3b-d).

Quantitative

image analysis showed a steady increase in nerve fibre density (Fig.
3.4), with only the fine, varicose fibres included in measurements.
This increase was seen in both Sprague-Dawley rats and Wistar rats
(Fig. 3.4).
The density of SP-IR nerve fibres was also assessed by both
methods and showed an increase with age.

Fine nerve fibres formed a

plexus of similar orientation to those that were CGRP-IR, and increased
in number between

6

and 20 weeks of age (Fig. 3.5a,b).

density appeared decreased by 16 months of age (Fig 3.6c).

However, their
Computer

analysis (Fig. 3.6) showed that density increased up to 12 months of
age then decreased up to 2 years of age in Sprague-Dawley rats.
Computer analysis was not attempted in Wistar rats.

DISCUSSION
TTO't

This study hasAshown changes in densities of CA- and peptidecontaining nerve fibres on rat and rabbit mesenteric vessels during
ageing.

A parallel increase in SP- and CGRP-IR nerve fibres was seen

in the rat up to 12 months of age, although SP-IR fibres subsequently
declined in number. In the rabbit, SP-IR and VIP-IR nerve fibres were
seen to increase, although fine CGRP-IR nerve fibres were seen to
decline.

However, no changes in the densities of CA-containing and

NPY-IR nerve fibres were seen in either species.
Sympathetic nerve fibres containing catecholamines have been
studied previously on blood vessels during development and ageing (see
Cowen and Bumstock (1985; 1986) for review) and reveal considerable
variation in patterns of change.

In the rat, Santer (1982) reports no

change in nerve fibre density in the coronary circulation but a
dramatic decline in the innervation of the abdominal aorta between 4
and 24 months of age. However, in rat cerebral vessels noradrenergic
nerve fibres increased up to 3 months of age (Dhital et al., 1988; Tsai
et al., 1989), then declined (Mione et al., 1988).

Duckies (1987)

observed no significant change with age in norepinephrine content in
the superior mesenteric artery, or any veins studied, of Fischer rats
up to 27 months, although other vessels showed a decline.
Cowen

In rabbits,

et al. (1982) describes the density of CA-containing nerve

fibres on a variety of blood vessels, drawing attention to the
variability of changes seen with age between them.

Quantitative

analysis showed CA nerves on the rabbit mesenteric artery reached a
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peak at

6

weeks of age then gradually declined up to 27 months of age,

although this decrease was not large.

The present study saw no

differences with age in CA nerve fibre density on the rabbit mesenteric
artery or on the rat mesenteric vein, although quantitative
measurements were not made.

However, it is apparent that sympathetic

nerve fibre response to ageing varies with vessel type and between
species.
NPY is often colocalized with CA in nerve fibres on blood vessels
(Lundberg et al., 1982; 1983) and would appear to be so in both vessels
in the present study, as NPY-IR nerve fibre density also does not
change with age.

A stable density of NPY-IR nerve fibres has also been

reported in the cerebral blood vessels of rats (Mione et al., 1988)
although a steady decline is seen in human cerebral vessels (Edvinsson
et al., 1985b).
The density of VIP-IR nerve fibres were assessed as increased in
number with age on rabbit mesenteric artery and to decrease on rat
mesenteric vein.

This difference in innervation between an artery and

a vein may reflect different functional requirements by the two types
of vessels or a species difference.

Previous studies have shown that

guinea pig mesenteric artery has a stable population of VIP-IR nerve
fibres up to 24 months of age (Dhall et al., 1986) and rat cerebral
arteries have a rise in VIP-IR nerves from
age.

8

months to 27 months of

No reports of changes in VIP-IR nerve fibres on veins during

ageing have been seen.
CGRP-IR nerve fibres on the rat mesenteric vein have been shown to
increase with age up to 24 months (present study).

An earlier study of

peptide-containing nerves in the cerebral vessels of the rat (Mione et
al., 1988) showed CGRP-IR nerves decreased after birth until 4 months
then returned to near-peak levels by 27 months.

The present study did

not see this initial decline, only the subsequent increase.

The

different observations are probably due to different vessels being
studied.
In the rabbit mesenteric artery, fewer fine, varicose, terminal
CGRP-IR nerve fibres were present in 12 month old rabbits than in
young animals, while large fibre bundles remained.

As neurotransmitter

is thought to be released from varicosities, a reduction in terminal
fibres may lead to less release of CGRP on nerve stimulation and
therefore less vasodilatation due to CGRP action on vascular smooth
muscle (Kawasaki et al., 1988).

However, reduced release of peptide

may be compensated for by increased sensitivity of postjunctional
receptors, resulting in the same vasodilatation after nerve
stimulation.

Indeed, vascular adrenergic function in Fischer rats does

not decline with age, despite general reduction in nerve fibre density
and norepinephrine levels (Duckies et al., 1985; see above).

A

pharmacological investigation is needed to determine vascular
peptidergic function.
The present study observed that SP-IR nerve fibre density has
increased up to
species.

12

months of age on the mesenteric vessels of both

Initial increases were also seen by Dhall et al. (1988) in

the guinea pig and Mione et al.(1989) in the cerebral vessels of the
rat.

Furthermore, we report a subsequent decrease in SP-IR nerve

fibre density, as do Dhall et al. (1988; after 1 month) and Edvinsson
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et al. (1985).

Therefore, although time courses are different, SP-IR n e r v e f i b r e s

show an initial increase and then a decrease with age in different
species and vessels.
In rat mesenteric vein, CGRP- and SP-IR nerve fibres showed a
parallel increase in density up to 12 months of age but at 16 and 24
months of age, the density of CGRP-IR nerve fibres was further
increased while SP-IR nerve fibre density had reduced.

SP and CGRP are

often colocalized in sensory nerve fibres (Gibbins et al., 1985; Lee et
al., 1985) but are also found in different populations of nerves
(Terenghi et al., 1985).

The present results may suggest that the

nerve fibres that contain SP without CGRP are reduced in number with
age while those containing CGRP or (CGRP + SP) continue to increase.
Alternatively, CGRP and SP are contained in the same nerve fibres but
the expression of each peptide changes independently with age.
Ofcourse this study cannot determine whether the number of nerve fibres
or the expression of the peptides has changed.

This would require

further investigations utilizing neurochemical assays and monitoring of
messenger RNA expression to determine peptide expression.
In overall view, whilst the density of vasoconstrictor nerves
(containing noradrenaline and NPY) has not changed, there has been a
general increase in density of vasodilator nerves (CGRP (rat); SP (rat
and rabbit); VIP (rabbit)) with age.

The functional consequence of

this change may be increased vasodilatation, which would be helpful to
counteract the increase in blood pressure that occurs with old age
(Duckies, 1987).

This increase in blood pressure is not due to

increased vascular responsiveness to vasoconstrictors (Stewart-Lee et
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al., 1991; Chapter 11; Duckies et al., 1985) but may be caused by
decreased lumenal area of blood vessels when vessel wall hypertrophy
occurs during ageing (Folkow, 1976; Folkow et al., 1972).

Increased

action of vasodilator substances on vascular smooth muscle may be
required to counteract this increased occlusive force. A
pharmacological investigation into pre- and post-junctional receptor
responsiveness to the vasodilator transmitters is needed to determine
whether any functional changes result from the changes in perivascular
innervation that we have described.
In conclusion, the present study highlights the variability in the
innervation of mesenteric vessels of rats and rabbits by different
nerve fibre types during ageing.

In general, whilst vasoconstrictor

nerves do not diminish, vasodilator nerves increase.

Furthermore, the

peptides, SP and CGRP, which generally coexist in sensory nerves, show
different patterns of change in rat mesenteric vein after
age.

12

months of

This raises the question whether these peptides indeed coexist

and are able to show different age-related changes in expression, or
whether they are contained in separate fibres.
Most importantly, this study emphasizes the importance of
considering the species, vessel and age of an animal when studying
perivascular innervation.

Fig. 3.1: Representative fluorescence micrographs of nerve fibres on
the mesenteric artery of NZW rabbits showing immunoreactivity for NPY
(a,b), CGRP (c,d) and VIP (e,f).

Left panel (a,c,e) = 2 months of age.

Right panel (b,d,f) = 12 months of age.
fibres does not change with age (a,b).

The density of NPY-IR nerve
Fine, varicose CGRP-IR nerve

fibres decrease in number with age (c,d) while the larger bundles
remain.

The pattern of VIP-IR nerve fibres changes with age (e,f) and

their density may be increased.

Bar = 50 |im for all plates.
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Fig. 3.2: Representative fluorescence micrographs of nerve fibres on
rat mesenteric vein containing CA (a,b) and immunoreactivities for NPY
(c,d) and VIP (e,f).

a =

6

weeks of age; b = 20 weeks of age; c,e = 18

weeks of age; d,f = 2 years of age.

The densities of CA (a,b) and NPY-

IR (c,d) nerve fibres do not change with age.

The density of VIP-IR

nerve fibres (e,f) were difficult to assess but may be decreased.
= 50 Jim for all plates.

Bar
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Fig. 3.3: Representative fluorescence micrographs of CGRP-IR nerve
fibres on rat mesenteric vein at (a)

6

weeks of age, (b)

age, (c) 16 months of age and (d) 2 years of age.
varicose fibres increases with age.

2 0

weeks of

Density of fine,

Bar = 50 |im for all plates.
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Fig. 3.4: The effect of age on computer measurements of CGRP-IR
fluorescence on stretch preparations of mesenteric vein of Sprague
Dawley (SD) and Wistar (W) strains of rats.
fluorescence (x 10

3

9

Values are mean area of

mm ) with bars showing S.E.M.

= number of animals.
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Fig 3.5:

Representative fluorescence micrographs of SP-IR nerve fibres

on rat mesenteric vein at (a)
(c) 16 months of age.

6

weeks of age, (b)

20

weeks of age and

Density of fibres increases between

20 weeks of age and is maintained at 16 months of age.
all plates.

6

weeks and

Bar = 50 fim for
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Fig. 3.6: The effect of age on computer measurements of SP-IR
fluorescence on stretch preparations of the mesenteric vein of rats.
Values are mean area of fluorescence (x 10
S.E.M.

mm ) with bars showing

Number in brackets = number of animals.

strain of rat.

SD = Sprague Dawley

Area of Fluorescence Cx10-3 mm2)
p.
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CHAPTER 4

RELAXATION OF SHEEP CEREBRAL ARTERIES BY VASOACTIVE
INTESTINAL POLYPEPTIDE AND NEUROGENIC STIMULATION:

INHIBITION BY L-N°-MONOMETHYL ARGININE IN
ENDOTHELIUM-DENUDED VESSELS.
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ABSTRACT:

1.

Perivascular nerves of the sheep middle cerebral artery show

immunoreactivity for both vasoactive intestinal polypeptide (VIP) and
calcitonin gene-related peptide (CGRP).
2.

Rings of endothelium-denuded sheep middle cerebral artery

precontracted with 5-hydroxytryptamine were relaxed by CGRP (maximum
relaxation = 87.8 ± 8.1%, pDj = 7.81 ± 0.12, n = 12) and by VIP
(maximum relaxation = 55.1 ± 4.1%, pD2 = 7.65 ± 0.04, n = 18).

Rings

of endothelium-denuded cat middle cerebral artery precontracted with
U46619 were also relaxed by vasoactive intestinal polypeptide (maximum
relaxation = 53.1 ± 6.1%, pD2 = 7.82±0.11, n =
3.

6

).

Haemolysate (1 |il ml’ *) inhibited VIP-induced relaxation in

endothelium-denuded sheep and cat middle cerebral artery (n =

6

) but

had no effect on the CGRP-induced relaxation of the sheep middle
cerebral artery (n =
4.

6

).

The relaxant response to VIP in endothelium-denuded sheep middle

cerebral artery was inhibited by methylene blue (10 pM) and augmented
by either M&B 22948 (10 pM) or superoxide dismutase (150 units ml"^).
Indomethacin (1 pM) had no effect.
5.

The addition of L-N -monomethyl arginine (100 pM) inhibited both

neurogenic and VIP-induced relaxation of endothelium-denuded sheep MCA
by 56 ±

6

% and 60 ± 6 % (n = 5) respectively.

The CGRP-induced

relaxation was unaffected.
6

.

It is concluded

that neurally mediated vasodilatation in the sheep

middle cerebral artery is mediated largely by VIP through a direct

action on smooth muscle through a cyclic-GMP-mediated mechanism that
appears to involve synthesis of nitric oxide from L-arginine.
Vasodilatation by CGRP, which is also contained in perivascular nerves,
does not utilize this pathway.
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INTRODUCTION

Neuronal stimulation of the sheep middle cerebral arteiy results
in a complex mechanical response (Duckies, 1979), part of which is
mediated by a relaxant factor that is sensitive to inhibition by
haemolysate (Gaw et al., 1990).
Immunohistochemical studies have shown the presence of both
vasoactive intestinal polypeptide (VlP)-and calcitonin gene-related
peptide (CGRP)-immunoreactive (IR) nerve fibres within the cerebral
arteries of several species including man (Larsson et al., 1976;
Edvinsson et al., 1980; 1987; Kobayashi et al., 1982; Matsuyama et al.,
1983; Edvinsson & Ekman, 1984; Itakura et al., 1984; Gibbins et al.,
1984; 1985; Hanko et al., 1985; Saito et al., 1985).

The relaxant

effects of VIP and CGRP have been shown to be caused by a direct action
on the cerebrovascular smooth muscle (Lee & Saito, 1984; Edvinsson et
al., 1985; Hongo et al., 1989; Saito et al., 1989).

Although the

mechanisms of action are not clear, both peptides appear to cause an
increase in adenosine 3’:5’-cyclic monophosphate (cyclic AMP) levels
within the muscle cells of cat cerebral arteries (Edvinsson et al.,
1985) and they have been shown to hyperpolarize the smooth muscle cells
of both cat and rabbit middle cerebral arteries (Saito et al., 1989;
Standen et al., 1989).
The objective of the present study was to determine whether the
perivascular nerves of the sheep middle cerebral artery contained
either VIP or CGRP, or both, to compare the pharmacological properties
of the vasodilator peptides with the neurogenic mediator of relaxation,

and to investigate whether or not the L-arginine/nitric oxide pathway
is involved.

METHODS
Sheep heads were obtained daily from an abattoir.

The brain was

rapidly excised and transferred to a beaker of oxygenated physiological
salt solution (composition, mM: NaCl 118.3, KC1 4.7, CaC^ 2.5, KH2 PO4
1.2, MgSO^ 1.2, NaHCOg 25.0 and glucose 11.1).
bubbled with a 95% 0 ^ %

The solution was

CO2 gas mixture (BOC Medical Gases).

The

middle cerebral artery was dissected free of the brain with a short
portion of the circle of Willis attached.

The middle cerebral

arteries from the cat were removed from the cat brain on the evening
prior to the experiment and stored overnight (14 - 16h) in
physiological salt solution at 4°C for use the following morning.
Sheep middle cerebral arteries were cut into 4 mm ring segments,
slit open longitudinally and pinned flat onto pieces of Sylgard and
immunolabelled for CGRP- and VIP-IR as described in the Methods
section.
The effects of CGRP and VIP on arterial ring segments that were
precontracted with 5-hydroxytryptamine (5-HT) were investigated as
described in Chapter 2 (Methods). Interactions with haemolysate and Lp
N monomethyl arginine (L-NMMA) and indomethacin, M & B 22948,
methylene blue or superoxide dismutase were also studied as described.
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RESULTS

Immunohistochemistry

Both VIP- and CGRP-IR perivascular nerve fibres were seen in the
sheep middle cerebral artery (Fig. 4.1).

A dense plexus of VIP-IR

nerves covered the vessel wall, mostly running longitudinally down the
vessel as single varicose fibres or as small fibre bundles.

The

pattern formed by the CGRP-IR nerve fibres was quite different,
consisting of a complex honeycomb of fine fibres and small nerve
bundles, overlaid by thick fibre bundles that were probably
paravascular nerves traversing the blood vessel.

Comparison of the two

types of nerve plexi shows that perivascular VIP-IR nerves are more
dense than CGRP-IR nerves.

Vascular relaxation

In the endothelium-denuded sheep middle cerebral artery, the
contractile response elicited with 5-HT (1 pm) was not affected by
haemolysate or any of the other agents investigated, therefore any
subsequent changes in the dilator responses were not caused by changes
in initial tone (Table 4.1).

The potencies of CGRP and VIP in causing

relaxation of the sheep middle cerebral artery were similar (pD2 = 7.81
± 0.12 for CGRP, n = 12 and 7.65 ± 0.04 for VIP, n = 18) however, CGRP
caused a greater maximal relaxation of the 5-HT (1 pm)-induced tone
than VIP (CGRP = 87.8 ± 8.1%, VIP = 55.11 ± 4.1% relaxation, n = 6).
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The addition of haemolysate did not inhibit the relaxation
observed with CGRP (Fig. 4.2), however the relaxation induced by VIP
was inhibited by haemolysate and also by methylene blue, a soluble
guanylate cyclase inhibitor (Fig. 4.3).

VIP also caused a relaxation

of U46619-induced tone in the cat middle cerebral artery which was
sensitive to inhibition by haemolysate (Fig. 4.4).

VIP had a similar

potency (pD^ = 7.82 ± 0.11, n = 6) and caused a similar degree of
relaxation in the cat (53.1 ± 6.1%, n = 6) as in the sheep middle
cerebral artery.
The cyclic GM P phosphodiesterase inhibitor M &BAaugm ented the
relaxant effects of VIP (Fig. 4.5).

The relaxant effect of VIP was

also augmented by superoxide dismutase; however, the cyclo-oxygenase
inhibitor indomethacin had no effect (Fig. 4.5).
The addition of L-NNMA did not affect either the 5-H T-induced tone
or the CGRP-induced relaxant response (Fig. 4.6).

However, VIP-induced

relaxation was inhibited by L-NMMA (100 Jim ), which caused depression of
the concentration-relaxation curve (Fig. 4.6) and inhibition, by 60 ±
6%, at the highest concentration of VIP.
Nerve stimulation caused relaxation to 38 ± 3% of 5-HT-induced
tone.

This neurogenic relaxant response was significantly inhibited by

L-NMMA (100 Jim) by 55.9 ± 5.5% (n = 5) and significantly increased by
superoxide dismutase (150 units ml"^) to 160 ± 12% (n = 4).

DISCUSSION

Both VIP and CGRP appear to be present within the perivascular
nerves of the sheep middle cerebral artery and the results from the
pharmacological studies have also shown that both of these agents are
effective relaxant agents inthe sheep middle cerebral artery.

Both of

these agents may therefore be regarded as potential mediators

of

neurogenic relaxation in the sheep cerebral vasculature.

Similar

results have been obtained in other species (Lee and Saito,1984;
Edvinsson et al.,

1985; Saito et al., 1989).

The VIP-induced relaxation of the sheep middle cerebral artery,
like the neurogenic mediator of relaxation (Gaw et al., 1990), was
susceptible to inhibition by a haemolysate solution from feline
erythrocytes.

This inhibitory action of haemolysate appeared to be

selective since the relaxation induced by CGRP, another vasodilator
peptide, was unaffected.
relaxation.

Methylene blue also inhibited VIP-induced

Since both haemoglobin and methylene blue inhibit the

activation of soluble guanylate cyclase by nitric oxide, endotheliumderived relaxing factor (EDRF) and nitrovasodilators (Murad et al.,
1978; Gruetter et al., 1981; Martin et al., 1985) it would appear that
the relaxant action of VIP was mediated through a similar system to
that of these agents.

The inhibition of the VIP-induced relaxation of

the cat middle cerebral artery by haemolysate also suggests that this
mechanism is not confined to the sheep.

Intracellular cyclic GMP

causes relaxation by activation of protein kinases leading to
dephosphorylation of the myosin light chain in the contractile

apparatus and also phosphorylation of other cellular proteins (Rapoport
et al., 1983).

The ability of M&B 22948, a cyclic GMP

phosphodiesterase inhibitor, to augment the VIP-induced relaxation
further supports the possibility that VIP may cause relaxation by an
increase in cyclic GMP levels.

Superoxide dismutase is known to

prevent the destruction of EDRF, a free radical, by removal of the
superoxide anion (Rubanyi and Vanhoutte, 1988).

The augmentation of

the relaxant effect of VIP observed with superoxide dismutase suggests
that VIP also acts through an intermediate which is sensitive to
destruction by the superoxide anion.

The relaxant response of VIP was

not mediated through EDRF since in all of these experiments the
tissues had no functional endothelium.

The lack of effect of

indomethacin indicates that cyclo-oxygenase products were not involved
in the VIP-induced relaxation and also shows that the inhibitory effect
of haemolysate was not caused by inhibition of vasodilator
prostaglandin synthesis as has been suggested by other authors (Toda,
1988).
In these experiments VIP appears to have caused relaxation of the
sheep cerebral artery by the production of free radicals which then
activate guanylate cyclase to increase the intracellular cyclic GMP
concentration resulting in smooth muscle relaxation.

It is not clear

from these experiments whether the VIP acts to stimulate the formation
of a free radical within the arterial smooth muscle cells, to cause the
release of a free radical from another cell type within the artery
wall, such as macrophages, or if the VIP itself is processed to form
free radicals.

In the present experiments where endothelium was
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absent, both the VIP-induced and neurogenic relaxation of the sheep
middle cerebral artery were susceptible to inhibition by L-NMMA, an
inhibitor of the pathway which produces nitric oxide from L-arginine in
endothelial cells and macrophages (Hibbs et al., 1987; Palmer et al.,
1988).

The presence of VIP apparently stimulates the conversion of L-

arginine to nitric oxide via a system which is independent of the
endothelium.

Recent studies in the rat anococcygeus muscle have also

demonstrated a similar mechanism where the neurogenic relaxation was
selectively inhibited by L-NMMA (Gillespie et al., 1989).

A recent

study has reported that L-NMMA causes non-selective inhibition of
vasodilators in the rat aorta by an endothelium-dependent mechanism
(Thomas et al., 1989).

It is unlikely that the actions of L-NMMA

described here can by ascribed to nonselective action since there was
no functional endothelium in any of the tissues examined and the
relaxant responses to CGRP were unaffected by L-NMMA.
Immunohistochemical studies have shown a dense network of nerves
containing VIP-like immunoreactivity in the sheep middle cerebral
artery.

It is not possible to state conclusively that VIP is the

neurogenic mediator of relaxation from these studies; however, it does
seem plausible since VIP is present in perivascular nerves and both VIP
and the neurogenic mediator appear to act through a similar mechanism
which is sensitive to both haemolysate (Gaw et al., 1990) and L-NMMA.
It is not possible to rule out a minor contribution by CGRP to the
neurogenic relaxant response, but any such contribution would have to
be very small since CGRP is not affected by haemolysate and the CGRP
innervation of the sheep middle cerebral artery is sparser than the VIP

innervation.

Haemolysate has been shown to inhibit the neurogenic

relaxation observed in cat middle cerebral artery (Lee et al., 1984)
and other studies have also shown a reduction in the neurogenic dilator
response of cat middle cerebral artery using VIP antiserum (Bevan et
al., 1986).

However, it has been reported that VIP-induced relaxation

of the cat middle cerebral artery was not affected by the addition of
haemolysate (Lee et al., 1987).

In the present experiments, the

addition of haemolysate does inhibit the ability of VIP to reduce
U46619-induced tone in cat middle cerebral artery, therefore it is
feasible that VIP may be the neurogenic mediator of relaxation in both
the cat and sheep middle cerebral artery.

If VIP acts in the human

cerebral vasculature via a mechanism similar to that in the sheep then
the inhibitory effects of haemolysate released from a subarachnoid
blood clot could inhibit the actions of VIP.

The resulting loss in

vasodilator control could therefore lead to an enhancement of responses
to constrictor agents resulting in vasospasm.
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Figure 4.1:
Fluorescence micrographs of calcitonin gene-related peptide (a)
and vasoactive intestinal polypeptide (b) immunoreactive nerve fibres
in stretch preparations of sheep middle cerebral artery.

The

micrographs illustrate the differences in pattern and relative density
of each nerve fibre type.
plates.

The scale bar represents 50 J im for both
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Figure 4.2:
Concentration-effect curves showing the relaxant effects of
calcitonin gene-related peptide (CGRP) on tone induced by 5hydroxytryptamine (5-HT, 1 |iM) in the sheep middle cerebral artery
denuded of endothelium.
CGRP in the absence

m

The curves show the relaxation elicited by
or presence flU) of haemolysate (1 filml'^).

responses were calculated as a percentage of the 5-HT-induced tone and
are expressed as the mean of 6 experiments with s.e.mean shown by
vertical bars.

No significant differences between responses at any

given concentration were observed.
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Figure 4.3:
Concentration-effect curves showing the relaxant effects of
vasoactive intestinal polypeptide (VIP) on tone induced by 5hydroxytryptamine (5-HT, 1 fiM) in the sheep middle cerebral artery
denuded of endothelium.

The curves show the relaxation elicited by VIP

either alone (#) or in the presence of the drug vehicle (O),
haemolysate 1 p.lml'^ (4 ) or methylene blue 10 fiM (B).

The responses

were calculated as a percentage of the 5-HT induced tone and are
expressed as the mean of 6 experiments; s.e.mean shown by vertical
bars.

Significant differences from the vehicle responses are depicted

by ** P< 0.01.

1 0 0 -,

0 uoi

"~T

T”

o

o

00

CD

I

o

"T"

o

CM

peonpui m - 9 jo uojiBXBiay %

Figure 4.4:

Concentration-effect curves showing the relaxant effects of
vasoactive intestinal polypeptide (VIP) on tone induced by U46619 (100
nM) in the cat middle cerebral artery denuded of endothelium.

The

curves show the relaxation elicited by VIP either alone (#), in the
presence of drug vehicle (O) or in the presence of haemolysate 1 jilmT*
(A).

The responses were calculated as a percentage of the U46619-

induced tone and are expressed as the mean of 6 experiments; s.e.mean
shown by vertical bars.

Significant differences from the vehicle

responses were depicted by ** P<0.01.
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Figure 4.5:
Concentration-effect curves showing the relaxant effects of
vasoactive intestinal polypeptide (VIP) on 5-hydroxytryptamine (5-HT, 1
p.M)-induced tone in the sheep middle cerebral artery denuded of
endothelium.

The curves show the relaxation elicited by VIP either

alone (•) or in the presence of indomethacin 1 fiM (O), M&B 22948 10 |iM
(□) or superoxide dismutase 150 unitsmT* <)■).

The responses were

calculated as a percentage of the 5-HT-induced tone and are expressed
as the mean of 6 experiments; s.e.mean shown by vertical bars.
Significant differences from the vehicle responses are depicted by * P<
0.05 and ** P< 0.01.
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Figure 4.6:

Concentration-effect curves showing the relaxant effects of
calcitonin gene-related peptide ( Q | ) or vasoactive intestinal
polypeptide ( O # ) on tone induced by 5-hydroxytryptamine (5-HT, 1 pM)
in the sheep middle cerebral artery.

The curves show the relaxation

elicited by each agonist in the absence (open symbols) or presence
(closed symbols) of L-N^-monomethyl arginine (L-NMMA) (100 fxM) in
endothelium-denuded preparations.

The responses are calculated as a

percentage of the 5-HT-induced tone and are expressed as the mean of 5
experiments; s.e.mean shown by vertical bars.

Significant differences

in the presence of L-NMMA are denoted by ** P< 0.01.
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CHAPTER 5

NEURAL BASIS FOR REGULATION OF COCHLEAR BLOOD FLOW:

PEPTIDERGIC AND ADRENERGIC INNERVATION OF THE SPIRAL
MODIOLAR ARTERY OF THE GUINEA PIG.

ABSTRACT

The spiral modiolar artery is the terminal artery in the cochlea,
and as such is expected to play a major role in the control of cochlear
blood flow.

In this study, we examined the distribution of adrenergic

and peptidergic nerve fibres on the spiral modiolar artery of the
guinea pig using histofluorescence and immunofluorescence techniques.
The spiral modiolar artery was dissected from the modiolus so that the
entire length of the vessel and its branches, could be observed.
Noradrenaline was identified using the glyoxylic acid histofluorescence
technique.

The presence of the vasoactive peptides substance P,

calcitonin gene-related peptide

(CGRP), neuropeptide Y (NPY) and

vasoactive intestinal polypeptide (VIP), was investigated using
antibodies against these peptides.

Each putative transmitter tested

yielded labelled nerve fibres throughout the length of the spiral
modiolar artery and its branches.

Double-labelling experiments

confirmed that CGRP and substance P are contained in the same fibres
but that VIP and substance P appear to be contained in different
populations of fibres.

These results establish that nerve fibres

containing vasoactive peptides and noradrenaline supply the spiral
modiolar artery and suggest that they are involved in the regulation of
cochlear blood flow.

INTRODUCTION

The idea that cochlear blood flow can be modified by local control
mechanisms was first suggested by Hawkins (1971), who proposed that
blood flow in the lateral wall of the cochlea could be regionally
adjusted to compensate for increased metabolic demands in response to
frequency-specific noise exposure.

Subsequent studies in which

cochlear and cutaneous blood flow and blood pressure have been
monitored under various experimental conditions (Suga, 1976; Miller et
al., 1984; Thome and Nuttall, 1987; Miles and Nuttall, 1988; Quirk et
al., 1988; Sillman et al., 1988; Ohlsen et al., 1989) support the
concept of local regulation of cochlear blood flow.

Many of these

studies have consisted of administration of agents which are associated
with the autonomic nervous system, usually noradrenaline and
adrenoreceptor agonists and antagonists.
According to the classic view of the autonomic control of the
vasculature, vasoconstriction results from the release of noradrenaline
from perivascular sympathetic nerve fibres and vasodilation results
from the release of acetylcholine from perivascular parasympathetic
nerve fibres.

This view has been revised; a role for acetylcholine

producing vasodilation via endothelial cells is recognised as well as a
major vasoactive role for a multiplicity of transmitters, including
purines and peptides (Bumstock, 1987; Bumstock and Griffiths, 1988).
The presence of vasoactive peptides in the inner ear vasculature
suggests that they contribute, together with noradrenaline, to the
neural control of cochlear blood flow.
Although no physiological or pharmacological studies of the

effects of vasoactive peptides on cochlear blood flow have been
reported, results in other vascular systems suggest that peptides are
likely to influence blood flow in the inner ear.

Vasoactive peptides

can induce either vasoconstriction or vasodilation either by acting
directly on smooth muscle cells or indirectly via the vascular
endothelium (Furchgott, 1984); they function either as
neurotransmitters or as neuromodulators influencing the action of other
neurotransmitter substances.
The presence of substance P, vasoactive intestinal polypeptide
(VIP), avian pancreatic peptide and gastrin-releasing peptide have been
reported in the guinea pig inner ear (Uddmann et al., 1982), and the
presence of calcitonin gene-related peptide (CGRP) and neuropeptide Y
were also mentioned in a later review (Uddmann, 1988); in both of these
reports the emphasis was placed on the innervation of the labyrinthine
and cochlear arteries.

In the present study we have investigated the

presence and distribution of catecholamine-containing and substance P-,
CGRP-, VIP- and NPY-immunoreactive (IR) nerve fibres on the spiral
modiolar artery of the guinea pig.

As the terminal artery of the

cochlea, the spiral modiolar artery should be most responsive to
changes in cochlear microhomeostasis and therefore important for local
regulation of cochlear blood flow.

METHODS

Fifty adult pigmented guinea pigs 3 - 4
the study.

months of age were used

Animals were anaesthetized by halothane inhalation,

decapitated and the auditory bullae were removed.

The spiral modiolar

arteries were dissected immediately, the whole cochleae were immersed
either in cold (4#C) fixative or glyoxylic acid.

Terminal branches

were severed at the habenula perforata and entire spiral modiolar
arteries were removed from the auditory nerve.

Vessels were cleaned by

removing the connective tissue and bone chips.
Whole arteries were processed to demonstrate glyoxylic acid
histofluorescence or immunofluorescence for single peptides as
described in the methods section (Chapter 2).
Some arteries were also used to localise immunoreactivity for more
than one peptide in the same nerve fibres.

The fixation and processing

to normal goat serum were the same as in single-labelling experiments.
Vessels were incubated overnight in equal parts of either 1:200
polyclonal rabbit anti-CGRP or 1:400 polyclonal rabbit anti-VIP and
1:40 monoclonal rat anti-substance P.

The following day they were

rinsed in PBS (3 X 10) and incubated for 1.5 h in equal parts of
affinity-purified 1:100 goat anti-rabbit FITC to label the CGRP or the
VIP antibody and affinity-purified 1:100 goat anti-rat tetramethyl
rhodamine isothiocyanate (TRITC) to label the substance P antibody.
Alternatively, the secondary antibodies were applied sequentially for 1
h each with 2 X 10 min washes in PBS before immersion in the TRITC
secondary antibody which had been pre-absorbed in 10% normal rabbit

serum overnight. Vessels were then rinsed and mounted as described
the methods section.
Specificity of the double-labelling experiments was subjected to
the same testing as described for single-labelling experiments.
Additionally, vessels were incubated in only one of the two primary
antibodies and both secondary antibodies as a check for cross-over
binding.
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RESULTS

Whole mount preparations consisted of the entire length of the
spiral modiolar artery including all main branches and many secondary
and tertiary branches.

Contrary to previously published reports, we

found no decrease in the diameter from base to apex of the spiral
modiolar artery.

The average length was approximately 8 mm, and the

diameter varied from 60-80 pm for the main vessel, 40-50 pm for the
major branches and 10-20 pm for the secondary and tertiary branches.
The number and location of dendritic-type melanocytes present on the
spiral modiolar artery varied enormously but the density of labelled
fibres was not related to the presence or absence of melanocytes.

Catecholamines
Results obtained using glyoxylic acid for demonstration of
catecholamine-containing nerve fibres are shown in Fig. 5.1.

A dense

perivascular network of fibres was observed throughout the length of
the spiral modiolar artery, including the secondary and tertiary
branches.

In addition to individual labelled fibres, bundles of

labelled fibres were often present.

Peptide immunoreactivity
Varicose fibres that were VIP-, CGRP-, substance P- and NPY-IR
were observed along the vessel (Fig. 5.2 a - d).

Labelled fibres were

present on the secondary and tertiary branches as well as on the main
artery.

No difference in density of fibres was observed between base

and apex or between the main artery and the branches.

As with

catecholamine-containing nerves, fibre bundles of various size were
observed.

VIP-IR nerve fibres (Fig. 5.2a) were arrayed in a

perivascular network similar, although less dense, than that observed
for catecholamine-containing nerves.

Immunofluorescence for CGRP,

substance P and NPY, in contrast, showed individual or small bundles of
varicose fibres to be more prevalent than larger bundles of fibres
(Fig. 5.2b - d).

Co-localization
The results of the double-labelling experiments are shown in Fig.
5.3.

Every fibre that was CGRP-IR (Fig.5.3a) was also SP-IR (Fig.

5.3b), and varicosities appeared to be at the same locations along the
fibres, being recognized by both antibodies.

Double-labelling for VIP

or substance P revealed a more complex pattern (Fig. 5.3c - d).

Most

fibres were immunoreactive to only VIP or substance P antibodies, but
in a few cases the same fibre or fibre bundle appeared to be labelled
for both VIP and substance P although concurrent varicosities could not
be identified.

Controls
All control experiments yielded a negative result; labelled fibres
were not present either when antibody was pre-absorbed with antigen or
in the presence of secondary antibody alone.

When vessels were

incubated with one primary and both secondary antibodies in the double
labelling experiments, immunofluorescence was only present for the

primary antibody which had been applied.

DISCUSSION

The influence of noradrenaline on cochlear blood flow has been
demonstrated pharmacologically (Suga, 1976; Miller et al., 1984;
Sillman et al., 1988; Ohlsen et al., 1989) and the presence of
adrenergic nerve fibres on vessels supplying the inner ear has been
demonstrated histologically (Spoendlin and Lichtensteiger, 1966; Ross,
1971; Spoedlin, 1981).

Since our interest in this study was in local

regulation of cochlear blood flow, we have focussed our attention on
the terminal artery of the cochlea, the spiral modiolar artery.

In

contrast to the previous description of a few single fibres, (Uddmann
et al., 1982) we report the presence of a dense plexus of
catecholamine-containing fibres on the spiral modiolar artery and its
branches.

We have also demonstrated the presence of VIP-, substance P-

, CGRP- and NPY-IR nerve fibres on the spiral modiolar artery and its
branches.

Our results concerning the density of VIP-IR nerve fibres

are in agreement with the earlier description of a "wide mesh network"
of VIP fibres on the spiral modiolar artery (Uddmann et al., 1^88);
however, our results indicate a greater density of CGRP- and SP-IR
nerve fibres than previously reported.

In addition we have

demonstrated the co-localization of CGRP immunoreactivity with
substance P immunoreactivity, and established the presence of separate
populations of VIP- and SP-IR nerve fibres on the spiral modiolar
artery of the guinea pig.

Thus a complex neural framework for local

regulation of blood flow, based on multiple synaptic messengers, exists
on the terminal artery of the cochlea.

The density of NPY-IR nerve fibres on the spiral modiolar artery
was less than the density of catecholamine-containing fibres.

Since

NPY is often found together with catecholamines in sympathetic
neurones, this finding suggests that only a subpopulation of the
sympathetic fibres supplying the spiral modiolar artery contain NPY.
NPY has been identified in catecholaminergic neurones in sympathetic
ganglia, where NPY-like immunoreactivity is abolished by chemical
agents which abolish noradrenergic transmission (Lundberg and Hokfelt,
1986).

It has been shown to potentiate the vasoconstrictive effects of

noradrenaline and histamine at concentrations much lower than needed to
evoke contraction with NPY alone (Edvinsson et al., 1984).

In some

vessels, NPY acts as a presynaptic modulator of noradrenaline release
(Potter, 1988).

The finding that high frequency, intermittent

stimulation causes enhanced selective release of NPY compared to
noradrenaline, and that systemic plasma levels of NPY increase
significantly in man upon maximal physical exertion, suggest that NPY
is released under high stress conditions (Lundberg and Hokfelt, 1986).
In this study, a perivascular plexus of
observed.

Our results suggest that VIP

VIP-IR nerve fibres was

may be the principal

vasodilatory neurotransmitter in the inner

ear, since the density of

fibres showing VIP-like immunoreactivity

was greater than that of the

other vasodilators studied (CGRP and substance P).

VIP elicits

vasodilation and increases blood flow in a number of vessels, acting
directly on smooth muscle cells (Lee et al., 1984).

There is evidence

that VIP may function as a neuromodulator or co-transmitter with
acetylcholine.

Release of VIP is inhibited by acetylcholine and

enhanced by atropine in the Vidian nerve (Lundberg et al., 1981);
conversely, it has been suggested that VIP may enhance the release of
acetylcholine from intestinal smooth muscle (Cohen and Schwab-Landry,
1980).

As with NPY, VIP is preferentially released with high frequency

stimulation under conditions of maximum stress (Lundberg and Hokfelt,
1983).
Varicose fibres that were CGRP- and SP-IR were observed on the
spiral modiolar artery, and double-label experiments indicated 100% co
localization of CGRP and substance P immunoreactivity in the
perivascular nerve fibres.

These sensory peptides frequently co-exist

and produce maximum responses when co-released (Wiesenfeld-Hallin et
al., 1984; Lundberg and Hokfelt, 1986).

CGRP and substance P seem to

be connected in a reflex arc to autonomic motor fibres, which in turn
contain other peptides (Lundberg and Hokfelt, 1986).

The vasodilatory

action of substance P is mediated by the vascular endothelium but CGRP
acts directly on smooth muscle cells (Furchgott, 1981).

In small

diameter vessels, release of substance P appears to be responsible for
the vasodilation which results from antidromic stimulation (Rosell et
al., 1981; Pemow, 1983); a result which is interesting in light of the
report of Sillman et al. (1988) that electrical stimulation of the
cochlea caused an increase in cochlear blood flow.

CGRP-like

immunoreactivity had been observed in the cochlea in the
intraganglionic spiral bundle and in efferent terminals beneath the
inner hair cells (Kitajiri et al., 1985; Lu et al., 1987; Takeda et
al., 1987).

The relationship between the perivascular CGRP fibres

identified in this study and these cochlear efferent fibres is an

interesting area for further study.
VIP and substance P do not appear to coexist in the same nerve
fibres; our VIP - substance P double-labelling experiments were
performed as a control against the possibility that the antibodies used
in these experiments were not specific and were binding to the same
fibres regardless of which primary antibody was applied.

The

demonstration of two separate populations of immunoreactive fibres
sensitive to either the VIP or the substance P antibody substantiates
the sensitivity of the primary antibodies used in this study.
Occasionally, fibres which seemed to be both VIP- and SP-IR were
observed, but the possibility that these were two closely apposed
fibres containing different peptides seemed more likely.

At the light

microscope level, the best test for co-localization of neurotransmitter
is the concurrence of varicosities with both primary antibodies, which
was not observed for the VIP-substance P fibres in question in these
experiments.

We did, however, find perfect concurrence of varicosities

in CGRP-SP fibres.
In conclusion, we suggest that a complex system of neural control
exists on the terminal artery of the inner ear.

At least three

transmitter systems are present which may be involved in the local
control of cochlear blood flow: 1) vasoconstriction under the control
of the ’classical’ sympathetic neurotransmitter, noradrenaline, with
NPY acting as co-transmitter or neuromodulator, perhaps particularly
under conditions of maximum stress; 2) vasodilation under the control
of parasympathetic VIP, either as principle neurotransmitter or in
conjunction with the ’classical’ parasympathetic neurotransmitter,
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acetylcholine; and 3) the sensory vasodilator peptides, CGRP and
substance P, released antidromically during ’axon reflex’ activity.

i
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Fig 5.1:

Spiral modiolar artery of the guinea pig treated with

glyoxylic acid to demonstrate catecholaminergic fibres.
of perivascular fibres are present.

A dense plexus

The arrow marks a bundle of

catecholaminergic fibres running parallel.

Note the dense black

melanocytes on the vessel wall. (mag. 600 X).

Fig 5.2:

Spiral modiolar artery of the guinea pig showing FTTC-

labelled (A) VIP-IR nerve fibres, (B) CGRP-IR nerve fibres, (C) SP-IR
nerve fibres and (D) NPY-IR nerve fibres.

Although a dense network of

VIP-IR fibres was observed, individual fibres were more frequently
observed with CGRP, SP and NPY antibodies, (mag. 600 X)

FI G 5. 1

Fig 5.3:

Spiral modiolar artery of the guinea pig double-labelling

experiments: Every fibre labelled with FITC/CGRP (A) also showed
immunofluorescence for TRITC/SP (B) and varicosities were concurrent
with the two antibodies.

Two separate populations of fibres

demonstrated FITC/VIP immunoreactivity (C) and TRITC/SP
immunoreactivity (D).

What appears to be a double-labelled fibre

(empty arrows) may be two closely apposed fibres since varicosities are
not concurrent, (mag. 400 X)
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PART n:

CHANGES IN PERIVASCULAR NERVES FOLLOWING
SYMPATHECTOMY
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CHAPTER 6
WEAVES

MARKED INCREASES IN CALCITONIN GENE-RELATED PEPTIDE-CONTAINING

/\

IN THE DEVELOPING RAT FOLLOWING LONG-TERM SYMPATHECTOMY
fou-0\o/N G

GUANETHIDINE

ABSTRACT
Changes in the innervation of the cardiovascular system,
urinogenital tract and sympathetic and non-sympathetic ganglia have
been examined following long-term sympathectomy. Patterns of
innervation were investigated using histochemical and
immunohistochemical techniques while levels of noradrenaline and
neuropeptides were measured by neurochemical assays. Large doses of
guanethidine (50 mg/kg) were given daily for 3 weeks to 8-day-old rat
pups, which were sacrificed at 6 or 20 weeks of age.

In both age

groups noradrenergic nerves were severely depleted or absent, while in
some regions dramatic increases of calcitonin gene-related peptide
levels were demonstrated. This was revealed by an increase in the
density of nerve fibres and in calcitonin gene-related peptide content
(up to 18 fold), most notably in the right atrium and superior cervical
ganglion. No changes in substance P- or vasoactive intestinal
polypeptide-immunolabelled nerves were seen.

Conversely, short-term

sympathectomy by 6-hydroxydopamine treatment caused a depletion of
noradrenaline which was not accompanied by an increase in the number
content of calcitonin gene-related peptide-immunolabelled nerves.
The possibility that nerve growth factor is involved in the
mechanism of hyperinnervation by calcitonin gene-related peptidecontaining sensory nerves following long-term sympathectomy is
discussed.
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INTRODUCTION

It has been known for some time that, although sympathetic nerves
are essential for maintaining homeostasis, they are not an absolute
requisite for survival (Cannon et al, 1929). There is a possibility
that this is due to compensatory changes in innervation by the other
nerves present, a view supported by studies showing growth of nonsympathetic nerves after sympathetic denervation (Evans et al., 1979;
Gibbins and Morris, 1988; Malmfors et al., 1971; Rosier and Waterson,
1988).

Autonomic nerves are "attracted" to target cells by trophic
factors, e.g. nerve growth factor (Levi-Montalcini and Angeletti,
1963), that are present in larger amounts in tissue that is normally
densely innervated (Bumstock, 1981; Chamley et al., 1975).

Tissue

culture and transplant studies have shown that the nerves subsequently
contact the muscle at "recognition" sites which do not distinguish
between adrenergic and non-adrenergic nerves (Campbell et al., 1978;
Unsicker et al., 1977).

After denervation, fibres will regrow to

restore a normal fibre density for the tissue (Bumstock et al., 1978)
but not necessarily with the same ratio of fibre types (Evans et al.,
1979).

To investigate whether there is compensation for the loss of
sympathetic fibres, we selectively denervated rats by chronic
administration of large doses of guanethidine (Bumstock et al., 1971;

Eranko and Eranko, 1971; Heath and Bumstock, 1977), a treatment known
to lead to substantial reinnervation of tissues but with so far
unidentified nerve types (Evans et al., 1979).

We have used

immunohistochemical and neurochemical methods to characterize these
nerve fibres and to quantify changes in innervation after chronic
removal of sympathetic nerves.

These results were compared with those

obtained after acute denervation with 6-hydroxydopamine (6-OHDA), to
establish whether the changes seen after chronic denervation are indeed
compensatory.
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METHODS

Matched litters of Sprague-Dawley rats were given subcutaneous
injections of either 50 mg/kg guanethidine sulphate (Ismelin, CibaGeigy) or saline from day 8 after birth for 3 weeks, 5 days per week as
described in methods.

They were sacrificed between days 36 and 51

(approximately 6 weeks of age) or days 126 and 136 (20 weeks of age) by
an overdose of (X > 2 gas.

The following tissues were rapidly removed: superior cervical
ganglion (SCG), inferior vagal ganglion (nodose),

superior mesenteric

artery and vein, femoral artery and vein, vas deferens (epididymal
portion) bladder and heart. The heart was divided into four regions
consisting of the free walls of the right atrium, left atrium, right
ventricle and left ventricle.
septa were not included.

The inter-atrial and inter-ventricular
These tissues were chosen to represent

ganglia (sympathetic and sensory), the cardiovascular system and the
urinogenital tract.
Organs were processed as sections and blood vessels as whole
mounts as described in the methods.

Catecholamines (CA)

and

immunoreactivity for SP, CGRP, VIP and NPY were demonstrated in all
tissues.
Tissues from treated and control animals were taken exclusively
for assay for total amines and for the various peptides.

These samples

were dissected as quickly as possible, cleaned of excess tissue,
rinsed, blotted dry and immediately frozen in liquid nitrogen for later
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analysis.

Noradrenaline levels were measured by high performance

liquid chromatography with electrochemical detection and peptide
levels were measured by an inhibition enzyme-linked immunosorbent assay
as described in the methods.
Rats of 6 or 20 weeks of age were treated with 6-OHDA to acutely
destroy the sympathetic nerves (Thoenen and Tranzer, 1968).

The

treatment was by intraperitoneal injections of 6-OHDA in 1% ascorbic
acid at doses of 100 mg/kg on day 1, 250 mg/kg on day 2 then the animal
was sacrificed on day 3.

Immunohistochemical procedures were performed

as described above.

Statistics

Differences in tissue content of noradrenaline and peptides in
regions from animals at both ages and measurements of fibre density
using image analysis were assessed using the unpaired two-tailed
Student’s t-test. Results are expressed as mean ± SEM; p<0.05 was taken
as significant.

RESULTS
Long-term sympathectomy with guanethidine

Catecholamine. At the time of sacrifice, the animals of the
treated group looked no different to controls, their body weights being
only slightly lower.

Treated animals developed ptosis during the

injection period, but had recovered by 6 weeks.
agree with

These observations

other studies of neonatal treatment (Johnson et al., 1980;

Nelson et al., 1988) and confirm that the animals survive without thensympathetic nerves under laboratory conditions.

Sympathectomy has traditionally been assessed by viewing the
condition of the SCG and analyzing its catecholamine content.

We found

the treated ganglia in both age groups to be atrophied (control
ganglia, mean weight 1.35 ± 0.12 mg; treated ganglia, mean weight 0.60
± 0.06 mg) and to have very few intact cells, these being weakly
fluorescent after SPG treatment. A few CA fibres were present in the
treated ganglia, probably sprouting from the few cells remaining (Fig.
6.1a, e).

The appearance of the 20 week ganglia was similar to that of

the 6 week ganglia.

Biochemical assay found that the CA content was

depleted by 78.9% at 6 weeks and by 89.3% at 20 weeks (Table 6.1).

i
i
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The blood vessels and organs all showed a large depletion in CA
content (Table 6.1).

The vas deferens and the right atrium of the

heart, organs which are normally heavily innervated with CA fibres,
were almost devoid of fluorescent fibres after treatment in 6 and 20
week animals (Fig. 6.2), which agrees with the earliest reports on this
method of sympathectomy.

Blood vessels were depleted so that only a

few fibres were ever seen (Fig. 6.2).

This overall depletion of CA

maintained over 16 weeks after the end of treatment confirms that the
treatment has caused long-term sympathectomy.

Calcitonin gene-related peptide. The most striking change following
guanethidine sympathectomy was the large increase in CGRP in most
regions studied (Fig. 6.3, Table 6.2). At 6 weeks of age, the
immunochemical assay for CGRP in the SCG showed an increase in levels
to 18 times control values.

The next highest rise was seen in the

right atrium (10 times), while in the left atrium, right and left
ventricles and vas deferens the increase tended to be about 3 times
control levels (Fig. 6.3).

At 20 weeks, CGRP levels were still

elevated but were no longer significantly different in the right
ventricle and vas deferens.

There was, however, no apparent increase

in CGRP content of the mesenteric vein or nodose ganglion after
guanethidine treatment. Immunohistochemical examination demonstrated an
increased innervation by CGRP-immunoreactive nerve fibres in the SCG
(Fig. 6.1b, f), blood vessels, vas deferens and bladder in
guanethidine-treated animals (Fig. 6.4 , Table 6.2). Fibres were more

numerous and varicose, with more thick bundles being apparent in all
the blood vessels viewed.

Increased immunolabelling was seen

throughout the thick muscular coat of the vas deferens and within the
muscle wall of the bladder. By examining the slides "blind’1,
investigators could distinguish between treated and control tissues.
Image analysis of stretch preparations of the mesenteric and femoral
veins, however, did not show the difference in area of fluorescence to
be significant (Table 6.3).

In the treated animals, the nodose

ganglion did not appear to be atrophied, at least at the light
microscope level (Fig. 6. Id, h).

Cell bodies in the ganglion were no

longer labelled for CGRP, but CGRP-containing fibres were present;
immunochemical assay did not detect a significant change in total CGRP
content in the ganglion.

Substance P and vasoactive intestinal polypeptide. Neither the levels
of SP nor VIP showed a rise or fall in any of the regions studied.
Assay levels of SP in the treated nodose ganglion were not
significantly different from control values and immunolabelling of all
tissues did not detect any changes in SP nerve fibre density.

Where

VIP levels were sufficient for immunoassay, no significant change was
observed between control and treated animals (Fig. 6.5).
Histologically the immunolabelling looked very similar in control and
treated animals.

Short-term sympathectomy with 6-QHDA

Two days after animals had been treated with 6-OHDA to deplete
sympathetic nerve terminals, CGRP-immunolabelled nerve fibres appeared
to be identical to those in control animals, although CA-containing
nerve fibres were gone from all blood vessels and were greatly depleted
in the organs and ganglia. The appearance of the SCG is given as an
example in Fig. 6.1c, g.

Immunochemical results for the vas deferens

and the right atria showed CGRP levels in treated animals were not
significantly different from control levels (vas deferens: control 6.34
± 1.69 pmol/g tissue, n=6; treated 6.78 ± 1.48 pmol/g tissue, n=6;
right atria: control 2.80 ± 0.51 pmol/g tissue, n=6; treated 4.04 ±
0.83 pmol/g tissue, n=6).
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DISCUSSION

Guanethidine was first shown to produce long-term sympathectomy in
1971 (Bumstock et al., 1971); it destroys the cell bodies of
sympathetic ganglia and the effect has been shown to persist for at
least one year (Evans et al., 1979).

We have shown that there is an

increase in the innervation of some regions by non-sympathetic nerve
fibres 2 and 16 weeks after sympathectomy with guanethidine, using
immunolabelling and assay techniques.

A selective increase in CGRP

expression with no change in VIP or SP expression has been
demonstrated.

Since this effect is not seen after acute sympathectomy

with 6-OHDA, we conclude that the rise in CGRP seen at 5 weeks after
the beginning of guanethidine treatment is a compensatory change.

This

compensatory change persists in 20 week old rats, although there is
some decline.

The most striking change in CGRP expression was in the SCG.

The

rise is due to a massive increase in CGRP fibres within the ganglia.
In contrast, there is a loss of immunolabelling of nerve cell bodies
for CGRP in the nodose ganglion, although CGRP fibres are still
present.

The origin of the CGRP-immunoreactive fibres hyperinnervating

the cardiovascular system and the urinogenital tract is not known,
although they are likely to be the non-sympathetic innervating fibres
that were identified by Evans et al.(1979).

An increase in CGRP in the

vas deferens of the rat after guanethidine sympathectomy was reported
by Carvalho et al.(1986).

Comparison of assessment of changes in CGRP
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innervation after sympathectomy by immunohistochemistry (Table 6.2) and
CGRP content by assay (Fig. 6.3) revealed some anomalies.

While the

difference between the two methods of assessment does not alter the
main finding of substantial increases in CGRP in most regions, it does
suggest that subjective visual assessment of density of innervation in
tissue preparations is unreliable.

Quantitative analysis of density of

innervation from immunohistochemically labelled whole mount
preparations, however, (Table 6.3) appears to give a closer correlation
with assays. The apparent discrepancy between assay and
immunohistochemical results for the nodose ganglion may be due to the
observation that CGRP is detectable immunochemically in both nerve cell
bodies and nerve fibres. Whilst CGRP-immunoreactivity is undetectable
immunohistochemically in the cell bodies in treated animals, there may
have been an increase in the content of CGRP in the nerve fibres.
Immunoassay can only give an average value for the content of the whole
nodose ganglion.

Sympathectomy of the eye has been reported to cause a rise in SPlike immunoreactivity of 2-3 fold and an increase in the number of
CGRP-immunoreactive nerves (Cole et al., 1983; Terenghi et al., 1986).
Our results have shown no rise in SP after guanethidine treatment.
This may seem surprising, since CGRP is often co-localised with SP
(Gibbins et al., 1985; Lee et al., 1985) in sensory nerves.

However

it has been shown that in the rat, although CGRP is found in most SPcontaining nerve fibres, less than half of the CGRP fibres also contain
SP (Terenghi et al., 1985).

It is likely that there are two different
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populations of sensory nerves and that only the type containing CGRP,
but not SP, proliferate after long-term sympathectomy of the developing
rat.

Denervation has been shown to increase neurotrophic activity,
particularly the production of sympathetic nerve growth factor (NGF)
(Rush et al., 1986).

A decrease in catecholamine concentration has

also been shown to stimulate NGF production (Chun and Patterson, 1977).
NGF stimulates the growth of sensory as well as sympathetic neurons
(Levi-Montalcini and Angeletti, 1968; Thoenen and Barde, 1980) and it
has been shown that in target tissues, sensory and sympathetic neurons
compete for NGF (Kessler et al., 1983; Korsching and Thoenen, 1985).
NGF is required for collateral branching of sensory nerves (Logan et
al., 1988), hence increased availability of NGF in our guanethidinesympathectomised rats may promote growth of CGRP-containing sensory
fibres.

The hyperinnervation that we have described may be similar to

that produced after daily injections of NGF into neonatal mice (LeviMontalcini and Booker, 1960).

The involvement of NGF may be another explanation for the lack of
change in SP levels that we have reported.

Scott and Woolgar (1988)

have shown that during the development of the nervous system, CGRPimmunoreactive nerve fibres are the first to develop a plexus in the
mesenteric vascular bed of the rat.

At the age of treatment in our

study, SP-immunoreactive nerve fibres are only just beginning to
appear. Perhaps the CGRP fibres are able to take greater advantage of
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the increased availability of NGF than the comparatively undeveloped
nerves in which SP and CGRP are co-localised.

This may be related to a

different sensitivity to NGF (Hill et al., 1985) or to requirement of
different trophic factors by each type of neuron (Rush et al., 1986).
It is noteworthy that there was no increase in CGRP levels in the
nodose ganglion, which is a sensory ganglion of placodal origin that
does not seem to be dependent on NGF during development of the nervous
system (Johnson et al., 1980).

Our results show that the levels of CGRP continue to increase with
age between 6 and 20 weeks in most of the regions studied.

This seems

most pronounced in the regions that show the greatest change in CGRP
levels, which suggests that when CGRP-containing nerve fibres are still
at a developmental stage, the expression of CGRP may be more
susceptible to alteration by sympathetic denervation.

This may be

linked to NGF effects and merits further investigation.

We have reported that VIP was unchanged in the right atrium, vas
deferens and bladder after guanethidine treatment, in agreement with
the findings of Gibbins and Morris (1988) in the cerebral vessels.
Carvalho et al (1986) described a slight change in VTP levels in the
vas deferens after 4 weeks of treatment, but this was not significant.
However, VIP has been shown to increase in the lower gastrointestinal
tract after 5 weeks treatment with guanethidine (Nelson et al., 1988).

The functional significance of the dramatic increase in

innervation by CGRP-containing nerve fibres after removal of the
sympathetic nerves is under investigation.
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Fig. 6.1.

Representative fluorescence micrographs showing the effect

of sympathectomy on noradrenaline- and CGRP-containing nerve fibres in
ganglia. Fluorescence micrographs were taken of tissues from animals 6
weeks old. Left-hand panels (a-d) are controls and right-hand panels
(e-g) are after sympathectomy, a and e: cell bodies in the SCG that
stain for noradrenaline degenerate after guanethidine treatment, so
that only a few damaged fibres and cells remain, b and f: CGRPimmunoreactive nerve fibres in the SCG increase dramatically after
guanethidine treatment, c and g: CGRP-immunoreactive nerve fibres in
the SCG are not increased after sympathectomy with 6-OHDA. d and h:
cell bodies in the nodose ganglion no longer show CGRP
immunoreactivity after guanethidine treatment Scale bar = 100 Jim for
all plates.
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Fig. 6.2.

Representative fluorescence micrographs showing depletion of

noradrenaline after treatment with guanethidine. Tissues are from
control (a-c) and treated (d-f) animals at 6 weeks of age. a and d:
mesenteric vein (stretch preparation), b and e: right atrium, c and f:
epididymal portion of the vas deferens. Scale bar = 100 fim for all
plates.
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Fig. 6.3.

The effects of long-term sympathectomy by guanethidine on

CGRP levels. Results were calculated as pmol CGRP per g tissue, pmol
per cm or pmol per ganglion and have been given as mean ± SEM.

Clear

bars represent control values, hatched bars represent treated values.
The number of animals used for each group is indicated under each bar.
Two age groups were studied -6 weeks and 20 weeks.

RA=right atrium,

LA=left atrium, RV=right ventricle, LV=left ventricle. * =p<0.05, **
=p<0.001.
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Fig. 6.4.

Representative fluorescence micrographs showing CGRP-

immunoreactive fibres in tissues from 6 week old control (a, b) and
guanethidine-treated (c, d) rats, a and c: mesenteric vein (stretch
preparation), b and d: epididymal portion of the vas deferens. Scale
bar = 100 pm for all plates.
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Fig. 6.5.

The effects of long-term sympathectomy by guanethidine on SP

and VIP levels.

Results were calculated as pmol per g tissue or pmol

per ganglion and have been given as mean ± SEM.

Clear bars represent

control values, hatched bars represent treated values.

The number of

animals used for each group is indicated under each bar.
groups were studied - 6 weeks and 20 weeks.

Two age

pmol

SP

per ganglion

o
O
_L_

cn

nodose
ganglion

L.
H

CJi
J
CD

CD
7s
CO

pmol

VIP

per
no

o
o
_]_______ L_

ri ght
atria

CD

o
_L_

4^
o
_L_

cn

O
O
_I_______ L_

O
J

CD

-4
CD

OJ

gm t i s s u e

H

S'

7s
CO
ro
o

CD
7s
CO

vas

CD

20
WKS

deferens

CD

CD

bladder

7s
CO

CD

P

1/1 P
W

hi d
(1) M

P rt

3

(/)

1+ 53
P
COM
n (D
s
o
— pj
3 H
—' O
• c
M

w
3 1—1
(Q p
a
>Q a
p
rt 3
i—
U1
u.
d
p

___
3
(Q
\
O
3
—

T
i-»*
P
W
P
3
rt
p
>S
HO
<
P
H3

— <
P P
W
HQi CL
H- P
CL M»
-<; P
3 ti
P (l)
I—1 3

tp
Ml
rt

.—.
3
tQ
\
O
3

tr4
p
Mi
rt

H>Q
3*
ii

P
rt

<
P
3
rt

<
P
3
rt
3
HO
M
P

m

•Q
>Q
\
H- <Q
IQ
3* nf t i >.
p
P p
rt C
ii P
H-

H-

c

P
P
3
rt

CO
3 n
tQ O
\
IQ
P
3
'Q
M
H0
3
—-

«-3
HW
W
d
p

O)
—k
i-9
3*
P

C

3
HO
M
P

i-9
P
cr
H
p

P
Mi
Mi
P
o
rt
w

3

0
Mi

> P

I—
1rt

H* (1)
Di
rt

pj

P W
P
rt 3

i+
o
•
o
I—1
tn

o
•
I—1
~o
cn

1+
o
•
t-*
cn
—~u

to
•
00
cn

1+
o
•
tO
co

to
•
id
cn

oo
—-

-o

1+
O
•
o
cn
.—.
~o
■
—

O
•
cn
to

1+
O
•
O
CO

O
•
00
oo

•o
—'

1+
O M
• •
m cn
O 00

1+
h-v
• •
t o -0
o h->

1+
M
*
M
cn
----

—'

-J
■
—-

—

M
cn
•
M
(o

O
O
3
rt
0
t—1

0) iQ

P.

•O

< (D
P 3

M

d (Q
(T
) P

M 3

|Q

P M

hi h*
P O
3
m-

cn
5J
p
p
3V
W

1+
o
•
o
o
to
U)
__
cn
■—

o
•
o
o
to
to

1+
o
•
o
(Tv
.—
-o
'—•

o
•
it*.
CO

1+
O H*
• •
H* t o
CO id
—v
CO
•—■

1+
o
•
o
in.

o
•
o
<n

cn

1+
o o
• ♦
o o
on

1+
o
•
o
to

cn
'—

cn
-—-

o
•
o
tn

1+
o o
• •
o
CO cn
.—.
cn
-—

1+
CO
• •
O ■n.
M M
cn
■—-

H
P
P
rt
P
Qi

H*

iQ ■c

3

3
P
3
P o'?
H3
H3
>Q

tq

H-

Mi 'O
H- P

O^

t—*
to
•
-o

M
•
to

M
id
•
to

CO
•
-o

cn
♦
CO

to
t-»
•
H*

CO
•
in.

to
CO

P

p (Q
rt
• rt

3

iQ
•O

<D

1+
H*
•
to
UI

M*
U>
•
00

to

in.
cn
■—-

1+
cn
•
co
co
—.
cn
—'

CO
it.
•
cn
ui

1+
o o
•
o in.
cn -o
cn

1+
o o
• •
o cn
in. in.
.—~
cn
■
—■

1+
O H
•
O -J
to in.
—>
cn
-—•

1+
o M
• ♦
•n.
o
—.
cn
■
—•

1+
O
♦
-o
to

to
to
•
to
M

n
0
3
rt
0
M

cn
-—-

n
3
P

V

CL
p

3
P

>13

1+
O O
• •
o 00
o CO
CD
.—ui
■—1

1+
o o
• •
I-* to
u i to
—V
cn

l+
m cn
• *
- j to
t o to
.—cn
■
—■

1+
o o
• •
o to
O to
t-4
—V
cn
■
—

cn
—

cn
'—-

1+
o
•
o
o
in.
—
cn
—'

in.
•
co

to
•
CO

to
•
-0

o
•
CO

1+
o
•
o
O
to

o
•
o
H1
00

1+
o
«
o
to
h1

o
•
o
cn
in.

o
•
o
M
to

1+
o
•
to
o
—cn

to
•
to
00

P
P
rt
P

Qj

H<
P

0

l-»
-J
•
to

to
•
id

tn
•
cn

t-»
O
•
-O

P
3 o\°
P
H3

H3
IQ

3
*0
P
rt
3*
P
O
rt
0
3
^<5

p

3
P
rt
3*
Ha
H3
p

P

o
•
UI

w

(Q
d

(/I
d
P
1+
O
•
l-»
to
M
—s
in.

3

tr

H-

O
t<

t—1
0
3
IQ
1
rt
P

0
3
to
O
s:
p
p
X*
W

3
0
*1
P
Qj
P
3
P
t—1
H3
P
M
P
<
P
M
W

131

Table 6.2 Qualitative
assessment of
the effect of guanethidine
in stretch preparations
treatment on CGRP-like immunoreactivity
vessels and
in tissue
sections from 6 and 20 week old
of blood
rats

Tissue

20 weeks

6 weeks
Control

Treated

Control

Treated

Mesenteric
artery

++

+++

+++

++++

Mesenteric
vein

++

+++

++ +

++++

Femoral
artery

++

+++

++

+++

Femoral
vein

++

++ +

++

++ +

+

+++

+

+++

++

+++

++

+++

SCG

+

•f+++

+

++++

Right atrium

+

++

+

++ +

Vas deferens
(epididymal portion)
Bladder

Ratings: + = odd fibres seen, ++ = sparse plexus of fibres, +++ =
moderate
plexus,
++++
= dense
fibre network. Ratings are an
average
of
two
investigators1 assessments
of
at
least four
animals.
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Table
6.3
Q uantitative
stretch
preparations
of
analysis

CGRP i m m u n o r e a c t i v i t y

M esenteric

Femoral

area of
using

f lu o r e s c e n c e in
computer
image

Treated

Control

vein

6 weeks

20

assessment
of
blood
vessels

weeks

1.0660
+0.1339

(4)

2.4707
+0.0605

(4)

1.1130
+0.0744

(4)

0.6098
+0.0765

(3)

1.7730
+0.1392

(2)

1.6921
+0.2891

(5)

2.7630
+0.1840

(4)

1.7440
+0.3039

(4)

0.6833
+0.0450

(3)

1.6432
+0.0347

(3)

NS

NS

vein

6 weeks

NS

SP i m m u n o r e a c t i v i t y

M esenteric

vein

6 weeks

20

weeks

V alues are
mean a r e a
s ta n d a rd frame a r e a .
guanethiaine in jected .

NS

of flu orescen ce
( x l 0 ~ 3 mm2 ) +
Control
=
saline
injected.
NS = n o t s i g n i f i c a n t .

NS

SEM ( n ) p e r
Treated =
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CHAPTER 7

SYMPATHECTOMY OF MATURE RATS LEADS TO INCREASES
IN CGRP AND VIP-CONTAINING NERVES.

I

ABSTRACT
Changes in the innervation of the heart (right atrium), mesenteric
blood vessels, vas deferens, and superior cervical ganglia have been
examined following long-term sympathectomy of the mature rat.

Patterns

of innervation were investigated using histochemical and
immunohistochemical techniques while levels of noradrenaline and
neuropeptides were measured by neurochemical assays.

Large doses of

guanethidine (80 mg/kg) were given daily for 4 weeks

to 12-14 week old

male rats which were killedat 18-20 weeks of age.

Catecholamine-

containing nerves were severely depleted or absent in all tissues
together with a reduction in noradrenaline content.

Neuropeptide Y

levels were depleted by 97% in vas deferens, 78% in
by 50% in right atrium and superior cervical ganglion.

mesenteric vein and
Increases in

levels of calcitonin gene-related peptide were seen in the mesenteric
vein (up 7 fold), superior cervical ganglia (up 11 fold) and vas
deferens (prostatic portion up 3 fold) which were also evident by
assessment of immunolabelling of nerve fibres. In addition, an increase
in

vasoactive intestinal polypeptide-immunoreactive nerve fibre

density was seen in the mesenteric artery and vas deferens, although no
significant differences were observed in assays of vasoactive
intestinal peptide levels.

No changes were seen in the innervation of

any of the tissues by substance P-immunoreactive nerve fibres either by
immunohistochemical or immunochemical assay assessment.

This study

indicates that there are selective changes in the mature nervous system
in response to the loss of sympathetic nerves.

Differences between

these changes and the response of the developing nervous system to

long-term sympathectomy are discussed.
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INTRODUCTION

The regulation of neuronal plasticity is under the control of
several factors, some genetic and some environmental (Bumstock, 1981;
Purves, 1986; Thoenen and Edgar, 1985).

Selective removal of a

population of nerve fibres can induce changes in neuropeptide levels in
the remaining nerves (Cole et al., 1983; Schon et al., 1985; Kessler,
1985; Terenghi et al., 1986), suggesting that trophic interactions
exist between neurons.
In an earlier study we showed that after long-term sympathectomy
of 1-week-old rat pups there was a marked increase in innervation of
several tissues by calcitonin gene-related peptide (CGRP) immunoreactive (IR) nerve fibres (Aberdeen et al., 1990).
Since CGRP-IR fibres are among the first non-sympathetic nerves to
appear during development in the rat (Scott and Woolgar, 1988), we
proposed that these neurons were most able to take advantage of the
increased levels of nerve growth factor (NGF) available due to loss of
sympathetic nerves (Korsching and Thoenen, 1985).
The sensitivity of neurones to NGF and their ability to utilize
it, is thought to vary throughout development (Black, 1986; Thoenen and
Barde, 1980). Certainly NGF receptor expression is known to decrease
during development (Yan and Johnson, 1987). However, after trauma or
selective denervation, levels of NGF synthesis can rise (Shelton and
Reichardt, 1984) and reinnervation of tissues has been attributed to
increased availability of NGF (Kessler, 1985).
An early study by Evans et al. (1979)

showed that denervation of

adult rats with guanethidine caused a reinnervation of tissues with

non-sympathetic nerves but these were not identified.

In the present

study we sympathectomized adult rats with guanethidine to discover
whether the same changes occur in adults as we have reported in
developing rats.

Histochemical techniques and neurochemical assay have

been used to characterize the nerve types that reinnervate after
sympathectomy.
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METHODS

Mature rats of 12 - 14 weeks of age were injected
intraperitoneally 5 days per week for 4 weeks with 80 mg/kg
guanethidine sulphate (Sigma) dissolved in 0.9% sterile saline. Animals
were killed at 18 - 20 weeks of age by an overdose of CO2 gas.
Superior mesenteric artery and vein, superior cervical ganglia (SCG),
free walls of the right atrium (the inter-atrial septum was excluded)
and vas deferens (epididymal and prostatic portions) were rapidly
removed and processed for assay of noradrenaline (NA) and peptide
content or for localization of catecholamines (CA) and
immunoreactivity for neuropeptide Y (NPY), CGRP, vasoactive intestinal
polypeptide (VIP) and substance P (SP) as described in the methods.

Assessment of immunohistochemistry
Slides were viewed without knowledge of treatment to give a
qualitative rating to the density of nerve fibres.

Density was also

quantitatively assessed by computerised image analysis (Seescan),
directly from microscope slides, and expressed as area of fluorescence
in a fixed frame area.
NA levels were measured by high performance liquid chromatography
with electrochemical detection, and peptide levels were measured by an
inhibition enzyme-linked immunosorbent assay as described in methods.
Statistics
Differences in tissue content of peptides and measurements of
fibre density using image analysis in tissues from treated and control

animals were assessed using the unpaired two-tailed Student’s t-test.
Results are expressed as mean ± standard error of the mean (SEM) (n
number of animals); P < 0.05 was taken as significant.
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RESULTS

Catecholamines:

Control animals had dense plexuses of CA-containing

nerve fibres in the superior mesenteric artery and vein and in both
portions of the vas deferens.

After guanethidine treatment there were

no CA nerve fibres visible in the blood vessels and few fibres left in
the vas deferens (Fig. 7.1a & 7.1b).

Noradrenaline (NA) levels showed

a greater than 90% depletion in the right atrium and vas deferens
(prostatic portion) and a 63% depletion in the SCG (Table 7.1).

NPY:

In control animals, NPY-IR cell bodies were abundant in the SCG

and NPY-IR nerve fibres formed a dense plexus in the superior
mesenteric artery and vein and both portions of the vas deferens.
After guanethidine treatment NPY-IR fibres were severely depleted in
the mesenteric vessels and vas deferens (Fig. 7.1).

Assay levels of

NPY were decreased 78% in the mesenteric vein and 97% in both ends of
the vas deferens. However, NPY levels were only depleted by 52% in the
SCG and 53% in the right atrium (Table 7.1, Fig. 7.1).

CGRP:

The density of CGRP-IR nerve fibres was observed to increase in

the mesenteric artery and vein, SCG and vas deferens after guanethidine
treatment (Fig. 7.2).

Quantitative computer analysis of mesenteric

vein segments confirmed the qualitative assessment, the fluorescence in
the fixed frame measuring 3.290 ± 0.105 (3) in control vein and 4.838 ±
0.349 (5) in treated vein (values are fluorescence area xlO mm ).
These values are statistically different to p < 0.005.

Immunochemical assay
mesenteric vein, 3 fold

showed a 7 fold increase in CGRP levels in the
increase in the prostaticportion of the vas

deferens and an 11 fold increase in the SCG (Table 7.2). However, CGRP
levels in the right atrium of the heart and epididymal portion of the
vas deferens did not significantly increase although levels in the vas
deferens showed a tendency to rise.

VIP:

There was an increase in density of VIP-IR nerve fibres in the

mesenteric artery and vas deferens ( T a b l e 7 . 2 )Assessment of the
mesenteric vein proved to be difficult as VIP-IR nerve fibres were very
sparse and quantitative measurements were highly variable.

Therefore

the mesenteric artery was used for quantitative assessment and revealed
a fluorescence area of 1.506 ± 0.269 (3) in control tissue and 3.269 ±
0.231 (3) in treated tissue (values xlO mm ).

These values are

significantly different to p < 0.005.
No changes in VIP levels measured by neurochemical assay were
significant in any tissues studied (Table 7.2).

SP:

Assay levels of SP were not detectable in SCG and prostatic vas

deferens, and were not

significantly different in mesenteric vein

(control 0.03±0.012 (5)

and treated 0.061±0.029 (6) pmol/cm) or

epididymal vas deferens (control 17.7±3.09 (5) and treated 12.9±3.56
(6) pmol/cm).

Immunolabelling of the mesenteric blood vessels and vas

deferens did not reveal any changes in SP-IR nerve fibre density.

DISCUSSION

Selective destruction of sympathetic nerves in adult rats by
treatment with large doses of guanethidine was first reported in 1971
(Bumstock et al., 1971).

Substantial reinnervation of tissues was

subsequently reported, despite no regrowth of the sympathetic nerves
(Evans et al., 1979).

The present study has identified a substantial

increase in CGRP-IR and an increase in density of VIP-IR, but not SP-IR
nerve fibres, after long-term guanethidine sympathectomy of adult rats.
A selective increase in CGRP-containing nerves following long-term
guanethidine sympathectomy was reported in our previous study of the
developing rat (Aberdeen et al., 1990).

The time elapsed between the

initial guanethidine sympathectomy and investigation of innervation of
tissues was similar in the present study of adult animals as foT the
earlier study of 6-week-old-treated animals. Hence comparisons can be
made of the effects of long-term sympathectomy on innervation of some
tissues between the developing and adult rat.

Although CGRP-IR nerves

were increased in adult-treated rats, the pattern of changes was
different.
In the SCG, CGRP levels were increased 11 fold in ganglia from
adult-treated animals whereas they were increased 18 fold in ganglia
from young-treated animals at 6 weeks of age. The smaller increase in
adults may be due to partial resistance of the SCG to sympathectomy, as
NA and NPY (often co-localized in sympathetic nerves (Mione et al.,
1990; Allen et al., 1985; Jarvi et al., 1986)) were only depleted by 63%
and 52% rather than 79% and 91% respectively in the young-treated
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animal.

If the mechanism for hyperinnervation is increased

availability of NGF (as proposed by Aberdeen et al. 1990; Terenghi et
al., 1986; Kessler, 1985), the greater number of sympathetic neurons
remaining in the adult SCG would be competing with sensory nerves for
growth factor (Korsching and Thoenen, 1985) and therefore preventing
the CGRP neurons from proliferating to the same degree.
In the right atrium of the adult-treated rat, no increases in CGRP
levels were seen whereas they were increased by 10 fold in 6 week-old
young-treated animals.

This difference was despite a similar reduction

in NA (90.6% in young- and 94% in adult-treated) and NPY levels (46%
and 54% respectively), indicating the extent of sympathectomy was
comparable.

This suggests that the CGRP nerves innervating the right

atrium are able to respond to guanethidine sympathectomy in the
developing nervous system but not after maturity.
Sympathectomy of the vas deferens was also complete as 99% of NA
content was gone from both ends.

Furthermore, NPY levels are reduced

97% whereas in 6-week-old young-treated animals levels were only
reduced by 65% in both ends.

This supports the suggestion that the

intrinsic source of NPY in the vas deferens of the immature rat
diminishes with maturity so that in the adult, NPY is predominantly
localized in extrinsic sympathetic nerves which are destroyed by
guanethidine treatment (Milner et al., 1991).
Although there was a profound sympathectomy of the vas deferens,
there was no significant increase in CGRP levels in the epididymal
portion in the adult-treated rat as was observed previously in youngtreated rats.

The prostatic end of the adult-treated vas deferens

showed a 3 fold increase in CGRP levels and nerve fibre density was
seen to increase in tissue sections of both ends.

An increase in CGRP

levels in the vas deferens after guanethidine treatment of adult rats
has previously been reported by Carvalho et al. (1986).
The seven-fold increase in the levels of CGRP and the marked
increase in the density of CGRP-IR nerves in the mesenteric vein in the
current study, is in contrast to the young-treated animals whose CGRP
levels were unchanged.

Thus, in this vessel, CGRP-containing nerve

fibres are more responsive to sympathectomy in mature rats than in the
developing rat; other organs showed less of an increase.

Differences

between vascular CGRP-containing nerves and those innervating organs
have been reported with respect to capsaicin sensitivity (Mulderry et
al., 1985).

These differences may be related to ease of access,

either for the neurotoxins to the nerve fibres or for the nerve fibres
to trophic factors.
As in the developing rat, SP-IR nerve fibres were not increased
after guanethidine treatment of adult rats, although increases in nerve
fibres containing SP have previously been reported after sympathectomy
in the iris (Terenghi et al., 1986; Cole et al., 1983) and vas deferens
(Carvalho et al., 1986).

Since CGRP and SP are often colocalized in

sensory-motor neurons (Lee et al., 1985; Wiesenfeld-Hallin et al.,
1984), the different responses to sympathectomy of SP-IR and CGRP-IR
nerve fibres support the earlier suggestion that it is the sensory
nerves containing CGRP without SP that proliferate after long-term
guanethidine sympathectomy of the rat (see Aberdeen et al., 1990).

The present study reports a striking increase in VIP-IR nerve
fibre density in the mesenteric artery and vas deferens, although no
increases in VIP levels were detectable by assay in the vas deferens.
The apparent discrepancy between assay and immunohistochemical
labelling may be due to the nature of the techniques;

assay levels

give the total tissue content of VIP which would include VIP in nerve
fibres to smooth muscle and to the mucosa.

Whilst immunohistochemical

labelling allows quantitation of the number of immunoreactive nerve
fibres in a given area, it does not reflect small changes in the amount
of peptide that may occur in the nerves.

A rise in VIP after

guanethidine sympathectomy has been reported previously; Carvalho et
al. (1986) reported a small rise in VIP levels in the adult rat cauda
epididymis but did not detect a difference in the vas deferens and saw
no morphological evidence of an increase in VIP-IR nerve fibre density
in either tissue.

However the dosage and length of time after initial

treatment to investigation differed from the present study.

Transitory

change in the levels of neuropeptides of the enteric nervous system
after long-term guanethidine sympathectomy of adult rats have been
demonstrated; for example, in the gastrointestinal tract VIP levels
increased 1 week after a 5 week treatment regime but returned to normal
after 4 weeks later (Nelson et al., 1988).

Age-dependent differences in patterns of re-innervation reflect
changes in plasticity of nerves during maturation.

This may be due to

altered sensitivity to nerve growth factor (NGF), which has been shown
to be necessary for the survival or maintenance of mature as well as

developing neurons (Gorin and Johnson, 1980; Johnson et al., 1980; Rich
et al., 1984).

Adult sympathetic neurons will die if NGF is not

available (see Thoenen and Barde, 1980; Thoenen and Edgar, 1985), and
adult sensory dorsal root ganglion (DRG) cells atrophy in vivo (Rich et
al., 1984) but can survive in culture without NGF for at least a week
(Lindsay, 1988).

If NGF levels are subsequently raised in the medium,

expression of messenger RNA encoding the NGF receptor is increased in
DRG cells (Lindsay et al., 1990).

Therefore the increased levels of

NGF after removal of the competing sympathetic nerves could stimulate
an increase in NGF receptors in the DRG.

NGF also regulates peptide

expression in DRG cells (Lindsay et al., 1989) which suggests that an
increase in availability of NGF is responsible for the increases in
CGRP we have described in the adult rat after guanethidine
sympathectomy.

Unlike CGRP-containing sensory nerves, the increase in VIPcontaining nerves may not be due to NGF.

Whilst VIP is often expressed

in parasympathetic neurons (Hara et al., 1985; Leblanc et al., 1987),
VIP has been found in sensory neurons (Ju et al., 1987; Lundberg et
al., 1978) and indeed the expression of mRNA for VIP increases in DRG
cells after nerve injury (Nielsch and Keen, 1988), an event independent
of NGF, but probably involving some other retrogradely transported
trophic factor (Keen et al., 1988).

Increased expression of VIP in

sensory neurons after nerve injury may be akin to the increased
expression of NPY in parasympathetic neurons after long-term
guanethidine sympathectomy (Mione et al., 1990).

Peripheral

parasympathetic nerves are not considered to be dependent on NGF for
survival although NGF appears to have a role to play in the development
of central cholinergic neurons in the basal forebrain (Gnahn et al.,
1983) and striatum (Mobley et al., 1985).

Alternatively, long-term

changes in sympathetic activity may influence VIP levels (Azvedo and
Osswald, 1986); increases in VIP levels in the gut after sympathectomy
(Nelson et al., 1988) were thought to be due to removal of inhibitory
activity of the sympathetic splanchnic nerves (Fahrenkrug et al.,
1978).

Also, increased expression of VIP-IR in nerve fibres around

submucosal vessels of the gut after extrinsic surgical denervation has
been reported (Galligan et al., 1988).

Since VIP-IR nerve fibres

project from the intestine to innervate the mesenteric arteries of the
rat (Llewellyn-Smith, 1984) a possible source of increased VIP-IR
fibres innervating the mesenteric artery demonstrated in the present
study is the myenteric plexus of the gut.

This study has identified nerve fibres that increase after
guanethidine sympathectomy, which may correspond to those described by
Evans et al. (1979) which reinnervate the vas deferens.

CGRP and VIP

are known to be potent vasodilators that predominantly act independently
of the endothelium (Fahrenkrug, 1979; Hanko et al., 1985; Lundberg et
al., 1982).

The functional consequences of increased numbers of

vasodilator nerves when the vasoconstrictor nerves are removed needs
further investigation.
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Fig. 7.1. Representative fluorescence micrographs showing the depletion
of CA-containing nerve fibres and NPY-IR cell bodies after treatment
with guanethidine. Left-hand panels (a,c,e) are control tissues and
right-hand panels (b,d,f) are tissues after sympathectomy.

(a,b)

Mesenteric vein (stretch preparation)showed no CA nerve fibres after
sympathectomy. (c,d) A large proportion of CA nerve fibres were gone
from the vas deferens (prostatic portion). (e,f) NPY-IR cell bodies
were fewer in the SCG after sympathectomy.
plates.

Scale bar = 100 |J.m for all
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Fig. 7.2. Representative fluorescence micrographs showing the effect of
sympathectomy on CGRP-containing nerve fibres in mesenteric vein (a,b)
and vas deferens (c,d).

Left-hand panels are control tissues (a,c) and

right-hand panels (b,d) are treated tissues. (a,b) CGRP-IR fibres
increased markedly after guanethidine treatment. (c,d) CGRP-IR fibres
were also increased in density in both ends of the vas deferens.
bar = 50 }im for all plates.

Scale
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Fig. 7.3

Representative fluorescence micrographs showing the effect of

sympathectomy on VIP-IR nerve fibres in the mesenteric vein (a,b) and
vas deferens (c,d).

Left hand panels (a,c) are control and right-hand

panels (b,d) are tissues after sympathectomy.

(a,b) VIP-IR nerve

fibres are increased in number after guanethidine treatment. (c,d)
There were more VIP-IR fibres in both ends of the vas deferens but
assay levels did not show an increase.
plates.

Scale bar = 50 pm in all
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Table 7.1: Noradrenaline and NPY levels after long-term sympathectomy of adult rats.

NPY (pmol)

NA (ng)
control

treated

control

treated

(/ganglion)

25.322±5.92(5)

9.464±2.24(6)

4.46±0.39(5)

2.1410.20(6)

Right atrium

(/mg tissue)

TISSUE
SCG

23.254±6.5(5)

vas deferens
(prostatic)

(/gm tissue)
1.345±0.39(6)

0.116±0.04(6)

1736±255.4(5)

46.219.5(6)

(/gm tissue)

vas deferens
(epididymal)

35.318.3(6)

(/gm tissue)

(/mg tissue)
9.89±0.825

86.8+14.9(5)

not done

not done

2409+420.1(5)

64.4111.81(6)

not done

not done

0.84±0.31(5)

0.1810.08(6)

mesenteric
vein (/cm)

Results for NPY were calculated as pmol/ganglion, pmol/gm tissue or pmol/cm. Results for NA were
calculated as ng/ganglion, ng/mg tissue. Values are given as mean ± SEM (n). NS = not
significant. All other treated values are significantly different from controls to p< 0.05.

1H2L

Table 7.2: The effect of long-term sympathectomy by guanethidine on CGRP and VIP levels.

VIP

CGRP
TISSUE

control

treated

*

SCG
(pmol/ganglion)

control

treated

0.072±0.014(5)

0.839+0.250(6)

not done

not done

5.33±1.92(5)

13.72±7.02(6)

156.4±28.6(5)

91.13±12.5(6)

vas deferens
(epididymal)
(pmol/g tissue)
*

vas deferens
(prostatic)

20.66±2.31(5)

78.91±8.06(5)

67.69±19.5(6)

100.87±21.1(6)

(pmol/g tissue)
*

mesenteric
vein (pmol/cm)

0.10±0.041(5)

0.739+0.118(6)

2.67+0.87(5)

3.70±1.04(6)

0.387±0.133(5)

0.25210.067(6)

right atrium
(pmol/g tissue)

53.0+13.5(5)

Results were calculated as pmol/ganglion, pmol/g tissue or pmol/cm and are given as
mean±S.E.M.(n). NS = not significant. All other treated values are significantly
different from controls; p< 0.05 using Student’s t test.

35.619.5(5)
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CHAPTER 8

INCREASES IN NPY IN NON-SYMPATHETIC NERVE FIBRES
SUPPLYING RAT MESENTERIC VESSELS AFTER
IMMUNOSYMPATHECTOMY.
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ABSTRACT
The effect of nerve growth factor (NGF) deprivation on developing
peripheral peptide-containing nerves has been examined in Wistar rats.
Animals were treated from birth for 7 days with antibodies to NGF (10
p,l/g body weight) and killed at 4 or 8 weeks of age.

The nerves of the

mesenteric and femoral blood vessels, vas deferens and bladder were
viewed with histochemical and immunohistochemical techniques. The
effectiveness of anti-NGF treatment was monitored by viewing
catecholamine (CA)-containing nerves, which were virtually absent from
the blood vessels, but were little affected in the vas deferens and
bladder in both age groups. The density of nerve fibres immunoreactive
(IR) for substance P and calcitonin gene-related peptide was slightly
reduced in the blood vessels.

Neuropeptide Y (NPY)-IR nerve fibres

were reduced in number in the femoral blood vessels by 88% at both
ages, but reductions in the density of NPY-IR nerve fibres in the
mesenteric vessels varied with age.

In the mesenteric artery at 4

weeks, the density of NPY-IR nerve fibres was reduced by 96% from
control values, but at 8 weeks it was reduced by only 37%. Acute
sympathectomy with 6-OHDA treatment reduced NPY-IR nerve fibres density
in the mesenteric artery by 98% at 4 weeks and 93% at 8 weeks. It is
proposed that the increase in NPY-IR but not CA-containing nerves in
the mesenteric artery between 4 and 8 weeks after immunosympathectomy
is due to compensatory innervation from a non-sympathetic source
(probably enteric neurons) that is available to mesenteric, but not to
femoral blood vessels.
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INTRODUCTION

In the 196Gs, Levi-Montalcini and Angeletti characterized a
neurotrophic factor that sympathetic nerves need in order to survive
(1968).

It has been shown that this nerve growth factor (NGF) can be

made unavailable to the developing nervous system of rats by treating
neonatal animals with an antiserum to NGF (Levi-Montalcini and Booker,
1960).

This results in a 99% loss of sympathetic ganglion cells and

the disappearance of fluorescence in noradrenergic perivascular nerves
(Hill et al., 1985; Matsubayashi et al., 1989). Therefore, treatment
with NGF antiserum (anti-NGF) has become an accepted form of
immunosympathectomy.
Some sensory neurons are also dependent on NGF such that the
dorsal root ganglia lose up to 33% of neurons after anti-NGF treatment
neonatally (Johnson et al., 1980; Yip et al., 1984). As a consequence
there is a corresponding increase in sprouting of sensory fibres from
the surviving neurons in the ganglia, these fibres persisting centrally
(Hulseboch et al., 1987), but there are few descriptions of the effect
this sprouting has on the peripheral distribution of sensory fibres.
One study has looked at changes in peripheral peptide-containing nerve
density in sweat glands of the rat hind paw, where a small increase in
substance P-immunoreactive (SP-IR) sensory nerves (Hill et al., 1988)
was seen after anti-NGF treatment. Many sensory neurons contain the
peptides SP or calcitonin gene-related peptide (CGRP), which are often
colocalized (Wiesenfeld-Hallin et al., 1984; Gibbins et al., 1985).
We recently reported a large compensatory increase in sensory
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CGRP-containing nerves after long-term sympathectomy, which we
suggested was due to increased availability of NGF (Aberdeen et al.,
1990).

Removal of NGF at birth should reveal which nerves are NGF-

independent and whether any compensatory innervation occurs as a result
of the loss of NGF-dependent nerves.
In this study, we have used immunohistochemical techniques to look
at the effect of immunosympathectomy on peptides in nerves supplying
blood vessels and organs of rats. We examined immunoreactivity for the
following peptides: SP and CGRP, to identify sensory nerves (Ju et al.,
1987); neuropeptide Y (NPY), which is found in sympathetic and some
non-sympathetic nerves mainly arising from local ganglia (Lundberg et
al., 1983; Gibbins and Morris, 1988; Mione et al., 1988); and
vasoactive intestinal polypeptide (VIP), which is found principally in
parasympathetic nerves (Lundberg, 1981; Lundberg et al., 1982) but also
occasionally in sympathetic (Lindh et al., 1988), sensory (Leah et al.,
1985) and intrinsic neurons in the gut and airways (Costa and Furness,
1983; Dey et al., 1981).
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METHODS

Anti-NGF treatment
Newborn rats from the same litter were injected with either anti-NGF
(10 jil/g bodyweight, Collaborative Research Incorporated, USA) or
saline, daily for the first postnatal week. At 4 or 8 weeks of age,
matched control and treated rats were killed by an overdose of CC^.

6-Hydroxydopamine treatment
Acute destruction of sympathetic nerve terminals was achieved by
treating rats of 4 or 8 weeks of age with 6-hydroxydopamine (6-OHDA) as
described in Chapter 2 (Methods).

Mesenteric and femoral arteries and veins, bladder and vas deferens
were rapidly removed and processed for histochemical demonstration of
catecholamines and peptides as described in Chapter 2 (Methods).

Slides were viewed by two independent investigators without knowledge
of treatment.

The labelling was rated on a scale with the following

designations:

<->

and H i

no change, i

small depletion, i i

large or complete depletion.

moderate depletion

Assessment of NPY-IR and CA-

containing nerves was repeated on whole mounts of mesenteric and
femoral arteries using a computer image analysis system (Seescan). The
image of fluorescent fibres was assessed to give a quantitative
measurement of terminal fibre density, expressed as a mean ± SEM(n)
area of fluorescence in a standard frame area. Large fibre bundles
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consisting of preterminal fibres were excluded from the measurement
frame.

See Chapter 2 (Methods) for details.

RESULTS

Before sacrifice, both 4- and 8-weeks-old animals looked healthy and
their body weights were similar, although the coats of treated animals
were dull and standing erect.

During dissection of tissues, the gross

morphology appeared normal in treated animals except for the superior
cervical ganglia (SCG) which were severely atrophied at both ages;
this is in agreement with observations made by Zaimis et al. (1965).

CA:

Perivascular CA-containing nerves were dense to very dense in all
blood vessels of control animals, but were absent from all blood
vessels of anti-NGF treated animals at 4 weeks of age and virtually
absent at 8 weeks of age (Fig. 8.1 & Tables 8.1 & 2). There was no
of CA fluorescence from the vas deferens (either portion) nor in the
bladder (Table 8.1).
6-OHDA treatment destroyed CA-containing nerve terminals in all
blood vessels at both ages, leaving only some large non-terminal
paravascular bundles lying on the mesenteric arteries, which were not
included in quantitative assessment (Fig. 8.2f, Table 8.2).

NPY:

NPY-IR nerve fibres were seen in blood vessels and organs from
control animals and had a density similar to that of CA fluorescence.
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Treatment with anti-NGF reduced NPY-IR nerves in the blood vessels at
both ages (Fig. 8.2) but not in the vas deferens or the bladder at
either age (Table 8.1). In contrast, while the mesenteric artery showed
a 96% reduction in NPY-IR nerve fibres at 4 weeks of age, it showed
only a 37% reduction at 8 weeks of age (Table 8.2).

The reduction of

NPY-IR nerve fibres in femoral vessels was consistent with age.

At 4

weeks, mean area of fluorescence (xlO mm ) was 1.67310.140(3) in
control animals and 0.19410.052(3) in aNGF-treated animals.

This 88%

loss persisted at 8 weeks.
6-OHDA treatment destroyed most NPY-IR terminal nerve fibres in
the blood vessels. NPY-IR nerves contained in the preterminal bundles
was less affected by treatment and was not included in quantitative
assessments.

At 4 weeks of age, 97.6% of NPY-IR nerve terminals on the

mesenteric artery were lost while at 8 weeks 92.9% were lost (Table
8.2).

The femoral vessels lost all NPY-IR nerve terminals at both ages

after 6-OHDA treatment.

CGRP and SP:

CGRP- and SP-IR nerve fibres were identified in all tissues of
control animals and although the density of these nerves was low, CGRPIR nerves were always more abundant than SP-IR nerves. These peptides
were depleted in blood vessels of anti-NGF-treated animals at both
ages, SP-IR nerve fibres being slightly more affected than CGRP-IR
nerve fibres (Fig. 8.3).

The low density of these vascular plexuses

makes them unreliable for quantitative image analysis, therefore

qualitative ranking was used to show trends of depletion in all the
tissues (Table 8.1).

Although small changes in peptidergic nerve

numbers in the organs would have been difficult to detect using this
technique due to variability of orientation between sections, large
changes would be detectable and these were not observed.

VIP:

Anti-NGF treatment did not change the pattern of VIP-IR nerve
fibres in any of the tissues studied at either age (Table 8.1).
Because VIP-IR nerve fibres are sparse in controls a decrease after
treatment may not have been detected.
increase was seen.

However, we report that no

DISCUSSION

In this study we treated neonatal rats with anti-NGF which caused
immunosympathectomy in the blood vessels studied and revealed a
compensatory mechanism leading to an increase in non-sympathetic NPY-IR
nerve fibres supplying the mesenteric arteries.

The neonatal anti-NGF treatment we used destroyed most CAcontaining terminal varicose nerve fibres in the blood vessels for at
least 8 weeks.

There were no CA fibres present at 4 weeks and they

were virtually absent at 8 weeks, indicating very little regrowth of
these sympathetic fibres over this period.

We saw no depletion of CA

nerves in the vas deferens or bladder, which suggests that their nerve
supplies are subpopulations of sympathetic neurons that are not
sensitive to anti-NGF treatment.

Differential sensitivity of

subpopulations of sympathetic neurons to anti-NGF treatment has been
noted in previous studies (Hill et al., 1985; Thoenen and Transer,
1968). It is thought that either these neurons do not require NGF to
survive or that the antibody cannot gain access to them after birth.

Most sensory nerves also require NGF to survive (Levi-Montalcini
and Angeletti, 1968; Thoenen and Barde, 1980; Korsching and Thoenen,
1985) and therefore treatment in vivo with anti-NGF causes a reduction
in sensory dorsal root ganglion (DRG) neurons by 33% (Hulseboch et al.,
1987). However, treatment also causes a 33% increase in fibres
sprouting from the remaining DRG cells and these fibres are persistent

for up to 18 months (Hulseboch et al., 1987). We report a small
reduction in peripheral sensory nerve fibres in blood vessels.

This

may be because in the periphery we are seeing the resultant density due
to neuron reduction followed by fibre sprouting.

In this study there was a slightly greater reduction in SP-IR
fibres than in CGRP-IR fibres.

SP-IR fibres are derived from small-

diameter sensory neurons (Cuello et al., 1978) which are lost in
greater numbers than large-diameter sensory neurons after anti-NGF
treatment (Ju et al., 1987; Yip et al., 1984; Hulseboch et al., 1987).
Small-diameter SP fibres in the skin and DRG are also more susceptible
to anti-NGF treatment than larger sensory fibres (Otten et al., 1983).
There is colocalization of SP and CGRP in small DRG cells, but large
DRG cells contain CGRP without SP (Wiesenfeld-Hallin et a;., 1984).
This pattern is also seen in peripheral nerve fibres where most SP
fibres contain CGRP yet there are many CGRP fibres that do not contain
SP (Lee et al., 1985).

Therefore, as the large cells appear relatively

unaffected by NGF antiserum, it would be expected that fewer CGRP
fibres would be destroyed than SP fibres.

Our results support this

hypothesis. At first our findings seem contrary to the previous study
by Hill et al. (1988) which reported a small increase in SP-IR fibres
in the rat hind paw sweat gland after similar anti-NGF treatment.
However, they mention that they saw no change in the SP innervation of
the blood vessels near the gland, although quantitation of the
perivascular fibres was not a priority for their study.

This supports

the hypothesis that different growth factors are required by
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subpopulations of SP nerves (Rawdon and Dockray, 1982), which may also
account for the reduction in SP-IR we have seen in blood vessels as
opposed to the increase they saw in the sweat gland.

The current study is the first to report the effect of
immunosympathectomy on NPY-containing nerve fibres in the periphery.
After causing a profound loss of CA-containing nerves in blood vessels,
we expected NPY-IR nerve fibres to be depleted to a similar degree as
NPY is colocalized with CA in sympathetic nerves (Lundberg et al.,
1983).

We found that this was true in the femoral artery of 4- and 8-

week-old animals where both CA and NPY-IR fibres were reduced to very
low numbers. However, in mesenteric blood vessels of 8-week-old, but
not in 4-week-old animals, NPY-IR nerves were abundant, even though CAcontaining fibres were virtually absent.

Because there did not appear

to be regrowth of CA-containing sympathetic fibres in any of the
vessels, non-sympathetic fibres must have been the source of the
increased NPY immunoreactivity with age in the mesenteric artery. We
have reported previously (Mione et al., 1990) a similar compensatory
increase of NPY in non-sympathetic fibres in the cerebral vessels after
long-term chemical sympathectomy.

6-OHDA treatment destroys sympathetic terminal varicose nerve
fibres (Thoenen and Transer, 1968), therefore the nerve fibres left
after this treatment must be of non-sympathetic origin, if 100%
effective treatment is achieved. We show in this report that the
femoral vessels have virtually no non-sympathetic NPY-containing nerve
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supply because all NPY-IR fibres are absent after treatment with 6OHDA.

The 2.4% of NPY-IR nerves remaining in mesenteric vessels at 4

weeks of age should be mainly of non-sympathetic origin, in good
agreement with the 4% of NPY-IR fibres left after immunosympathectomy.
At 8 weeks of age, 6-OHDA treatment suggests that the non-sympathetic
component of NPY innervation of the mesenteric vessels is still low
(7.1%) but the number of NPY-IR fibres in the anti-NGF-treated vessels
is 63% of that of the control.

This extra 53.9% of NPY-IR fibres must

originate from a non-vascular non-sympathetic source.

The gut, where

there are many intrinsic NPY-containing ganglia, is a likely source for
non-sympathetic nerve fibres which is available to mesenteric blood
vessels, but not to femoral vessels (Allen et al., 1987; Furness et
al., 1983). There may be plasticity in the expression of NPY in these
ganglia as there is in the intracranial ganglia after sympathectomy
(Mione et al., 1990). Furthermore,

NPY immunoreactivity is associated

with non-sympathetic axons containing VIP in guinea pig cerebral
vessels (Gibbins and Morris, 1988). NPY-IR increases in these VIP-IR
axons after sympathectomy. A similar increase in expression of NPY may
have occurred here because axons of VIP myenteric ganglia are known to
project extramurally to sympathetic ganglia (Costa and Fumess, 1983).
Alternatively, processes of myenteric NPY ganglia that are not damaged
after sympathectomy (Allen et al., 1987) may be able to grow out along
the vascular tree to innervate the main mesenteric artery.

Further

studies are in progress to determine the source of the compensatory NPY
fibres.
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In conclusion, we have shown a compensatory increase in NPY nerve
fibres in the mesenteric vessels, but not in the femoral vessels, of
the rat after neonatal treatment with antiserum to NGF. Sympathectomy
by guanethidine causes a compensatory sensory innervation of tissues
(Aberdeen et al., 1990), which was suggested to be due to availability
of excess nerve growth factor.

This study has shown the compensatory

NPY fibres to be independent of NGF.

It is suggested that origin of

the fibres may be the intramural ganglia of the gut.
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Fig. 8.1 :

Representative fluorescence micrographs showing depletion

of CA after treatment with antiserum to NGF or 6-OHDA.

Left panel:

tissues from 4-week-old rats. Right panel: tissues from 8-week-old
rats,

a and b:

control mesenteric veins;

anti-NGF-treated animal;

c:

mesenteric vein from an

d: mesenteric vein from a 6-OHDA-treated

animal; e: control femoral vein; f: femoral vein from an anti-NGFtreated animal.

Scale bar = 30 jim.
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Fig. 8.2 :

Representative fluorescence micrographs showing depletion

of NPY-immunoreactive fibres after treatment with either antiserum to
NGF, or 6-OHDA.

Left panel: tissues from 4-week-old rats. Right panel:

tissues from 8-week-old rats, a and b: control mesenteric arteries; c
and d: mesenteric arteries from anti-NGF-treated animals; e: femoral
artery from anti-NGF-treated animal; f: mesenteric artery from 6OHDA-treated animal.

Scale bar = 30 |im.
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Fig. 8.3 :

Representative fluorescence micrographs showing SP(a,b) and

CGRP(c,d) immunoreactive nerve fibres in mesenteric arteries of control
(a,c) and anti-NGF-treated (b,d) animals.
age.

Scale bar = 30 |im.

All animals were 8 weeks of
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TABLE 8.1: Qualitative assessment of changes in density of
immunoreactivities to peptides in blood vessels and organs of
anti-NGF-treated animals when compared with their matched controls.

NPY

SP

CGRP

VIP

4

8

4

8

4

8

4

8

m

u

11

11

1

1

<-4

<-4

m

m

11

11

1

1

<-4

<-4

Vas deferens

<"4

<->

<->

<-4/1 <-»

<-4

<-4

Bladder

<-4

<"4

<-4

<-4/1 <-4

<->

Age (weeks)

Tissue
Mesenteric
vessels

Femoral
vessels

<-4

Symbols indicate a rating of change such that <-» = no change; 1 =
small depletion; 11 = moderate depletion; 111 = large or complete
depletion. Assessment was determined from at least 5 animals.

171

Table 8.2: Quantitative assessment by computer analysis of area of NPY-IR and CA
fluorescence in stretch preparations of the mesenteric artery.

4 weeks old

Treatment

NPY-IR

%

CA

%

Control

4.407±0.259(6)

aNGF

0.182±0.161 (6) 4

0

0

6-OHDA

0.10510.017(3) 2.4

0

0

3.28410.231(3)

8 weeks old

Treatment

NPY-IR

%

Control

7.10610.330

aNGF

4.48010.297(3)

63

6-OHDA

0.50810.1863

7.1

CA

%

7.25310.145
0.053210.043(3)
0

1
0

Values are mean area of fluorescence (xlO'^mm^) ± SEM (n) per standard frame
area, n = number of animals.
> 10 fields were measured per vessel per animal. aNGF = treatment with NGF
antiserum (10 pl/g body
weight). 6-OHDA = treatment with 6-OHDA as described in text. % = % of control.
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PART IH:

CHANGES IN PERIVASCULAR NERVES IN DISEASE
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CHANGES IN PEPTIDE-CONTAINING NERVE FIBRES IN MESENTERIC
VESSELS OF DIABETIC RATS.

ABSTRACT
The patterns of catecholamine- and peptide-containing nerve fibres
in mesenteric vessels from rats 8 weeks after induction of diabetes
with streptozotocin were studied using immunohistochemical techniques.
Increases in fluorescence intensity and density of substance P-

and

calcitonin gene-related peptide-like immunoreactive nerves were seen in
both mesenteric artery and vein.

Quantitative analysis showed a 1.8-

fold increase in the density of both nerve types, implying the
coexistence of calcitonin gene-related peptide and substance P in these
nerve fibres.

There was also an increase in the density of vasoactive

intestinal polypeptide-like immunoreactive nerve fibres in the
mesenteric artery.
neuropeptide Y-

However, there was no change in the density of
and dopamine beta-hydroxylase-like immunoreactive

nerve fibres, although the fluorescence intensity of neuropeptide Ylike immunoreactive nerve fibres appeared reduced in diabetic rat
vessels.

Origins of the peptide-containing nerve fibres are discussed.

Furthermore, these changes in perivascular innervation are considered
with a view to the role they may play in blood flow control and in
postural hypotension, a condition that afflicts patients with diabetes
mellitus.
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INTRODUCTION

Autonomic neuropathy has been known to be one of the long-term
complications of diabetes mellitus which affects all those organs
innervated by the autonomic nervous system.

Some of the clinical

symptoms include orthostatic hypotension, abnormal sweating, disturbed
bowel function and impotence (Clarke et al., 1979; Hosking et al.,
1978; Hilsted, 1980). Cardiovascular dysfunction causes impaired
vasomotor control to the mesenteric vascular bed which may play an
important role in blood pressure regulation and contribute to postural
hypotension (Rowell et al., 1972; Low e tal., 1975).

Although axonal death induced by diabetes has been documented
(Bennett, 1983; Schmidt et al., 1983; Schmidt and Scharp, 1982),
changes in peripheral innervation patterns according to
neurotransmitter have not been extensively characterized.
Immunohistochemical investigations of changes to nerve fibres in
diabetic rat have been reported in gut (Lincoln et al., 1984; Belai et
al., 1985; Loesch et al., 1986; Belai et al., 1987), penis (Crowe e t
al., 1983), prostate (Crowe et al., 1987) and vasa and nervi nervorum
(Dhital et al., 1986), with perivascular plexuses being specifically
studied in cerebral vessels (Lagnado et al., 1987).

Catecholamine-

containing nerves were described in mesenteric vessels (Petch and
Cowen, 1988; Webster and Cowen, 1988; Scott et al., 1984) and caudal
artery (Hart et al., 1987).
In the present study the innervation of the mesenteric artery and
vein by catecholamine- and peptide-containing nerve fibres was

investigated in rats 8 weeks after induction of diabetes with a single
injection of streptozotocin.

Immunolabelling of dopamine beta-

hydroxylase (DBH) has been used as a marker of nerves capable of
catecholamine synthesis and presumed to be catecholamine-containing.
DBH- and neuropeptide Y (NPY)-immunoreactive (IR) nerve fibres
represent sympathetic nerves (Furness et al., 1983; Allen et al., 1985)
that are responsible for vasoconstriction of the rat mesenteric
vascular bed (Sjoblom-Widfelt, 1990).

Calcitonin gene-related peptide

(CGRP)- and substance P (SP)-IR nerve fibres are known to be primary
sensory nerves (Wharton et al., 1986), and are often colocalized (Lee
et al., 1985; Gibbins et al., 1985).

It has been reported that CGRP is

primarily responsible for mesenteric artery vasodilatation in the rat
(Fujimori et al., 1990; Kawasaki et al., 1988).

Vasoactive intestinal

polypeptide (VIP)-IR nerves may represent parasympathetic nerves as it
has been colocalized with acetylcholinesterase (Hara et al., 1985) and
found in nerves supplying the sweat gland of the cat (Lundberg, 1981).
However, some VIP-IR nerves on the mesenteric artery may originate from
cell bodies in the myenteric plexus of the gut (Furness and Costa,
1987; Costa and Furness, 1983; Llewellyn-Smith, 1984).
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METHODS

Male adult Wistar rats weighing 300-350 g were injected
intraperitoneally with buffered streptozotocin (65 mg/kg body weight).
They were maintained without insulin treatment for 8 weeks, and the
onset of diabetes was established by rapid weight loss, polyuria and
glucosuria (Clinitest reagent tablets, Miles, Stoke Poges, Slough,
U.K.) at 3 days after streptozotocin injection.

Untreated controls

were of the same initial weight range as the diabetic group.

All

animals were kept under the same conditions, and supplied with food
and water ad libitum.
At time of sacrifice, blood samples were taken under CO2
anesthesia for blood glucose analysis and the animals were then killed.
The superior mesenteric artery and vein were removed and placed in
Hank’s balanced salt solution (Gibco, Poole, U.K.) and cleaned of
excess connective tissue.

Both vessels were divided into 4 mm lengths,

slit open longitudinally, and stretched onto pieces of Sylgard (Dow
Coming, Poole, U.K.), lumen-side down, to be immunolabelled as whole
mounts, as described in Chapter 2 (Methods).

Assessment of immunohistochemistry
Slides were viewed without prior knowledge of treatment and
labelling was rated on a scale of + to ++++, where + represents very
few fibres seen and ++++ represents very densely packed fibres.

This

assessment was subsequently repeated using a computerised image
analysis system (Seescan) to generate a measure of fibre density (see

Chapter 2).

These values have been expressed as the area of

fluorescence in a standard frame size, giving a mean ± SEM (n = number
of animals). The value for each animal was a mean of at least 5 frames
viewed across the vessel.

Statistical differences were determined by

using the unpaired two-tailed Student’s t test; p < 0.05 was taken as
significant.
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RESULTS
All the diabetic rats were severely hyperglycaemic and lost weight
rapidly.

At time of sacrifice the mean weight of control rats was

490.71 ± 15.21 g (n=7) and of diabetic rats was 304.43 ± 8.62 g (n=7).
Distension of the large and small intestines and the presence of pasty
unformed stools were observed on opening the abdomen.

DBH immunoreactive nerves:

DBH-IR nerves formed dense networks on both vessels in control and
diabetic animals.

No difference in density or fluorescence intensity

of the nerves could be seen.

This is in agreement with Hart et al.

(1987) who saw no changes in innervation densities of catecholaminecontaining nerves in the caudal arteries of diabetic rats.

NPY immunoreactive nerves:

In control animals, NPY-IR nerves formed a dense plexus in both vessels
which was similar in appearance to that formed by DBH-IR nerves.
However, in vessels

from diabetic animals the intensity of the

fluorescence identifying the NPY-IR nerves seemed diminished (Fig.
9.1). Control and diabetic tissues were always immunolabelled under
identical conditions, therefore decreased fluorescence due to technical
reasons seems unlikely.

Photographic exposure times were recorded and

diabetic tissues tended to take longer to expose the film to the same
degree.

Furthermore, high-power micrographs suggest that there may be

fewer varicosities on nerves of diabetic rats (Fig. 9.1).

CGRP immunoreactive nerves:

CGRP-IR fibres were significantly increased in diabetic mesenteric
arteries and veins (Fig. 9.2).

Treated vessels had increased numbers

of immunolabelled fibres which also appeared brighter and were
sometimes kinked.

Computer image analysis gave a fluorescence area

measurement of 2.905±0.215 (n=3) in control mesenteric veins and
3

5.454±0.235 (n=3) in treated veins (values are xlO mm
frame area).

2

per standard

This increase was statistically significant (p < 0.001)

and represents a 1.8-fold increase in nerve fibre density.

SP immunoreactive nerves:

There was also an increase in the density of SP-IR nerve fibres in both
mesenteric vessels.

Low-power micrographs (Fig. 9.2e,f) show scarce

and dimly fluorescent fine fibres present in the control mesenteric
vein and increased numbers of fine- and large-fibre bundles in the
treated vessel. Fligh-power micrographs (Fig. 9.2g,h) suggest that the
fluorescent fibres are brighter in the treated animals.
micrographs had identical photographic processing.

These

Computer image

analysis measured the fluorescence area as 1.79510.081 (n=3) in control
mesenteric veins and 3.37710.338 (n=3) in diabetic vessels (values x
3

2

10 mm

per standard frame area).

This was also a 1.8-fold increase,

which is significantly (p < 0.05) higher than controls.
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VIP immunoreactive nerves:

In control animals VIP-IR nerves were sparse in the mesenteric artery
and very few were seen in the mesenteric vein.

However, VIP-IR nerves

did appear to increase in number and brightness in the mesenteric
artery after 8 weeks of diabetes (Fig. 9.3).

Immunolabelled nerve

fibres were consistently easier to find in diabetic vessels than in
controls.

DISCUSSION

The present study has shown that the pattern of innervation

of

some peptide-containing nerves in the mesenteric blood vessels are
disrupted in 8-week streptozotocin diabetic rats.

There were increases

in densities of sensory nerves (CGRP- and SP-IR) as well as VIP-IR
nerves.

Sympathetic nerves (DBH- and NPY-IR) were unchanged.

There

were no decreases in nerve fibre densities.

Although loss of neurons has been documented as a feature of
diabetic autonomic neuropathy, it appears to be an essentially
irreversible change usually associated with severe, long-term cases
(Bennett, 1983).

Lack of neuronal death in 8-week streptozotocin

diabetic rats has previously been reported (Hart et al., 1987; Webster
and Cowen, 1988).

Although there have been reports of reduced axonal

transport of essential neuronal proteins (such as nerve growth factor)
at this early stage of the disease (Kudlacz et al., 1989; Tomlinson and
Mayer, 1984), there has been evidence of degenerated nerve fibres.

In the present study, there was no change in the density of DBHand NPY-IR sympathetic nerves in the mesenteric vessels of the diabetic
rats.

This agrees with findings in the cerebral blood vessels (Lagnado

et al., 1987).

It has been shown that the ability of catecholamine-

containing nerves to process norepinephrine is altered by diabetes
(Giachetti, 1978; Hart et al., 1988) but our findings suggest that this
is not due to lack of DBH.

However, tyrosine hydroxylase-

immunoreactivity has been shown to be decreased in diabetic animals
(Webster and Cowen, 1988;Petch and Cowen, 1988), perhaps indicating
that disruption of tyrosine hydroxylase stores affects catecholamine
processing.

Furthermore, the fluorescence intensity of NPY-IR nerves

was slightly decreased in the sympathetic nerve fibres, which may be
due to reduced synthesis or transport of the peptide from the cell body
to the terminal.

Therefore, although sympathetic nerves have not

decreased in number, this may be the first sign of damage to axonal
transport. Alternatively, these changes may be compensatory, which will
not lead to degeneration or functional damage.

In fact, Scott et al.

(1984) report an increase in catecholamine-containing nerve profiles in
rat jejunal arteries 8 weeks after streptozotocin-induced diabetes but
nerve profile numbers had returned to normal by 12 weeks.

This study has demonstrated an identical increase in the density
of both SP- and CGRP-IR nerve fibres (both increased 1.8 fold), which
suggests that these nerve fibres originate from neurons that contain
both peptides.

Previous studies have shown that many, if not all,

sensory nerves on the mesenteric vessels contain both CGRP and SP
(Wharton et al., 1986; Lee et al., 1985; Gibbins et al., 1985; Terenghi
et al., 1985).

A previous study by Webster & Cowen (1988) reported

change in SP-like immunoreactivity on 8-week diabetic rat mesenteric
veins.

Use of different strain of rat, treatment regime and image

analysis techniques may account for differences in our results.
Studies of pattern distribution of peptide-containing nerve fibres in
the gut after 8 weeks of diabetes have also reported no change in SP-
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IR nerves (Belai et al., 1985) but decreases in CGRP-IR nerves (Belai
et al., 1987).

Nerve fibres containing each of these peptides

(without coexistence) originate from intrinsic neurons (Holzer et al.,
1980; Gibbins et al., 1985) and probably do not innervate local blood
vessels, whereas the present study has investigated sensory nerve
fibres that originate from the dorsal root ganglia (Gibbins et al.,
1987; Mulderry et al., 1985) which do innervate blood vessels.
Therefore, it appears that intrinsic gut neurons and extrinsic
perivascular sensory nerves are affected differently by 8 weeks of
streptozotocin-induced diabetes.

Conversely, the increase in VIP-IR nerve fibres seen in the
present study coincides with the increase seen in the myenteric plexus
of the diabetic rat (Belai et al., 1985).

VIP-like immunoreactivity is

found in many cells in the myenteric plexus (Bryant et al., 1976;
Larsson et al., 1976) and it has been suggested that these intrinsic
ganglia may send projections along the mesenteric vessels (Furness and
Costa, 1987;Costa and Furness, 1983; Llewellyn-Smith, 1984).
Therefore, it is possible that the myenteric ganglia respond to
diabetes by increasing VIP-IR nerve fibres in both the myenteric plexus
and the mesenteric blood vessels.

The increase in the density of some of the peptide-containing
nerves may be due to accumulation of the peptides in nerve terminals
rather than proliferation of the nerve fibres.

This would cause more

nerve fibres to be detected by light-level immunohistochemical

labelling as the concentration of peptide rises.

Therefore, it is not

known whether the increase we report is caused by the growth of new
fibres or higher concentration of the peptides, perhaps due to
accumulation because of defective release mechanisms.

It is also

possible that expression of the peptides has been turned on or
increased in fibres where immunoreactivity is normally undetected, as
reported in the cerebral vessels after sympathectomy (Gibbins and
Morris, 1988).

Therefore, without further investigations, we cannot

define the mechanism by which SP-, CGRP- and VIP-IR nerves increase
the mesenteric vessels.

Nevertheless, the changes in the perivascular nerve fibres we have
reported would be expected to affect the vasomotor control of these
vessels, which in turn would

affect blood flow to the gut.

diabetic rat vessels, there are

more nerve fibrescontaining

Inthe

vasodilator transmitters and the integrity of the sympathetic
vasoconstrictor nerves is in doubt.

This would agree with

observations of reduced contractile responses to nerve stimulation in
diabetic rat vessels (Hart et al., 1988; Pfaffman et al., 1980).
Postural hypotension reported in diabetic humans

(Hilsted, 1979; 1980;

Low et al., 1975) may be due to impaired vasomotor control of the
mesenteric vascular bed because this large splanchnic bed has profound
influences on blood pressure control (Wilkins et al., 1951; Rowell et
al., 1972).

Changes in the pattern of innervation of the small and large

intestine of streptozotocin diabetic rats have been reported by Belai
and coworkers (Belai et al., 1985;
induction of diabetes

1987; 1988).

there was an increase in VIP content and VIP-IR

nerve fibres and cell bodies and a decrease
no change in CGRP

At 8 weeks after

content

in CGRP-IR nerve fibres but

in the diabetic rat ileum and proxim al colon.

The CGRP in vascular nerves has been reported to be different from that
found in the gut - aC G R P in vascular nerves and pCGRP in intrinsic
neurons of the gut. Similarly, SP-IR fibres mainly originate from
intrinsic neurons and only few from extrinsic sources in the gut, so
there is no reason for changes to go in the same directions. However
VIP-IR neurons of the myenteric plexus project to the c c e f a - c - roesen+e.c
ganglion (Furness and Costa, 1987; Costa and Furness, 1983) and
possibly innervate mesenteric vessels (Llewellyn-Smith, 1984).
Therefore, the increase in the density of VIP-IR nerve fibres in both
enteric plexuses and mesenteric vessels may originate from the same
neurons of enteric ganglia.

Fig. 9.1: Fluorescence micrographs showing NPY-IR nerve fibres on
mesenteric veins from control (left panel) and diabetic (right panel)
rats.

(a,b) Low-power view showing the density of fibres is not

reduced but fluorescence seems dimmer.

(c,d) High-power view that

suggests nerve fibres are less varicose. Bar = 50 (im in all plates.
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Fig. 9.2: Fluorescence micrographs of sensory nerve fibres on
mesenteric veins of control (left panel) and diabetic (right panel)
rats.

(a,b,c,d) CGRP-IR nerve fibres were more numerous on vessels

from treated animals. (a,b) Low-power view. (c,d) High-power view.
(e,f,g,h) SP-IR nerve fibres were also more numerous on treated
vessels. (e,f) Low-power view. (g,h) High-power view.
Bar = 50 pm in all plates.

189

Fig. 9.3: Fluorescence micrographs of VIP-IR nerve fibres on the
mesenteric arteries of control (a) and diabetic (b) rats.
fibres were bright and numerous on treated vessels.
plates.

VIP-IR

Bar = 50 |im in all

a
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ACRYLAM IDE-INDUCED AUTONOMIC NEUROPATHY OF RAT M ESENTERIC
V ESSELS:

H ISTO LOG ICAL AND PHARMACOLOGICAL S T U D IE S .

ABSTRACT

The effects of chronic acrylamide treatment on the autonomic nervous
system were investigated by histochemical and pharmacological studies.
Histochemical studies showed that acrylamide caused different degrees
of damage to different nerve fibre types: calcitonin gene-related
peptide (CGRP)-immunoreactive (IR) nerves showed the greatest reduction
in intensity and number; catecholamine (CA)-containing nerves were
somewhat less affected; substance P (SP)-IR nerves were reduced in
number, but this was not significant.

The profiles of SP- and

particularly of CGRP-IR nerves from treated animals were noticeably
different to those from the control group, being flattened and
irregular.

Periarterial nerve stimulation (4 - 32 Hz) of the isolated

rat mesenteric arterial bed preparation at basal tone elicited
frequency-dependent vasoconstrictor responses.

The magnitude of these

responses was significantly reduced at higher frequencies in
acrylamide-treated animals.

In preparations with tone raised by the

addition of methoxamine (10'^ M), and in the presence of guanethidine
(5 x 10"^ M), periarterial nerve stimulation elicited vasodilator
responses.

These responses, which result from stimulation of sensory

nerves, were greatly reduced in acrylamide-treated animals.

There was

a tendency for mesenteric beds from acrylamide-treated animals to show
increased vasoconstrictor responses to doses of exogenous
noradrenaline, although this was not significant.

Responses to

exogenous adenosine 5’-triphosphate (a cotransmitter with NA from
sympathetic nerves) were not affected.

In the raised tone preparation,

vasodilator responses to exogenous CGRP (the principal vasodilator
sensory transmitter of rat mesenteric arteries) were not affected by
acrylamide treatment.

Hence, it is unlikely that the reduced responses

to nerve stimulation were due to defects in the postjunctional
receptors for the principal transmitters of sympathetic and sensorymotor nerves.

There was no difference in the ability of mesenteric

beds from control and treated animals to vasodilate in response to
acetylcholine or sodium nitroprusside, or to vasoconstrict in response
to potassium chloride, indicating normal smooth muscle and endothelial
responses.

These results suggest that chronic acrylamide treatment

produces peripheral autonomic neuropathy of rat mesenteric vessels,
manifested as a dysfunction of sympathetic and sensory-motor nerves.
Furthermore, the graded destruction of nerve types, such that damage
occurred in the order: CGRP-IR > NA > SP-IR, indicated a differential
sensitivity of different nerves to this toxin.
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INTRODUCTION

Chronic treatment with acrylamide induces a distal neuropathy
similar to axotomy (Hoffman et al., 1984; Miller and Spencer, 1985).

A

direct binding of acrylamide to neurofilament and microtubule proteins
has been demonstrated (Lapadula et al., 1989), and may be the primary
event associated with the disruption of multiple components of bi
directional axonal transport (Bisby and Redshaw, 1987; Gold et al.,
1985; Jakobsen and Sidenius, 1983; Miller et al., 1983; Moretto and
Sabri, 1988) and energy metabolism (Howland, 1981; Sickles and
Goldstein, 1986).

Early studies showing a generalised peripheral neuropathy
following acrylamide treatment have been extended to show specific
effects on the sympathetic (Post and McLeod, 1977a,b; Schmidt et al.,
1987; Sterman, 1983), parasympathetic (Satchell et al., 1982; Hopkins,
1970), somato-motor (Bisby and Redshaw, 1987; Brismar et al., 1987;
Abetb e l aL

Moretto and Sabri, 1988) and sensory

>

Redshaw, 1987; Gold et

al., 1985; Goldstein and Lowndes, 1981; Jakobsen and Sidenius, 1983;
Schaumberg et al., 1974; Sterman, 1984) divisions of the nervous
system.

Damage to nerve fibres appears to be both time and dose-

dependent (Gold et al., 1985) and it has been shown that in general,
acrylamide affects large diameter fibres before smaller ones, afferent
before efferent nerve fibres, and myelinated before unmyelinated nerves
(Fullerton and Barnes, 1966; Goldstein and Lowndes, 1981; Hopkins and
Gilliatt, 1971; Post and McLeod, 1977a; Satchell, 1984).
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Rat mesenteric vessels are innervated by many nerve types
including sympathetic nerves containing noradrenaline (NA), and it is
chiefly NA, and possibly also adenosine 5’-triphosphate (ATP) acting as
a cotransmitter, which cause increases in rat mesenteric vascular
resistance following release from sympathetic nerves (Sjobolm-Widfeldt,
1990).

Nerves immunoreactive (IR) for substance P (SP) and calcitonin

gene-related peptide (CGRP), both of sensory origin, have also been
described (Kawasaki et al., 1988; Scott et al., 1989).

Sensory fibres

can contain SP alone, CGRP alone or both SP and CGRP as cotransmitters
(Wharton et al., 1986), but of the two it is chiefly CGRP which is
responsible for the vasodilatation resulting from stimulation of
capsaicin-sensitive sensory nerves in the rat mesenteric arterial bed
(Fujimori et al., 1990; Kawasaki et al., 1988).

Interestingly,

similarities between the effects of the sensory neurotoxin capsaicin
(see Fitzgerald, 1983; Holzer, 1988; Maggi and Meli, 1988) and
acrylamide have been described, which may be due to the similar
disruption in axonal transport seen after both treatments (Kudlacz et
al., 1989; Miller et al., 1983; Taylor et al., 1985), especially of the
essential nerve growth factor (NGF) (Levi-Montalcini and Angeletti,
1966).

The purpose of this study was to characterise the effects of
chronic acrylamide treatment on components of the autonomic nervous
system by complementary histological and pharmacological investigations
of the rat mesenteric vasculature.

Whole mounts of isolated mesenteric
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vessels from control and acrylamide pretreated animals were processed
to demonstrate nerve fibres containing catecholamines (CA), and fibres
immunoreactive for CGRP and SP.

Pharmacological studies were performed

on the isolated mesenteric arterial bed with particular emphasis on
sympathetic and sensory nerve-mediated responses.

Characterisation of

the effects of acrylamide pretreatment on rat mesenteric vessels should
advance understanding of autonomic regulation of these vessels and
hence give an insight into clinical conditions associated with
peripheral autonomic dysfunction.

METHODS

Eight- to 10-week-old male Wistar rats were given 8 - 9

doses of

acrylamide (65 mg kg“* daily, i.p.) as described in Chapter 2
(Methods). The

rats were given heparin (1000 units

i.p.) and then

killed by stunning and exsanguination and either used for histological
examination of mesenteric vessels, or for pharmacological examination
of the isolated perfused mesenteric arterial bed preparation.

All

procedures are fully described in Chapter 2.

Assessment of immunohistochemistry was both qualitative and
't
quantitative, as previously described. The quantitative value of
fluorescent area in a set frame size was tested with the unpaired twotailed Student’s t test for significance, with results expressed as
mean ± S.E.M. P < 0.05 was taken as significant.

Vasoconstrictor responses to sympathetic nerve stimulation, or to
exogenous

NA or ATP were expressed as the mean ± S.E.M.

frequency- and dose-response curves respectively.

to produce

Vasodilator

responses to acetylcholine (ACh), CGRP and sodium nitroprusside (SNP)
were calculated as a percentage of the tone of the preparation in the
presence of methoxamine, and expressed as the mean.
difference was determined by the Student’s t test.
as significant.

Statistical

P < 0.05 was taken
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RESULTS

All animals exhibited, with varying degrees of severity, the
outwardly obvious characteristic symptoms of acrylamide neuropathy,
namely hind limb paresis and bladder distention.

The acrylamide-

treated animals also showed a significant weight loss of 52.78 ± 6.22 g
(n = 18) (P < 0.001).

Mean final weights of control and treated

animals were 350.38 ± 9.05 g (n = 18) and 282.78 ± 6.4 g (n = 16)
respectively.

Histochemistry

Nerve fibre patterns in all control tissues appeared normal.
Qualitative appraisal of the fibre plexuses rated the CA fibre plexus
as dense, and nerve fibres formed a close network on the vessel wall
(Fig. 10.1a).

CGRP-IR and SP-IR fibres each formed a plexus of

moderate density and the fibres were arranged in honeycomb networks
that looked similar (Fig. lc; Fig. 10. le).

This is to be expected

because these two peptides are known to coexist (Wharton et al., 1986).

After acrylamide treatment all labelled nerve fibres had changed
appearance (Fig. 10.1).

SP- and CGRP-IR nerve fibre bundles

particularly often had a flattened profile (Fig. 10. Id).

There was

some evidence of fluorescence building up in some fibres as if axotomy
had occurred.

A change in CA density was not seen qualitatively, but

computer image analysis (Seescan) showed a small yet significant
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reduction (Fig. 10.2).

The density of CGRP-IR fibres was significantly

decreased in treated animals when assessed by computer analysis.
Furthermore, the fibres remaining often appeared dimmer, were kinked,
and there were fewer fine, varicose nerve fibres (Fig. 10.1c,d).
Quantitative fibre density of SP-IR nerves was not significantly
reduced when assessed by computer imaging (Fig. 10.2), despite a clear
trend towards depletion and the appearance of whole mount preparations
that suggested a decrease in the number of fine fibres (Fig. 10.1e,f).

Mesenteric arterial bed preparation

Perfusion at a constant flow rate produced a significant
difference (P < 0.02) in basal tone of the control and treated
mesenteric arterial bed preparations: 20.47 ± 0.75 mm Hg (n = 15) and
17.43 ± 0.96 mm Hg (n = 14) respectively.

There was no significant

difference in the increase in tone between the control and treated
groups, when tone was raised with methoxamine.

Mean increase with

methoxamine was 42.14 ± 4.57 mm Hg (n = 7) and 38.71 ± 11.03 mm Hg (n =
7) for control and acrylamide-treated groups respectively.

There was

no significant difference between the ability of the two groups to
constrict to KC1.

Effect of acrylamide on sympathetic nerve responses

Periarterial nerve stimulation elicited contractile responses of
the mesenteric arterial bed.

These responses, due to sympathetic nerve
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stimulation, were significantly reduced at the highest frequencies (20
- 32 Hz), while responses to the lowest frequencies were unchanged
(Fig. 10.3).

Effect of acrylamide on pressor responses to NA and ATP

Contractile responses to exogenous NA were not statistically
different (Fig. 10.4a).

Pressor responses to exogenous ATP were

unaffected (Fig. 10.4b).

Effect of acrylamide on sensory nerve responses

Periarterial nerve stimulation of the raised-tone preparation in
the presence of guanethidine elicited vasodilator responses, caused by
stimulation of sensory nerves.

Vasodilator responses to sensory nerve

stimulation were significantly reduced at 2, 4 and 8 Hz (Figs. 10.5,
10. 6).

Effect of acrylamide on relaxant responses to ACh, SNP and CGRP

There was no significant difference in relaxations elicited by
ACh, SNP and CGRP in control or acrylamide-treated groups when tone was
raised with 10"^ M methoxamine (Fig. 10.5, 10.7).

DISCUSSION

The results presented in this study demonstrate histologically and
pharmacologically an acrylamide-induced peripheral autonomic neuropathy
of rat mesenteric vessels.

Specifically, acrylamide was shown to have

caused damage to both sympathetic nerves and primary afferent (sensory)
nerves.

There was no evidence for a dysfunction at the level of the

postjunctional receptors for NA and ATP, transmitters in sympathetic
nerves, or for CGRP, which is the principal vasodilator sensory
transmitter of rat mesenteric arteries.

There was also no evidence for

damage to smooth muscle or endothelial mechanisms, ascertained by
unimpaired responsiveness to KC1 and ACh respectively.

The different

degrees of damage exhibited by the different nerve fibre types (CGRP-IR
> NA > SP-IR) was suggestive of different sensitivity of these fibres
to acrylamide.

Early studies on acrylamide-induced autonomic neuropathy included
those of Hopkins in 1970, who showed a ’dying-back’ neuropathy of the
vagus nerve, and of Hopkins and Lambert (1972) who showed a reduction
in conduction velocities of the sural nerve.

One of the first studies

to look specifically at the effects of acrylamide on the sympathetic
nervous system was that of Post and McLeod (}977a).

This study

demonstrated a loss of sympathetic myelinated fibres of all diameters,
and also confirmed damage to parasympathetic and peripheral nervous
systems.

In a subsequent study on the cat mesenteric bed in vivo (Post

and McLeod, 1977b), Post and McLeod found that after prolonged

treatment with acrylamide neural control was impaired, as evidenced by
impaired vasomotor control to splanchnic nerve stimulation.

There were

also diminished responses of the mesenteric bed to tyramine
administration, and a failure of the nerve endings to take up exogenous
NA, indicating that damage had occurred to the postganglionic
sympathetic unmyelinated fibres.

Like these workers, we found in the

present study that chronic acrylamide treatment causes damage to
peripheral sympathetic nerves in mesenteric vessels of the rat, as
evidenced by the greatly reduced pressor responses to periarterial
nerve stimulation and the decrease in intensity and number of NAcontaining nerve fibres.

Post and McLeod (1977b) further showed that acrylamide caused an
enhanced responsiveness of the cat mesenteric bed to exogenously
applied phenylephrine and NA, which indicates a supersensitivity of the
receptors to these agents.

In our preparation responses to exogenous

NA were not significantly enhanced.

Responses to ATP were unaffected.

Supersensitivity to NA was only seen by Post and McLeod after ’severe’
(but not after ’mild’) poisoning.

Our dosage (655 mg kg"^ total dose)

is approximately equivalent to that of their ’mild’ poisoning (420 630 mg kg'* total dose), and it could be that postjunctional changes
only take place or become apparent after severe acrylamide treatment.
The lack of attenuation of responses to exogenous NA confirms that the
destructive effects of acrylamide are manifest at the level of
peripheral nerves, and not at the postjunctional receptors.
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In the present study sensory nerves were selectively studied by
incorporating guanethidine, a sympathetic nerve blocker, into the
perfusate.

The vasodilatation occurring during nerve stimulation (in

the presence of guanethidine) is abolished by tetrodotoxin and by
capsaicin treatment and is mimicked by CGRP (Fujimori et al., 1990;
Kawasaki et al., 1988).

(In a separate study we have confirmed these

results in our preparation.)

Hence, there is strong evidence

suggesting that vasodilatation resulting from sensory nerve
stimulation is largely due to the release of CGRP from sensory nerves.
Acrylamide treatment significantly reduced vasodilator responses to
sensory nerve stimulation, and by implication would, therefore, be
expected to affect CGRP-IR.

Accordingly, there was a large reduction

in both the number and intensity of CGRP-IR fibres.

This is compatible

with evidence that CGRP is the principal vasodilator transmitter of
sensory nerves in rat mesenteric arteries.

There was no evidence for a change in responsiveness to exogenous
CGRP; this confirms that acrylamide had affected the sensory nerves per
se, rather than the postjunctional receptors for CGRP.

Since CGRP

receptors are located on the vascular smooth muscle, this was also an
indication that the smooth muscle was not damaged by acrylamide.

In

preparations in which tone had been raised by methoxamine the fact that
vasodilator responses to SNP (which acts directly on the smooth muscle)
were unaffected, would also tend to support unimpaired smooth muscle
mechanisms.

In view of the important role played by the endothelium in

the control of vascular tone (Furchgott and Zawadazki, 1980), and since

defects in endothelial mechanisms have been demonstrated in other
disorders of autonomic function such as diabetes (Takiguchi et al.,
1988), we examined endothelial responses to ACh; there was no evidence
for a dysfunction of endothelial mechanisms since vasodilator responses
to ACh were similar in control and acrylamide-treated animals.

Different stages of acrylamide-induced neuropathy have previously
been described.

Single, high doses of acrylamide have been shown to

produce cell body remodelling, neurofilament accumulation and axonal
swellings; chronic administration produces more gross changes
culminating in a degeneration of axons (Gold et al., 1985; Jakobsen and
Sidenius, 1983; Miller et al., 1983; Moretto and Sabri, 1988; Sterman,
1983; 1984).

In view of this it is interesting that different degrees

of destruction were observed amongst the different fibre types in rat
mesenteric vessels, reflecting a different susceptibility of these to
the toxic effects of acrylamide.

From our studies it appeared that

sensory nerves were affected before sympathetic nerves since they
showed a greater degree of damage.

While it has been reported that

acrylamide affects afferent nerves more than efferent nerves, there is
some controversy; for example Moretto and Sabri (1988) have described
acrylamide-induced deficits in axon transport which were greater in
motor than in sensory nerves.

Taylor et al. (1985) reported that capsaicin inhibits axonal
transport of horseradish peroxidase, which indicates that abnormalities
in axonal transport contribute to the toxic effects of capsaicin on

sensory nerves.
acrylamide.

This effect is common to the toxic effects of

A more recent study comparing the effects of acrylamide

and capsaicin has confirmed that these have in common a mechanism of
action involving inhibition of axonal transport, and that both cause
sensory nerve damage (Kudlacz et al., 1989).

This is consistent with

pharmacological studies showing that, in the rat mesenteric arterial
bed, both capsaicin (treatment in vitro) Kawasaki et al., 1988) and
acrylamide (treatment in vivo; present study) cause damage to sensory
nerves.

However, acrylamide is not selective for primary sensory

afferents, and unlike capsaicin had no effect on sensory nerves when
applied acutely (results not shown), thus there are likely to be
fundamental differences between its mode of action and that of
capsaicin.

The non-selective effects of acrylamide suggest that it is

likely to affect other nerve types such as parasympathetic nerves,
however, these were not looked at in the present study.

The involvement of capsaicin-sensitive sensory nerves in
acrylamide neuropathy has recently been studied in the rat urinary
bladder (Abelli et al., 1990).

In agreement with the present study,

depletion of neuropeptide content (SP and CGRP) and structural damage
to these nerves was described.

However responses to nerve stimulation

were not affected in the bladder (but were attenuated in the urethra)
and responses to KC1 were reduced.

The discrepancies between the two

studies suggest that the differential effects of acrylamide treatment
may also depend on location of nerve fibres.

In conclusion, we have demonstrated that in the rat chronic
treatment with acrylamide causes damage to autonomic nerves on the
mesenteric vessels, specifically to sympathetic and sensory nerves.
Functional defects were not a reflection of damage to postjunctional
receptors for NA and CGRP, and there was no evidence for a change
endothelial or in smooth muscle mechanisms.

Characterisation of the

effects of acrylamide should advance both our understanding of diseases
associated with peripheral autonomic neuropathy and our knowledge of
vascular innervation.

Fig 10.1

Representative fluorescence micrographs showing the effect of

acrylamide treatment on nerve fibres in stretch preparations of the
mesenteric artery.

Left-hand panels are from control (a,c,e), right-

hand panels are from treated animals (b,d,f).

(a,b) CA-containing

nerves are fewer and dimmer after acrylamide treatment.

(c,d) CGRP-IR

nerves that remain after treatment are flattened and kinked.
IR nerves also show structural damage and their numbers are
diminished.

Scale bar = 30 |im for all plates.

(e,f) SP-

Fig 10.2

Quantitative assessment of the effect of acrylamide treatment

on area of fluorescence in stretch preparations of mesenteric vessels
using computer image analysis.
'l
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9

Values are mean area of fluorescence (x

mm ) +_S.E.M. per standard frame area.

indicated under each bar.

Number of animals used

Clear bars represent control values, hatched

bars represent treated values.

* P < 0.05, ** P < 0.02.
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Fig 10.3

Frequency-response curves showing vasoconstrictor responses

of the mesenteric arterial beds from control ( £ , n = 8) and
acrylamide-treated ( A , n = 7) rats to nerve stimulation (4 - 32 Hz,
supramaximal voltage, 1 ms, for 30 s).

Vertical bars show S.E.M.
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Fig 10.4

Dose-response curves showing vasoconstrictor responses of

mesenteric arterial beds from control ( £ , n = 8) and acrylamidetreated ( A , n = 7) rats to a) exogenous NA and b) ATP.
show S.E.M.
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Fig 10.5

Representative traces showing the effect of nerve

stimulation ( • , Hz) and bolus injections ( A ) of acetylcholine (ACh),
sodium nitroprusside (SNP) and calcitonin gene-related peptide (CGRP)
on mesenteric arterial beds from control and acrylamide-treated rats.
The lower traces are continuations of the same experiments shown in the
upper traces.

The pressor response to nerve stimulation (16 Hz, 60V, 1

ms, for 30 s) prior to administration of guanethidine (5 x 10’^ M,
incorporated into perfusate at
sympathetic nerves.

f ) arises from stimulation of

Note that the response in the acrylamide-treated

preparation is smaller than that of the control.

Vasodilator responses

to nerve stimulation ( 1 - 8 Hz, 70 V, 0.1 ms, for 30 s) in the raisedtone preparation (methoxamine, 10'^ M, incorporated to perfusate at f
), arise from stimulation of sensory nerves.

Doses given (working from

left to right on the trace) were: for ACh and SNP 5 x 10"^, 5 x 10'^ ,
5 x 10'10, 5 x 10‘9, 5 x 10'8 moles; for CGRP 5 x 10"12, 5 x 10'11, 5 x
10"10 moles.
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Fig 10.6

Frequency-response curves showing vasodilator responses of

mesenteric arterial beds from control ( ® , n = 7) and acrylamidetreated ( A . , n = 7) rats to nerve stimulation in the presence of
guanethidine (5 x 10"^ M) and methoxamine (10~^ M).
1 -8

Hz, 70 V, 0.1 ms, for 30 s).

Stimulation was at

Vertical bars show S.E.M.
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Fig 10.7

Dose-response curves showing vasodilator responses of

mesenteric arterial beds from control ( ® , n = 7 - 8) and acrylamidetreated ( Q , n = 6 - 7) rats.

Responses shown are to: a) calcitonin

gene-related peptide (CGRP), b) acetylcholine (ACh), c) sodium
nitroprusside (SNP).

Vertical bars show S.E.M.
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CHAPTER 11

PART ArSYMPATHETIC NEUROTRANSMISSION IN THE WATANABE
HERITABLE HYPERLIPIDEMIC RABBIT MESENTERIC ARTERY.

PART B: THE EFFECT OF ATHEROSCLEROSIS ON NEUROMODULATION OF
SYMPATHETIC NEUROTRANSMISSION BY CGRP AND NPY IN THE RABBIT
MESENTERIC ARTERY.
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PART A:

SYMPATHETIC NEUROTRANSMISSION IN THE WATANABE

HERITABLE HYPERLIPIDEMIC RABBIT MESENTERIC ARTERY.
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This study examines sympathetic neurotransmission in the mesenteric
artery of atherosclerotic (Watanabe heritable hyperlipidemic, WHHL)
rabbits.

Contractile responses to perivascular nerve stimulation (8-64

Hz) and exogenous application of the cotransmitters noradrenaline (0.1100 fiM) and adenosine triphosphate (1 pM) were measured.
Catecholamine-containing nerves were localized using fluorescence
histochemistry.

Female WHHL rabbits at 4, 6 and 12 months of age were

used, with New Zealand white (NZW) rabbits being used as controls.

The

contractile responses to nerve stimulation were significantly smaller
in 12-month-old WHHL compared with NZW rabbits, although there was no
difference at 4 and 6 months of age.

Contractile responses of WHHL

vessels to noradrenaline (0.1-100 pM) were greater than NZW controls at
4 months, but no differences were seen at 6 and 12 months.

Contractile

responses to a,p-methylene ATP (0.1 pM) were greater in WHHL rabbits at
6 months but were unchanged at 4 and 12 months.

There was no

difference in the contractile responses to potassium chloride (120 pM)
between 4-, 6- and 12-month-old WHHL and NZW rabbits.

In both strains

of rabbit there was no variation in the density of catecholaminecontaining nerves between 4 and 12 months of age. It is suggested that
the reduction of sympathetic neurotransmission in WHHL rabbits at 12
months is largely due to a reduction in the release of the
cotransmitters noradrenaline and adenosine triphosphate.

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.
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INTRODUCTION

Familial hypercholesterolemia 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 al., 1987).

Furthermore, work in our laboratories has

established 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), changes in
endothelium-mediated responses can be detected (Bumstock et al.,
1991).

It is also of interest to see whether there is any change in

nerve-mediated responses in this vessel.

In the rabbit mesenteric artery, noradrenaline (NA) and adenosine
5’triphosphate (ATP) are cotransmitters from sympathetic neurones,
acting on postjunctional (Xj and ?2x receptors respectively (Kugelgen &
Starke, 1985; Bumstock & Warland, 1987). Thus, in this study we
measured the constrictor effects of exogenous NA and a,p-methylene ATP
(a,p-meATP)(a potent, stable analogue of ATP) 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 the constrictor responses to
electrical field stimulation should enable the identification of any

prejunctional changes.
The pharmacological data are supported by the histochemical
localization of catecholamine-containing nerves to identify any changes
in pattern or intensity of innervation that may influence the
interpretation of functional changes seen. A preliminary report
summarising some of this work is in press (Bumstock et al., in press).
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Methods
Batches of 4-, 6- and 12-month-old female WHHL rabbits were used
in this study (Source: Southampton University) with New Zealand white
(NZW) rabbits being used as sex-and age-matched controls. Animals were
sacrificed by a lethal dose of sodium p entobarbitone (60 mg/ml)
injected into the marginal ear vein, then exsanguinated.

First order

branches of the superior mesenteric artery were excised and cleared of
surrounding fatty tissue under a dissecting microscope.
5mm rings of the isolated artery were mounted horizontally in a 10 ml
organ bath and contractions of the circular smooth muscle recorded by a
Grass transducer and oscillograph as described in Chapter 2 (Methods).
Electrical stimulation was applied at 60 V and pulse duration of 0.2
ms.
Contractile responses were measured to field stimulation, single
doses of potassium chloride (KC1; 120
(0.1-300

pM )

and a,p-meATP (1

pM )

and NA

p.M).

Catecholamine-containing nerve fibres were detected on whole
mounts of the first-order branches of the superior mesenteric artery as
described in Chapter 2.

Contractions to KC1 are expressed in grams, whereas those to NA,
a,p-meATP and nerve stimulation are expressed as a percentage of the
KCl-induced contractions. The pD2 value for NA was calculated from the
mean -log (concentration of NA) ± standard error of the mean (SEM)
which produced 50% of the maximal response. Results are given as a mean
value ± SEM. n refers to the number of animals from which vessels were

used. For each result, one average value per animal was taken.
Statistical analyses within each strain of rabbit were made using the
Tukey’s method after one-way analysis of variance (ANOVA) in order to
establish any significant changes with increasing age (Stevens, 1990).
Analyses of results between the two strains at any one particular age
was carried out using Student’s unpaired t test. A probability of P <
0.05 was considered significant.

221
RESULTS

Perivascular nerve stimulation
Stimulation of perivascular nerves produced rapid, transient,
frequency-dependent contractions in all preparations of the isolated
rabbit mesenteric artery tested (Figure 11.1a). 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 11.1b).
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 11.2a).
In WHHL rabbit preparations, there was an increase in nervemediated contractions between 4 and 6 months of age at the lower
frequencies, this being significant at 16 Hz. In preparations from 12
month-old WHHL rabbits, responses were significantly reduced at 32 and
64 Hz when compared with responses measured in preparations from both 4
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and 6 month-old rabbits and also at 16 Hz when compared with 6 monthold 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 6 month-old WHHL
rabbits (Figure 11.2b).

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
11.3a). 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 11.3b, Table 11.1).

Responses to sympathetic neurotransmitters, NA and ATP

The cumulative application of NA (0.1-100 pM) 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 month-old rabbit preparations. However, the maximum contractile
response to NA measured in preparations from 4 month-old WHHL rabbits
was augmented when compared with that measured in preparations taken
from 4 month-old NZW rabbits (Figure 11.4, Table 11.1).
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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 12
month-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 11.5, Table
11. 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 were increased in preparations from 12-month-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 11.5; table
11. 1)

The pD2 value calculated for NA in preparations from 4 month-old
NZW rabbits (5.17 ± 0.08) was unaltered at 6 and 12 months of age.
Likewise, the pD2 value calculated in preparations from 4 month-old
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,(3-meATP (1 pM) produced rapid, transient contractions in all
preparations of the isolated rabbit mesenteric artery (Figure 11.6a).
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When the two strains of rabbit were compared, there was no difference
between responses to a,p-meATP 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 11.1, Figure 11.6b).
In preparations from NZW rabbits, there was no significant
variation in either the contractile responses to a,p-meATP at 4, 6 or
12 months of age or when responses were compared between 4 and 12
months of age (Table 11.1). In WHHL rabbits, although the contractile
response to a,p-meATP 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 11.1).

Histochemistry
Catecholamine-containing nerve fibres formed dense plexuses on the
vessel wall, being bright and varicose inboth NZW and WHHL rabbits.

No

large changes were seen in the densities of CA-containing nerve fibres
in the rabbit mesenteric artery when samples were compared between ages
or across species.

DISCUSSION

The present study shows that sympathetic neurotransmission is
substantially reduced in the mesenteric artery preparations from 12
month-old WHHL rabbits, although there was no change in the density of
CA-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 KC1 (which acts directly on the smooth
muscle) and the actions and release of the sympathetic cotransmitters
NA and ATP.
Since there was no difference in responsiveness to KC1, NA or
a,pmeATP 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 CA-containing fibres in the 12 month-old WHHL rabbits were not
damaged, although the fluorescence histochemical technique cannot
easily distinguish changes in 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 unstaurated fatty acids or on a normal diet

(Panek et

al., 1985). This was combined with no change in the response to
exogenous NA. Panek et al. (1985) argued that it is the increased
circulating lipid levels (specifically saturated fats) that 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 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.
In 12 month-old NZW rabbit preparations, nerve-mediated
contractile responses decreased when compared with 4 and 6 month-old
NZW rabbits. As there was no reduction in responsiveness to NA, a,PmeATP or KC1, this suggest 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 predominant at lower frequencies than the adrenergic
component (which is more predominant at higher frequencies)(Kennedy et
al., 1986; Moss & Bumstock, 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 the increased postjunctional contractile effect of NA
may explain the lack of change in nerve-mediated 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
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also possible that in 12 month-old WHHL rabbits there is a similar agerelated decrease in the release of neurotransmitter substances, which
is enhanced further by the atherosclerotic condition.
In both NZW and WHHL rabbits, nerve-mediated contractile
responses were seen to be increased at 6 months when compared with
responses measured at 4 months of age, this being evident particularly
at the lower frequencies. In the WHHL rabbit, this may reflect the
increased postjunctional response to a,PmeATP measured in 6 month-old
WHHL rabbit preparations. However, in NZW rabbits, there was no change
in the responses to a,p-meATP (as well as NA and KC1) 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 al., 1983; Yokoyama et al., 1983; Kawachi
et al., 1984; Verbeuren et al., 1986; Brown et al., 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 al., 1987), reduced (Verbeuren
et al., 1986; Herman et al., 1987) or even augmented (Hof & Hof, 1988).
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., 1989). We have found that in the 12 monthold rabbit thoracic aorta, maximum contractile responses to NA were no
different between WHHL and NZW rabbits (Stewart-lee, unpublished data).
However, we have shown that in the WHHL rabbit mesenteric artery, the
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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 (Stewart-

Lee & Bumstock, paper submitted). 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 (Bumstock et al., 1991). Therefore, it
is possible that the reduction in nerve-mediated constrictor 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 endothelium-mediated vasodilator responses to acetylcholine
and substance P in the WHHL rabbit mesenteric artery would provide
further protection of the vessel from vasospasm and atherogenesis
(Bumstock et al., in press).

Table 11.1

Statistical analysis of constrictor responses in isolated preparations
of the mesenteric artery at basal tone from female New Zealand white
(NZW) and Watanabe heritable hyperlipidemic (WHHL) rabbits at 4, 6 and
12 months of age. Contractions to potassium chloride (KC1)(120 mM),
maximum contractions to noradrenaline (NA)(0.1-100 |iM) and
contractions to a,P-methylene ATP (a,p-meATP)(l pM).
All values are given as mean ± SEM with the number of observations (n)
in parenthesis.
Contractions to NA and a,pmeATP 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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KC1 (g)

NA max.

a,pmeATP

(% KC1)

(% KC1)

AGE (months)
NZW
4 (7)

1.16 ± 0.12

133.34 + 15.08b,c

60.63 ± 7.01

6 (8)

1.21 ± 0.06

132.91 ± 11.183

60.88 ± 2.95d

12 (8 )

1.10 ± 0.12

202.37 + 17.07a,b

86.16 ± 15.36

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

WHHL
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Figure 11.1:

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 New
Zealand white (NZW) rabbit, (b) Responses to neurogenic transmural
stimulation in NZW (n=7,8,8) are compared with those in Watanabe
heritable hyperlipidemic (WHHL) rabbit preparations (n=8,8,6) at 4, 6
and 12 months of age respectively. Columns show means with SEM 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 11.2:

Isolated transverse ring preparations of the rabbit mesenteric 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) New Zealand white (NZW) rabbit preparations
(n=7,8,8) and (b) Watanabe heritable hyperlipidemic (WHHL) rabbit
preparations (n=8,8,6) at 4, 6 and 12 months of age resectively.
Columns show means with SEM shown by vertical bars. Significant
differences (P < 0.05) betweeen 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 11.3:

Isolated transverse ring preparations of the rabbit mesenteric artery
at resting tone, (a) Trace showing typical response to a single dose of
potassium chloride (KC1) (120 mM) on a resting tone preparation from a
4 month-old New Zealand white (NZW) rabbit, (b) Responses to KC1 in NZW
(n=7,8,8) are compared with those in Watanabe heritable hyperlipidemic
(WHHL) rabbit preparations (n=8,8,6) at 4, 6 and 12 months of age
respectively. Data points are means with SEM shown by vertical bars.
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Figure 11.4:

Isolated transverse ring preparations of the rabbit mesenteric artery
at resting tone. Cumulative concentration-response curves to
noradrenaline (NA)(0.1-100 |iM) in preparations taken from (a) 4 month
(n=7,8), (b) 6 month (n=8,8) and (c) 12 month-old (n=8,6) New Zealand
white (NZW) and Watanabe heritable hyperlipidemic (WHHL) rabbits
respectively. Data points are shown as means with SEM 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 11.5:

Isolated ring preparations of the rabbit mesenteric artery at resting
tone. Cumulative concentration-response curves to noradrenaline
(NA)(0.1-100 |iM) in ring preparations taken from (a) New Zealand white
(NZW) (n=7,8,8) and (b) Watanabe heritable hyperlipidemic (WHHL)
(n=8,8,6) rabbits at 4, 6 and 12 months of age respectively. Data
points are shown as means with SEM shown by vertical bars.
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Figure 11.6:

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,P-meATP) (1 |iM) on a resting tone preparation from
a 4 month-old New Zealand white (NZW) rabbit, (b) Responses to a,pmeATP (1 |iM) in NZW rabbit preparations (n=7,8,8) are compared with
those in Watanabe heritable hyperlipidemic (WHHL) rabbit preparations
(n=8,8,6) at 4, 6 and
12 months of age respectively. Data points are means with SEM 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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Figure 11.7:

Representative fluorescence micrographs showing catecholaminecontaining nerves on mesenteric arteries of (a) New Zealand white and
(b) Watanabe heritable hyperlipidemic rabbits at 6 months of age.
Neither nerve densities nor morphology appear different in any age
group.
Bar = 50 Jim.
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PART B:

THE EFFECT OF ATHEROSCLEROSIS ON NEUROMODULATION OF

SYMPATHETIC NEUROTRANSM ISSION

BY CGRP AND NPY IN THE RABBIT

MESENTERIC ARTERY.

ABSTRACT

The neuromodulatory actions of neuropeptide Y (NPY)(0.1
p.M) and calcitonin gene-related peptide (CGRP)(0.01 |iM) on
nerve-evoked contractions have been studied in the Watanabe
heritable hyperlipidemic (WHHL) rabbit mesenteric artery from
4, 6 and 12 month-old animals with New Zealand white (NZW)
rabbits being used as age- and sex-matched controls.
Nerve-evoked contractions in 12 month-old rabbits were
smaller in WHHL in comparison to NZW rabbits, with no
difference between the two strains of rabbit at 4 and 6
months of age. Both the potentiation effect of NPY and the
inhibitory effect of CGRP on nerve-evoked contractions
increased significantly at 12 months of age from responses
measured in younger WHHL rabbits, also being greater than in
12 month-old NZW rabbits. However, the direct relaxant
responses of CGRP on raised-tone preparations were not
different between the two strains of rabbit at any age. Both
NPY-IR and CGRP-IR nerve fibres were less varicose in 6 and
12 month-old WHHL rabbits when compared with younger WHHL
rabbits and NZW controls.
In conclusion, the neuromodulation of sympathetic
transmission by both NPY and CGRP is enhanced in the
mesenteric artery of 12-month-old hypercholesterolemic (WHHL)
rabbits.
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INTRODUCTION

There is evidence to suggest that atherosclerosis is a
disease which affects neurotransmission in blood vessels. For
example, reduced nerve-mediated constrictor responses have
been reported to occur in the tail artery of rats on a high
cholesterol diet (Panek et al., 1985). It has also been
suggested that chemical or surgical sympathectomy may reduce
the progression of atherosclerosis (Lichtor et al., 1987).
Furthermore, work in our laboratories has shown that in the
rabbit mesenteric artery, there is a reduction in nervemediated constrictor responses in 12 month-old Watanabe
heritable hyperlipidemic (WHHL) rabbits, even though there is
little lesion development (Bumstock et al., 1991).
Neuropeptide Y (NPY) is colocalised with noradrenaline
(NA) and adenosine triphosphate (ATP) in sympathetic nerves
(see Mione et al., 1990; Ekblad et al., 1984; Lundberg et
al., 1983; Saville et al., 1990). In the rabbit mesenteric
artery, NPY is known to potentiate neurally-mediated
contractions (see Mione et al., 1990; Oshita

et al., 1989).

Furthermore, this potentiation is by a postjunctional
mechanism, also potentiating the constrictor responses to
potassium chloride and NA, acting through receptor-operated
and voltage dependent calcium channels (Oshita

et al.,

1989). Calcitonin gene-related peptide (CGRP) is often
colocalised with substance P in sensory neurones, including

perivascular nerves (Wharton & Gulbenkian, 1987; Gulbenkian
et al., 1986; Maynard et al., 1990). In most vessels it has
been shown to have a strong, endothelium-independent
vasodilatory action both

in vivo and

interaction with specific receptors.

in vitro, following

A postjunctional

inhibitory action on nerve-mediated constrictor responses, as
well as on exogenous NA and a,p-methylene ATP (Maynard et
al., 1990; Mione et al., 1990).
The aim of the present study is to identify any
alterations in the neuromodulator actions of NPY and CGRP on
sympathetic neurotransmission in the WHHL rabbit mesenteric
artery. The immunohistochemical localisation of CGRP- and
NPY-containing nerves supports the pharmacological data and
aims to identify any changes in pattern or intensity of
innervation that may influence the interpretation of any
functional changes seen.
In this study, the neuromodulatory actions of NPY and
CGRP on nerve-mediated constrictor responses are studied in
order to ascertain whether their action is influenced in
atherosclerosis. In this study, the homozygous WHHL rabbit is
used as it is a model of familial hypercholesterolemia (Kondo
& Watanabe, 1975; Watanabe, 1980), with NZW rabbits being
used as age- and sex-matched controls.

The

immunohistochemical localization of CGRP- and NPY-containing
nerves supports the pharmacological data and aims to identify
any changes in pattern or intensity of perivascular

innervation that may influence the interpretation of any
functional changes seen.

METHODS

Batches of 4, 6 and 12 month-old female Watanabe
heritable hyperlipidemic (WHHL) rabbits were used in this
study (Source: Southampton University) with New Zealand white
(NZW) rabbits being used as sex-and age-matched controls.
Animals were sacrificed by a lethal dose of sodium
pentobarbitone (60 mg/ml) then exsanguinated.

First order

branches of the superior mesenteric artery were excised and
cleared of surrounding fatty tissue under a dissecting
microscope.

Pharmacology:
Sections of the isolated artery were cut into rings
approximately 5mm in length and these were mounted
horizontally under isometric conditions in 10 ml organ baths,
according to the method of Bevan and Osher (1972). The
details of the procedures to investigate neuromodulation of
nerve stimulation by CGRP and NPY are given in Chapter 2
(Methods).

Immunohistochemistry:
Isolated, first order branches of the superior
mesenteric artery were placed in Krebs’ salt solution and
processed for immunolabelling as described in Chapter 2.
Assessment of fibre plexuses was qualitative only.

Expression of results and statistical analysis:
Contractions to nerve stimulation are expressed as a
percentage of the KCl-induced contraction. The effect of NPY
was measured at the point of maximum potentiation and the
percentage increase was calculated by comparing 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.
Results are given as a mean value ± SEM. n refers to the
number of animals from which vessels were used. For each
result, one average value per animal was taken. Statistical
analyses within each strain of rabbit were made using the
Tukey’s method following one-way analysis of variance (ANOVA)
in order to establish any significant changes with increasing
age (Stevens, 1990). Analysis of results between the two
strains at any one particular age was carried out using
Student’s unpaired t test. A probability of P < 0.05 was
considered significant.

RESULTS
Pharmacology

Stimulation of perivascular nerves produced rapid,
transient contractions in all preparations of the isolated
rabbit mesenteric artery tested. 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 smaller in WHHL preparations when compared
with those measured in preparations from NZW rabbits at 64 Hz
(Figure 11.8). In preparations from NZW rabbits, there was no
variation in the contractile responses to electrical field
stimulation between 4, 6 and 12 months of age. However, in
WHHL rabbit preparations from 12 month-old rabbits, responses
were significantly reduced when compared with responses
measured in preparations from both 4 and 6 month-old WHHL
rabbits.
NPY (0.1 p.M) enhanced the responses to electrical field
stimulation (supramaximal voltage, 0.2 ms pulse duration, 64
Hz for 5 s, stimulation repeated every 1.5 m) at all ages
studied (Figure 11.9a).

The potentiation response to NPY

measured in preparations from NZW rabbits did not differ
between the three age groups studied. In preparations from
WHHL rabbits, however, responses to NPY measured in 12 monthold animals were significantly augmented when compared with
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responses measured in preparations from both 4 and 6 monthold WHHL rabbits (Table 11.2). When the two species of rabbit
were compared, there was no difference in the responses at
both 4 and 6 months of age. However, 12 month-old WHHL rabbit
preparations produced a greater potentiation response to NPY
than NZW rabbit preparations at the same age (Table 11.2,
Figure 11.9b).
CGRP (0.01 |iM) produced an inhibitory effect on nervemediated contractions when applied to preparations during
electrical stimulation, using the same stimulation parameters
as those used for NPY potentiation experiments (Figure
11.10a). The inhibitory effect of CGRP measured in
preparations from NZW rabbits did not differ between the
three age groups studied. However, in preparations from WHHL
rabbits, the effect of CGRP measured in 12 month-old animals
was significantly augmented when compared to its effect
measured in preparations from both 4 and 6 month-old WHHL
rabbits (Table 11.2). When the two species of rabbit were
compared, there was no difference between inhibition at both
4 and 6 months of age. However, 12 month-old WHHL rabbit
preparations showed a greater inhibitory response to CGRP
than NZW rabbit preparations at the same age (Table 11.2,
Figure 11.10b).
Relaxant responses to CGRP 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 compared with each other in 4, 6 and 12
month-old rabbits (Figure 11.11).

Histochemistry

No large changes were seen in the densities of NPYimmunoreactive (NPY-IR) nerve fibres in the rabbit mesenteric
artery when samples were compared between ages or across
species. NPY-IR fibres formed dense plexuses on the vessel
wall. However, the NPY-IR fibres were less varicose and
slightly flattened in the WHHL rabbit mesenteric artery at
both 6 and 12 months (Figure 11.12a,b). CGRP-IR nerve fibres
were present in NZW rabbits as fine varicose fibres
terminating on the vessel wall, mixed with large en passage
bundles. The WHHL rabbits had more large bundles and fewer
fine fibres when compared at both 6 and 12 months of age
(Figure 11.12c,d).
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DISCUSSION

The present study shows that in the mesenteric artery of
12 month-old WHHL rabbits, nerve-mediated constrictor
responses show an increase in both the potentiating action of
NPY and in the inhibitory action of CGRP and associated
changes in the appearance of NPY and CGRP innervation.
The potentiating effect of NPY on nerve-mediated
contractions in the mesenteric artery was found to be
significantly greater in 12 month-old WHHL rabbits when
compared with 12 month-old NZW control rabbits, as well as
with younger, 4 and 6 month-old WHHL rabbits.

Since this

increased potentiation occurs at the age when nerve-mediated
responses are reduced in WHHL rabbits, it would appear that
the increased potentiating action of NPY would in part
compensate for the reduction in neurally-mediated
contractions measured specifically at this age.
The increased potentiating action of NPY in 12 month-old
WHHL rabbits is unlikely to be due to a general change in
smooth muscle contractility as we have also reported that
constrictor responses to KC1, NA and a,(3-methylene ATP are
not increased in 12 month-old WHHL rabbits when compared
with responses measured in 6 month-old WHHL rabbits (StewartLee et al., paper submitted). The immunohistochemical
localisation of NPY-containing nerve fibres revealed no
change in density of fibres in 12 month-old WHHL rabbits when
compared to NZW rabbits. However, NPY-IR nerve fibres on WHHL

vessels appeared to have fewer varicosities and had a bright
fluorescence. These may be early signs of damage to NPYcontaining nerves, which may result in a reduction in the
amount of NPY being released upon nerve stimulation, although
this would need closer investigation. NPY has been shown to
act postjunctionally in the rabbit mesenteric artery
potentiating the constrictor responses to NA and KC1 (without
'l
affecting the release of [JH\ -noradrenaline), acting through
receptor-operated and voltage-dependent Ca channels (Oshita
et al., 1989). Furthermore, in the rabbit ear and saphenous
arteries, NPY has been shown to potentiate the constrictor
response to ATP (Saville et al., 1990; Warland, personal
communication). It is possible that a reduction in levels of
NPY released on nerve stimulation would result in the
development of an increased effect of NPY on the
postjunctional constrictor actions of noradrenaline and ATP.
This may account for the increased potentiating action of NPY
in 12 month-old WHHL rabbits.

In addition, it is possible

that the increased potentiating action of NPY may be related
S

to the size of the neurogenic contraction. That is, in the
c
presence of smaller nerve-mediated contractions, the ability
of NPY to increase the responses further is greater than in
the presence of larger nerve-mediated contractions in which
NPY may be able to increase the responses to a lesser extent.
The increased potentiating action of NPY on nervemediated contractions in 12 month-old WHHL rabbits may
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compensate for the reduced nerve-mediated responses and also
the increased endothelium-dependent vasodilator responses to
acetylcholine and substance P (Stewart-Lee & Bumstock, paper
submitted).
We have previously reported that there is no obvious
change in catecholamine (CA)-containing nerves (Stewart-Lee
et al, paper submitted) whilst there were signs of damage to
the NPY-innervation in 6 and 12 month-old WHHL rabbits. That
only one type of labelling showed damage was particularly
surprising as CA and NPY are often co-localised in
sympathetic nerves (Ekblad et al., 1984; Lundberg et al.,
1983; Saville et al., 1990). It is possible, however, that
this may be a consequence of the different labelling
procedures, with the immunostaining being more localised and
sensitive to damage than the chemical reaction involved in
creating fluorescence in CA-containing nerves. In addition,
the CA fluorescence is composed of all amines and indolamines
present in the nerves, and not just NA (Axelsson et al.,
1973).
In 12 month-old WHHL rabbits, the inhibitory response to
CGRP on nerve-mediated contractions was significantly
augmented when compared with responses measured in 4 and 6
month-old WHHL and 12 month-old NZW rabbits. However, the
direct vasodilatory response of CGRP on raised-tone vessel
segments showed no difference either within or across the two
strains of rabbit at 4, 6 and 12 months of age. Thus the

increased inhibitory response of CGRP on nerve-mediated
contractions in 12 month-old WHHL rabbits would not appear to
be due to an increase in the direct postjunctional action of
CGRP.

The increased inhibitory response may be related to

the significant reduction in the initial nerve-mediated
contractile responses before the addition of CGRP in 12
month-old WHHL rabbits. Indeed, it has been reported that in
the rabbit aorta, when vascular tone was raised by NA to give
a rise of approximately 25-50% of the maximal NA contraction,
acetylcholine (ACh) at 1 p.M was able to produce 90-100%
relaxation. However, when the vascular tone was raised to the
maximal contraction of NA, the same concentration of ACh
produced approximately 30% relaxation (Furchgott et al.,
1981). Similarly, in the rat aorta, it has been found that
the sensitivity to ACh was high when vessel tone was low and
likewise, sensitivity was low when vessel tone was increased
(Dainty et al., 1990). In the WHHL rabbit mesenteric artery,
nerve-mediated contractions at 64 Hz were 54.41, 64.36 and
25.47% of the maximal contraction to NA in 4- , 6- and 12month-old rabbits respectively. Therefore, it could be that
the initial nerve-mediated contraction before the addition of
CGRP in 12 month-old WHHL rabbits (25.47% of NA max.) would
represent a lower rise in tone compared with responses at 4
and 6 months of age, and as such would account for the
increased inhibitory response to CGRP. This would also
explain why the vasodilatory action of CGRP on raised-tone

preparations showed no reduction in 12-month-old WHHL
rabbits, as the tone was raised with a concentration of NA
that induced 70-80% of the maximal NA response.
Alternatively, a prejunctional action of CGRP may be
implicated. That is, CGRP may be acting prejunctionally to
reduce the release of NA and/or ATP, the sympathetic
cotransmitters responsible for the constriction elicited by
nerve stimulation in the rabbit mesenteric artery (Kugelgen &
Starke, 1985; Bumstock & Warland, 1987). However, as CGRP
has been shown to inhibit the release of ATP (Ellis &
Bumstock, 1989) whilst having no effect on the release of NA
(Maynard & Bumstock, 1989), increased prejunctional
inhibition of ATP in 12 month-old WHHL rabbits may be a
possible explanation.
It is also possible that a reduction in the release of
CGRP may lead to postjunctional supersensitivity in the
neuromodulatory (as opposed to the direct) action of CGRP in
the WHHL rabbit mesenteric artery. CGRP is found in sensory
nerves on mesenteric blood vessels (Mulderry et al., 1985;
Sasaki et al., 1986; Gibbins et al., 1985) and in nerves
closely associated with smooth muscle cells (Feher et al.,
1986). In the present study, immunohistochemical localization
of CGRP-containing nerve fibres showed less fine, varicose
fibres on WHHL vessels at 6 and 12 months of age, although
large non-varicose bundles were prevalent. As
neurotransmitter substances are released from varicosities to

act at the neuroeffector junction on smooth muscle cells of
blood vessels (Bumstock & Iwayama, 1971), fewer varicosities
may lead to a reduction in the release of CGRP. These studies
may therefore indicate postjunctional supersensitivity of the
neuromodulatory actions of CGRP. Studies looking at the
effect of CGRP on the postjunctional actions of NA and a,pmethylene ATP would be necessary to confirm such a
hypothesis.
This study therefore shows that in the WHHL rabbit
mesenteric artery, a reduction in sympathetic
neurotransmission as well as changes in NPY- and CGRP-like
immunoreactivity occur at the same time as the enhancement of
the neuromodulatory actions of NPY and CGRP and provides
further evidence for changes in nerve-mediated vascular
control in atherosclerosis.

Table 11.2

Statistical analysis of the neuromodulatory effects of
NPY(0.1 fiM) and CGRP (0.01 JiM) on responses to perivascular
nerve stimulation (supramaximal voltage, 0.2 ms pulse
duration for 5 s at 64 Hz, repeated every 1.5 m) in isolated
preparations of the mesenteric artery at basal tone from NZW
and WHHL rabbits at 4, 6 and 12 months of age.
All values are given as mean ± s.e. mean with the number of
observations (n) in parenthesis.
Results are expressed as the percentage change in the
neurally mediated contractions in the presence of either NPY
or CGRP.
Significant differences (a»b>c,d,e,f 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 of rabbit at any one age. Values
having the same superscript are significantly different (no
superscript indicates no significant difference).
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NPY: potentiation
AGE (months)
(a) NZW
4 (7)

CGRP:inhibition

43.56 ± 3.15

29.16 ± 6.26

6 (7)

37.43 ± 4.45

33.62 ± 3.34

12 (7)

46.63 ± 12.15°

27.99 ± 5.59f

(b) WHHL
4 (7)

32.24 ± 4.20

32.07 + 6.48e

6 (7)

25.39 ± 5.98a

29.17 ± 5.014d

12 (6)

108.06 ± 13.35a’b’°

63.92 + 6.71 d’e’f
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Figure 11.8: Isolated transverse ring preparations of the rabbit
mesenteric artery at resting tone. Responses to neurogenic transmural
stimulation (0.2 ms, supramaximal voltage for 5s at 64 Hz) in NZW
(n=7,8,8) are compared with those in WHHL rabbit preparations (n=8,8,7)
at 4, 6 and 12 months of age respectively. Columns show means with SEM
shown by vertical bars. Significant differences (

■I

P < 0.01;

P <

0.001) were calculated using Tukey’s methos 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.

indicates significant

difference between NZW and WHHL rabbits at 12 months of age and ’+’
indicates significant reduction at 12 months when compared with 4 and 6
month-old WHHL rabbits.
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Figure 11.9: Isolated transverse ring preparations of the rabbit
mesenteric artery at resting tone, (a) trace showing typical
potentiation response elicited by NPY (0.1

jiM)

on neurogenic transmural

stimulation (0.2 ms; supramaximal voltage for 5 s at 64 Hz, repeated
every 1.5 m on a resting tone preparation from a 4 month-old NZW
rabbit, (b) Potentiation response of NPY on neurogenic transmural
stimulation in NZW (n=7,8,8) are compared with those in WHHL rabbit
preparations (n=8,8,6) at 4, 6 and 12 months of age respectively. Data
points are means with SEM 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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Figure 11.10: Isolated transverse ring preparations of the rabbit
mesenteric artery at resting tone, (a) Trace showing typical inhibitory
response elicited by CGRP (0.001) on neurogenic transmural stimulation
(0.2 ms; supramaximal voltage for 5 s at 64 Hz, repeated every 1.5 min
on a resting tone preparation from a 4 month-old NZW rabbit, (b)
Inhibitory response to CGRP on neurogenic transmural stimulation in NZW
(n=7,8,8) are compared with those in Watanabe heritable hyperlipidemic
(WHHL) rabbit preparations

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

respectively. Data points are means with SEM 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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Figure 11.11: Isolated transverse ring preparations of the rabbit
mesenteric artery with tone raised by noradrenaline (NA)(3 |lM). (a)
Trace showing typical response to CGRP (0.01 fiM) on raised-tone
preparations from 4 month-old NZW rabbit, (b) responses to CGRP (0.01
|iM) in NZW rabbit preparations (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 SEM shown by vertical bars.

CGRP (0.01 ijM)
I

0.5 g

L

4min
3/ l/M NA

• —•

NZW
WHHL

li* - - " !

4

r

i

6

AGE [months]

12

260

Figure 11.12: Fluorescence micrographs showing NPY-IR (a,b) and CGRP-IR
(c,d) nerve fibres on mesenteric vessels of NZW (a,c) and WHHL (b,d)
rabbits. These plates are representitive of both 6 and 12 months of
age. (a,b) NPY-IR fibres are less varicose in WHHL rabbits and have a
bright, even fluorescence unlike controls. (c,d) The fine varicose
network of fibres is gone in WHHL rabbits, leaving the large bundles
prevalent.
Scale bar = 50 Jim in all plates.

GENERAL DISCUSSION

This chapter will discuss the possibility that the observed
changes in patterns of innervation during ageing, after sympathetic
denervation and in disease are due to trophic interaction between the
nerves and their target organs and between different nerve types and
how these may be influenced by other factors in their environment.

The

functional implications of the reorganized perivascular innervation
that occurs under these conditions are also discussed.

Initially,

however, the limitations imposed on these conjectures by the nature of
the histochemical techniques that were employed are considered.

TECHNICAL CONSIDERATIONS:

Assessment of whole mount preparations of blood vessels

The visual assessment of perivascular innervation was made in this
study by viewing specimens under a light microscope.

This level of

resolution limits evaluation and although impressions can be gained of
degeneration, swelling or other damage to the terminal axons by an
experienced observer, detailed assessment of nerve damage is not
possible.

Detailed morphological information should be obtained from

investigations with the electron microscope and were not attempted
here.

However, light-level observations do provide information about

innervation patterns in many samples and over large sample areas,
which electron-microscopic studies cannot easily do.
Changes in nerve fibre densities seen at light-level could be due
to various causes.

The simplest explanation is that there is sprouting

or degeneration of axons already present in the tissue, obviously
resulting in more or less nerve fibres being labelled.

This could be

verified by determining axon numbers, by labelling nerve fibres with a
general neuronal marker that labels neurones of all types, disregarding
transmitter.

A more accurate estimate of axonal numbers could be

gained from quantitative electron microscopic analysis, although this
would be laborious and sampling would need to be carefully controlled.

Detection of nerve fibres depends on the intensity of the
labelling signal reaching a threshold above which it can be detected at
light level.

Intensity of the signal is dependent on the number of

molecules being identified by the label and so is determined by the
concentration of substance present in the nerve fibre.

Therefore,

changes in concentration of substances could influence the number of
nerve fibres detected.

For example, after sympathectomy, synthesis of

CGRP may be switched on and levels would rise in the nerve fibres.
This may occur either in neurons that contain CGRP in control animals
but the level is too low to be detected, or in nerves that do not
usually contain CGRP.

In both circumstances, more nerve fibres would

be detected under the fluorescence microscope.

Increased

concentrations of neurotransmitter could also be achieved if transport
in the nerves is disrupted or if release is inhibited, causing
transmitter to accumulate in the terminals and consequently the
labelling to increase.

In this case, synthesis need not be increased.

Equally, fibres may be depleted of neurotransmitter by its increased
release or turnover while the same production is maintained, resulting

in fewer labelled fibres as the neurotransmitter concentration falls.
Levels of neurotransmitter in tissues have been measured in this
thesis by neurochemical assay and changes have been detected after
treatments.

However, this technique measures total tissue content,

including neuronal and non-neuronal elements, and so it cannot always
isolate changes of some substances to nerve fibres.

Changes in

synthesis of neurotransmitter can be indicated by changing levels of
mRNA in the neuron cell body.

The amount of mRNA should increase

the cell when production of the transmitter it codes for is increased
and mRNA can be localized with techniques of hybridization
histochemistry (Hudson et al., 1981; Penshow et al., 1987).

Therefore,

changes in levels, and site of production can be determined using
probes that identify mRNAs.

The difficulty of applying this method in

the current study is that mRNA resides in cell bodies while terminal
nerve fibres have been the target of most of the investigations
reported in this thesis.

Specificity of labelling

Once the labelling of nerve fibres is detected then care must be
taken that the labelling is specific.

When localizing catecholamines

by their chemical reaction with glyoxylic acid, the danger of non
specific labelling is remote (see Furness et al., 1975 and Chapter 2)
although no distinction can be made between the amines at a single pH.
Specific identification of NA has been made by HPLC assay as it
relies on electrochemical properties of the amines to identify them.
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However, identifying substances in nerve fibres by labelling with
antibodies does not allow the same confidence.
Although an antibody is raised in an animal against an antigen,
the serum obtained contains a range of antibodies that recognize any
immunogenic elements the host has been exposed to. Therefore some of
these will recognize the desired antigen, but there will also be those
that recognize the antigen’s carrier molecule, those recognizing
various parts of the antigen and those against any contaminants in the
original immunogenic agent.

Most of the contaminating, unwanted

antibodies are screened out by the manufacturer and preabsorption
before use but there will always be a residual impurity (see Rossier,
1981).

However,

the most important factor is the binding of

antibodies to elements in the tissue that have a common sequence to the
desired antigen (see Chapter 2).

This makes it necessary to describe

all immunohistochemical labelling as showing immunoreactivity for a
peptide rather than the peptide itself, as it cannot be beyond doubt
that the antibody has exclusively bound to the desired substance.

This

will also be true of ELISA results as the measurement of peptide levels
is based on immunological binding (see Chapter 2 for details of the
technique).

However, combined with careful comparison of purified

standards, the possibility of detecting erroneous substance is reduced.

Assessment of labelled nerve fibre plexuses

The patterns of the perivascular innervation have been assessed
both quantitatively and qualitatively throughout this thesis.

Both

methods have uses and limitations.
Qualitative appraisal was always made without prior knowledge of
treatment and of at least 5 treated and 5 control animals.

The whole

specimen was examined and an overall impression was recorded.
method gave an understanding of the direction of any changes
damage to nerve fibres that could be detected

at light level.

This

and any
However,

appraisal could only be illustrated with words and pictures and a
rating system.

Also, small changes may be missed and results are open

to variation due to observer skill.
Quantitative appraisal of nerve fibre plexuses is desirable to
eliminate subjective judgement of changes and ideally, to allow for
comparison of measurements across experiments.

The interest in

computer-assisted image analysis is growing and was developed for whole
mounts of blood vessels by Cowen et al. (1982)
plexuses containing CA.

to assess nerve fibre

The major requirement for useful quantitative

values is that standard procedures are developed to limit variability
in preparations.

A few sources of variationthat could exist

procedures employed in this study (as outlined

in Chapter 2)

in the
should be

noted.
1.

Blood vessels were carefully measured and stretched to the same

dimensions before fixation.

However this may not adequately account

for changes in elasticity that occur with ageing as the muscle layers
become thicker.

Less stretch with age may account for the constant

increase in density of CGRP-IR nerve fibres in the rat mesenteric
artery reported in Chapter 3.

However, because SP-IR nerve fibres do

not also continue to increase, this suggests that the results are not

an artefact of stretching and the density is indeed changed.
2.

During the preparation for labelling, while cleaning connective

tissue from the adventitia, some nerve fibres may be damaged despite
the care taken.

This may reduce the numbers of fibres seen.

Any

specimens that appeared to be damaged in this way were not
quantitatively measured.
3.

After labelling, vessels were stretched onto glass slides, dried

and covered.

During the drying phase their shrinkage was monitored

over a piece of graph paper in an effort to maintain the uniformity of
size acquired before fixation.

The accuracy was limited to the grid

size (1mm) of the graph paper and drying was not always ideally
uniform.
4.

Brightly labelled nerve fibres that have good contrast against the

background staining are required to allow a useful image to be captured
by the video camera attached to the image analyzer.

In older animals,

often in rabbits (because the primary antibodies were usually raised in
rabbits) and often in diseased vessels (such as those from WHHL
rabbits), background staining was high and nerve fibres cannot be
adequately distinguished by the camera.

Often nerve fibres would have

to be traced by hand onto the image.

Further problems involving the

sensitivity and light-detection characteristics of the camera
interfere with quality of the final image, problems that should have a
technological solution in the future.
5.

High magnification is necessary to detect the nerve fibres and

therefore the area measured in each frame is small.

Therefore, if

nerve fibres were sparse on the vessel wall, the variation between
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fields could be too great to be useful.

However, a series of views

were always obtained along the vessel segment and averaged so that
although the number of animals measured was small, the number of fields
per vessel was always greater than 5.

Every attempt has been made to standardize the measurement
procedure whilst keeping these sources of error in mind.

Variation

could be lowered by measuring more animals but many samples had to be
excluded due to the difficulty in acquiring an image suitable for
analysis.

In the future, better detection of nerve fibres on difficult

samples will be aided by new camera technology and brighter, high
contrast preparations with new labelling techniques.

This will be a

rewarding area to pursue in order to obtain quantitative values of
density for nerve fibre plexuses that can be confidendy compared
across animals and treatments.

TROPHIC INTERACTIONS
As outlined in the introduction (Chapter 1), innervation patterns
are thought to arise because of interactions between nerves and their
targets, between nerve types, and both are influenced by less specific
environmental factors.

The results presented in the previous chapters

have been discussed with regard to some specific trophic influences but
I would like to discuss how the results, taken together, support some
of these conclusions.
throughout.

Further paths of investigation are indicated
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1. Transportable trophic factors.
Target-derived trophic factors have been proposed as essential for
neuronal survival because of the observation that when a neuron’s
connections to its target are severed, the neuron dies (Ramon y Cajal,
1928; Hamburger and Levi-Montalcini, 1949; Cragg, 1970; Watson, 1974).
The best characterised of these factors is NGF (Levi-Montalcini and
Angeletti, 1968; Thoenen and Barde, 1985), which has been shown to be
transported retrogradely in axons to the cell body (Thoenen and Barde,
1980; Schwab et al., 1982).

Chapter 8 of this thesis has confirmed

that administration of NGF antibodies to neonatal rats causes
sympathectomy (immunosympathectomy) in some blood vessels and in the
SCG (also Levi-Montalcini and Booker, 1960).

A previous study by Hill

et al. (1985) observed the depletion of CA-containing nerve fibres on
the mesenteric blood vessels of rats; their observations were similar
to those reported here.

However, this study is the first report of the

effect of immunosympathectomy on the perivascular, peptide-containing
nerve fibres of the rat.

Both sympathetic (CA- and NPY-containing) and

sensory (SP- and CGRP-containing) nerve fibres were depleted, which was
expected since these neuron types have been shown to compete for NGF
(Korsching and Thoenen, 1985; Kessler et al., 1983).

Also, this

indicates that the sensory nerve fibres on the mesenteric blood vessels
are sensitive to NGF depletion, suggesting that they originate in DRG
cells rather than from placodal-origin sensory neurons that are
relatively insensitive to NGF (Johnson et al., 1980; Levi-Montalcini
and Angeletti, 1968; Edgar et al., 1981).

This study is also the first

report of regeneration of NPY-containing nerve fibres on the mesenteric
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artery 7 weeks after sympathectomy.

The sympathetic CA-containing

nerve fibres have not regenerated, therefore NPY must be present in
another neuronal population which is not dependent on NGF.

Neuronal

tracers could be used to determine the origin of these NPY-IR nerve
fibres, which may be intramural ganglia of the gut which are thought to
be NGF independent (Klingman, 1966).
The lack of competition between sympathetic and sensory neurons
for NGF (Korsching and Thoenen, 1985) has been proposed as the cause of
a marked increase in CGRP-IR nerve fibres in the rat after long-term
guanethidine sympathectomy (Chapter 6 & 7).

By removing the

sympathetic nerves, more NGF is available for the sensory neurons to
utilize and proliferate.

CGRP-IR nerve fibres were shown to be

dependent on NGF as they were decreased after immunosympathectomy
(Chapter 8).

However, the patterns of increases in CGRP levels after

guanethidine sympathectomy were not uniform and were dependent on the
age of the rat when treatment began.

This suggests that the

sensitivity of CGRP-containing neurons to NGF levels, or their ability
to respond to rising levels, changes throughout life.

Different

sensitivities of sensory neurons to NGF deprivation have been reported
(Johnson et al., 1980; Thoenen and Barde, 1980; Verge et al., 1989).
This is also suggested by the current observation that no increases
were seen in SP-IR sensory nerve fibres (Chapter 6 & 7) yet are
reported in the iris after sympathectomy (Cole et al., 1983; Kessler et
al., 1983).

Also, it is thought that sensory nerves are mostly

dependent on NGF before birth both Chapter 8 and other authors (Gorin
et al, 1980; Otten et al., 1983; Yip et al., 1984; Pearson et al.,
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1983) have shown that only a proportion of sensory neurons are
destroyed by NGF deprivation postnatally.

However mature DRG cells

can survive without NGF for a time in vitro and then increase
expression of NGF receptors if NGF levels are increased in the medium
(Lindsay et al., 1990).

Therefore, NGF deprivation in postnatal

animals destroys most sympathetic neurons and a subpopulation of
sensory neurons and high levels of NGF are able to stimulate receptor
expression and proliferation of another group of sensory neurons.
NGF is also known to have a direct role in determining CA enzyme
activity (Paravicini et al., 1975) and expression of peptides (Kessler
and Black, 1981; MacLean et al., 1988) during development; SP and
somatostatin expression is increased by the presence of NGF (Kessler
and Black, 1981)

NGF may also directly stimulate CGRP expression.

Deprivation of NGF (and subsequent neuronal death) may be caused
by any disease or disruption that affects axonal transport.

Therefore,

the destruction of nerve fibre populations by acrylamide poisoning
(Chapter 11) may in part be due to deprivation of NGF.

Axonal

transport has been shown to be disrupted after acrylamide treatment
(Jakobsen and Sidenius, 1983; Gold et al., 1985; Moretto and Sabri,
1988) and specifically transport of NGF is reduced (Miller et al.,
1983).

This may be a consequence of the extensive structural damage

suffered by the axon or indeed the cause (Lapadula et al., 1989;
Miller and Spencer, 1985; Schaumberg et al., 1974).

All nerve fibre

types viewed in the present study were depleted in number and
morphologically damaged, suggesting that acrylamide affects axonal
transport in all nerves, although differential sensitivities were
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revealed: sensory nerve fibres were affected more than sympathetic.
This may be an indication that sensory neurons depend on NGF more than
sympathetic neurons in mature rats, which would be contrary to reports
that in fact sympathetic neurons have greater dependence on NGF after
development (Gorin and Johnson, 1980; Johnson et al., 1983).
Therefore, it is more likely that the differential sensitivity of
neurons to acrylamide treatment is due to other consequences of the
poisoning.
Diabetes was also shown to have a differential effect on types of
perivascular nerves (Chapter 9) and is known to affect axonal transport
(Tomlinson and Mayer, 1984; Kudlacz et al., 1989).

However, increases

as well as decreases in nerve fibre densities were seen, indicating a
fundamental difference in the mechanisms of nerve damage in diabetes
and acrylamide (Kudlacz et al. 1988).

Again, defective transport of

NGF is unlikely to be the only cause of neuron death.
Changing patterns of perivascular, peptide-containing nerve
fibres during diabetes have been previously described in cerebral
vessels (Lagnado et al., 1987), and changes have also been reported in
nerve fibres innervating the gut (Belai et al., 1985; Lincoln et al.,
1984; Loesch et al., 1986; Belai and Bumstock, 1987), prostate (Crowe
et al., 1987), penis (Crowe et al., 1983 and vasa and nervi nervorum
(Dhital et al., 1986).

Belai et al. (1985) report increased density

of VIP-IR nerve fibres in the diabetic gut and suggest this may be due
to accumulation of the peptide in the damaged fibres and therefore a
greater number are seen.

This is possible if axonal transport has been

diminished and concentration of the peptide rises in the nerve
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terminals (see above for discussion of this feature of
immunolabelling).

The present study (Chapter 9) reports increased

numbers of VIP-IR nerve fibres on the mesenteric artery during diabetes
but suggests they may be new fibres that originate in the myenteric
plexus of the gut.

Both hypotheses are compatible if the VTP-

containing nerve fibres originate in the gut:

if axonal transport is

reduced, accumulation of transmitter will occur, NGF transport will be
reduced and NGF-dependent neurons will die.

The NGF-independent nerve

fibres (perhaps from gut neurons) will survive on the mesenteric artery
and may proliferate (perhaps stimulated by another growth factor) or
simply more will be detected because o f raised peptide concentration.
Further investigations are required to determine the cause of increased
fibre density.
NGF is only one of the substances proposed as a neuron growthpromoting factor (Rawdon and Dockray, 1982; Barde et al. 1983; Rush et
al., 1986) and the present results suggest that other factors may be
involved in nerve fibre proliferation in guanethidine-treated adults.
VIP-IR nerve fibres increase in adult rats after guanethidine
sympathectomy (Chapter 7) yet synthesis of VIP has been shown to be
independent of NGF (Keen et al., 1988).

Therefore, NGF may be

necessary to promote proliferation of CGRP-IR nerve fibres, probably in
both developing and mature animals but another factor, which is only
present in adult rats, may stimulate growth of VIP-IR nerve fibres.
In a recent discussion about the nature of the dependence of
neurons on target-derived growth factors, Oppenheim (1989) suggested
that neuron death is not caused by a limited concentration or level of
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trophic factor, but rather by a limited access to sites on the target
from which the neuron can acquire it.

This view was supported by

letters to the editor (Clarke et al., 1989; Lowrie and Vrbova, 1989).
No doubt there will be further discussion as evidence is acquired for
each view.
Taken together, the observations reported in this thesis suggest
the involvement of transportable growth factors in the survival of
sympathetic and sensory nerve fibres, but the identification of the
particular factor(s) has not been determined.

Immunosympathectomy has

shown that both sympathetic and sensory neurons require NGF after birth
and confirms that not all sensory neurons are destroyed.

When

sympathetic nerve fibres are removed by guanethidine treatment, the
processes of one group of sensory neurons (those containing CGRP-IR)
can proliferate which is likely to be due to NGF but may also be caused
by some other trophic factor.

If sensory neurons are dependent on NGF

in the adult rat, it may be that they can survive without it but
additionally they can respond to an excess by proliferation of their
processes.

These proposals are supported by evidence that DRG cells

can turn on the expression of NGF receptors when the level of NGF is
raised in the surrounding medium in vitro (Lindsay et al., 1990).
Furthermore, NGF can determine peptide expression (Kessler and Black,
1981).

The disruption of nerve fibres seen during diabetes and

acrylamide poisoning may be due to defective axonal transport, but NGF
may be only one of many substances important to the survival of these
neurons.

Of course the differential effects observed may be due to

direct effects of the disease or poison on the fibres rather than a
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different susceptibility to deprivation of a trophic factor.

The experiment which is immediately suggested by these
observations is to treat rats with antibodies to NGF during treatment
with guanethidine.

This should prevent the increases in CGRP-IR nerve

fibres if they are NGF-dependent.

Treatment should be administered to

both developing and adult rats to determine whether a different factor
is involved at different ages.

If increases still occur, a growth

factor other than NGF must be involved.
It has been suggested above that lack of transportable growth
factor due to defective axonal transport may cause some depletion of
nerves in diabetes (Schmidt et al., 1983; Sidenius, 1982, Tomlinson and
Mayer, 1984) and acrylamide (Logan and McLean, 1988; Bisby and Redshaw,
1987; Jakobsen and Sidenius, 1983 ).

NGF administration may prevent

death of some neurons in both cases if the cell bodies could utilize
exogenous supplies directly.

Increases in VIP-IR nerve Fibres would

still be seen during diabetes if neuronal transport is still reduced
and peptide is accumulating.

However, if VIP-IR nerve fibres

proliferate because competition for some growth factor is reduced by
the death of the other nerve fibres, then if NGF treatment allows the
other neurons survive, no increase in VIP-IR nerve fibre numbers would
be expected.

Treatment with NGF has been shown to protect sensory

nerves from damage by capsaicin treatment (Otten et al., 1983).

2. Other trophic influences:
Trophic substances also exist that do not rely on axonal
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transport.

Indeed, peptides themselves have been shown to be growth

promoters (Lunder and Grosse, 1981; Zachary et al., 1987; Woll and
Rozengurt, 1989), raising the possibility that transmitters released
from nerve fibres determine the phenotype of neighbouring neurons
(Brenneman and Foster, 1987; Kozlova et al., 1987).

The observations

reported here after guanethidine sympathectomy do not exclude the
possibility that it is the depletion of catecholamine levels that
stimulates increases in CGRP-IR nerve fibres, rather than the removal
of the sympathetic nerves.
on NGF (Chapter 8)

However, the dependence of CGRP-IR neurons

supports the theory that NGF is involved.

The lack

of increase in CGRP-IR nerve fibres when short-term destruction of
sympathetic nerve terminals is caused with 60HDA (Chapter 6),
indicates that depletion of CA does not immediately cause increased
expression of CGRP.

Therefore, studies that cause a long-term

depletion of catecholamine levels without destroying the nerve
terminals are needed to determine whether increases in CGRP-IR nerve
fibres are dependent on the presence of nerve terminals or on the level
of CA.
Linked to
electrical activity

the release of neurotransmitters may be the tonic
of neurons.

It has been suggested that electrical

activity at vascular neuroeffector junctions may influence the
morphology of the blood vessels (Bevan and Tsuru, 1981; Hart et al.,
1980;

Lee et al., 1987; Bevan, 1984).

The wall of

artery

was found to be thicker when nerve fibres had been removed by

surgical denervation (Bevan and Tsuru, 1981).

the rabbit ear

This was interpreted to

be due to less neuronal activity which had caused hypertrophy of the
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muscle cells.

Whether the effect is due to low levels of electrical

activity, low levels of transmitter release, or some other trophic
influence the nerves have on smooth muscle cell proliferation is not
known.

Experiments that increase nerve activity with chronic

stimulation of perivascular nerves are being carried out (Maynard et
al., In progress) that hope to reverse the denervation hypertrophy.
This may be a useful therapy to reduce the wall thickness of
atherosclerotic vessels and thus increase the lumen size.

3. Environmental factors
Non-specific, general factors must also be considered when
interpreting the changes seen in the current studies.
During ageing, blood pressure steadily increases as the
elasticity of the blood vessel wall decreases.

Cowen et al. (1982)

related changes in blood vessel innervation to changing needs: the
major vessels lose their innervation as they enlarge during development
to become mainly conduction vessels while the smaller resistance
vessels become more densely innervated as they take over the role of
blood pressure control.

Chapter 3 reports changes after this period of

adjustment, however, changes were still seen: steady increases in CGRPand SP-IR innervation of the rat mesenteric artery.

This increase in

vasodilators may be in response to rising blood pressure and thicker
vessel wall, to guard against excessive vasoconstriction and vascular
occlusion (see discussion on functional implications below) (Folkow,
1982; Folkow et al., 1970).
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During disease, the internal milieu is likely to undergo changes
as toxins attack the neurons or as a direct consequence of the disease.
For example, in the diabetic rat there are high glucose levels in the
blood which cause oedema of tissues, including the perineurium (Tuck et
al., 1984).

The rising pressure within the nerve casing will put

pressure on the nerve fibre and restrict axonal flow and perhaps neural
transmission.

There may be variable affects on different nerve types,

dependent on the strength and extent of Schwann cell protection and
position of the nerve in the fibre bundle.

In atherosclerotic

vessels, the accumulation of plaque and rise in blood pressure may have
structural consequences for neurons.

No changes in nerve fibre density

could be seen in WHHL mesenteric vessels (Chapter 11) but some damage
to NPY-IR and CGRP-IR nerve fibres was observed.

The increased

thickness of the muscle layer in the diseased vessel wall could
interfere with diffusion of neurotransmitter and high lipid levels
could change receptor characteristics (Panek et al., 1985).

In

acrylamide-poisoned rats (Chapter 10), the toxin acts directly on the
nerve fibre bundle to cause mechanical damage of cytoskeletal elements
(Miller and Spencer, 1985; Scaumberg et al. 1974).

This could cause

neuronal death before any consequences of reduced axonal transport
could become important.
The physiological consequences of denervation, because of
diseases or after sympathectomy, have not been extensively studied.
Changes in blood pressure, vascular conductance, baroreceptor activity
and hormone release could all be apparent after denervation and during
disease and may further influence perivascular innervation so that the

final observations in this study are due to a combined effect of
various parameters.

COEXISTENCE OF NEUROTRANSMITTERS
This thesis has reported dual-labelling which suggested
coexistence of SP and CGRP in neurons innervating the ear vessels of
guinea pigs (Chapter 5).

In addition, we can speculate about other

combinations of transmitters that are suggested by comparing changes in
nerve fibre populations after selective denervation.
Guanethidine studies showed that NPY is often colocalized with CA
in nerve fibres in the rat.

This can be deduced from the similarities

in loss of NPY- and CA-containing nerve fibres after sympathectomy.
However, these two transmitters appear to be colocalized in different
proportions depending on the organ and the age of the rat.

In the vas

deferens, a higher proportion of NPY is of non-CA-containing origin in
the developing rat than in the adult as NPY levels are reduced by 97%
when adults are treated with guanethidine but only by 65% when
developing rats are treated; CA levels were reduced by more than 90% at
both ages.

NPY-IR nerve fibres which increased after

immunosympathectomy are also unlikely to be of sympathetic origin as
they did not contain CA (Chapter 8).
CGRP and SP are often colocalized in rat perivascular sensory
nerve fibres (Gibbins et al., 1985; Mulderry et al., 1985) and there
are also populations of neurons that contain the peptides separately.
Coexistence of SP and CGRP is suggested by the similar appearance of
the SP- and CGRP-IR nerve fibre plexuses and the observation that the

densities of both types of fine fibres increase steadily with age
(Chapter 3). Conversely, those fibres immunoreactive for SP, but not
CGRP, begin to decline after 12 months of age, suggesting that the
synthesis of SP is decreased in common fibres, or in the population of
fibres that contain SP only, with age.
Furthermore, the present results report circumstances where CGRPand SP-IR nerve fibres respond differently.

A population containing

CGRP only, and not those that also contain SP, are the neurons that can
proliferate after sympathectomy in both developing and adult rats
(Chapter 6 & 7).

This same group of CGRP-containing nerve fibres

appear to be less affected by antibodies to NGF (Chapter 8) than those
containing only SP or SP and CGRP.

Furthermore, acrylamide treatment

probably damages the CGRP-only nerve fibres more than those containing
SP only (Chapter 10).

Therefore, although CGRP and SP are colocalized

in some sensory nerve fibres (Gibbins et al., 1985; Mulderry et al.,
1985), the present results do not suggest coexistence of the two
peptides in nerve fibres that have been affected by the treatments
studied.
VIP-IR nerve fibres were present in rat mesenteric arteries and
their density was increased in mesenteric artery and vas deferens after
guanethidine treatment in adult, but not in developing, rats (Chapter
7).

Since CGRP-IR nerve fibres increased at both ages, this indirect,

circumstantial evidence sugeests that VIP may be colocalized with CGRP
in adult but not developing rats.

It is unlikely that these nerve

fibres also contain SP as SP-IR nerve fibres were unaffected by
guanethidine treatment.

However, during diabetes, SP and VIP both
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increased, while CGRP-IR nerve fibres were unaffected, allowing
speculation that SP and VIP are colocalized in some nerve fibres
(although increases were not equal), if only during diabetes.
Therefore, distinct populations of nerve fibres may exist that contain
distinct combinations of peptides and these nerve fibre types are
differentially affected by diseases, ageing and denervation
treatments.
In support of multiple coexistence, there are a group of
postganglionic sympathetic neurons that innervate the sweat glands of
the cat which contain immunoreactivities for SP, VIP, CGRP and
acetylcholinesterase (Lindh et al., 1988).

No group of cells in the

gut or paravertebral ganglia have yet been shown to consist of such a
combination.

However, the present results provide indirect evidence

that there are populations of nerve fibres on blood vessels that
contain CGRP alone, SP alone, CGRP and SP together, CGRP and VIP
without SP, and VIP and SP without CGRP.

These nerve fibres may be

separate populations or alternatively, the expression of transmitters
may change within the same neuron.

Carefully planned experiments to

combine labelling for more than one transmitter could determine what
combinations of peptides do indeed coexist and which particular fibres
are effected in the present studies.

It has been suggested that the

combination of neurotransmitters in a neuron could be a code for their
function (Gibbins et al., 1987; 1988), therefore information about
colocalization could help in deducing functional implications for the
innervation changes seen.

FUNCTIONAL CHANGES

In order to draw conclusions about the effect of innervation
changes on vascular control, it is necessary to distinguish between
changes in nerve fibre density, transmitter content and release, and
receptor expression.

Some aspects of the consequences of changes to

perivascular innervation have been studied in atherosclerotic vessels
(Chapter 11) and in acrylamide-poisoned rats (Chapter 10).

In

acrylamide-treated rats it was shown that the smooth muscle of the
mesenteric vessels responded normally to exogenous drugs but the
efficacy of nerve stimulation was reduced.

This shows that damage is

caused to the nerve fibres rather than to the smooth muscle or its
receptors.

As morphological damage to axons after acrylamide is well

known (Fullerton and Barnes, 1966; Miller and Spencer, 1985), defective
release of transmitter is likely.

In the WHHL rabbit (Chapter 11), it

was suggested that the reduced contractile response of mesenteric
vessels to nerve stimulation was due to reduced release of NA and ATP
from sympathetic nerve terminals and not due to mechanical problems in
the muscle.

Panek et al. (1985) suggested that high concentrations of

lipids can interfere with neural transmission by changing membrane
lipid composition.

Therefore it was proposed that the prejunctional a-

receptors on the sympathetic nerves have been affected by lipids and
this caused a reduced release of NA and ATP (see Chapter 11).
Functional changes were not investigated in the studies of
sympathectomy.

It is well known that animals without an extensive

sympathetic nervous system can survive but studies of vascular control

283

in such animals should be enlightening.

The overall impression from

all the preceding results is that vasoconstrictors decrease and
vasodilators increase under the conditions studied.

Decrease in vasoconstrictors:

After sympathectomy with

guanethidine or antibodies to NGF, most if not all CA-containing nerve
fibres were absent from blood vessels.

No regeneration of these nerve

fibres was seen in the guanethidine treated rats up to 20 weeks
(Chapter 6) and only a few CA nerve fibres were seen in 8-week-old
immunosympathectomized rats (Chapter 8).

Therefore the ability of

these blood vessels to contract to nerve stimulation should be
impaired.

However, if a few CA fibres remain, it may be possible for

these nerves to contract the vessel as denervation should lead to
supersensitivity of postjunctional receptors, and close coupling exists
between the smooth muscle cells (Uehara and Bumstock, 1970; Bumstock,
1983; 1986).

If a limited number of smooth muscle cells receive a

signal from a few nerve fibres, this signal can be spread throughout
the vessel wall via the gap-junctions between the muscle cells (Uehara
and Bumstock, 1970).
contract the vessels.

Thus a few fibres would still be able to
In addition, circulating CA may act on muscle

cells and would be available after guanethidine sympathectomy, when the
adrenal medulla remains intact while all perivascular CA fibres are
destroyed (Johnson et al., 1976).

Therefore circulating levels of CA

may be able to maintain vasoconstriction.
In 8-week-old immunosympathectomized rats, an increase in NPYcontaining nerve fibres was seen on the mesenteric artery (Chapter 8).

NPY is thought to act as a postjunctional neuromodulator, potentiating
the constrictor responses of NA and therefore augmenting the effect of
sympathetic nerve stimulation (Mione et al., 1990; Oshita et al.,
1989).

Therefore the regenerated NPY-IR nerve fibres seen at 8 weeks

may augment vasoconstriction caused by the remaining CA nerve fibres,
further enhancing any responses from supersensitive postjunctional areceptors.

Increase in vasodilators:

The striking observation after

guanethidine sympathectomy was the increase in CGRP-IR nerve fibres and
in adult rats, the additional increase in VIP-IR.

CGRP and VIP are

potent vasodilators (Hanko et al., 1985; Lundberg et al., 1982;
Fahrenkrug, 1979) that usually act directly on smooth muscle receptors,
independently of the endothelium (Brain et al., 1985; Edvinsson and
Uddman, 1988; Lee et al., 1984).

Increased vasodilatation of the

mesenteric artery would be expected to lead to lower blood pressure as
more blood would be directed into the large mesenteric vascular bed
(Rowell et al., 1972).

Indeed sympathectomized animals do have poor

control of blood pressure and vascular resistance (Clark and Phelan,
1975; Provost et al., 1974; Fronek, 1980).

However, increased levels

of vasodilator may also lead to reduced sensitivity at postjunctional
receptors, therefore less effect would be seen for the same amount of
transmitter released.

Certainly, an increase in vasodilatation does

not seem a useful mechanism for compensating for the loss of
vasoconstrictor nerve fibres.

The action of vasodilators would need to

be attenuated in order that some maintenance of blood pressure would be

possible.

This could be achieved by reduction of transmitter release

in response to nerve stimulation or desensitization of receptors but it
would seem unlikely that the peptides could change their action from
dilator to constrictor.
VIP-IR nerve fibres were also seen to increase on the mesenteric
blood vessels after 8 weeks of streptozotocin-induced diabetes,
accompanied by an increase in SP-IR nerve fibres.

SP is also a potent

vasodilator (Pemow and Rosell, 1975; Edvinsson et al., 1980).

These

vasodilator fibres have increased when there are still vasoconstrictor
nerve fibres present.

Therefore the consequences for the control of

blood flow should be different from those after sympathectomy.

However

there still exist the options of increased vasodilation or desensitized
postjunctional receptors, leading to either lowered blood pressure or
less efficacy in producing dilatation.
An adaptive function can be seen for the steady increase in
vasodilatation via CGRP-IR nerve fibres with age (Chapter 3).
Increased vasodilators could counteract the increased efficacy of
vasoconstrictors in the hypertrophied vessels of older animals (see
Folkow, 1982; Folkow et al., 1970) and thus reduce blood pressure.
In conclusion, the changes in innervation after sympathectomy,
during disease and maturation, raise questions about the maintenance of
vascular control.

Extensive organ bath and in vivo studies are needed

to determine what the relationships are between the new combinations of
nerve fibres.

It will be interesting to discover, for example, if the

increased numbers of CGRP-IR nerve fibres are what help a
guanethidine-sympathectomized rat to survive.
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