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ABSTRACT

This thesis presents a study on the plasticity of perivascular 
nerves, and is divided in two sections. The first concerns changes in 
expression of perivascular nerves during development and ageing and 
in the nerves that remain after selective sympathetic and/or sensory 
denervation of the rat cerebral, meningeal and irideal vessels. In 
the second section changes in the innervation of the guinea pig 
uterine artery during pregnancy and after chronic treatment with 
progesterone are described.

Changes in the expression of neurotransmitters in cerebrovascular 
nerves were studied in rats from birth to 27 months of age, using 
histochemical and immunohistochemical techniques, followed by 
quantitative analysis of the density of innervation. The study 
revealed an early development of sympathetic cerebrovascular nerves, 
while sensory nerves and parasympathetic nerves developed later. 
Ageing resulted in a decrease of the expression of vasoconstrictor 
neurotransmitters in cerebrovascular nerves, whereas the expression 

of vasodilator neurotransmitters (vasoactive intestinal polypeptide, 
VIP, and calcitonin gene-related peptide, CGRP) was strikingly 
increased. Long-term sympathectomy produced by chronic treatment with 
guanethidine caused degeneration of the sympathetic neurons in the 
superior and inferior cervical ganglia and disappearance of glyoxylic 

acid-induced fluorescent nerves and 5"hydroxydopamine (5”0HDA) 
labelled vesicles in rat cerebral, meningeal and irideal vessels. The 
results also suggest that there is a compensatory increase of the 
expression of neuropeptide Y (NPY)-immunoreactivity (IR) in non-
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sympathetic perivascular axons in the brain and iris of developing 
rats subjected long-term guanethidine treatment, but not in those of 

the dura mater. Using a dual immunostaining technique at the 
ultrastructural level, the NPY-IR present in cerebrovascular nerves 
of developing rats sympathectomized with long-term guanethidine 
treatment was localized in VIP-IR nerve fibres. Their origin, from 
pterygopalatine ganglion neurons, was traced using a fluorescent 
neuronal tracer (fast blue) and immunohistochemistry revealed an 
increase in the expression of NPY-IR in pterygopalatine ganglion 
neurons after long-term sympathectomy. An increased number of CGRP- 

and substance P (SP)-IR nerves was observed in the anterior cerebral 
artery, iris and dura mater of guanethidine sympathectomized rats. 
These nerve fibres could arise from sensory and/or parasympathetic 
cranial neurons storing CGRP- and/or SP-LI. Rats were also subjected 
to long-term guanethidine treatment afer capsaicin treatment. 
Projection of sensory CGRP- , but not SP-IR neurons which did not 
degenerate after capsaicin treatment again increased dramatically 

after guanethidine treatment.
In the second section of this thesis, the number of noradrenaline 

(NA)-containing nerves in the uterine artery, which formed the 
densest plexus in virgin animals, was much reduced in late pregnancy, 
a finding supported by a significant reduction in noradrenaline 
levels. In contrast, the innervation of the uterine artery by NPY-IR 
nerve fibres was increased in pregnancy, while the other peptidergic 

nerves and peptide levels were unchanged. Systemic progesterone 
treatment did not mimic these changes. An immunocytochemical analysis 

of uterine arteries from virgin and pregnant guinea-pigs injected
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with 5-OHDA to label noradrenergic nerves showed that, unlike the 
pregnant uterus, no degeneration of nerves containing large and small 
dense-cored vesicles occurred in pregnant uterine arteries. The 
results suggested that, in pregnant animals, 5"0HDA labelled vesicles 

were also present in non-noradrenergic perivascular nerves. In the 
uterine arteries from pregnant guinea-pigs, the neuronal uptake of 
^H-NA was found to be increased compared with that of control 
arteries, despite the reduction of noradrenergic nerves. The 
autoradiographic localization of ^H-NA taken up by guinea pig uterine 
arteries, further processed for immunocytochemistry of dopamine |S 
hydroxylase (DBH)-, NPY-, VIP-, SP- and CGRP-IR, revealed that the 
uptake of ^H-NA in pregnant animals occurred also in non-sympathetic 
nerves.

This study showed that : a) compensatory changes in the expression 
of neurotransmitters in perivascular nerves occur both in 
physiological (development, aging, pregnancy) and experimental 
(selective denervation) conditions; b) the changes that have been 
observed are complex ; one clear example is a marked increase in 
CGRP/SP in sensory nerves following destruction of sympathetic 

nerves; another is the increase of NPY in perivascular nerves 

supplying the uterine artery in late pregnancy; c) plasticity is a 
property of perivascular nerves that is retained throughout life.
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GENERAL INTRODUCTION



The subject of this thesis is the perivascular innervation of two 
arterial districts, chosen as model for the study of changes 
occurring in physiological condition or induced by experimental 
manipulation.

Rat cerebral vessels have been chosen because their perivascular 
nerve supply : a) has been classified as sympathetic, parasympathetic 
and sensory on the basis of the origin and neurotransmitter(s) 
phenotype, being the three components segregated in specific ganglia 
and characterized by a well defined pool of neurotransmitter(s) ; 
b) can be easily and specifically denervated by surgical or chemical 
manipulation. These vessels were also used for evaluating changes in 
the density and pattern of innervation taking place during 
development and ageing.

The uterine artery of the guinea-pig was chosen since dramatic 
changes were shown to occur to both nerve pattern and vessel size 
during pregnancy, so that it represents a good model for the study of 
the adaptability of perivascular nerves in physiological condition.

The changes under study were: a) quantitative and qualitative 
variations in the density and pattern of nerve fibres, characterized 
on the basis of neurotransmitter expression and revealed using 

histochemical and immunohistochemical techniques at the light and 
electron microscopical level in both cerebral and uterine arteries; 
b) changes in the expression of neurotransmitter(s) type in neuronal 

cell bodies which give raise to the cerebrovascular, meningeal and 
irideal nerves under study; c) 5~0HDA and ^H-NA uptake ability in 
the uterine artery of control and pregnant guinea pig and its 
autoradiographic localization in immunostained perivascular nerves.
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Section III A describes experiments carried out on cerebral 
vessels. In Chapter one, cerebrovascular nerves containing 
noradrenaline (NA), serotonin (5"HT), substance P (SP)-, neuropeptide 
Y (NPY)-, calcitonin gene-related peptide (CGRP)- and vasoactive 

intestinal polypeptide (VIP)-immunoreactivity (IR) were quantified 
at various age stages from birth to 27 months of age. In Chapter two, 
the expression of NPY, a cotransmitter in NA-containing nerves was 
studied after long-term chemical sympathectomy with guanethidine in 
cerebral arteries, dura mater and iris, all targets of sympathetic 
nerve fibres originating from cervical ganglia. In Chapter three, the 
parasympathetic nature and origin of the cerebrovascular nerves 
expressing NPY-immunoreactivity after sympathectomy was demonstrated 
using a dual immunostaining technique at the ultrastructural level 
and retrograde tracing experiments. In Chapter four, the increase of 
CGRP- and SP-IR in cerebral vessels, dura mater and iris after long
term sympathectomy was quantified and compared with the changes of 
the expression of those neurotransmitters in neurons of sensory 

ganglia. This study was carried out also in sensory denervated 
(capsaicin treated) rats in order to quantified the involvement of 
sensory neurons.

In section III B, the changes in the expression of 

neurotransmitters in perivascular nerves of guinea-pig uterine 
arteries occurring during pregnancy were studied (Chapter five). 

Quantitative analysis of the density of nerve fibres and 

neurotransmitter levels took into account the dramatic morphological 
changes of the smooth muscle coat of the artery. The ultrastructural 
study described in Chapter six revealed some features of perivascular
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uterine nerves, that suggested that, during pregnancy, perivascular 
non-noradrenergic nerves developed the ability to take up the false 
noradrenergic neurotransmitter 5”hydroxydopamine (5-OHDA), used as a 

tool for the demonstration of dense cored vesicles at the electron 
microscopical level. In Chapter seven, this ability was challenged 
with ^ H - N A ,  which is taken up by noradrenergic nerves, its uptake 

was measured and localized with an autoradiographic technique for 
electron microscopy, in arteries that had been immunostained for 
various neurotransmitters.
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SECTION I : 
HISTORICAL BACKGROUND
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1. INTRODUCTION

For many years, studies on neurohumoral control of the 
vasculature have been dominated by consideration of the role of 

catecholamines released from sympathetic perivascular nerves and from 
the adrenal medulla into the bloodstream. The availability over the 
past two decades of new and improved techniques in 
immunohistochemistry, electron microscopy, electrophysiology and 
pharmacology has led to a wealth of discoveries that have profoundly 
reshaped our understanding of the autonomic nervous system (ANS) (see 
Burnstock, 1986a,b). While the classical view of the ANS was 
formulated largely from consideration of antagonistic cholinergic and 
adrenergic nerves, about 16 new putative neurotransmitters have been 
proposed in the ANS in the last few years, including various 
monoamines, polypeptides, purines and amino acids. Several 
modulatory transmitter mechanisms have been recognized, including 
prejunctional inhibition or enhancement of transmitter release, 
postjunctional modulation of transmitter action, and the secondary 

involvement of locally synthesized hormones and prostaglandins. The 
existence of more than one transmitter substance in some nerves, 
cotransmission, is now also widely recognized. Modulatory mechanisms 
appear to represent the dominant role of neuropeptides in the 
vasculature, such that they may produce short- or long-term 

influences on the release or action of other neurotransmitters, 

either directly or indirectly, through their action on degradative 
pathways.

Not only has an increasing complexity in neuroregulation of
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blood vessels (and other tissues) been revealed in recent years, but 
the understanding of local humoral regulation has also rapidly 
progressed. This has largely stemmed from the discovery that 

endothelial cells, forming the innermost layer of blood vessels, play 
a crucial role in the vasodilatory response of the vessel to 
acetylcholine (ACh) (Furchgott and Zawadzki, 1980) and to a growing 
number of other substances (see Vanhoutte and Rimele, 1983;
Furchgott, 1984). The considerable interest in vascular control 
mechanisms arising from these studies has led to the concept of a 
dual regulation of blood vessel tone, whereby both nerves and the 
endothelium are involved (Burnstock and Kennedy, 1986; Burnstock, 
1988).

In this section some of the above-mentioned recent discoveries 
in neurohumoral control of the vasculature are reviewed, with special 
emphasis being placed on the localization and vasomotor roles of 
peptides. Attention will be given largely to those peptides most 
prominent in perivascular nerves, including neuropeptide Y (NPY), 

vasoactive intestinal polypeptide (VIP), substance P (SP) and 
calcitonin gene-related peptide (CGRP), although mention will be made 

of other biologically active peptides claimed to be in some 
perivascular nerves, such as neurotensin, somatostatin, bradykinin, 
vasopressin, galanin, atrial natriuretic peptide, gastrin-releasing 

peptide, cholecystokinin, dynorphin and the opioid peptides.
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2. VASCULAR NEUROEFFECTOR MECHANISMS

2.1 Vascular neuroeffector junction
The model of the autonomic neuroeffector junction, as proposed by 

Burnstock and Iwayama (1971). differs from the classical 
neuromuscular junction in skeletal’ muscle and from the synapses in 
the central and peripheral nervous systems. Both of these latter 
sites are characterized by the presence of specializations of the 
pre- and postsynaptic membranes, separated by a cleft of 20-50 nm.

Studies on the relationship between autonomic nerve fibres and 
vascular smooth muscle cells (Burnstock, 1970; Gabella, 1981) have 
shown that terminal axons branch extensively at the level of the 
adventitial-medial border to form "plexus-like” structures. These 
terminal axons are devoid of Schwann cell covering and are rich in 
varicosities (0.5“2 pm in diameter), separated by intervaricose 
regions (0.1-0.3 pm in diameter). Neurotransmitters are mainly 
stored in vesicles within these varicosities and are released "en 
passage" during the conduction of nerve impulses. Specialized 
thickened areas are sometimes seen on prejunctional, but not on 

postjunctional membranes, and the junctional cleft can vary from 50 

to 2000 nm, depending on the size of the vessel (Burnstock, 1975*. 
Burnstock et al., 1980). Active substances released from the 
varicosities reach specific receptors situated on smooth muscle cells 
which are in electrical continuity with neighbouring muscle cells via 

intercellular "gap junctions" or "nexuses" (Burnstock, 1986b).
Attempts have been made to correlate the features of the nerve 

terminals, in particular with respect to the types of vesicles within
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these terminals, with the neurotransmitters they contain. So far, 
only the preferential occurrence of noradrenaline (NA) in small 
dense-cored vesicles, of ACh in small agranular vesicles and peptides 

in large dense-cored vesicles has been established (Lee et al.,
1984a; Fried et al., 1985a,b; Gulbenkian et al., 1986). The newly 
discovered membrane proteins synaptosin and synaptophysin appear to 

be specifically associated with small granular vesicles (Navone et 
al., 1984, 1986; Metz et al., 1986).

2.2 Cotransmission and neuromodulation

The earliest hint that nerve cells might release more than one 
transmitter came in 1957* when Abrahams et al. suggested that 
impulses conducted along the hypothalamo-neurohypophysial 
neurosecretory fibres might liberate ACh at their terminals to 
provide the stimulus for the release of oxytocin and vasopressin from 
the same terminals. This was followed by reports of other 
inconsistencies in the principle that nerve cells make and release 

only one transmitter (Burn and Rand, 1959; Gerschenfeld et al.,
I960). A major challenge to the one neurone one neurotransmitter 

principle, known (albeit fallaciously) as Dale’s principle, came in a 
commentary in Neuroscience by Burnstock in 1976. Subsequent 
experimental evidence largely supported this hypothesis and it is now 
known that the majority of nerve fibres, if not all, can store and 

release more than one neurotransmitter (see Cuello, 1982; Osborne, 

1983; Chan-Palay and Palay, 1984; HSkfelt et al., 1986).
Most commonly, coexistence involves the classical 

neurotransmitters NA and ACh, together with various peptides and
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adenosine 5’-triphosphate (ATP) (Burnstock and Griffith, 1988).
There is usually a preferential association between 
neurotransmitters, and the roles exerted by each of them are 
beginning to be understood. Several examples will be given either in 
this section, or in the sections dealing with description of the 

individual transmitters.
For any two substances identified as coexisting within nerve 

cells to fulfil the criteria for cotransmitters, it must be 
established that each of these has a direct action on specific 
postjunctional receptors. A neuromodulator, on the other hand, is 
defined as a substance which modifies the process of transmission.
It can do this in two ways: either by acting on prejunctional 
receptors to reduce or enhance transmitter release, or by acting 
postjunctionally to alter the magnitude or time course of the action 
of the transmitter on the postjunctional cell. Since many 
cotransmitters have been shown to exert such effects, these are, by 
definition, also neuromodulators. Several characteristics of 
cotransmission and neuromodulation have been described and are 

represented diagramatically in Fig. 1.
When a particular transmitter, in addition to its 

postjunctional effects, modifies its own release, invariably 
attenuating it, this is termed autoinhibition (Fig. la). As a 

consequence of its effects on the nerve terminal, the release of any 
cotransmitters will also be affected, such as occurs with the 
inhibition of NA and ATP from sympathetic nerves by coreleased NPY 
(Fig. 2). In addition to the effects the neuromodulator may have on 

its own terminal, it may also act on a closely juxtaposed terminal
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such that an interaction, or "cross-talk" occurs (Fig. lb). This is 

likely to occur, for example, between perivascular adrenergic and 

cholinergic nerves, where the transmitters released from the nerves 
not only produce antagonistic actions on the vascular smooth muscle, 
but also act prejunctionally to reduce each others release. 
Neurotransmitters, circulating hormones or local agents such as 
prostanoids, bradykinin and histamine may also act as 
neuromodulators.

When each of two transmitters, released from different nerve 
terminals (Fig. lc) or as cotransmitters from the same nerve terminal 
(Fig. Id), have the same postjunctional effect and in addition there 
is a reinforcement of their effects, this is known as synergism. 
Opposite actions have also been described, where the effect depends 
on the target organ (Fig. le), such as occurs with VIP in the cat 
salivary glands, where it produces inhibitory effects on blood 
vessels, but stimulant effects (via the enhancement of ACh action) on 
acinar cells (Fig. 3) or where the preferred effect depends on the 
tone of the vessel (Fig. If).

Another form of neuromodulation is that recently described in 
sensory nerves where CGRP has been shown to prolong the behavioural 
effects of SP injected intrathecally in the rat, through the 

inhibition of an SP-endopeptidase present in the cerebrospinal fluid 

(CSF) (Wiesenfeld-Hallin et al., 1984; Le Greves et al., 1985) (Fig.
4). This situation results in a different rate of survival of 
different substances in the junctional cleft, which is also the case 
in the coexistence of a classical neurotransmitter (with a briefer 
life) and a peptide (having a longer life).
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Specific combinations of substances appear to be associated 
with different populations of neurones projecting to different sites 
(Lundberg et al., 1982a; Costa and Furness, 1984; Macrae et al.,

1986; Furness and Costa, 1987; Gibbins et al., 1987a). An example of 
this ’’chemical coding" is in the rat salivary gland, where 

sympathetic nerve fibres containing predominantly NA project to the 
secretory ducts and to the acini, while those that also contain NPY- 
immunoreactivity (NPY-IR) project to the arterioles (Lundberg et al., 
1982a). In the guinea-pig dorsal root ganglia, the presence of 
additional neurotransmitters in the SP/CGRP-containing sensory 
neurones which supply the systemic arteries is target related, such 
that SP/CGRP/dynorphin (DYN) neurones supply the pelvic viscera, 
neurones containing SP/CGRP/cholecystokinin (CCK) supply the 
arterioles of skeletal muscles and those containing SP/CGRP/DYN/CCK 
supply the skin (Gibbins et al., 1987a).

A neuromodulator may affect the expression of a certain 
neurotransmitter within a population of neurones by effects exerted 
at the level of transcription of its gene. This may be the mechanism 
underlying the compensatory changes that occur during development and 

disease. Alterations in gene expression may also be reasponsible for 
the increased synthesis of receptors such as has been shown in 

cultured chicken myotubes, where CGRP stimulates the synthesis of 
receptors for ACh (Fontaine et al., 1986; New and Mudge, 1986) (Fig.
5). This mechanism can also operate in vivo, since CGRP has been 
shown to coexist and cooperate with ACh in spinal motorneurones 
(Gibson et al., 1984; Takami et al., 1985a,b).
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3. PERIVASCULAR NERVES AND PEPTIDES

3.1 Neuropeptide Y
General Distribution of Neuropeptide Y

NPY is the most widely distributed neuropeptide in perivascular 
nerves of mammals (see Table I). Initially isolated for porcine brain 
by Tatemoto et al. (1982), it is a 26 amino acid peptide with 
tyrosine at both N and C terminals (Tatemoto, 1982). NPY is a member 
of the pancreatic polypeptide family; it shares considerable sequence 
homology with pancreatic polypeptide and peptide YY. These two 
peptides had already been described in mammalian perivascular nerve 
fibres prior to the identification of NPY (HOkfelt et al., 1980; 
Lundberg et al., 1980b; Hunt et al., 1982; Jacobowitz and Olschowka, 
1982). Their presence in perivascular nerves has now been attributed 
to a cross-reactivity of their antibodies with those to NPY (Lundberg 
and Tatemoto, 1982; Lundberg et al., 1984b). In man, the gene 

encoding for pancreatic polypeptide has been localized on chromosome 

17, while NPY is part of a 97 amino acid precursor, pre-pro-NPY, 
encoded for by a gene localized on human chromosome 7 (Takeuchi et 
al., 1985). The precursor pre-pro-NPY comprises three peptide 
segments: a putative leader sequence of 28 amino acids, the 

biologically active NPY and a 30 amino acid carboxy flanking peptide 
(CPON) (Minth et al., 1984). Immunocytochemistry has shown that NPY 

and CPON coexist in the same vesicles as well as in the same neurones 

(Allen et al., 1985a; Gulbenkian et al., 1985). No physiological 
role has yet been attributed to CPON, but its localization can be a
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useful tool for the demonstration of metabolic pathways of NPY in 
nerve cells.

Neuropeptide Y in Sympathetic Neurones

Of major interest has been the observation that NPY coexists 
with catecholamines in both central (Hokfelt et al., 1986) and 
peripheral neurones (Lundberg et al., 1982b, 1983; Lundberg and 
HGkfelt, 1983; Ekblad et al., 1984). Several studies have confirmed 
the sympathetic origin of NPY-containing perivascular nerve fibres. 
Thus, surgical removal of the stellate ganglia (Dalsgaard et al.,
1986) or of the superior cervical ganglia (Edvinsson et al., 1983; 
Ekblad et al., 1984; Schon et al., 1985a; Uddman et al., 1985) as 
well as reserpine or 6-hydroxydopamine treatment, which depletes NA 
store (Allen et al., 1985b; Lundberg et al., 1985c, 1986a), affect 
NPY levels in the cardiovascular system. However, these treatments 
never cause a complete depletion of NPY immunoreactivity, as they do 
with NA (Lundberg et al., 1985c, 1986a; Schon et al., 1985a,

Edvinsson et al., 1987b; Nagata et al., 1987; Papka and Trauring, 
1988). This was initially attributed to a different sensitivity, and 
content, of terminal and preterminal axons, the latter being less 
sensitive to reserpine treatment (Morris et al., 1986), or to the 
different metabolism (synthesis, transport, uptake) of the two 
transmitters within the same nerve fibres (Nagata et al., 1987).

The storage of NA and NPY in different vesicles within 

sympathetic nerve varicosities has also been claimed to be 
responsible for their different sensitivities to chemical treatment. 
Electron microscopical and fractionation studies carried out in the
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rat vas deferens and cat spleen (Fried et al., 1985a,b) and in human 
atrial appendage (Wharton and Gulbenkian, 1987) have shown that NPY 
is preferentially localized, along with NE and ATP, in large dense- 
cored vesicles, which are the major storage sites for NE and ATP 
(Stj&rne et al., 1986). Recently, this arrangement has also been 
demonstrated in the bovine stellate ganglia, where large dense-cored 
vesicles have been shown to contain NPY, NE and [Met]enkephalin (Met- 

ENK) (Miserez et al., 1988).
That NPY, ATP and NA are all released, by nerve stimulation, 

from sympathetic nerve terminals has been confirmed by use of the 
sympatholytic agent, guanethidine, which prevents the release of each 
of these transmitters (Lundberg et al., 1986b). NPY release is 
optimal at high-frequency intermittent bursts of stimulation 
(Lundberg et al., 1986b). While in the vas deferens and in many 
vessels it has little direct postjunctional action (Pernow et al., 
1986; Stj&rne et al., 1986), it does have potent prejunctional 
actions reducing the release of NA, and postjunctionally enhancing 

the actions of NE (Glover, 1985; Pernow et al., 1986; Wahlestedt et 
al., 1986) (Fig. 2). Thus, the electrical activity of the neurone 

is able to modulate the release of coexisting neurotransmitters, and 
so affects the relative amounts of these substances at the level of 

the neurovascular junction. This will be discussed in more detail in 
the section on NPY as a neuromodulator.

NPY does not always occur in coexistence with NA, as has been 

shown by the presence of NA-containing nerves that completely lack NPY 
in the cardiovascular system of certain marsupials (Morris et al., 

1986; Gibbins et al., 1988b) and in rat brown adipose tissue (Cannon
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et al., 1986). Conversely, evidence for the existence of neurones 
containing NPY-IR but not NA, particularly in intrinsic and 
parasympathetic neurones, is continually emerging.

Neuropeptide Y in Intrinsic Neurones
The importance of the intrinsic neurones disseminated in the 

walls of many peripheral organs, including the bladder, the heart and 

the trachea, is starting to be recognized largely due to extensive 
studies carried out on the enteric nervous system (Furness and Costa, 
1982). The enteric nervous system may be considered as a large 
plexus of intrinsic neurones which are responsible for control of the 
motility, secretory activity, mucosal transport and local blood flow 
in the gut (Gershon, 1981).

Intrinsic neurones contain several peptidergic substances, 
often coexisting with the classical neurotransmitters NA and ACh 
(Furness and Costa, 1982). NPY is present, along with VIP and 
peptide histidine isoleucine (PHI), in neurones of the myenteric 
ganglia, and in a population of amine-handling (5“hydroxytryptamine; 

5-HT) intracardiac neurones that do not contain dopamine beta- 

hydroxylase (DBH) (Hassall and Burnstock, 1987). Neurones of the 
paratracheal ganglia also display immunoreactivity for NPY (Hassall, 
unpublished observations) as do those in the guinea-pig bladder 
(James and Burnstock, 1988).

Although their effects are largely unknown, intrinsic neurones 
may participate in the neural control of local blood flow, together 

with the extrinsic supply arising from sympathetic ganglia or from 

the spinal cord. From the use of animal models of specific extrinsic
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denervation (Galligan et al.t 1988; Mulderry et al., 1988), together 
with studies on transplanted organs (Springall et al., 1988), an 
involvement of intrinsic neurones in the perivascular innervation of 
blood vessels is now starting to be understood.

Neuropeptide Y in Parasympathetic Neurones
Some of the ganglia connected with the Vth, Vllth and IXth 

cranial nerves are classically defined as parasympathetic.
Typically, their neurones are acetylcholinesterase positive, they 
contain choline acetyltransferase (ChAT)- and VIP-IR and they exert 
antagonistic roles to noradrenergic sympathetic neurones (see Landis 
et al., 1987; for review). Quite surprisingly, the presence of NPY- 
IR has been revealed in some of the ChAT/VIP-containing neurones of 
the parasympathetic ciliary, sphenopalatine, otic (Leblanc et al.,
1987) and pterygopalatine ganglia (Kuwayama et al., 1988), which do 
not display any sympathetic markers [NE, DBH, tyrosine hydroxylase 
(TH)]. The targets of these neurones, including the iris and 
cerebral vessels, are normally also innervated by sympathetic 
noradrenergic/NPY-IR nerve fibres. The minor amount of NPY present 
in these neurones has been shown to increase enormously after 

surgical (Gibbins and Morris, 1988) and chemical sympathectomy 
(Bjorklund et al., 1985). thus indicating a close link between the 
two NPY-IR neuronal systems.

NPY-IR has also been found in VIP/DYN-IR neurones in the 

guinea-pig uterine artery (Morris et al., 1985) and in a population 
of non-noradrenergic nerves which supply the rat uterine cervix, but 
not in its vasculature (Papka and Trauring, 1988). These axons are
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likely to originate from the paracervical ganglia, where 
noradrenergic and non-noradrenergic neurones are present (Costa and 

Furness, 1983; Bell, 197*0. In these ganglia, NPY-IR is present in 
half of the catecholaminergic neurones (5# in total), that are 
surrounded by NPY-IR extrinsic nerve fibres, and in the majority of 
the VIP/DYN-, somatostatin (SOM)-, and DBH-IR neurones, which receive 
SP-IR afferents (Morris and Gibbins, 1987).

Actions of Neuropeptide Y
The major role of NPY in the vasculature appears to be that of 

a neuromodulator of noradrenergic transmission (Ekblad et al., 1984; 
Dahldf et al., 1985a,b; Lundberg et al., 1985a; Wahlestedt et al., 
1985; Hanko et al., 1986; Pernow et al., 1986) (Table II). At the 
prejunctional level, NPY exerts an inhibitory effect on the release 
of NA (Dahldf et al., 1985a), which is Ca++-independent (Pernow et 
al., 1986) and requires very low concentrations of the peptide. Not 
very much is known about this mechanism, but it has been shown that 
in the rat dorsal root ganglia, inhibitory prejunctional receptors 
exert their effects through the blockage of intracellular Ca++ 
mobilization following the activation of the guanine triphosphate 
complex (Ewald et al., 1988). In turn, NA acting on c^-adrenoceptors 

located on the prejunctional membrane of sympathetic nerves, inhibits 
both its own release and that of NPY (DahlGf et al., 1985b). The 

lack of prejunctional inhibitory control in reserpine-pretreated 
animals, as demonstrated in perivascular nerves of dog skeletal 
muscle (Pernow et al., 1988a), has been attributed to a depletion of 
NPY in this preparation.
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The mechanism of postjunctional enhancement of NA-induced 

vasoconstriction, demonstrated in many vascular beds (Edvinsson et 
al., 1984; Dahlof et al., 1985a; Pernow et al., 1986), is also not 
fully understood. Calcium also appears to play a role in this 
mechanism, since the calcium entry blocker nifedipine antagonizes the 
NPY-enhanced noradrenergic vasoconstriction (Lundberg et al., 1985a; 
Pernow et al., 1986). In the central nervous system, NPY increases 
the number of c^p-adrenoceptors (Agnati et al., 1983). although a 
similar mechanism is unlikely to occur in the vasculature (Pernow et 
al., 1986). In the rabbit ear artery, NPY potentiates the 
noradrenergic constriction only in those arteries with an intact 
endothelium (LOscher and Vanhoutte, 1986; Daly and Hieble, 1987). 
while in the rat aorta the potentiation has been attributed to the 
release of a third substance from the prejunctional terminals (Mabe 
et al., 1987). Postjunctional inhibitory effects of NPY have been 
demonstrated in canine cerebral arteries, where NPY was shown to 
suppress the contractile effect of exogenously applied NA (Suzuki et 

al., 1988).
While NPY does not seem to have direct effects on the smooth 

muscle cells of many vessels (Hanko et al., 1986; Pernow et al.,
1986; Wahlestedt et al., 1986), it does exert a direct, non- 
adrenergic, calcium-dependent vasoconstriction in vitro and in vivo, 

in vessels of the spleen, kidney and in the coronary and cerebral 
arteries of several animals species including humans (Allen et al., 

1983; Edvinsson et al., 1983. 1987b; Franco-Cereceda et al., 1985; 
Lundberg et al., 1986b; Leys et al., 1987). It exerts similar 
effects, though independent of the presence of calcium, on arteries
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supplying skeletal muscles (Pernow, 1988) and in the guinea-pig 
uterine artery (Morris et al., 1985; Morris and Murphy, 1988). These 
effects are slow in onset, long lasting, independent of the presence 
of an intact endothelium, and can be evoked by both exogenous 
application of NPY and by transmural stimulation at high frequency. 

The response to transmural stimulation is blocked by guanethidine, 
while 02“adrenoceptor and ^-adrenoceptor antagonists do not affect 
the vasoconstriction induced by NPY application (Edvinsson et al., 

1983; Pernow et al., 1988).
An involvement of NPY-IR perivascular nerves has been 

demonstrated in animal models of hypertension, where NPY content was 
shown to decrease markedly in the kidney and renal artery (Ballesta 
et al., 1984), while NPY-IR cerebrovascular nerves increased in 
density in parallel with NA-containing nerves (Dhital et al., 1988). 
An increase in NPY levels also occurs in the cerebral spinal fluid 
(CSF) of rabbits that have received intracisternal blood injection to 
simulate subarachnoid haemorrhage, and a potentiation of NA-induced 
vasoconstriction was shown to occur in rabbit cerebral vessels as a 

consequence of incubation of the arteries with CSF from the treated 
animals (Abel et al., 1988).
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3.2 Vasoactive intestinal polypeptide

General Distribution of Vasoactive Intestinal Polypeptide

Several lines of evidence indicate that VIP is the most widely 
diffused vasodilator neuropeptide in perivascular nerves of mammals 

(Larsson et al., 1976a,b; Uddman et al., 1981; Bevan et al., 1984). 
VIP is a 28 amino acid peptide which was originally isolated from the 
porcine small intestine (Said and Mutt, 1970) and exhibits potent 
vasodilator activity, in vivo and in vitro, in many vascular beds.
It belongs to a family of peptides including secretin, glucagon, 
corticotropin-releasing factor, gastrin-inhibitory peptide, growth 
hormone-releasing factor and the structurally related peptide 
histidine isoleucine (PHI) (or methionine in man, PHM), all of which 
share several classes of homologies with VIP. PHM and VIP are 
derived from the same 170 amino acid precursor (pre-pro-VIP, Itoh et 
al., 1983)t for which the human gene has recently been isolated, 
purified and cloned (Bodner et al., 1985).

In the peripheral nervous system, VIP-IR has been localized in 
the gastrointestinal tract, lungs, genitourinary structure and heart, 
in addition to its localization in blood vessels (Costa and Furness, 

1973; Dey et al., 1981; Barja and Mathison, 1982; Ottesen et al.,
1984). The distribution of VIP-IR in the vasculature of several 
species is shown in Table III. Perivascular VIP-IR nerve fibres are 
usually sparse in large conducting fibres, but form very dense 
plexuses in the vessels supplying regional vascular trees (Uddman et 

al., 1981; Della et al., 1983)* and in man the density of these 

fibres lies between that of NPY- and CGRP-IR nerve fibres. The
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systemic veins usually lack VIP-IR, with the exception of mesenteric 
veins in the rat (Edvinsson et al., 1985c), the guinea-pig caval vein 

(Della et al., 1983) and the rat portal vein (Barja and Mathison, 
1982). Within perivascular nerves, VIP-IR is localized in 
varicosities containing mainly large vesicles (Lee et al., 1984a).
The peptide precursor is synthesized at the level of the cell body 
and packed in vesicles which are carried to the nerve terminals by 
fast axonal transport, during which time cleavage mechanisms are 
carried out (Lundberg et al., 1980a).

Cerebrovascular VIP-IR nerve fibres have been shown to persist 
after surgical or chemical sympathectomy (Edvinsson et al., 1980; 
Kobayashi et al., 1983; Matsuyama et al., 1983) and after neonatal 
capsaicin treatment (Matsuyama et a., 1983K indicating that the 
nerve fibres are neither sympathetic nor sensory in nature. The 
origin of VIP-IR nerve fibres supplying the cardiovascular system is 
frequently attributed to local ganglia; VIP-IR nerve fibres supplying 
the respiratory tract (and its vessels) arise from clusters of VIP-IR 
cells within the lungs (Dey et al., 1981). The heart and coronary 
arteries also receive VIP-IR from local ganglia (Weihe et al., 1984). 
VIP-IR nerve fibres innervating the cerebral arteries originate from 
the cranial parasympathetic ganglia, in particular from the 

sphenopalatine ganglion (Gibbins et al., 1984a,b; Hara et al., 1985), 
while those in the genitourinary tract originate from pelvic and 
paracervical ganglia (Gu et al., 1984). Sparse VIP-IR neurones have 
been described in the wall of the rat portal vein (Ishi et al., 1982) 
and in the stroma of the guinea pig iris (Bjdrklund et al., 1985). as 
well as in intrinsic ganglia of the bladder (Crowe et al., 1986) and
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of the heart (Weihe et al., 1984), where they contribute to the nerve 
supply to local vessels (Bjorklund et al., 1985; Terenghi et al., 
1982a; Galligan et al., 1988).

Vasoactive Intestinal Polypeptide in Parasympathetic Neurones
In the same way that NPY has been considered to be the main 

peptidergic cotransmitter in sympathetic neurones, so has VIP been 

attributed with a cotransmitter role in cholinergic parasympathetic 
neurones. In addition to the colocalization of VIP-IR with 
acetylcholinesterase (AChE) (Hara et al., 1985) and, more recently, 
with ChAT-IR (Leblanc et al., 1987), the most convincing evidence for 
this comes from pharmacological experiments performed on cat salivary 
glands (Lundberg, 1981). In this preparation, VIP and ACh are 
released from the same nerve terminal, though probably from separate 
vesicles, in response to transmural nerve stimulation (TNS). During 
low-frequency stimulation, ACh is released to cause an increase in 
salivary secretion from acinar cells and also to elicit some minor 
dilatation of blood vessels in the gland (Lundberg et al., 1980a, 
1984a; Lundberg, 1981). VIP is preferentially released at high 

frequencies to cause marked vasodilatation of blood vessels and, 

while it has no direct effect on acinar cells, it acts as a 
neuromodulator to enhance substantially both the postjunctional 
effect of ACh on acinar cell secretion and the release of ACh from 

the nerve varicosities via prejunctional receptors (see also Fig. 3)* 
The differential release of VIP and ACh is probably a reflection of 
the differential storage of classical and peptidergic coexisting 
neurotransmitters, as already described for NPY and NA. VIP and ACh

35



have also been shown to cooperate in the rat colon and rectum, with 
the rectal vasculature being more sensitive to VIP than to ACh 
(Andersson et al., 1983a,b).

VIP has also been shown to coexist with the vasoconstrictor NPY 

in some cranial parasympathetic ganglia (Leblanc et al., 1987; 
Cavanagh et al., 1989) and cerebrovascular nerves (Gibbins and 
Morris, 1988), as well as in nerve fibres originating from the 
thyroid ganglia that supply the rat thyroid gland and its vasculature 
(Grunditz et al., 1988). VIP/NPY coexistence has also been shown in 
the paracervical ganglia of the guinea-pig, where DBH-, DYN- and SOM- 
IR have also been found (Morris and Gibbins, 1987).

Vasoactive Intestinal Polypeptide in Sensory Neurones
There is increasing evidence for the localization of VIP-IR in 

sensory neurones of the dorsal root and trigeminal ganglia in the 
rat, cat and guinea-pig (Hbkfelt et al., 1980; Kawatami et al., 1982; 

Fuji et al., 1983; Leah et al., 1985; Kummer and Heim, 1986). While 
the peripheral distribution of their axons has not yet been 

investigated, the existence of central branches of sensory neurones 
containing VIP-IR terminating on the neurones of the dorsal horn is 
known (Gibson et al., 1981; Kawatami et al., 1982). Both these axons 
and their cell bodies show an increase in VIP-IR, and in VIP levels, 
following peripheral axotomy or crush (McGregor et al., 1984;

Atkinson and Shehab, 1986; Shehab and Atkinson, 1986), in contrast to 

the level of another sensory neurotransmitter (SP), or to the 

fluoride-resistant acid phosphatase activity, both of which undergo a 
marked reduction (McGregor et al., 1984; Shehab and Atkinson, 1986).
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The mechanism by which peripheral axotomy or crush induces 
changes in the expression of neurotransmitters with sensory origins 
is unknown, but a recent report showed that the induction of VIP-gene 
expression in rat sensory neurones following nerve injury is due to 

the loss of a retrogradely transported factor, which is not nerve 
growth factor (NGF) (Keen et al., 1988). Whether the VIP-IR sensory 
neurones correspond to any of the other sensory peptide-containing 
neurones, or represent a different population of cells, is still 
unknown.

Actions of Vasoactive Intestinal Polypeptide
VIP exerts a direct vasodilator action on several vessels (see 

Edvinsson and Uddman, 1988, for review) (see also Table IV). Its 
effects have been extensively studied in cerebral vessels: in feline 
cerebral arteries, VIP and the structurally related PHI induce a 
dose-dependent vasodilatation when applied to isolated vessels or 
infused in vivo, with small arterioles being more sensitive than the 
larger ones (Larsson et al., 1976a; McCulloch and Edvinsson, I98O; 

Duckies and Said, 1982; Edvinsson and McCulloch, 1985; Edvinsson and 
Ekmann, 1984; Lee et al., 1984a; Suzuki et al., 1984).

VIP has been claimed to be the non-adrenergic, non-cholinergic 
vasodilator neurotransmitter responsible for the endothelium- 

dependent relaxation of cerebral vessels induced by TNS (Lee et al., 

1984a). Several lines of evidence support the role of VIP as 
vasodilator neurotransmitter in cerebral vessels, including: the 

close relationship between levels of endogenous VIP and the ability 
of a vessel to relax to TNS (Duckies and Said, 1982), the release of
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VIP following TNS (Bevan et al., 1984), the presence of characterized 
VIP receptors coupled with adenylate cyclase (Suzuki et al., 1985) 
and the successful use of anti-VIP antiserum to antagonize the 
vasodilatation induced by TNS (Bevan and Brayden, 1986). However, 

the fact that TNS is still able to relax cerebral vessels following 
tachyphilaxis with exogenous VIP, together with the demonstration 
that TNS-induced relaxation may be completely blocked with specific 
guanosine 3 5 1-phosphate (cyclic GMP) blocking agents (Lee, 1986), 
indicates that other neurotransmitters are also involved in the 
endothelium-independent relaxation of cerebral vessels.

An endothelium-dependent vasodilatation induced by VIP has been 
demonstrated in the bovine pulmonary artery, and this has been 
associated with an increase in both adenosine 3'»5'-phosphate (cyclic 
AMP) and cyclic GMP. The increase in cyclic AMP is abolished by 
indomethacin, suggesting a prostacyclin-mediated mechanism for the 
vasodilatation (Ignarro et al., 1987). Other authors, however, have 
been unable to demonstrate a role for the endothelium in VIP-mediated 
relaxation either in bovine or in human pulmonary arteries (Barnes et 

al., 1986; Greenberg et al., 1987).
An involvement of perivascular VIP-IR nerves has been 

demonstrated in experimental diabetes in the rat intestine (Belai et 

al., 1985)* cerebral vessels (Lagnado et al., 1987) and iris (Crowe 
and Burnstock, 1988). Specifically, a loss of VIP has been reported 
in nerves supplying penile vessels in diabetic impotence (Crowe et 

al., 1983)* Reduced levels of VIP in cerebrospinal fluid have also 
been reported in humans with recent cerebral infarction (WikkelsO et 

al., 1985) and a disappearance of VIP-IR from cerebrovascular nerves
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has been observed in dog cerebral arteries following subarachnoid 
haemorrhage (Uemura et al., 1936). During aging a decrease (rat 
pulmonary artery, Geppetti et al., 1988) in the density of 
perivascular VIP-IR nerves has been reported.

3.3 Substance P
General Distribution of Substance P

Of the neuropeptides, SP has the longest history, having been 
discovered in 1931 by Von Euler and Gaddum. They reported that a 
powder, subsequently termed SP (P for powder), extracted from the 
brain and from the gut, exerted potent hypotensive and spasmogenic 
effects which could not be blocked by antagonism of established 
neurotransmitters. In 1970 the peptide was isolated from bovine 
hypothalamus (Chang and Leeman, 1970), characterized (Chang et al., 
1971) and later synthesized (Tregear et al., 1971)*

SP consists of an undecapeptide belonging to the family of 
tachykinins, which have in common many homologies in their C-terminal 
amino acid sequences (see Table V). t was considered to be the only 
tachykinin present in mammals, until neurokinin A (NKA), neurokinin B 

(NKB) (Kimura et al., 1983; Minamino et al., 1984) and neuropeptide K 

(NPK, a 36 amino acid polypeptide that contains the NKA sequence in 
the C-terminal portion) (Tatemoto et al., 1985) were isolated from 
the porcine central nervous system.

At least three peptide precursors of tachykinins have been 
identified from work on the rat - the alpha, beta and gamma pre-pro- 

tachykinins (Nawa et al., 1983, 1984), the alpha containing only the 
sequence of SP, and the beta and gamma containing the sequences of
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SP and NPK in the ratio 1:1. Differences in the levels of individual 
tachykinins occurs as a result of alternative RNA splicing in the 
expression of the single pre-pro-tachykinin A gene. As shown in 
neurones of the guinea-pig myenteric plexus, NKA is formed from NPK, 
and this occurs during axonal transport (Deacon et al., 1986).

Earlier studies in the dorsal root ganglia (DRG) (Gamse et al., 1979; 
Gilbert et al., 1980; Harmar et al., 1981) have shown that SP is 
synthesized in the ribosomal fraction of the perikaryon and is 
carried to the spinal cord and to the periphery mainly by fast axonal 
transport (Gilbert et al., 1980).

Substance P in Sensory Neurones
The widespread distribution of SP in both central and 

peripheral nervous systems, together with its pronounced 
pharmacological effects, initiated the interest in its putative 
physiological role. It was largely due to the immunohistochemical 
localization of SP in defined groups of small-diameter cell bodies in 
sensory ganglia, as well as in nerve fibres in the periphery and in 

the dorsal horn of the spinal cord, that led Lembeck in 1953 to 
suggest that SP might function as a transmitter in primary sensory 
neurones. Since then, many other studies have substantiated this 

hypothesis, and in addition, many other substances, including CGRP, 
have been proposed to have roles as sensory transmitters (see Maggi 
and Meli, 1988).

Capsaicin sensitivity has been used as a marker for sensory 
neurones and the loss of SP-IR following capsaicin treatment 
correlates well with a role for SP as a sensory transmitter. Both
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chronic treatment with capsaicin, inducing selective degradation of 
C-fibre afferents, and its acute effects, causing stimulation of 
chemosensitivie C-fibres (and concomittantly releasing SP), have been 
used to investigate the nature and distribution of sensory 
neurotransmitters.

SP-containing perivascular nerves have their roots in numerous 

SP-IR cell bodies in the spinal ganglia and in the jugular, nodose 
and trigeminal ganglia. The cell bodies represent a population of 
small neurones (about 20% of the total cell bodies) that give rise to 
unmyelinated C-fibres. In a recent study (Lawson and McCarthy,
1988), SP-LI has been localized in electrophysiologically 
characterized neurones of the DRG, having both C-type and A-delta 
fibres. Immunohistochemical and radioimmunoassays have demonstrated 
that CGRP coexists with SP in a large number of perivascular nerve 
fibres (Gibbins et al., 1985; Lee et al., 1985a). SP has been shown 
to be released in a Ca++-dependent manner from the spinal cord of the 
rat and cat during stimulation of sensory nerves (Otsuka and Konishi, 

1976; Yaksh et al., 1980) and to act on receptors localized on the 
postsynaptic membrane of dorsal horn neurones and motoneurones (Helke 
et al., 1986). On these cells, SP causes excitatory postsynaptic 
potentials that are very slow in onset and last for seconds (Akagi et 

al., 1985) and are inhibited by tachykinin antagonists and anti-SP 
antibodies (Randic et al., 1986). This kind of slow excitatory 
postsynaptic potential agrees well with the transmission of delayed 
pain that is typically attributed to non-myelinated C-type fibres.

As shown by immunocytochemistry, the peripheral nerve endings 

of primary sensory neurones are extensively associated with the
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cardiovascular system (Table VI). These have been identified in the 

heart, around large arteries and veins, and in smaller vessels 
supplying vascular beds. SP-IR nerve fibres are present in the 
adventitia and in the adventitial-medial border of almost all the 
arteries and veins of guinea-pigs (Furness et al., 1982) and rats 
(Barja et al., 1983). with the larger vessels receiving more 
innervation than the smaller, and arteries receiving more innervation 
than veins. Treatment with capsaicin cuases the loss of SP-LI 
perivascular nerves in guinea-pigs (Gamse et al., 1980; Furness et 
al., 1982; Holzer et al., 1982), whereas rats are reported to be less 
sensitive (Helps and Reilly, 1985)• Tachykinins other than SP have 
also been shown to be present in capsaicin-sensitive nerves of the 
guinea-pig (Hua et al., 1985).

Coexistence of SP with CGRP occurs extensively in the guinea- 
pig cardiovascular system (Gibbins et al., I985K  but in rat sensory 
neurones this is less common, with half of the CGRP-immunoreactive 
neurones also containing SP (Wharton et al., 1986a,b). It has also 
been suggested that ATP may coexist with SP (Burnstock, 1977) and 
this has been substantiated by later proposals of a sensory role for 
ATP (Jahr and Jessel, 1983; Salt and Hill, 1983; Fyffe and Pearl,
1984). SP-CGRP interactions have been described biochemically with 

the demonstration that CGRP inhibits the degradation of SP (Le Greves 
et al., 1985; Nyberg et al., 1988) (Fig. 4), and in vivo, where it 
has been shown that SP may modulate the effect of CGRP through the 

release of protease from mast cells (Brain and Williams, 1988).
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Substance P in Intrinsic Neurones
SP is present in intrinsic neurones of the gut (Furness et al., 

1980), where it mediates non-adrenergic, non-cholinergic excitatory 
transmission to both circular and longitudinal muscle (Costa et al.,
1985)* Capsaicin-insensitive perivascular SP-LI fibres, which are 
likely to arise from these enteric neurones, have been found 
supplying arterioles of the distal colon and rectum of rats (Holzer 
et al., 1980; Cuello et al., 1981). The number of SP-IR perivascular 
nerves originating from enteric neurones has been shown to increase 
in response to extrinsic denervation of the gut (Galligan et al.,
1988), although the majority of SP-IR nerve fibres in rat salivary 
glands have been shown to disappear after sectioning of the 
auriculotemporal nerve (Ekstrom et al., 1988). A small number of SP- 
IR neurones have been found in intrinsic neurones of the guinea-pig 
heart (Baluk and Gabella, 1989) and in solitary neuronal cell bodies 
along the ciliary nerves in the guinea-pig (Gibbins and Morris,

1987).

Actions of Substance P
Specific receptor sites for SP on the smooth muscle cell 

membrane have been identified by autoradiography (Stephenson et al., 
1986; Stephenson and Summers, 1987) and characterized 
pharmacologically (Regoli et al., 1987). SP receptors have also been 
localized on the endothelial cell surface (Stephenson and Summers, 

1987). On the basis of their affinity for SP, NKA and NKB, the 

tachykinin receptors have now been identified and classified as NK-1, 

NK-2 and NK-3 respectively (Regoli et al., 1987). NK-1 receptors
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have been shown to occur on endothelial cells of the guinea-pig 
basilar artery (Edvinsson and Jansen, 1987)* dog carotic artery 
(Regoli et al., 1987) and rabbit pulmonary artery (D'Orleans-Juste et 

al., 1985). Relaxations mediated by these receptors may be coupled 
to the formation of cyclic GMP, as suggested in the guinea-pig 
mesenteric artery, where the SP-induced relaxation was abolished by 
haemoglobin (Bolton and Clapp, 1986). In contrast, NK-3 receptors 
appear to be located on smooth muscle cells and cause 
vasoconstriction, at least in the portal vein of the rat (Mastrangelo 
et al., 1986).

Since its first description, SP has been considered to be a 
potent vasodilator both in vivo and in vitro (Pernow and Rosell,
1975; Edvinsson et al., I98I) (Table VII) and more recently, this
effect has been shown, in arteries, to usually require the presence 
of an intact endothelium (Furchgott, 1984a,b; D’Orleans-Juste et al., 
1985; Edvinsson et al., 1985b). However, vasoconstriction (Barja et
al., 1983; Lee and Saito, 1984; Regoli et al., 1984a,b) or no effects
(Barja et al., 1983) have also been described. Moreover, there is a 
lack of correlation between the density of innervation and vascular 

reactivity - the rat carotid artery, where SP innervation is very 
sparse, exhibits a dose-dependent relaxation to SP, whereas the well- 
innervated superior mesenteric artery does not (Barja et al., 1983). 
Veins are also relaxed by SP application, but this effect is 

endothelium independent (Regoli et al., 1984a,b). SP has also been 
described to have an indirect action on vascular tone, as a modulator 

of the effects of NE in rat mesenteric arteries (Gulati et al.,

1983).
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As a putative sensory neurotransmitter, SP is believed to be 
responsible for mediating nociceptive and neurogenic vasodilatory 
responses and plasma extravasation. The route by which this occurs, 

that of antidromic vasodilatation, has been known since 1876, when 
Strieker showed that stimulation of the peripheral parts of the 
dorsal roots, or of the distal end of cut sensory nerves, cause 
arteriolar vasodilatation. Intradermal injection of SP in man 
induces flare, wheal and itching. These effects on the vasculature 
are thought to be partially mediated by the release of histamine from 
mast cells (Johnson and Erdos, 1973). however, evidence for specific 
receptor sites for SP on the arterial wall suggest that direct action 
may also be involved. Furthermore, a greater potency of NKB over SP 
and NKA in inducing plasma extravasation in human skin (Fuller et 

al., 1987)♦ lends support to the hypothesis of an involvement of NK-3 
receptors in the neurogenic plasma extravasation caused by 
tachykinins.

The peripheral effects of SP (vasodilatation, plasma 
extravasation and release of histamine from mast cells) are in 

accordance with a role for the peptide in the control of vascular 
tone in response to sensory stimulation. In addition, SP-IR nerves 
in the trigeminovascular system have been claimed to have a role in 

headache (Uddman et al., 1985). Trophic roles have also been 
attributed to SP, in relation to a mitogenic effect on epithelial 
cells in culture (Hanley, 1985). and a decrease of SP has been shown 
to occur during the closure of a cutaneous wound (Senapati et al., 
1986).
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3.4 Calcitonin gene-related peptide

General Distribution of Calcitonin Gene-Related Peptide
The existence of this peptide was predicted on the basis of the 

alternative processing of the calcitonin gene (Amara et al., 1982; 

Rosenfeld et al., 1983). In the nervous system, the main product of 
the calcitonin gene is the 37 amino acid peptide CGRP, which has been 
identified, in the rat, in molecular forms, alpha and beta, differing 
by only a single amino acid (Amara et al., 1985; Steenberg et al.,
1985). The two molecular forms of CGRP have been shown to 
preferentially occur in particular populations of neurones, alpha- 
CGRP in sensory, and beta-CGRP in enteric neurones, exhibiting 
differential sensitivites to capsaicin treatment (Mulderry et al., 
1988).

Biochemical and immunohistochemical studies have demonstrated the 
wide distribution of CGRP in perivascular nerves (Hanko et al., 1985; 
Mulderry et al., 1985; Sasaki et al., 1986; Uddman et al., 1986;
Wanaka et al., 1986) (Table VIII). Species differences in the 
distribution of CGRP-LI perivascular nerves in the vasculature have 

been described, with guinea pigs having the richest innervation 

(Gibson et al., 1984; Mulderry et al., 1985*. Uddman et al., 1986; 

Franco-Cereceda et al., 1987).

Calcitonin Gene-Related Peptide in Sensory Neurones

The distribution of CGRP-IR neurones closely resembles that of 
SP-IR neurones, as does the sensitivity of these neurones to 

capsaicin treatment (Gibson et al., 1984; Gibbins et al., 1985; Lee
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et al., 1985b; Lundberg et al., 1985b; Terenghi et al., 1985; Uddman 
et al., 1986; Wanaka et al., 1986). Recently, the colocalization of 
SP- and CGRP-IR has also been demonstrated at the ultrastructural 
level, the two peptides being shown to coexist in the same large 
vesicles in various tissues (Gulbenkian et al., 1986; Wharton and 

Gulbenkian, 1987). While in the guinea pig capsaicin treatment leads 
to the disappearance of 90% or more of the CGRP-IR in perivascular 
nerves (Gibbins et al., 1985; Lundberg et al., 1985b; Terenghi et 
al., 1986; Wharton et al., 1986a, b), CGRP-IR nerve fibers in the rat 
show varying degrees of sensitivity to capsaicin treatment (Mulderry 
et al., 1985. 1988; Wharton et al., 1986a). In the rat trigeminal 
ganglia, two different populations of CGRP-IR neurones have been 
identified, one consisting of small to medium-sized neurones that 
also contain SP and are sensitive to neonatal capsaicin treatment, 
and the other consisting of larger neurones, which do not exhibit SP- 
IR and are insensitive to capsaicin (Matsuyama et al., 1986).

Calcitonin Gene-Related Peptide in Intrinsic Neurones

CGRP-IR has also been found in intrinsic neurones of the gut 

(Clague et al., 1985; Gibbins et al., 1985). the heart (Gerstheimer 
and Metz, 1986) and the bladder (Moss, 1988). At least in the gut, 
CGRP-IR cell bodies have been shown to be insensitive to capsaicin 

treatment, to lack SP-IR and to express mainly the beta form of the 
peptide (Mulderry et al., 1988). Their involvement in the 
innervation of local blood vessels is debated, but seems unlikely, 
since after extrinsic denervation, intestinal blood vessels receive 

only SP- and VIP-IR nerve fibers from the submucosal and myenteric

47



neurones (Galligan et al., 1988). A selective damage of intrinsic 
CGRP-IR enteric nerve fibers has been demonstrated in streptozotocin- 

induced diabetic rats (Belai and Burnstock, 1987).

Calcitonin Gene-Related Peptide in Parasympathetic and Motor Neurones 
Parasympathetic cholinergic neurones located in the pontine and 

sacral parasympathetic nuclei and the ventral horn (as well as in the 
trigeminal motor nucleus) contain CGRP-IR (Takami et al., 1985a; 
Batten et al., 1988; Semba and Toyama, 1988). CGRP is released with 
ACh at the level of the motor endplates (Takami et al., 1985b), where 
its interaction with specific receptors has been shown to be 
responsible for an increase in the number of postsynaptic ACh 
receptors in cultured chicken myotubes (Fontaine et al., 1986; New 
and Mudge, 1986) (Fig. 5)*

Actions of Calcitonin Gene-Related Peptide
CGRP is a potent vasodilator both in vivo and in vitro (Brain 

et al., 1985; Hanko et al., 1985; McCulloch et al., 1986; McEwan et 
al., 1986; Uddman et al., 1986) (see Table IX). In all the vessels 
that have been studied, including the coronary, cerebral, 
gastroepiploic and mesenteric arteries, CGRP causes a dose-dependent 
relaxation of precontracted arteries, which is not influenced by 

propanolol, cimetidine or atropine (Hanko et al., 1985; Uddman et al,

1986), and which is likely to mediated by its interaction with 
specific receptors. CGRP is a potent dilator of the uterine artery 
(Brizzolara, personal communication) and recently, vascular receptor 
sites have been identified with an autoradiographic technique in the
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uterine vasculature of the guinea pig (Power et al., 1988). In a 
study of forearm blood flow, CGRP was unable to change the venous 

tone, in contrast to SP, but was more effective than SP in inducing 
arterial vasodilatation (Benjamin et al., 1987). In rat tail 
arterial strips, CGRP was found to inhibit NE-induced contraction by 
a mechanism involving the mobilization of intracellular calcium 
(Kline and Pang, 1987).

Although in many vessels the vasodilatation caused by CGRP is 

not dependent on an intact endothelium (Hanko et al., 1985), this is 
not the case in rat aortic rings where CGRP has been shown to cause 
relaxations that are entirely endothelium dependent (Brain et al., 

1985; Kubota et al., 1985)• Unlike the endothelium-mediated 
relaxations to ACh, which induce the production of cyclic GMP, CGRP- 
endothelium-mediated responses cause an increase in cyclic AMP and 
prostacyclin (Kubota et al., 1985; Crossman et al., 1987)t 
suggesting different underlying mechanisms for these two endothelium- 

mediated responses.
On human skin, intradermal injection of CGRP causes a long- 

lasting erithema that has been attributed to a direct vasodilator 

effect (Fuller et al., 1987; Wallengren and Hakanson, 1987), and 
wheals, the formation of which can be prevented by H-l antagonists, 
suggesting the involvement of mast cells (Piotrowski and Foreman,
1986). When SP is injected with CGRP into human skin, it is able to 
convert the CGRP-mediated long-lasting vasodilatation into a 

transient response by a mechanism which is dependent on the action of 

proteases released from mast cells by SP (Brain and Williams, 1988). 
In contrast, CGRP has been shown to potentiate SP transmission in the
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spinal cord by two unique mechanisms: by inhibiting a specific SP- 
endopeptidase (Le Greves et al., 1985)» and by increasing the release 
of SP from capsaicin-superfused slices of dorsal spinal cord in vitro 
(Oku et al., 1987).

The increase in CGRP content and CGRP-IR in the nerves of the 
trigeminovascular system 6 weeks after bilateral removal of the 

superior cervical ganglion in the rat, lends support to the 
hypothesis that a differential expression of CGRP in perivascular 
nerves after sympathetic denervation is implicated in pain 
transmission in human sympathalgia (Schon et al., 1985b). However, 
the recent demonstration of an increase in CGRP-IR in perivascular 
nerves in response to chronic chemical sympathectomy (Lamano-Carvalho 
et al., 1986; Aberdeen et al., 1988; 1990) indicates that the 
increase in the expression of CGRP occurring under these conditions 
may be a general property of the ANS.

3.5 Other peptides

Many other peptides, in addition to those described above, have 

been attributed with a vasomotor role on the basis of pharmacological 
and immunohistochemical evidence (Table X).

Somatostatin

SOM was originally isolated from the hypothalamus in 1968 

(Krulich et al., 1968) as a potent growth hormone-inhibiting factor, 

and it is now known that it also inhibits the release of thyroid-
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stimulating hormone (Guillemin, 1976). Outside the brain, endocrine 
glands and gut, SOM-IR has also been detected in the heart (Day et 
al., 1985) and kidney of many species (Forssman et al., 1982), in 
neurones of sensory and sympathetic ganglia (Hbkfelt et al., 1975b; 

Luft et al., 1978) and in perivascular nerves in the brain (Duckies 
and Buck, 1982).

SOM causees vasoconstriction in almost all of the vascular beds 
that have been studied, as well as in pial and extracerebral arteries 
(Hanko et al., 1981, 1982), the mesenteric artery and vein 
(Tornebrandt et al., 1987). and the portal vein (Jaspan et al.,
1979)• Another known action of SOM is the inhibition of SP release 
from sensory nerve endings (Gazelius et al., 1981).

Gastrin-Releasing Peptide
Gastrin-releasing peptide, which shares many homologies with 

bombesin, a peptide present in invertebrates, exhibits vasomotor 
actions in many species (Erspamer et al., 1972). Gastrin-releasing 
peptide and another gut hormone, CCK, are present in cerebrovascular 

nerves (Uddman et al., 1983; McCulloch and Kelly, 1984), although 
there is a lack of evidence for vasomotor effect on the cerebral 

vasculature (Uddman et al., 1983* McCulloch and Kelly, 1984). In the 

cerebral cortex of the rat and monkey, CCK-IR neurones have been 
shown to be in intimate contact with intraparenchymal blood vessels 
(Hendry et al., 1983)• Capsaicin treatment of the guinea pig and 
trigeminal ganglionectomy of the cat both caused a complete 

disappearance of CCK-IR in cerebrovascular nerves (Liu-Chen et al., 
1985). However, evidence for CCK-IR neurones in the trigeminal

51



ganglion is controversial (Lee et al., 1985a), particularly since some 
CCK antisera have been shown to cross-react with CGRP (Ju et al.,

1987).

Neurotensin

Neurotensin, a tridecapeptide isolated from bovine hypothalamus 
(Carraway and Leeman, 1973). is present in perivascular nerve fibers 
in the heart (Weihe et al., 1984; Reinecke et al., 1982b), brain 
(Chan-Palay, 1977) and kidney (Forssman et al., 1982). The actions 
of neurotensin are varied; it has been shown to cause 
vasoconstriction in a number of vessels (Quirion et al., 1979).but 
has no effect in rat cerebral vessels (Hanko et al., 1981).

Opioid Peptides
Opioid peptides have a wide distribution outside the brain. Of 

these, enkephalins (ENK) are present in sympathetic neurones, where 
they coexist with NE (Wilson et al., 1981). Consequently, treatment 
with 6-hydroxydopamine in the guinea pig has been shown to reduce, by 

about 10%, the cardiac ENK content (Lang et al., 1983)* Nerve fibers 
displaying immunoreactivity for both Met- and Leu-ENK are present in 

perivascular nerves of the brain (Kapadia and De Lanerolle, 1984), 

and of the gut (Schultzberg et al., 1980). In feline cerebral 
arteries, ENK induces a naloxone-blocked vasodilatation (Hanko et 
al., 1982), whereas no effect of either Met- or Leu-ENK could be 
demonstrated on human mesenteric blood vessels (TQrnebrandt et al.,
1987). A decrease in perfusion pressure following Leu- or Met-ENK 
application has been observed in the cat hindlimb preparation (Moore
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and Dowling, 1982).

The presence of prejunctional opioid receptors on noradrenergic 
nerves has been demonstrated in the ear artery (Illes et al., 1983) 
and in the splenic artery (Gaddis and Dixon, 1982). As already 
described for SOM, opiates may also inhibit the release of SP from 
peripheral sensory nerve endings (Lembeck et al., 1982) and in the 

rat trigeminal nucleus (Jessel and Iversen, 1977)*

Dynorphin
DYN, a peptide contained in the proenkephalin A sequence, has 

been demonstrated in perivascular nerves of the guinea pig uterine 
artery and iris (Morris et al., 1985; Gibbins and Morris, 1987) as 
well as in pial vessels (Moskowitz et al., 1987). A DYN analogue 
(dynorphin 1-13) has been shown to reduce SP release from trigeminal 

nerve endings in the eye (Ueda et al., 1985).

Vasopressin
Vasopressin-IR nerves have been shown to be present in the 

vasculature of mammals (Hanley et al., 1984; Jojart et al., 1984). 
Vasopressin exerts a potent vasoconstriction in all of the vessels in 

which it has been tested (Nakano, 1973; Altura and Altura, 1977). 
probably through a V-l receptor site situated on smooth muscle cells 

(Penit et al., 1983).

Galanin
Galanin-IR has been detected in CGRP-containing neurones of the 

dorsal root ganglia (DRG) (Ju et al., 1987) and in perivascular
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nerves of the gut (Ekblad et al., 1985; Melander et al., 1985; Feher 
and Burnstock, 1988) and airways (Cheung et al., 1985), but its 
action (if any) on the vasculature is unknown.

4. PEPTIDES AND ENDOTHELIAL CELLS

4.1 Endothelium-mediated vasodilation
In recent years it has become apparent that many of the agents which 

relax blood vessels do so by endothelium-dependent mechanisms. This 
was first demonstrated in I98O, when Furchgott and Zawadzki reported 
that the endothelium was requisite for relaxation induced by ACh in 
the rabbit aorta. Since then, endothelium-dependent vasodilatation 
has also been shown to occur in response to: ATP, adenosine 5,_ 
diphosphate (ADP), arachidonic acid, SP, NKA, bradykinin, histamine, 
neurotensin, vasopressin, renin-angiotensin, thrombin (Zawadzki et 

al., 1981; Cherry et al., 1982; Furchgott, 1984; Vanhoutte and 

Rimele, 1983; Vanhoutte and Miller, 1985; Edvinsson and Jansen, 1987; 
FOrstermann and Dudel, 1988), VIP in the bovine pulmonary artery 
(Ignarro et al., 1987), VIP and PHI in isolated human splenic and 
transverse cervical arteries (Hughes et al., 1986), CGRP in rat 

aortic strips (Kubota et al., 1985; Grace et al., 1987) and NA in the 
canine coronary, pulmonary and femoral arteries (Cocks and Angus,

1983; Matsuda et al., 1985; Miller and Vanhoutte, 1985)*
It was suggested that the activation of specific receptors on 

the endothelial cell surface causes the release of an EDRF(s), which
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acts on the smooth muscle to cause relaxation. Autoradiographical 
analysis has demonstrated cell surface receptors for SP (Stephenson 

and Summers, 1987). but somewhat surprisingly, not for ACh. While 
most endothelium-dependent agents act via EDRF, some, for example 
bradykinin in the cat and rabbit arteries (FOrstermann et al., 1986) 
and in human mesenteric arteries (Cherry et al., 1982), induce 
relaxations that are blocked by indomethacin, suggesting that in 
these cases prostacyclin, rather than EDRF, mediates the response.

Investigations into the nature and mechanism of action of EDRF 
have not been facilitated by either its short half life (6-45 sec, 
see Llischer, 1988) or by the marked heterogeneity displayed in 
endothelium-dependent responses between vessels, amongst species, and 
between arteries and veins (Vanhoutte and Miller, 1985; Rubanyi and 
Vanhoutte, 1988). In general, the venous system tends to be less 
sensitive to endothelium-dependent relaxing agents (Furchgott and 
Zawadzki, 1980; De Mey and Vanhoutte, 1981) and this has been 
proposed to be due to inherent differences in the venous endothelium, 
rather than in the ability of smooth muscle to respond to EDRF 
(Rubanyi and Vanhoutte, 1988).

Most workers regard nitric oxide (NO) as the most likely 
contender for EDRF (Ignarro et al., 1986; Moncada et al., 1987;

Palmer et al., 1987) and it has been proposed that L-arginine is its 
physiological precusor (Rees et al., 1989). Consistent with NO as an 
EDRF is the demonstration of bradykinin- and ACh-evoked release of NO 

from the guinea pig and rabbit heart in quantities sufficient to 
account for at least part of the resulting vasodilatation (Amezcua et 
al., 1988; Kelm and Schrader, 1988). However, other substances which
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might also be involved as EDRFs include: (a) metabolities of 
arachidonic acid (Furchgott, 1984); (b) an oxygen-derived free 
radical (Furchgott, 1984); (c) some other yet unknown substance. The 

production and/or the release of EDRF(s) appears to be dependent on 
an increase in intracellular Ca++ in endothelial cells (Singer and 

Peach, 1982; Long and Stone, 1985; Winquist et al., 1985; Collins et 
al., 1986). Accordingly, an increase in extracellular Mg++ has been 
shown to inhibit the release of EDRF in canine coronary arteries (Ann 
and Ku, 1986). Oxygen also appears to be important in the production 
and/or the release of EDRF, since anoxia prevents the relaxations 
induced by ACh, but not those evoked by endothelium-independent 
vasodilators (De Mey and Vanhoutte, 1983; Furchgott, 1984).

The relaxation of smooth muscle cells caused by EDRF is usually 
coupled with the production of cyclic GMP in a time- and 
concentration- dependent manner (Holzmann, 1982; Rapoport and Murad, 
1983; Furchgott et al., 1984) and is antagonized by the inhibitors of 
guanylate cyclase, hemoglobin and methylene blue (Griffith et al., 
1985; Martin et al., 1985; Ignarro et al., 1988). Cyclic GMP in turn 
is suggested to elicit relaxation through phosphorylation and 

dephosphorylation of myosin light chains. On the other hand, 
Na+K+ATPase has also been proposed as a mediator of the smooth muscle 

relaxation. In contrast, VIP and CGRP endothelium-mediated 
relaxation occurs concomitantly with an increase in cyclic AMP 

(Kubota et al., 1985; Ignarro et al., 1987).
In addition to the endothelium-dependent relaxations of 

peptides discussed in the earlier sections, a number of other 

peptides also exert their effects through the vascular endothelium.

56



Bradykinin, which belongs to the kallikrein-kinin family, exerts its 
effects on vascular tone through two specific types of receptors, B-l 
and B-2, which were suggested to be located on the smooth muscle 
cells and endothelial cells respectively (Couture et al., 1980;
Regoli and Barabe, I98O; Gandreau et al., 1981). B-2 receptors are
the most widely distributed of the two and can mediate relaxation, 
and sometimes contraction, as well as an increase in vascular 
permeability (Marceau et al., 1981; Regoli, 1984). The endothelium- 
dependent relaxation evoked through B-2 kinin receptors caused an 
accumulation of cyclic GMP in smooth muscle cells (Toda, 1977; Wahl 
et al., 1983; Furchgott et al., 1984; Whalley et al., 1984, 1987; 
Hardebo et al., 1985; Katusic et al., 1986b; Ignarro et al., 1987). 
Recently, the endothelial location for B-2 receptors mediating 
vascular responses has been cast in doubt, since intraluminally 
infused bradykinin was unable to exert any vasomotor action, although 
it did lead to an increase in vascular permeability (Untaberg et al., 
1984).

In the rabbit basilar artery, bradykinin causes 

vasoconstriction, acting on muscular B-l receptor sites which are 
synthesized "de novo" under continued exposure (10 hr) to bradykinin 

(Whalley et al., 1983). Such a mechanism has also been described in 

other systems (Regoli et al., 1978, 1981; Regoli and Barabe, 1980).

4.2 Endothelium-mediated vasoconstriction

The endothelium has been proposed to mediate vasoconstriction via 
production of an endothelium-derived vasoconstrictor factor(s)

[EDCF(s)] in response to various chemical and physical stimuli such
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as NE, thrombin, high extracellular potassium, hypoxia and stretch 

(De Mey and Vanhoutte, 1983; Rubanyi and Vanhoutte, 1985; Katusic et 
al., 1986a, 1987a, b). In response to stretch, endothelial Ca++ 
channels have been described and suggested to operate as 
mechanotransducers (Lansman et al., 1987). Thus, the role of 
endothelial cells is two-fold, sensory and effector, such that 

vasoconstriction may occur independently of the action of extraneous 

vasoactive substances.
Although the nature of EDCF(s) is still uncertain, and appears 

to be different in blood vessels of different anatomical origin, at 
least three different classes of endothelial vasoconstrictor 
substances have been recognized: (a) metabolities of arachidonic 
acid; (b) a polypeptide-like factor (or factors) produced by cultured 
endothelial cells; (c) a still unidentified diffusable factor(s) 
released from anoxic/hypoxic endothelial cells (see Ltischer, 1988 for 
review). That a polypeptide, produced by the endothelium in response 
to the above stimuli could represent the EDCF, was demonstrated using 
cultured bovine aortic endothelial cells. These were shown to 

release a potent vasoconstrictor substance which was unaffected by 
inhibitors of receptors for known vasoactive substance and by 

inhibitors of prostaglandin synthesis, but the effect of which was 

abolished by several treatments (sodium dodecyl sulfate, trypsin, 
alkali or acid hydrolysis) known to affect proteins (O’Brien and 

McMurthy, 1984; Hickey et al., 1985; Gillespie et al., 1986).
Recently, an endothelium-derived 21-residue vasoconstrictor 

peptide, endothelin, has been isolated from porcine aortic 

endothelial cells, and the complementary DNA of its precursor, pre-
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pro-endothelin, has been cloned and sequenced (Yanagisawa et al.,
1988). It has been shown to be a potent constrictor in, for example, 
the rabbit skin microvasculature (Brain et al., 1988), in isolated 
human resistance vessels (Hughes et al., 1988) and in rat mesenteric 
resistance vessels (Warner, 1988). Recent studies have shown that 
endothelin is expressed in neurones of the human spinal cord and 
dorsal root ganglia (Giaid et al., 1989). Receptors for endothelin 
have been localized by autoradiography on cultured rat aortic smooth 

muscle cells (Hirata et al., 1988), rat kidney (Kohzuki et al.,
1989), and human and porcine coronary arteries (Power et al., 1989). 
One of the initial events in its action appears to be to induce 
phospholipase C-stimulated phosphatidylinositol 4, 5”bisphosphate 
hydrolysis at the plasma membrane (Marsden et al., 1989; Sugiura et 
al., 1989)* and both endothelin and the polypeptide demonstrated in 
cultured bovine aortic endothelial cells appear to exert 
vasoconstriction by a mechanism dependent on the presence of 
extracellular calcium (Hickey et al., 1985; Yanagisawa et al., 1988). 
Interestingly, a high degree of sequence homology has been 
demonstrated between endothelin and the snake venom vasoconstrictor 
peptides, the safratoxins, and binding studies have suggesting that 
these share common sites and mechanisms of action (Ambar et al.,

1989).

4.3 Source of peptides acting on endothelial cells

Some of the substances acting to cause release of EDRF are 
present in the circulation (hormones, catecholamines, renin-
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angiotensin, vasopressin), while others may be locally produced, 
mainly from aggregating platelets (thrombin, arachidonic acid, ATP, 

ADP, 5-HT). The source of other vasoactive substances (ACh, SP, NKA, 
VIP, CGRP), however, for which endothelium-dependent relaxations have 
been demonstrated, remains unclear. Some of these may also be 
present in the circulation, but the fact that they are rapidly broken 
down by their degrading enzymes makes it physiologically unlikely 
that a sufficiently high concentration can be achieved to cause 

endothelial activation. Since periarterial nerves are confined to 
the adventitial-medial border of blood vessels, it is also unlikely 
that their transmitters traverse the vascular wall (including media 
and elastic lamina) to reach specific receptors on the endothelial 
cell surface. Adventitial application of SP has been shown to be 
some 50"100 times less potent in relaxing the canine femoral artery 
than when applied luminally (Angus et al., 1983). ACh and ATP in 
particular would be subject to degradation by AChE and 5’" 
nucleotidase, respectively, located at the adventitial-medial border.

A local source for vasoactive agents from within endothelial 
cells themselves was first suggested by the electron microscopic 
immunocytochemical localization of ChAT (the ACh synthesizing enzyme) 
in vascular endothelial cells in the rat brain (Parnavelas et al.,

1985). A neuronal origin of vasoactive Ach in pial vessels has, 

however, been alternatively suggested (Hamel et al., 1987). Other 
electron microscopic studies have shown that endothelial cells may 
additionally be a source of SP and 5"HT in the rat femoral and 
mesenteric arteries (Loesch and Burnstock, 1988) and of 5"HT in the 
rat coronary artery (Burnstock et al., 1988), and SP and ChAT in the
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rat coronary artery (Milner et al, 1989)•
Release studies also suggest that the endothelium is a source 

of vasoactive substances: ATP has been shown to be released during 
the period of hypoxic vasodilatation in the guinea pig heart (Paddle 

and Burnstock, 197*0. and in the rat heart, hypoxic insult causes the 
release of 5”HT (Burnstock et al., 1988), as well as of SP and ACh 
(Milner et al., 1989). It has been suggested that this may represent 
a pathophysiological mechanism whereby ACh, ATP, 5“HT and SP may be 
released from endothelial cells during hypoxia, to act on specific 
endothelial cell receptors with a resulting protective vasodilatation 
via EDRF (Burnstock, 1987)* Studies with cultured endothelial cells 
have shown these to be a source of ATP (Pearson and Gordon, 1984; 
Gordon, 1986) and current studies strongly suggest that ATP, SP and 
ACh may be released from columns of endothelial cells in culture 
(Milner, personal communication).

Endothelial cells appear to be very sensitive to various 
mechanical and chemical stimuli such as changes in flow, stretch and 
hypoxia, as well as to various substances. In the canine femoral 

artery, flow causes dilatation and induces the release of EDRF (Hull 
et al., 1986; Rubanyi et al., 1986), which is blocked by the EDRF 

inhibitors methylene blue and 5.8,11,l4-eicosatetraynoic acid (Kaiser 
et al., 1986). Flow-dependent, endothelium-mediated dilatation, that 
is unaffected by cyclooxygenase inhibition, has been demonstrated in 
canine epicardial coronary arteries (Holtz et al., 1984). Flow- 
induced dilatation has also been shown to occur at the microvascular 

level in rat mesenteric arterioles (Smiesko et al., 1987) and in 
resistance vessels from the rabbit cerebral and ear, and the cat
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lingual circulations (Bevan and Joyce 1988). Endothelium-derived 
vasoactive substances may also be implicated in flow-induced 
regulation of vascular tone, in a manner similar to that already 
proposed to occur in response to hypoxia (Burnstock et al., 1988; 

Milner et al., 1989)• Figure 6 illustrates some of the mechanisms 
discussed in this section.

5. PLASTICITY OF PERIVASCULAR NEUROPEPTIDES

The ability to change the expression of a neurotransmitter 
(e.g. from NA to ACh in rat sweat glands (Landis and Keefe, 1983) is 
a well established feature of the ANS. This has been shown to occur 
during development and in culture (Landis, 1980), and also after 
transplantation of undifferentiated neural crest cells to a different 
region of the neurotaxis (Le Douarin and Teillet, 197*** Le Douarin et 
al., 1975; Le Douarin, 1981). This property has also been shown to 

belong to the mature neurones of the autonomic and sensory ganglia, 
which can not only change the expression of their neurotransmitters 
qualitatively and quantitatively, but can also spread to reinnervate 
denervated targets, which, in turn, can accept "foreign” nerves 
(Burnstock, 1981). The regulation of neuronal plasticity is under 

the control of several factors, some genetic and some environmental. 

NGF(s) is one of the most studied "signals" and it is known to 
initiate the intracellular transduction of messages activating gene 
expression (Raynaud et al., 1988).
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For some of the neuropeptides, including VIP (Tsukada et al.,
1985), SOM (Montminy et al., 1984) and proENK (Kley et al., 1987). 
and for the enzyme TH, which represents the rate-regulating step in 

the synthesis of NE (Harrington et al., 1987). synthesis has been 
shown to be controlled at the level of transcription by receptor- 
mediated processes that involve the intracellular production of 
cyclic AMP. Related regulatory 5' flanking regions, all cyclic AMP 
responsive and all containing the same sequence of 5'-nucleotides, 
have been found in the genes encoding for human proENK (Kley et al.,
1987) and rat TH (Harrington et al., 1987). The differences in the 
surrounding nucleotides are probably responsible for the bidning of 
different cyclic AMP-regulated trans-acting factors (Comb et al.,

1987).

5.1 During development and ageing
There are relatively few studies on the development of perivascular 

nerves and the majority of these deal with noradrenergic nerves (see 
Cowen and Burnstock, 1986, for review). The development of 
peptidergic perivascular nerves has been studied in rat cerebral 
vessels (Dhital et al., 1988) in guinea pig mesenteric, femoral, 
carotid and renal arteries (Dhall et al., 1986), and the rat 

mesenteric vascular bed (Scott and Woolgar, 1987). Few 

generalizations are possible: in guinea pig arteries (Dhall et al.,
1986) and in the rat mesenteric vascular bed (Scott and Woolgar,
1987), neuropeptide-containing nerve fibers developed earlier than 
the NA-containing and the TH-IR perivascular nerves respectively. 

Moreover, the latter study showed that CGRP-IR nerve fibers developed
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first, while the expression of SP-IR, presumable in the same nerve 
fibers, started much later (Scott and Woolgar, 1987).

In rat cerebral vessels, there is no overlap in the expression 
of coexisting neurotransmitters in perivascular nerves (Dhital et 

al., 1988). The levels of NPY-, VIP- and SP-IR in human cerebral 
vessels have been found to decrease from the age of 1 through to 46 
years (Edvinsson et al., 1985a). Unfortunately, morphological 
changes in the arterial wall due to development and aging, which are 

manifested as an increase in the surface of the adventitial-medial 
border, a thickening of the muscular layer and a spreading out of the 
existing nerves (Cowen and Burnstock, 1986), often cause difficulties 
in the comparison of results obtained with different methods.

A pharmacological approach, as well as a study of the affinity 
of the binding sites for the neuropeptides is strongly warranted, to 
clarify the relevance of age-related changes in vascular innervation. 
In fact for NE, despite a general reduction in noradrenergic 
perivascular nerve density and NE levels in the periphery (see Cowen 
and Burnstock, 1986, for review), vascular adrenergic neuroeffector 
function does not decline with age (Duckies et al., 1985).

5.2 After trauma, surgery and selective denervation
There are few reports on the involvement of perivascular nerve 

fibers in local trauma on mixed peripheral nerves. In a study 
carried out on patients with spinal cord injury (Milner et al., 

1987). an increase of NA-containing, NPY-, and VIP-IR nerve fibers
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was found in the striated muscle of the intrinsic urethral sphincter. 
Much information on the plasticity of the ANS has come from the use 
of animal models, in which the ANS is confined to a particular system 
(i.e. sympathetic, parasympathetic or sensory), and from studies on 
the local nerve supply under well-defined experimental conditions.

Surgical removal of autonomic ganglia has been used as a tool 
for the demonstration of the origin of a certain population of nerve 
fibers (Edvinsson, 1982). Recently, the effects of ganglionectomy on 
the "surviving" nerve fibers has been evaluated at various time 
intervals after the operation. Thus, in the rat and rabbit iris, 
removal of the superior cervical ganglion (SCG), which is the source 
of noradrenergic nerves in the iris, led to an increase in sensory 
nerve fibers containing SP-IR, which originate from the trigeminal 
ganglia (Cole et al., 1983; Kessler et al., 1983). Conversely, 
sectioning of the ophthalmic branch of the trigeminal nerve caused an 
increase in TH and ChAT activity in the iris (Kessler, 1985a). These 
events are likely to be due to an increase in the production of NGF 
in the denervated iris, since the injectin of NGF into the anterior 
chamber mimics the effect of both sympathetic and sensory 
denervation. Moreover, anti-NGF antiserum, injected in the 

denervated iris (either by means of sympathectomy or sensory 

denervation), was able to prevent the increase of any nerve fibers 
(Kessler, 1985a).

The amount of NGF in the rat iris increases several fold after 
sympathetic and/or sensory denervation and elevated levels of NGF 
mRNA have been found in the denervated iris (Shelton and Reichardt,
1984). Studies utilizing colchicine to block fast axonal transport
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and 6-hydroxydopamine to destroy the sympathetic nerve terminals 

(Korsching and Thoenen, 1985) demonstrated that NGF is produced in 
target organs, bound to specific receptors on nerve terminals, 
internalized and transported retrogradely to the cell body (Korsching 
and Thoenen, 1985), where it induces several changes, including the 
expression of neurotransmitters and their synthesizing enzymes 
(Thoenen and Barde, 1980). Thus, two different neuronal populations 
(sympathetic and sensory) utilize the same trophic factor produced by 
the same target organs. During fetal life, both sympathetic and 
sensory neurones need NGF for their survival, but while sensory 

nerves require NGF during early fetal life, sympathetic neurones need 
the trophic factor during the perinatal period (see Black, 1986, for 
review).

A similar effect, that of increased levels of CGRP, has been 
shown to occur in the trigeminovascular system 6 weeks after removal 
of the SCG (Schon et al., 1985b). Recently, Aberdeen et al., (1988;
1990) showed that an increased in levels and density of perivascular 
CGRP-IR occurred in several vascular beds and in the SCG of rats 

treated as neonated with guanethidine.
The rat iris has also been a useful model for studies in 

changes of expression. This has been used to demonstrate the 

appearance of NPY-and TH-IR in cholinergic nerves originated from the 
ciliary ganglia after long-term sympathectomy (Bjorklund et al.,

1985). Changes in expression have also been described as: an 

increase in DBH-IR in non-noradrenergic axons supplying the guinea 
pig uterine artery after 6-hydroxydopamine treatment (Morris et al.,
1987), a loss of expression of DBH-IR in guinea pig intracardiac
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neurones when transferred in culture (Hassall and Burnstock, 1987), 
and the appearance of SP-IR in unmyelinated sensory afferents when 
cross-anastomized with the skin (McMahon and Gibson, 1987). The 
expression of NPY-IR in 70% of VIP-containing axons innervating 

guinea pig cerebral vessels is also altered after superior cervical 
ganglionectomy (Gibbins and Morris, 1988).

After sectioning or, to a lesser extent, after crushing the rat 

sciatic nerve, an increase of VIP-IR and VIP levels in the L-4 
segment of the homolateral spinal cord was demonstrated (McGregor et 
al., 1984). These VIP-IR nerve fibers arose from sensory neurones in 
the corresponding dorsal root ganglia of the operated side, while 
VIP-IR neurones were completely absent in the ganglia of the
unoperated side or in control animals (Shehab and Atkinson, 1986). A
similar effect has been demonstrated in the rat trigeminal ganglia, 
where VIP-IR cell bodies appeared after section of the sensory root 
of the mandibular nerve (Atkinson and Shehab, 1986).

5.3 Plasticity in diseases
Although diseases such as diabetes, hypertension and atherosclerosis 

involve the cardiovascular system, the pattern of perivascular 
innervation during these diseases in largely unknown. Animal models, 
more or less similar to the human pathologies, have been created.

Thus, in diabetic impotent males, a reduction of VIP-IR to the penile 
vessel has been demonstrated (Crowe et al., 1983). In streptozocin 
diabetic rats there is also a reduction of nerves containing VIP-IR 
(and 5-HT) but not NPY-IR (or NA) in cerebral blood vessels (Lagnado

et al., 1987)♦ The remarkable changes in the expression of
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neuropeptides occurring in the nervous system of streptozocin 

diabetic rats (Belai et al., 1985* 1988), possibly involves 
intestinal vessels.

An involvement of NA-containing perivascular nerves in 
hypertension has been proposed, largely due to the demonstration of 
an increase in NA-containing nerves in several blood vessels (Abboud, 
1982). In contrast, the few studies that have been carried out on 
neuropeptide-containing perivascular nerves in spontaneous 
hypertensive rats have shown a reduction of NPY levels in the kidney 
and in the renal artery (Ballesta et al., 1984), an increase of NPY- 
IR (and NA in cerebrovascular nerves (Dhital et al., 1988) and no 
changes in SP-IR nerves in the mesenteric vascular bed (Foote et al., 

1986).

In the study of atherosclerotic vessels, interest has been 
centered on the development of morphological lesions and on the 
effects of drugs affecting the metabolism of lipids (Ltischer, 1988). 

The development of animal models for atherosclerosis 

(hypercholesterolemic fat-fed rabbits and Watanabe heritable 
hyperlipedemic rabbits), together with the demonstration that the 
trophic role exerted by sympathetic nerves can reduce lipid 
accumulation in the rabbit aorta (Fronek and Alexander, 1986), and 

the fact that endothelium-mediated processes are markedly attenuated 

in this disease (Jayakody et al., 1985; Harrison, 1988), has raised 
an interest in the roles exerted by vascular neuropeptides. In 

particular, this interest is focussed on those neuropeptides whose
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effects on vascular tone may be exerted through the endothelium.
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Fig. 1 - Schematic representation of the different types 
of interactions that are features of cotransmission and 
neuromodulation. X and P represent two nominal vascular 
neurotransmitter substances. The different situations are 
described in detail in the text.
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Fig. 2 - Top - Schematic representation of different 

interactions that occur between NPY and ATP and norepinephrine 

(NA) released from a single sympathetic nerve varicosity, in 

many blood vessels including the mesenteric artery. NA and 

ATP, probably released from small granular vesicles, act 

synergistically to contract the smooth muscle via alpha-^- 

adrenoceptors and p2 ~purinoceptors, respectively. NPY, 

which is also released from the nerve, has little, if any, 

direct action on the muscle cell, but exerts potent neuro- 

modulatory actions, both prejunctional inhibition (-) of the 

release of NA and postjunctional enhancement (+) of the action 

of NA.

Fig. 3 “ Bottom - Schematic representation of transmission 
where VIP is a cotransmitter with ACh in parasympathetic 

nerves supplying the cat salivary gland. Note that ACh and VIP 

are stored in separate vesicles; they can be released 

differentially at different stimulation frequencies to act on 

acinar cells and glandular blood vessels. Cooperation is 

achieved by selective release of ACh at low impulse frequencies 

and of VIP at high frequencies. Pre- and postjunctional 

modulation is indicated.
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Fig. 4 - Top - Schematic representation of neuromodulation 

in sensory nerves, whereby CGRP modulates the amount of SP

in the neurovascular junction by reducing its breakdown by 

inhibition of SP endopeptidases.

Fig. 5 “ Bottom - Schematic representation of trophic 

effects of CGRP as occurs in chicken myotubes, where the action 

of ACh is enhanced through an increased synthesis of its 

postjunctional receptors.
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Fig. 6 - Schematic representation of potential modes of 

regulation of vascular tone by endothelial-related mechanisms. 

Noradrenaline (NA), ATP, CGRP, SP and VIP can be released 

from nerves in the adventitia (ADV) to act on their respective 

receptors in the media (MED) to cause vasoconstriction or 

vasodilation. ATP, ACh, 5-hT and SP released from endothelial 

cells (END) by shear stress or hypoxia act on their receptors 

on endothelial cells to cause release of EDRF or prostaglandins 

(PG), which in turn act on the smooth muscle to cause relaxation. 

In areas denuded of endothelial cells, opposite effects may be 

produced, by receptors on the smooth muscle, a = norepinephrine 

receptor, ?2X = P2 x~purinoceptor, P2 y = P2 y~Purinoceptor, M = 

muscarinic receptor. Modified from Burnstock (1989).
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TABLE I. Localization of NPY immunoreactivity in perivascular nerves

Tissue Species References

Brain Rat, man, pig, cat, gerbil, 1,2,3
guinea pig

Heart and systemic arteries Man, monkey, dog, cat, rat, 4,5.6,7.8
guinea pig

Respiratory tract Man, cat, guinea pig, rat 9.10

Gastrointestinal tract Rat, cat, guinea pig, chicken 11,12.13

Liver and gallbladder Rat, guinea pig 14
Spleen Man, cat, rat, guinea pig 15.16
Kidney and urogenital tract Rat,guinea pig,man,mouse 17,18,19.20 

Skeletal muscle Dog 9.21

Endocrine glands Rat, guinea pig 22,23

Exocrine glands Rat 24
Eye Guinea pig, rat 26,27

Ear Cat, guinea pig, rat 25

(1) Edvinsson et al., 1985a; (2) Edvinsson et al., 1987; (3) Alafaci 
et al., 1986; (4) Gu et al., 1984; (5) Sternini and Brecha, 1985;
(6)) Wharton and Gubelkian, 1987; (7) Hassal and Burnstock, 1987; (8) 
Gibbins et al., 1988; (9) Uddman et al., 1984; (10) Springall et al., 
1988; (11) Ekblad et al., 1984; (12) Dahlstrdm et al., 1988; (13) 
Sundler et al., 1983; (14) Allen et al., 1984; (15) Lundberg et al., 
1985a; (16) Uddman et al., 1985; (17) Adrian et al., 1984; (18) Papka 
et al., 1985; (19) Morris et al., 1985; (20) Mattiason et al., 1985; 
(21) Pernow et al., 1988; (22) Hedge et al., 1984; (23) Sundler et 
al., 1983; (24) Lundberg et al., 1983; (25) Uddman et al., 1984; (26) 
Terenghi et al., 1982; (27) Bjdrklund et al., 1985b
Modified from Dhital and Burnstock (1987).
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TABLE II. Main effects of NPY on blood vessels

Effect Vessel Reference

Neuromodulation
Inhibition Cerebral arteries 1

Femoral artery 2
Basilar artery 3
Mesenteric artery 4
Portal vein 5

Potentiation Ear artery 6
Aorta 7
Cerebral vessels 8
Mesenteric artery 9

Constriction Cerebral artery 10
Uterine artery 11
Coronary arteries 12
Skeletal muscle arteries 13
Intrarenal arteries 14

(1) Suzuki et al., 1988; (2) Lundberg et al., 1987; (3) Pernow et
al., 1986; (4) Westfal et al., 1987; (5) Dahlof et al., 1985; (6)
Ltischer and Vanhoutte, 1936; (7) Mabe et al., 1987; (8) Edvinsson et 
al., 1984; (9) Andriantsitohaina and Stoclet, 1988; (10) Edvinsson et 
al., 1983; (11) Morris et al., 1985; (12) Franco-Cereceda et al.,
1985; (13)) Pernow, 1988; (14) Leys et al., 1987*
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TABLE III. Localization of VIP immunoreactivity in perivascular nerve

Tissue Species Ref erences
Brain Monkey, cow, pig, dog, cat,rabbit 1 ,2 ,3 .4,5 .6,7

Heart and systemic 
vessels

Cat, guinea pig, rat 8 ,9 ,10,11

Respiratory tract Man, dog, cat, rat 12,13,14,15

Gastrointestinal
tract

Man, monkey, pig, dog, 
guinea pig, rat, mouse

cat,
, chicken

8 ,16,17,18

Liver and gallbladder Man, guinea pig, pig. rat, cat 19,20

Kidney and 
urogenital tract

Man, monkey, pig, dog, cat, 
rabbit, guinea pig, rat, mouse

21,22,23,24,24,
26,27,28,29,30

Skeletal muscle Guinea pig, rat 8,31
Endocrine glands Rat 32,33
Exocrine glands Pig, cat, rat 34,35.36
Ear Cat, guinea pig 37
Eye Cat, guinea pig, rat 38

(1) Edvinsson et al., 1989; (2) Edvinsson et al., 1985a; (3)
Kobayashi et al., 1983; (4) Gibbins et al., 1984; (5) Hara et al., 
1985; (6) Lee et al., 1984; (7) Alafaci et al., 1986; (8) Dhall et 
al., 1986; (9) Weihe et al., 1987; (10) Weihe, 1987; (H) Gibbins et 
al., 1988; (12) Uddman and Sundler, 1979; (13) Uddman et al., 1980b; 
(14) Springall et al., 1988; (15) Geppetti et al., 1988; (16) Jessen 
et al., I98O; (17) Saffrey et al., 1982; (18) Schultzberg et al.,
1980; (19) Sundler et al., 1977b; (20) Barja and Mathison, 1982; (21) 
Aim et al., 1980; (22) Crowe et al., 1983; (23) Diani et al., 1985;
(24) Forssman et al., 1982; (25) Gu et al., 1983; (26) Larsson et 
al., 1977a; (27) Larsson et al., 1977b; (28) Papka et al., 1985; (29) 
Stjerquist et al., 1983; (30)Vaalasti et al., 1980; (31) Azanza and 
Garin, 1986; (32) Uddman et al., 1989a; (33) Grunditz et al., 1988;
(34) Bloom et al., 1979; (35) Lundberg et al., 1980a; (36) Lundberg 
et al., 1980c; (37) Uddman et al., 1982; (38) Terenghi et al., 1982.
Modified from Dhital and Burnstock, 1987.
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TABLE IV. Main effects of VIP on blood vessels

Effect Vessel Reference

Vasodilation
Endothelium-independent Cerebral arteries 1

Pulmonary artery 2
Vessels of salivary glands 3
Mesenteric artery 4
Skeletal muscle arteries 5

Endo the1ium-dependent Pulmonary artery 6

(1) Lee et al., 1984; (2) Greenberg et al., 1987; (3) Lundberg, 1981; 
(4) Ganz et al., 1986; (5) J&rult et al., 1984; (6) Ignarro et al., 
1987.
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TABLE V. Mammalian and nonmammalian tachykinins

Mammalian tachykinins
Substance P Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NI^
Neurokinin A* His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NI^
Neurokinin B+ Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NI^

Nonmammalian tachykinins
Eledoisin <Glu-Pro-Ser-Lys-Asp-Ala-Phe-Ile-Gly-Leu-Met-NH2
Physalaemin <Glu-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NH2
Kassinin Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NH2

* This peptide is identical to peptides that have been previously 
designated as substance K, neurokinin alpha or neuromedin L.
+ This peptide is identical to neuromedin K.
From Leeman (1987)•
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TABLE VI. Localization of SP immunoreactivity in perivascular nerves

Tissue Species References

Brain Man, pig, cat, guinea pig, 
gerbil, monkey

rat 1 ,2 ,3,4,5*6,7 
8 ,9,10

Heart and systemic 
vessels

Man, monkey, dog, cat, rat 
guinea pig

11,12,13,14,15
16,17,18,19

Respiratory tract Man, cat, guinea pig, rat 12,20,21,22,23,24
Gastrointestinal tract Man, cat, rat, guinea pig

chicken
12,25,26,27,28

Liver and gallbladder Rat, guinea pig 29,30,31
Spleen Rat, guinea pig 29,30
Kidney and 
urogenital tract

Man, pig, dog, cat, rat, 
rabbit, guinea pig, mouse

32,33,34,35

Skeletal muscle Guinea pig, rat 12, 29, 30
Endocrine glands Rat 36
Exocrine glands Rat 37
Ear Guinea pig 38
Eye Monkey, cat, rabbit, 

guinea pig, rat
39. 40, 41

(1)) Edvinsson et al., 1981; (2) Edvinsson and Uddman, 1982; (3) 
Edvinsson et al., 1985a; (4) Furness et al., 1982; (5) Itakura et 
al., 1984; (6) Alafaci et al., 1986; (7) Liu-Chen et al., 1983; (8) 
Matsuyama et al., 1984; (9) Yamamoto et al., 1983; (10) Simons and 
Ruskell, 1988; (11) Helke et al., 1980; (12) HSkfelt et al., 1977; 
(13) Lundberg et al., 1985b; (14) Reinecke et al., 1980; (15)
Reinecke et al., 1982; (16) Wharton et al., 1981; (17) Gibbins et 
al., 1988; (18) Dalsgard et al., 1986; (19) Weihe, 1987; (20) Baluk 
and Gabella, 1989; (21) Lundberg and Saria, 1981; (22) Lundberg et 
al., 1980c; (23) Sundler et al., 1977a; (24) Springall et al., 1988;
(25) Jessen et al., 1980; (26) Polak and Bloom, I98O; (27) Saffrey et 
al., 1982; (28) Schultzberg et al., 1980; (29) Barja et al., 1983; 
(30) Galligan et al., 1988; (31) Goheler et al., 1988; (32) Forssman 
et al., 1982; (33) Stjernquist et al., 1983; (34) Sikri et al., 1981;
(35) Papka et al., 1985; (36) Hedge et al., 1984; (37) Ekstrom et 
al., 1988; (39) Uddman et al., 1982; (40) Cole et al., 1983; (4l) 
Stone et al., 1982.
Modified from Dhital and Burnstock, 1987.
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TABLE VII. Main effects of SP on blood vessels

Effect Vessel Ref erence

Relaxation
(endothelium-dependent) Cerebral artery 1

Pulmonary artery 2
Carotid artery 3
Mesenteric artery 4
Coronary artery 5
Femoral artery 6

Constriction Cerebral artery 7
Neuromodulation Mesenteric artery 8

(1) Edvinsson et al., 1981; (2) D'Orleans-Juste et al., 1985; (3) 
Barja et al., 1983; (4) Furchgott, 1983; (5) Beny et al., 1986; (6) 
Angus et al., 1983; (7) Lee et al., 1984; (8) Gulati et al., 1983*
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TABLE VIII. Localization of CGRP immunoreactivity in perivascular
nerves

Tissue Species References

Brain Man, cat, rat, rabbit, guinea pig 1 ,2 ,3,4
Heart and systemic 
vessels

Guinea
rabbit

pig, rat, cat, dog 5,6 ,7,8 ,9, 
10,11

Respiratory tract Guinea pig, rat 6 ,8,12

Gastrointestinal tract Guinea pig, rat 5.10,11
Liver and gallbladder Guinea pig 5 ,10,11

Kidney and urogenital 
tract

Guinea pig 5 ,6,11

Skeletal muscle Guinea pig 5,11
Exocrine glands Rat 14
Eye Guinea Pig 15,16

(1) Hanko et al., 1985; (2) Lee et al., 1985a; (3) Matsuyama et al., 
1986; (4) Wanaka et al., 1986; (5) Uddman et al., 1986; (6) Gibbins 
et al., 1985; (7) Gubelkian et al., 1986; (8) Lundberg et al., 1985b; 
(9) Weihe, 1987; (10) Mulderry et al., 1985; (11) Dhall et al., 1986; 
(12) Cadieux et al., 1986; (13) Goehler et al., 1988; (14) EkstrSm et 
al., 1988; (15) Terenghi et al., 1985; (16) Terenghi et al., 1986.
Modified from Dhital and Burnstock, 1987.
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TABLE IX. Main effects of CGRP on blood vessels

Effect Vessel Reference

Relaxation
Endothelium- Aorta 1
dependent Pulmonary artery 2
Endothelium- Cerebral vessels 3
independent Coronary artery 1

Mesenteric artery 3

(1) Brain et al., 1985; (2) Ignarro et al., 1987; (3) Uddman et al., 
1986.
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TABLE X . Localization of peptides other than SP, VIP, NPY and 
CGRP in nerves associated with blood vessels

Peptide Vessel Species References
Neurotensin Brain

Kidney

Heart and 
associated

Rat
Man, monkey, pig, dog, 
guinea pig, rat, cat
Man, monkey, dog, frog, 
guinea pig, fish,

1
2

vessels lizard, chicken 3,4
Somatostatin Kidney Man, monkey, pig, dog 

cat, guinea pig 2

Gas trointes tinal 
tract

Cat, guinea pig 5

Gastrin/ Brain Monkey, rat, cat 6,7
cholecysto-
kinin

Gastrointestinal
tract

Cat, guinea pig 8,9

Enkephalin Brain Cat 7
Gas trointes tinal 
tract

Cat, guinea pig, rat 8,9

Gastrin-
releasing

Brain and spinal 
cord

Cat,guinea pig,rat,mouse 10
peptide Urogenital tract Rabbit, guinea pig 11

Ear Guinea pig 12
Vasopressin Brain Rat 13

Liver Rat 14
Kidney Rat 14

PHI Brain Cat 15

Galanin Gastrointestinal
tract

Pig, guinea pig, rat 16,17

Dynorphin Urogenital tract Guinea pig 18
Brain Rat, guinea pig, man 19

(I) Chan-Palay, 1977; (2) Forssmann et al., 1982; (3) Reinecke et 
al., 1932a; (4) Reinecke et al., 1982b; (5) Dalstrom et al., 1938; 
(6) Hendry et al., 1983; (7) Moskowitz et al., 1984; (8) Lundberg et 
al., 1980c; (9) Schultzberg et al., 1980; (10) Uddman et al., 1983;
(II) Uddman et al., 1983; (12) Uddman et al., 1982: (13) Jojart et 
al., 1984; (14) Hanley et al., 1984; (15) Edvinsson and McCulloch, 
1985; (16) Ekblad et al., 1985; (17) Melander et al., 1985; (18) 
Morris et al., 1985; (19) Moskowitz et al., 1985*
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SECTION II : 
GENERAL METHODS
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This section describes the methods that I used in this study. The 
neurochemical methods used by my colleagues are described in the 

relevant chapters.

1. FLUORESCENCE HISTOCHEMISTRY

This method has been used for the visualization at the light 
microscope level of catecholamine-containing nerve fibres in rat 
cerebral vessels, dura mater, and iris; in guinea-pig uterine 
arteries and in neurons of rat sympathetic cervical ganglia.

Two different methods for catecholamine fluorescence were used :
a) whole mount stretch preparations (cerebral arteries, dura mater, 
iris, uterine arteries) were stained with the glyoxylic acid 
fluorescence technique, as described by Lindvall and BjSrklund, 1974, 
and modified in accordance with Cowen et al., 1985; b) cryostat 
sections of cervical ganglia were treated with the SPG method, 
described by de La Torre and Surgeon, 1976.

The use of glyoxylic acid represented a step forward in the 
development of histochemical methods for catecholamine fluorescence 
because of its reproducibility, for the higher sensitivity compared 

with the previous methods and for decrease in background 
fluorescence. The addition of pontamine sky blue (PSB) to 

counterstain background autofluorescence (Cowen et al., 1985) further 
improved the quality of this histochemical method.

In the present study, because fluorescence histochemistry was often 
followed by quantitative evaluation, care was taken in order to
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standardize both the histochemical procedure and the preparation of 
the tissues.

Methods

Animals were killed by anaesthetic (pentobarbital.i.p.) overdose. 
For cerebral vessels, the brain was removed and immersed in 2% 
glyoxylic acid in 0.1 M phosphate buffer, pH 7*2, at room temperature 
for a total of 1.5 hrs; during this time the whole circle of Willis, 
including the basilar artery, was carefully dissected from the 
surrounding meninges and incubated for 10 min in 0.05% PSB and 0.1# 
dimethylsulphoxide (DMSO) in the glyoxylic acid solution. The 
arteries were then washed in fresh solution and transferred to a 
clean glass slide, stretched and dried at room temp, in a dust free 
atmosphere. The same procedure was applied to the rat dura mater, 
which was removed from the skull just before going into the PSB 
solution and to the rat iris, dissected from the eye and from the 
attached cornea at the end of the incubation in the glyoxylic acid 
solution. The slides with the dried whole mount stretch preparations 

were then heated at 100 °C for 4 min, and mounted in liquid paraffin. 
Only small changes occurred in cerebral vessel calibre, due to 
shrinkage during the procedure, as shown by comparing the 
circumference of these vessels at different steps of the procedure 
(i.e. before drying, before heating, at the end) or with the 

circumference of similar arteries from perfusion-fixed animals. 

Similarly, the area of the rat dura mater and iris, as measured 
before drying and after mounting, did not change significantly.

Guinea-pig uterine arteries had their length and diameter measured
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in vivo. The arteries were then cut in segments of 1 cm, as marked 
"in situ" by micropins dipped in the PSB solution. The segments of 

arteries were opened longitudinally and pinned, adventitial side 
uppermost on a square of silicone elastomer (Sylgard, BDH Ltd.,
Poole, U.K.). A piece of graph paper was put underneath and the 
vessel segments were stretched to the original size. Graph paper was 
also used when vessels were transferred to the glass slides for 
drying. Final shrinkage after heating was of about 3%* but no 
correction factor was applied.

Superior cervical and stellate ganglia were removed from non 
perfused animals, dipped in O.C.T. compound (Gurr, BDH Ltd., Poole, 

U.K.), frozen inside the cryostat chamber at - 25 °C, as recommended 
by de La Torre and Surgeon, 1976. 10 pm thick sections were cut and 
processed as suggested by these authors.

2. IMMUNOHISTOCHEMISTRY

Indirect immunohistochemical methods (Coons, 1955) were used for 
both light and electron microscopic visualization of the 
immunoreactivity of neurotransmitters and related enzymes in nerve 
fibres and cell bodies.

All the antibodies used were from commercial sources and details 

about them, their specificity and control experiments that were 
carried out, are given in the relevant chapters.

Two methods have been used : a) immunofluorescence for whole mount 

stretch preparations and cryostat sections for the light microscope;
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b) immunoperoxidase, using a biotinylated anti IgG antiserum, 
followed by a biotin-streptavidin-horseradish peroxidase (HRP) 

conjugated solution, for light and electron microscopy for whole 
mounts and paraffin sections.

The advantages of the latter method over other immunoperoxidase 
techniques derive from the high affinity of the biotinilated IgG for 

the Fc fragment of the primary antibodies and especially from the 
’’avidity” of the streptavidin for the vitamin (binding energy 2.3 
kcal/mol, Green, 1986). Thus, both primary and secondary antisera can 
be used at higher dilution; moreover, because of the amplification of 
the final signal (the biotin-streptavidin-HRP complex bears a greater 
number of peroxidase molecules than the conventional peroxidase anti
peroxidase (PAP) complex, Hsu et al., 1981) the occurrence of non 
specific background, with the low concentration of solution that is 
required to produce a visible reaction, is negligible. As the size of 
the complex can become very large, with consequent reduction of 
penetrability, the damage of the immunostained axons usually seen at 
the electron microscope with the use of diaminobenzidine (DAB) to 

reveal peroxidase localization, is much lower than with the 

conventional PAP technique.

2.1 Immunofluorescence
Animals, injected with anaesthetic overdose as before, were perfusion- 
fixed with paraformaldehyde in phosphate buffered saline (PBS).

The brain, skull, eyeballs, cranial and cervical ganglia or uterine 

arteries were dissected out from surrounding tissue and immersed in 

the same fixative, while further dissection was carried out, for a
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total of 2-12 hrs. Tissues to be sectioned were then washed with PBS 
for at least 3 hrs and stored in 15# sucrose, 0.1# sodium azide in 
PBS for a maximum of 24 hrs. Tissues to be processed as whole mounts, 
after washes with PBS, were dehydrated to 100# alcohol and rehydrated 

to PBS to increase penetration of antibodies through the damage 
produced by this procedure. All the steps were carried out before 
removing the cerebral vessels from the brain, the dura mater from the 
skull and the iris from the eye, but after opening and pinning the 
segments of uterine arteries on pieces of Silgard, procedure that was 
carried out immediately after perfusion and before further fixation.

The dissected cerebral vessels, dura mater, iris and uterine 
artery segments were then exposed to 0.1# triton xlOO in PBS for 15 
min, and incubated in vials of convenient size in the antibody 
solution, overnight. All the antibodies were diluted in PBS 
containing 0.1# lysine, 0.1# sodium azide, 0.1# triton XlOO and 0.01# 
bovine serum albumin.

Blocks for cryostat sections were prepared by embedding the tissue 
in O.C.T. compound and freezing in isopentane cooled in liquid 

nitrogen. The temperature of the cryostat chamber was not lower than 

-15 °C and sections were cut at 7“10 ym thickness. They were thaw- 
mounted on gelatine-coated slides (prepared by dipping acid-alcohol 

cleaned slides in a solution containing 0.5# gelatine and 0 .05# 
chrome alum), encircled by a strip of DPX mounting medium and, when 
dried, covered by a drop of the diluted antiserum. Sections were 
incubated with the antisera overnight in a moist chamber. The 

following morning, sections and whole mounts were washed in three 
changes of PBS and incubated with the second layer, usually a goat
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anti-rabbit IgG conjugated with fluoresceine isothiocyanate (FITC) 
(Nordic- Immunoreagents, Denmark) diluted 1:100 with the same 
antibody diluting medium as above, for 1 hr at room temperature.
After washing, whole mounts were transferred to gelatine-coated 
slides and air-dried. Both sections and whole mounts were mounted 
with Citifluor (Citifluor Ltd., London, U.K.) and stored, in the 
dark, at 4 °C until viewed and photographed.

2.2 Immunoperoxidase
The fixative used for perfusion was a modified Zamboni solution, 

composed as follows : 4# paraformaldehyde, 15# picric acid, 0 .05# 
glutaraldehyde in 0.1 M phosphate buffer (PB). After removal, tissue 
was stored in this fixative for a maximum of 1.5 hrs, while 
dissection was carried out.

Cerebral vessels, dura mater, iris, cranial and cervical ganglia or 
uterine arteries were cleared of picric acid with several washes in 
50# alcohol. Ganglia, for paraffin embedding were further dehydrated 

(70#, 80# x 3* 90# x 3, 100# x 3. chloroform x 3* each step of 1 hr) 
and wax embedded. Serial sections, 10 ym thick were cut with a 

microtome and collected, in sequences of ten, on poly-L-lysine-coated 

slides (Huang et al., 1983). After dewaxing in histoclear and 
rehydration, sections were incubated with 0.1# trypsin and 0.1# CaC12 

in PBS for 20 min and washed with PBS.
The whole mounts, when cleared of picric acid, were treated with 

0.1# sodium cyanoborohidride (NaCnBH3) in PB for 30 min at room 
temperature, to increase penetration of antibodies (Llewellyn-Smith,
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1984).
The following steps are common to both sections and whole mounts 

that were processed as floating tissue throughout all steps. 
Endogenous peroxidases were blocked by incubating sections and whole 
mounts in 0.3% H2O2 in 50% methanol for 10 min, followed by three 
washes in PBS, 10 min each. A preincubation with 10% normal donkey 
serum (NDS), since the second layer was produced in donkey, was 
always carried out for 30 min, in order to block non-specific 
antigenic sites. Incubation with the first layer, diluted in PBS 
containing 5% NDS was carried out overnight at room temperature, in 
vials under gentle agitation for whole mounts and in a moist chamber 
for sections. At the end of the incubation, sections and whole mounts 
were washed with PBS and incubated with donkey anti-rabbit, biotin- 
conjugated IgG (Amersham, U.K.), diluted 1:200 in PBS containing 5% 
NDS, for 2 hrs at room temperature. After washes with PBS, the 
biotin-streptavidin-HRP complex, diluted 1:300 in PBS, was applied 
for 2 hrs. Sections and whole mounts were washed with PBS, 
preincubated with DAB, 0.04% in Tris buffer (pH J .2; 0.1 M) for 10 
min and then incubated with the latter solution with the addition of 
0.01% H2O2 for 10 min in the dark. DAB-end products were sometimes 

enhanced by the addition of 0.3% ammonium nickel sulphate to the 
final solution or by silver intensification (see paragraph 2.4 in 

this Chapter). Sections and whole mounts, transferred to gelatine- 

coated slides, were dehydrated and mounted with DPX.
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3. ELECTRON MICROSCOPY AND IMMUNOCYTOCHEMISTRY

Conventional electron microscopy and immunocytochemistry have been 
applied to the ultrastructural study of perivascular nerves, in order 

to visualize neurotransmitter-related features [i.e. 5“ 
hydroxydopamine, 5"0HDA- labelled vesicles for noradrenaline (NA) or 
peptide-immunoreactivity (IR)].

The use of the "false" neurotransmitter 5”0HDA to mark NA- 
containing varicosities was introduced by Tranzer and Thoenen, 1967* 
This substance has some advantages on the analogue 6-hydroxydopamine, 
that is also taken up by noradrenergic axons and visualized at the 
electron microscope, but causes a more severe degeneration of 
sympathetic nerves.

Method
5-OHDA, diluted in sterile saline containing 0.2# ascorbic acid 

with a concentration of 10 mg/ml, was injected in the jugular or 

femoral vein of the anaesthetized animal at a dosage of 10 mg/Kg. 
After 15-20 min, 100 ml of warm Krebs solution (Biilbring, 1955) 
containing 1,000 units of heparin and 0.1 g of sodium nitrite was 
flushed into the ascending aorta through an incision on the left 

ventricle with a large cannula. The right atrium was cut. Two 
different fixatives were used : 5% glutaraldehyde in 0.1 M cacodylate 

buffer for conventional electron microscopy and the modified 
Zamboni’s fixative described in paragraph 2 in this section. Arteries 
were rapidly removed and immersed in the same fixative for 1.5 hrs. 

Segments of arteries for conventional electron microscopy were rinsed 

in cacodylate buffer, osmicated (2# OSOjj in the same buffer),
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dehydrated, including "en bloc” staining with 1% uranyl acetate in 70# 
alcohol for 20 min, and embedded in Spurr resin. Transverse semithin 

(0.5 pm thick) sections were stained with 0.5# toluidine blue in 0.5# 
borax in J0% alcohol, or with a methylene blue-Azur II-basic fuchsin 

recipe (Humphrey and Pittman, 197*0* Ultrathin transverse sections 
were cut with glass knives, stained with methanolic {12%) uranyl 
acetate (5“10 min), followed by 0 A %  lead citrate (5 min), viewed and 
photographed with a Philips 300 electron microscope.

For immunocytochemistry, the pre-embedding method described in 
paragraph 2.2 was followed. After the DAB reaction, some arteries 
were subjected to silver intensification as described below. A 
procedure for double labelling using silver intensification of DAB- 
end products of the first immunoreaction is described in Chapter 
three of the Results’ section.

3.1 Silver intensification

This procedure is derived from the methods described by Galiyas et 
al., 1982 and by Maegawa et al., 1987. Briefly, after completing the 
DAB-reaction, arteries were washed with 2% sodium acetate and 

immersed, overnight in 10# thioglycolic acid. After several rinses 
with 2% sodium acetate, arteries were exposed to the physical 
developer, prepared just before use, by adding to a 5# solution of 
sodium carbonate (anhydrous) an equal volume of a solution containing 

0.2# ammonium nitrate, 0.2% silver nitrate, 1# phosphotungstosilicic 
acid, 1.7# paraformaldehyde, for 10 min at room temperature in the 

light. The reaction is stopped by a brief rinse in 0.1% acetic acid,
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followed by 2% sodium acetate. A gold toning is obtained by exposing 

the vessels to cold (0-5 °C) 0.05# gold chloride for 5 min, again 
followed by rinses with sodium acetate. To fix the silver grains, 2 

changes of 3# sodium thiosulphate are used. Vessels were rinsed with 
2% sodium acetate before further processing.

Both silver intensified and non intensified, immunostained vessels 

were fixed in 5# glutaraldehyde in cacodylate buffer, before 
osmication, dehydration and embedding, as described for conventional 
electron microscopy.

4. QUANTITATIVE METHODS

Quantitative methods have been used in different histological 
preparations, including whole mounts and sections for light and 
electron microscopy, in order to compare the density of perivascular 
nerves in different biological situations ( ageing, pregnancy, 
denervation).

Quantitative methods in histochemistry and immunohistochemistry are 
affected by some of the limits of these methods : i.e. 
reproducibility and non-specific background. When applied to whole 
mount stretch preparations (and in spite of the increased yield of 

histochemical and immunohistochemical methods in these preparations 

compared to sections) quantitative analysis suffers other variables, 
which are concerned mainly with the dimensional changes of the sample 
during the preparation.

In order to minimize these problems, care was taken during the
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preparation of the samples. The results of the quantitative studies 
reported here represent the mean of the results obtained by two 
different researchers on the same preparations. Morphometric methods, 
including computer-assisted image analysis, have been used throughout 
the study.

*f.l In rat cerebral vessels
This method was applied to whole mount stretch preparations of rat 

cerebral arteries stained for NA-fluorescence or peptide-IR. Three 
regions of each artery (see Chapter one in the Results for details) 
are chosen to carry out the quantitative analysis (i.e. the areas of 
the middle cerebral artery :a) proximal to its origin from the 
internal carotid artery; b) just before its bifurcation; c) in 
between these two areas). Using a xl6 objective lens and 1.25 
optovar, a square grid was applied to the ocular of the microscope 
and the number of stained nerve fibres intersecting 3 grid lines 
perpendicular to the major axis of the vessels were counted. This 
operation was repeated at the three levels of the vessel chosen for 
quantitative analysis. The mean of the results obtained by two 
observers for each vessel was transformed from number of nerve 
intersections x vessel circumference (the minor axis of the vessel is 
considered as 1/2 circumference and measured using the previously 

calibrated grid) to density of nerve fibers (nerve fibre 
intersections x mm”-*-). This value was used to calculate the mean ± 
S.E.M. of nerve density in the vessels of the same age group and used
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for all the comparisons.

k.2 In the guinea-pig uterine artery

The same method was applied to guinea pig uterine arteries. Whole

mount stretch preparations of the vessels, opened longitudinally and
stretched to the "in vivo" size (± 6%), stained for NA-fluorescence
or peptide-IR were used. All the nerves along three lines
perpendicular to the major axis of the vessels were counted, in three
different segments (each of them of »1 cm length). These values were
used to evaluate the mean ± S.E.M. of nerve fiber intersections x

—  1vessel circumference. Nerve density (nerve intersections x mm of 
vessel circumference) was not considered to be representative of the 
ratio between nerves and target area (smooth muscle cells in the 
media). In fact, a parallel morphological study (Chapter five,
Results section) has shown that a dramatic increase occurred to the 
area of the medial layer of the uterine artery during pregnancy, 
involving hypertrophy and, perhaps, hyperplasia of smooth muscle 

cells. Also levels of peptides and NA in this study were expressed 
per cm of artery rather than per g tissue, to obviate to 
inconsistencies due to the increase in weight of components that did 
not represent the innervation (i.e. luminal content, adventitial 
elements). It is not possible to speculate on the changes occurring 
to the functional unit nerve-smooth muscle cell in vascular 
hypertrophy, that would need a knowledge of the cellular distribution 

of the receptors and their activity, on the responsiveness and 
contraction ability of the hypertrophic cells and, furthermore, on 
the intercellular connections that could facilitate (gap junctions)
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or inhibit (intercellular matrix elements) nerve transmission and 
muscle contraction. In view of the lack of knowledge, any 
overinterpretation of the results was avoided. For example, in the 
case of the guinea pig uterine artery during pregnancy, the marked 
decrease of nerve density stressed by expressing the results as nerve 
intersection x mm-1 of vessel circumference could be equally reported 
as a dramatic sprouting of nerve fibres along the surface of the 
vessel, because of an increase of adventitial surface of about 400$.

4.3 Computer assisted image analysis
A computer-assisted image analysis system was used to quantify the 

density of SP- and CGRP-IR nerves in whole mount stretch preparations 
of dura mater, iris and middle cerebral artery of rats subjected to 
different denervation procedures. It is exaustively described in 
Chapter four in the Results section and so will not be given here.

Number of immunoreactive neurons
Quantitative analysis was carried out on one 10 ym thick wax 

section of several cranial ganglia. The ganglia were serially 
sectioned throughout and adjacent sections were immunostained for the 
investigated peptide and conventionally stained with toluidine blue 
or cresyl violet for counting the neurons. Immunostained neurons were 

expressed both as absolute number and as percentage of the total 
number of neurons in the same or in the adjacent section. Counting 

of neurons was usually restricted to few representative sections, 
taken at regular distances to cover all levels of the ganglia, untill
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a sufficient number of neurons (over 500) was evaluated. For smaller 
ganglia (i.e. the pterygopalatine ganglia) a minimum of 200 neurons, 
representing 1/5 of the whole population of those ganglia, was 

evaluated.

4.5 Number of nerve varicosities

This method was used to quantify the number of nerve varicosities, 
their subtypes and their density in uterine arteries from virgin and 
pregnant guinea pig (Chapter six. Results section) and it is based on 
the method used by Cowen, 1984. Briefly, ultrathin transverse 
sections of conventionally fixed uterine arteries, some of them from 
5-0HDA injected animals were viewed with a 300 Philips electron 
microscope. All nerves, as nerve bundle or single axons, lying within 
the adventitial layer (so excluding the large paravascular nerves 
present in the loose, fatty connective tissue surrounding the artery) 
were photographed and printed at a final magnification of 13.000.
From tracings of these micrographs or from the negatives, the number 
of varicosities (axons containing more than 10 vesicles) and the 

subtypes of vesicles present were counted. Three principal subtypes 
of varicosities were recognized : those containing exclusively small 
(<60 nm) empty vesicles, called small agranular vesicle-containing 

varicosities; those containing predominantly small dense-cored 
vesicles, sometimes associated with a few small empty vesicles or 

with large (>60 nm) dense-cored vesicles, and called dense-cored 
vesicle-containing varicosities; those containing predominantly large 
dense-cored vesicles usually associated with small empty vesicles and 
mitochondria and defined as large dense-cored vesicle-containing
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varicosities.

4.6 Morphometry
When the evaluation of the area of a whole mount stretch 

preparation was needed, this was carried out from drawings or 
photographs using a Summagraphic, Summasketch digitizing tablet 
connected to an Archimedes PC, running software written by Mr. Peter 
Trigg.

Statistical analysis was carried out using either the unpaired 
Student’s t test or the Dunnet’s analysis for multiple comparison 
(1964) run on an Apple II PC.

5. HIGH-RESOLUTION AUTORADIOGRAPHY

This technique was used, alone or in combination with pre
embedding immunocytochemistry to demonstrate the localization of ^H- 

NA uptake sites in nerves of guinea pig uterine arteries.
For a description of the combined methods, see Chapter seven in 

the Results section. For reference see Rogers, 1979*

Method

After the incubation with ^H-NA (see Chapter seven, Results 

section), the segments of uterine arteries were fixed either in 5% 
glutaraldehyde in cacodylate buffer or in modified Zamboni’s
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fixative, and processed either for conventional electron microscopy 
or for immunocytochemistry, usually followed by silver 
intensification, as described in the previous section.

Semithin sections, 0.5 and 1 pm, were collected on alcohol-acid 
washed glass slides and heated on a hot plate at *60 °C. Rows of 
ultrathin sections were transferred, with the aid of a loop, to 
formvar-coated slides and dried at room temperature, covered from 
dust. The sections were sited in the distal 2/3 of the slides, in two 
groups from two different blocks, usually from a virgin and a 
pregnant guinea-pig, in order to reduce the significance of the 
variability of the thickness of the emulsion layer in different 
slides. The following steps were carried out in a darkroom, equipped 
with a safelight filter (Ilford, S safelight) and a 15 watt bulb. 
Ilford L4 nuclear emulsion (Ilford, U.K.) with a mean crystal 
diameter of 0.14 pm, was used. It was diluted in distilled water at 
44 °C in a water bath in the dark, so as to obtain a final emulsion 
layer of 3~5 pM, for semithin sections, and a deep purple-coloured 
layer (<140 nm) for ultrathin sections. All the slides were withdrawn 
manually, after achieving a reproducible speed, suitable for the 

desired layer thickness. Slides were drained for 30 sec in vertical 

position; then the emulsion from the back of the slide was wiped away 
with tissue paper. The emulsion on coated slides was allowed to gel 

by placing them horizontally, face up, on metal plates, cooled by 
contact with ice-filled containers. After gelification (for a 
variable time, depending on the thickness of the emulsion layer i.e. 
2-12 hrs), the slides were dried over silica gel for 1 hr and the 
placed in light-tight plastic boxes with dry silica gel, wrapped in
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velin tissue. As necessary controls, sections obtained from 

immunostained, silver intensified, uterine arteries, not exposed to 
^H-NA and emulsion coated sections exposed to the light, were stored 
together with the others. The boxes were sealed with adhesive tape, 
wrapped in black plastic photographic bags and stored at 4 °C for 
variable times (from 2 weeks to 2 months). From test slides developed 
at variable intervals, the exposure time of 4 weeks appeared to be 

satisfactory in all the experiments.
Development of autoradiographs was carried out at 20 °C with 

undiluted D-19 (Kodak, U.S.A.). Time of development varied : 4 min 
for semithin sections and 2 min for ultrathin sections. This was 
followed by 2 rinses in distilled water with very gentle agitation, 
and fixation (4 min) with 25% sodium thiosulphate. Semithin sections 
were then mounted with DPX for phase contast observation or stained 
with toluidine blue before mounting.
Ultrathin sections were recovered, on uncoated 100 mesh grids, by 
floating the formvar-emulsion layer on clean distilled water and 

placing the grids on the rows of sections, visualized with the aid of 
reflecting light against a black background. The layer of formvar- 
emulsion, bearing the grids, was recovered from the water using a 
square of "nescofilm" gently pressed over the formvar and pushed down 

into the water, inverted and withdrawn slowly. After drying, the 
grids were removed by scoring the formvar layer around them. They 

were stained with methanolic uranyl acetate and viewed with the 
electron microscope.
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6. SURGICAL PROCEDURES

These procedures are restricted to the removal of the superior 
cervical ganglion (SCG) bilaterally in adult rats, as described in 
Chapter two of the Results section.

Method
Rats (7 weeks old) were anaesthetized with fentanyl citrate and 

fluanisone (Hypnorm, Janssen, Oxford, U.K.; 50 mg/Kg i.m.). Through a 
median incision on the neck, the common carotid arteries were exposed 
and gently pulled aside. The SCGs were localized, dissected from 
surrounding tissues and their post-ganglionic branches were cut with 
microscissors. Holding one of these branches with microforceps, the 
ganglia were carefully separated from the adventitia of the carotid 
arteries, and so were their preganglionic nerves, down to the 
proximal ends (postganglionic) of the stellate ganglia, that were 
left in situ. Animals were sutured and dusted with antibiotic powder. 
Recovery was quick, accompanied by the development of a Bernard 
Horner’s syndrome bilaterally. They were killed two days later.

7. CHEMICAL SYMPATHECTOMY

The use of guanethidine to cause specific sympathetic denervation 

was firstly described by Burnstock et al., 1971* In the studies on 
developing rats described in Chapters two, three and four (Results
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section) guanethidine treatment was preferred to 6-hydroxydopamine 
treatment, that also causes sympathetic denervation, for the lower 
mortality, for the persistence sympathetic denervation in adults and 
for the effectiveness of the treatment at the level of the cell 

bodies in cervical sympathetic ganglia.

Method
Seven day old rats were treated subcutaneously with guanethidine 

(Ismelin - CIBA) 60 mg/Kg dissolved in sterile saline subcutaneously, 
daily for 6 weeks. Controls were injected with saline over the same 
period. The most relevant difference with their matched controls was 
a weight loss of about 10 % and a light intolerance. All animals were 
killed on the same day of the last injection.

8. SENSORY DENERVATION

This procedure is used in the study reported in Chapter four of 
the Results section, alone or in combination with guanethidine 
treatment, as described in the relevant Chapter. It was introduced 
after the finding of an increase of CGRP/SP-IR nerves in cerebral 
vessels, dura mater and iris after guanethidine treatment, as a tool 
to demonstrate their sensory nature.

Method

Newborn rats were treated with capsaicin (50 mg/Kg in 10 % 

ethanol, 10# tween 80 in sterile saline) subcutaneously (Jancso et 
al., 1977) under ice or light ether anaesthesia on day
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1,2,4,6,8,10,12 and 14. Animals were killed at three months of age.

9. USE OF NEURONAL TRACERS

Neuronal tracers have consistently improved the knowledge of 
neuroanatomical connections at the level of both central and 
autonomic nervous systems.

For the purpose of the study described in Chapter 3 (Results 
section), a fluorescent neuronal tracer, taken up by nerve terminals 
and retrogradely transported to cell bodies, was chosen.

Method
The purpose of the study was to trace the origin of NPY/VIP-IR 

nerve fibres supplying the rat middle cerebral artery after long-term 
sympathetic denervation with guanethidine. In brief, adult, 
guanethidine-treated rats were anaesthetized as described in 
paragraph 6 (this section). Using a dental drill, a window in the 

parietal bone was opened and the dura mater covering the parietal 

branch of the middle cerebral artery was carefully cut on three sides 
and lifted to expose the artery. 1 mm strip of parafilm was pulled 
under the artery and pieces of gelatine sponge, soaked in 2% aqueous 
solution of fast blue (SIGMA, U.K.) were applied to the exposed 
artery and left in situ. The parafilm strip was brought over in order 

to minimize the contact between the fast blue solution and the dura 
mater, that was reapposed. The skull window was sealed with dental 
wax and the skin was sutured. Animals were killed after 3 days,
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perfusion fixed with k% paraformaldehyde, the ipsilateral 

pterygopalatine ganglion was removed, frozen and serially sectioned 
(7 pm). Every second or third section was mounted with PBS, 
coverslipped and observed under a fluorescent microscope (Zeiss), 
equipped with the appropriate filter setting for fast blue 
observation (excitation 3&0 nm, emission 420 nm). When retrogradely 

labelled neurons were found in a section, that section was further 
processed for immunofluorescence of NPY and the following one for 
VIP-IR.
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SECTION III : 
RESULTS
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RAT CEREBRAL VESSELS



CHAPTER ONE
AN INCREASE IN THE EXPRESSION OF NEUROPEPTIDERGIC VASODILATOR, BUT 
NOT VASOCONSTRICTOR, CEREBROVASCULAR NERVES IN AGING RATS
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SUMMARY

Perivascular nerve fibres containing noradrenaline (NA), 

serotonin (5“HT), substance P (SP), vasoactive intestinal polypeptide 
(VIP), neuropeptide Y (NPY) and calcitonin gene-related peptide 
(CGRP) were localized in whole mount stretch preparations of the 
arteries of the rat Circle of Willis using fluorescence and 
immunohistochemical techniques. Changes in the pattern and density 
of these perivascular nerves were studied from birth through to 27 

months of age. All perivascular nerve types reached a peak density 
of innervation of one month of age. This was followed by a general 
fall in the density of fluorescent nerve fibres. However, with 
aging, there was a decrease in the expression of vasoconstrictor 
neurotransmitters (NA and 5"HT) in cerebrovascular nerves, whereas 
the expression of vasodilator neurotransmitters (VIP and CGRP) in 
perivascular nerve fibres supplying the rat cerebral arteries was 
strikingly increased in old age. The density of NPY- and SP- 
containing nerve fibres were not significantly altered in old age. 
These changes are discussed in relation to the increased incidence of 
cerebrovascular disorders in the elderly.
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INTRODUCTION

The higher occurrence of cerebrovascular disorders in the 
elderly still remains to be adequately explained in spite of the 

large amount of research carried out in this field. While many 
factors may play a role in the development of cerebrovascular 
diseases in old age, the localization of several putative 
neurotransmitters within perivascular nerve fibres has recently 
focussed attention on the neurogenic mechanisms which regulate 
cerebrovascular tone (Burnstock, 1985). Although the precise 
physiological role of these substances in the regulation of cerebral 
blood flow is not yet established, relationships between 
neurotransmitters and some cerebrovascular pathological conditions 
have been hypothesized. For example, serotoninergic nerve fibres 
have been associated with vasospasm (Vanhoutte et al., 1984), 
purinergic mechanisms with hyperemia (Burnstock, 1981) and substance 
P (SP) with "axon reflex” vasodilatation (Lembeck and Holzer, 1979)•

The innervation pattern of cerebral arteries by both classical 

and putative neurotransmitters in many species is well documented 

both in normal and some pathological conditions ( Low et al., 1975; 
Edvinsson et al., 1978; Lobato et al., 1980; Bannister et al., 1981; 
Edvinsson, 1982; Lee and Saito, 1984; Delgado et al., 1985).
However, little is known about their developmental changes.

Studies concerning developmental changes of peptidergic 

perivascular innervation have been carried out on relatively few 
vessels (Appenzeller et al., 1984; Llewellyn-Smith, 1984; Dhall et 
al., 1986), and much more information is available on the adrenergic
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innervation of several vasculatures in old age (Lundberg et al.,

1976; Todd, 1980; Duckies, 1983; Gallen et al., 1983; Dolezel et al., 
1984; Amenta et al., 1985).

This study describes the developmental changes in rat 
cerebrovascular nerve fibres containing noradrenaline (NA), serotonin 

(5-HT), SP, vasoactive intestinal polypeptide (VIP), neuropeptide Y 
(NPY), and calcitonin gene-related peptide (CGRP), from birth through 
to 27 months of age.
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MATERIALS AND METHODS

Male Wistar rats (n = 150) were used in this study. The animals 

were studied at 5 age stages : 1 day after birth and at 1, 4, 8 and 
27 months. Animals were killed by an overdose of ether. The skull was 
carefully opened and the brain rapidly removed. For the demonstration 
of adrenergic nerves, brains were immersed in a 2% w/v glyoxylic acid
(GA) solution in 0.1 M phosphate buffer at pH 7.2 for 1.5 h at room
temperature (Lindvall and Bjbrklund, 197*0. During the incubation 
time, brain vessels of the circle of Willis were dissected from 
surrounding meninges and incubated in 0.05# Pontamine Sky Blue (PSB) 
and 0.1# dimethylsulphoxide (DMSO) in the glyoxylic acid solution for 
10 min, in order to reduce background autofluorescemce (Cowen et al., 
1985). After drying, the vessels were stretched on glass slides and 
heated at 100 °C for k min before mounting in liquid paraffin.

Serotoninergic and peptidergic nerves were visualized by the
indirect immunofluorescent technique (Coons et al., 1955)* For the 
visualization of 5”HT -containing nerve fibres, brains were incubated 

for 3 h in Krebs’ solution, aerated with 95# O2 and 5# CO2 

containing 5 x 10”  ̂pargylin, prior to fixation in 4# 

paraformaldehyde in phosphate buffered saline (PBS). In order to 
avoid any difference in stretching, the cerebral arteries were fixed 
in situ. After fixation, brains were washed with PBS, dehydrated in 
80# ethanol for 1.5 h and stored in PBS containing 0.1# sodium azide. 

At this stage the whole circle of Willis was carefully dissected out 
from surrounding tissue with the aid of a stereomicroscope. The 

preparations, washed in PBS containing 0.1# Triton X-100, were
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incubated with the specific antisera overnight at room temperature 
(rabbit anti-NPY, 1:400, CRB, U.K.; rabbit anti-CGRP, 1:400, CRB; rat 
anti-SP, 1:200, Sera Lab, U.K.jrabbit anti-5_HT, 1:300, RIA, U.K.; 
rabbit anti-VIP, 1:1000, RIA, U.K.). Next, they were incubated with 
anti rabbit IgG, conjugated with fluoresceine isothiocyanate (FITC; 
1:50) for 1 hr at room temperature, washed in PBS and stained with 

PSB for 10 min. The preparations were stretched on glass slides and 
mounted in buffered glycerol. GA-induced fluorescence for NA- 
containing nerve fibres and FITC-induced fluorescence for 5~HT and 
peptide-immunoreactive (IR) fibres were observed under a Zeiss 
photomicroscope equipped with epi-illumination.

Ten animals were used as control for the specificity of the 
immunostaining. The vessels were incubated with the antisera absorbed 

with an excess of the appropriate substances at 4 °C prior to use. 
This resulted in the absence of any immunoreaction.

Measurements
Using an ocular grid and a xl6 Neofluor objective lens, a count 

was made of the number of nerve fibres intersecting an ocular grid 

line along the circumference of each vessel at three different 
places, at constant distance from its origin. The density of 
innervation was expressed as mean number of fibres showing positive 

reactivity for a particular substance per mm of vessel circumference. 
The differential effect on vessel circumference between preparation 
processed for immunohistochemistry and those for GA-induces 

fluorescence was negligibile (about ± 2—6% of unit circumference). 
Control preparations consisted of vessels bathed only in

U3



physiological saline before they were mounted on slides. Bearing in 
mind the difficulty in obtaining exact in vivo cerebral vessels 
parameters and the semi-quantitative analysis used in this study, it 
seemed inappropriate to apply any correction factor to the results. 
These small changes did not significantly alter the relative values 
of the measurements (i.e. the error is well within the standard error 
range) or affect the interpretation of the results.

The following cerebral vessels were studied : basilar artery (BA), 
superior cerebellar artery (SCA), posterior cerebral artery (PCA), 
internal carotid artery (ICA), middle cerebral artery (MCA) and the 
anterior cerebral artery (ACA). Two measurements were made along the 
BA, one at the proximal end (at its initiation from the vertebral 
arteries) and the second at the distal end (at its termination at the 
circle of Willis). Adjacent age stages were tested using the unpaired 
Student's t-test in order to establish any significant differences in 
the density of innervation. A level of probability <0.05 was 
considered to be of significance.
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RESULTS

In all the vessels of the rat Circle of Willis, noradrenergic 
nerve fibres showed the densest innervation at all age stages, 
followed by 5-HT- and NPY-containing nerve fibres, and then by VIP-,
CGRP- and SP-containing nerve fibres in descending order.

With the exception of SP-containing nerve fibres, which were 
sparse and rarely formed plexuses, the pattern of innervation at 

birth was often different from that at other ages. At birth, 
perivascular nerve fibres were organized in large, longitudinally- 
orientated plexuses. From 1 month of age, the plexuses were 
orientated mainly in a circular fashion. Nerve varicosities were 
less dense but more prominent at birth.

It should be made clear that changes in nerve density observed 
in this study do not necessarily reflect morphological alterations in 
the overall population of perivascular nerves, but are limited to 
describing the density of nerves which express a particular substance 
at a given developmental stage.

NA-containing nerve fibres

NA-containing nerve fibres were well developed at birth. They showed 

a constant pattern of innervation from 1 to 8 months, and then 

significantly decreased at 27 months of age (Table XI, Figs. 7 and 
10a,b,c).

5-HT-containing nerve fibres
5-HT-containing nerve fibres showed a well developed nerve
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plexus at birth, which reached a peak density at 1 month. The 

density was significantly diminished at ^ months, and more markedly 
at 27 months of age. There was a slight increase in the density of 
innervation in almost all the vessels between 4 and 8 months (Table 

XII, Figs. 7 and 10d,e,f). The density of 5“HT-containing nerve 
fibres was significantly greater in the proximal part of the basilar 
artery compared with the distal part from 1 to 8 months of age. No 
such regional variation in the density of the innervation along any 
one vessel was observed with regard to the other nerve types studied.

VIP-containing nerve fibres
At birth, VIP-containing nerve fibres were found only along the 

middle and the anterior cerebral arteries. The density of innervation 
reached a peak at 1 month and was maintained until the fourth month. 
Thereafter, there was a decline in the number of VIP-containing nerve 
fibres in all vessels at 8 months, followed by a significant increase 
at 27 months of age (Table XIII, Figs. 8 and lla-c).

CGRP-containing nerve fibres
The density of CGRP-containing nerve fibres at birth was very 

sparse in the cerebral arteries of the internal carotid system. Few 

CGRP-containing nerve fibres were visualized in the arteries of the 
vertebrobasilar system at this early age. Peak density of innervation 

was reached at 1 month, after which a significant decrease was 
observed. From the fourth month until old age there was a marked 
increase in the number of CGRP-containing nerve fibres innervating 
the cerebral arteries (Table XIV, Figs. 8 and lld-f).
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NPY-containing nerve fibres
At birth, NPY-containing nerve fibres were present in almost all 

the examined vessels, with a maximum density along the basilar and 
the internal carotid arteries. Although the density of NPY-containing 
nerve fibres decreased significantly during development between 1 and 
8 months, the density at 27 months was similar to that at 1 month 
(table XV, Figs. 7 and 12a-c).

SP-containing nerve fibres
At birth, only one or two nerve fibres were found along the 

anterior and middle cerebral arteris. The density of SP-containing 
nerve fibres along these two vessels was significantly increased at 1 
month. At this age, SP-containing nerve fibres were also present in 
the remaining vessels studied. The nerve density observed at 1 month 
was maintained throughout development until 27 months, except in the 
middle cerebral artery, where the density of innervation decreased 

significantly (Figs. 7 and 12d-f).
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DISCUSSION

Based on fluorescence and immunohistochemical studies, the 
present results show different patterns of innervation and 
differential expression for various perivascular neurotransmitters 

supplying the major cerebral arteries of the rat during development.
At all age stages, from birth through to 27 months of age, the 

densest innervation of cerebral vessels was formed by noradrenergic 
nerves, followed by those containing 5"HT, NPY, VIP, CGRP and SP, in 
that order. The innervation for all perivascular nerve types was 

denser in the vessels of the internal carotid system than in those of 
the vertebrobasilar system. In contrast to SP-, VIP- and CGRP- 
containing nerve fibres, those containing NA, 5_HT and NPY formed a 
distinct perivascular plexus in all of the vessels examined at birth. 
Peak density of innervation by almost all these perivascular nerve 
types was reached at 1 month of age. Between 1 and 8 months, there 
was a decrease in the density of immunoreactive nerve fibres 
containing 5“HT, VIP, CGRP and SP in most of the vessels examined. A 
decrease in NPY-containing nerve fibres was only observed in the 

vessels of the internal carotid system. In terms of the relative 
life spans of humans and rats, this reduction in innervation density 

is consistent with decreased contents of NPY, VIP and SP in human 
middle cerebral arteries from the age of about 1 year to an age group 

of 16-41 years (Edvinsson et al., 1985a; 1986). In the present 
study, this decreased cerebrovascular innervation in the rat followed 

by three kinds of developmental changes through to old age (27 

months), namely an increase, a decrease and no change in the density
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of different perivascular nerve types.
Nerve fibres containing 5”HT and NA showed a significant 

reduction in the density of innervation from 8 months. The decrease 

in noradrenergic fibres with age is consistent with previous studies 
which have shown a reduction of noradrenergic nerve density in the 
arteries of old rats (Santer, 1982) and rabbits (Cowen et al., 1982; 

Duckies, 1983; Saba et al., 1984). Similarly, a reduction of 
catecholamine fluorescence, indicative of decreased NA levels, has 
been reported in sympathetic ganglia of both man (Hervonen et al., 

1978) and rat (Santer, 1979) during old age. It is interesting to 
note that a physiological study has shown little change in vascular 
adrenergic function in old rats (Duckies et al., 1985). Both NA and 
5-HT are potent vasoconstrictor substances in the cerebral 

circulation (Toda and Fujita, 1973; Edvinsson et al., 1978; 1982; 
Edvinsson, 1982). With the exception of a small population of nerve 
fibres which are thought to have a central origin, the overwhelming 
majority of noradrenergic and serotoninergic innervation of the 
cerebrovasculature has a peripheral origin in the superior cervical 
ganglia (Alafaci et al., 1986; Cowen et al., 1986; 1987). Superior 
cervical ganglionectomy in the rat leads to the disappearance of 

5-HT-containing nerve fibres from all major cerebral arteries except 

the vertebral and basilar arteries (Cowen et al., 1987). The 
combination of 5“HT-containing nerve fibres from both peripheral and 
central origins supplying the posterior circulation is consistent 
with our observation of a significantly greater density of 5“HT- 

containing nerve fibres in the proximal compared with the distal part 
of the basilar artery between 1 and 8 months. There was no similar
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regional variation in the density of innervation along any one vessel 

by the other nerve types studied.
The reduction in the density of vasoconstrictor nerve fibres 

containing NA and 5“HT was in marked contrast to the significant 
increase of innervation density shown by nerve fibres containing the 
vasodilators CGRP and VIP at 4 and 8 months respectively. The 
increase in CGRP-containing nerve fibres at a time when there is 

decreased noradrenergic innervation is consistent with a recent study 
showing a 10% rise in the CGRP content of rat pial arteries after 
bilateral excision of the superior cervical ganglia (Schon et al., 
1985a). VIP and CGRP both exert potent vasodilation in cerebral 
arteries (Said and Mutt, 1970; Edvinsson et al., 1980; McCulloch and 
Edvinsson, 1980; Hanko et al., 1985). Immunohistochemical studies 
have shown the coexistence of VIP with acetylcholinesterase (AChE; 
Kobayashi et al., 1983; Hara et al., 1985), and SP with CGRP (Uddman 
et al., 1985) within perivascular nerves supplying the cerebral 
vasculature. VIP- and AChE-containing cerebrovascular nerves 
originate from the sphenopalatine ganglion (Hara et al., 1985; 1987). 
whereas nerve fibres containing SP and CGRP principally originate 

from the trigeminal ganglion (Lee et al., 1985; Uddman et al., 1985)* 
The present results, which show a greater density of CGRP-containing 
nerve fibres as compared with those containing SP, are consistent 
with a greater number of CGRP-positive neurons in the trigeminal 
ganglion (Lee et al., 1985; Skofitsch and Jacobowitz, 1985).

The density of SP-containing nerve fibres stayed constant with 
age, while the density of those containing NPY fluctuated during 

development. Nevertheless, the density of both these two nerve types
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at 27 months of age was similar to the peak density seen at 1 month 

of age. Along with VIP and CGRP, SP exerts potent vasodilatation of 
cerebral arteries (Burcher et al., 1977; Edvinsson and Uddman, 1982). 
SP-positive nerve fibres have also been attributed with a sensory 

role in the vasculature (HQkfelt et al., 1977; Moskowitz, 1984).
NPY, which has been shown to coexist with NA in perivascular 

nerve fibres (Lundberg et al., 1983; Ekblad et al., 1984; Sternini 
and Brecha, 1985)t is a potent vasoconstrictor of cerebral vessels 

(Edvinsson et al., 1983; 1984; Edvinsson, 1985; DahlSf et al., 1985)* 
The persistence of abundant NPY-containing nerve fibres in 27 month
old rats indicates that this substance may be an important
physiological vasoconstrictor in rat cerebral vessels in old age.
NPY has also been shown to be a neuromodulator of the release and 
action of NA (Stj&rne et al., 1986).

The present results show that different perivascular nerve 
types follow markedly different developmental changes. Further work 
is needed to elucidate whether certain developmental changes can be 

ascribed to perivascular nerve types according to their particular 
physiological role. The increasing evidence for the coexistence of a 
combination of classical and putative neurotransmitters in 
perivascular nerves strongly warrants studies to determine whether or
not coexisting substances can show different developmental changes. 

Certainly, the results of the present study would indicate that this 

is the case with regard to NA and NPY in sympathetic nerves and SP 
and CGRP in sensory nerves in the cerebral circulation. The extent 
to which these substances may serve a neuromodulatory or trophic role 
needs clarification (Burnstock, 1982).
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In general, the present study shows a decrease in the 
expression of perivascular vasoconstrictor nerve fibres with age. 

These changes could be regarded as being consistent with a loss of 
sympathetic trophic regulation of vascular smooth muscle and an 
increased susceptibility to sclerotic and degenerative lesions in old 
age (Wexler and True, 1963)• The concomitant increase in VIP- and 
CGRP-containing vasodilatory nerve fibres in 27 month old rat 
cerebral arteries may therefore represent a compensatory mechanism 
towards providing a greater blood flow to the brain in old age.
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TABLE XI. Density of NA-containing nerve fibres supplying cerebral
arteries of rats at different ages.
Nerve density is expressed as mean number of nerve intercepts per nm of vessel 
circumference ± S.E.M.

Vessel 1 day 1 month 4 months 8 months 27 months

BA 67.00±2.34 84.89t7.59 84.49*7*06 76.39*5-77 42.44i4.88**

SCA 44.44t6.08 73.84t8.24* 58.89*4.88 42.28t4.67* 23.93*0.39**

PCA 133*89±4.66 124.72tll.5 116.11i6.27 118.0t3. 67 53.56*2.11**

ICA 132.71±9.82 152.28i6.92 147.39*9.87 165.89*2.82 91.19tll.63***

MCA 68.58t5.55 104.6lt2.88*** 113.67*6.35 95.33*8.6 46.52tl.70***

ACA I6l.06t8.28 203.78ill.9** 241.Iltl2.76 227.11tl0.84 83-33*6.48***
* P<0.05, ** PcO.Ol, *** PcO.Ol n=5 at each age stage

BA = Basilar Artery, SCA = Superior cerebellar artery, PCA = Posterior cerebral 
artery, ICA = Internal carotid artery, MCA = Middle cerebral artery, ACA = Anterior 
cerebral artery.



TABLE XII. Density of ^HT-containing nerve fibres supplying cerebral arteries of rats
at different ages.
Nerve density is expressed as mean number of nerve intercepts per mm of vessel 
circumference ± S.E.M.

Vessel 1 day 1 month 4 months 8 months 27 months

BA—
P 26.84i4.06 
D 27.9413.96

119.3815.4l*** 
67.l6±5.83***

62.813.64*** 
39.47*4.18**

82.84i3.86**
43.49*2.12

50.28i2.06
45.87*5.46

SCA 32.06±2.5 51.02±7.26 23.78*1.14** 44.00il.12*** 33.72i6.10

PCA + 109.15t4.10*** 48.39*2.77*** 68.6li3.28*** 50.45*5.62

ICA 32.39±6.12 176.89±11.09*** 86.77*4.84*** HO.2216.92* 49.83i8.90***

MCA 15.6115.16 120.89±5*58 69.50*13.39** 69.51*1.07 52.50i10.64

ACA 18.22±2.08 I69.42i8.79*** 109.89*6.48*** 150.85i4.21*** 60.89*5.84***
* P<0.05, ** P<0.01, ***P<0.001 n=5 at each age stage
P = Proximal, D = Distal, BA = Basilar artery, SCA = Superior cereballar artery, PCA 
= Posterior artery, ICA = Internal carotid artery, MCA = Middle cerebral artery, ACA 
= Anterior cerebral artery. + = only single fibres were observed in some of the 
preparations.
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TABLE XIII. Density of VlP-containing nerve fibres supplying cerebral arteries of
rats at different ages.
Nerve density is expressed as mean number of nerve intercepts per mm of vessel 
circumference ± S.E.M.

Vessel 1 day 1 month 4 months 8 months 27 months

BA - 28.05*2.62 28.93*3.37 13.51*2.32** 36.76±3.51***

SCA - 24.82±3.67 18.03*1.30 lO.761l.O9** 27.37±4.82**

PCA - 62.65*3.77 6l.54±1.04 14.09*1.54*** 37-77*1.98***

ICA - 60.58i4.45 52.76±3.21 25.07*3.63*** 67.62±1.98***

MCA 23.7^*0.79 48.32i2.80*** 48.76±1.46 20.74±2.77*** 44.35*1.92***

ACA 27.l4i3.12 55.27i2.48*** 48.21±2.17 34.13*2.70** 46.8613.89*
* P < 0.05. ** P < 0.01, *** P < 0.001, n=5 at each age stage
BA = Basilar artery, SCA = Superior cerebella artery, PCA = Posterior cerebral 
artery, ICA = Internal carotid artery, MCA = Middle cerebral artery and ACA = 
Anterior cerebral artery. - = No nerve fibres were visualized.
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TABLE XIV. Density of CGRP-containing nerve fibres supplying cerebral arteries of
rats at different ages.
Nerve density is expressed as mean number of nerve intercepts per mm of vessel 
circumference ± S.E.M.

Vessel 1 day 1 month 4 months 8 months 27 months

BA 11.01±3.31 19.06±2.91 + 8.53*1.16** 13.93*2.27

SCA + 7.00±2.62 + 6.98il.04*** 15.661I.5I**

PCA + 17.72±2.51 + 7.89*2.46 21.0212.00**

ICA 23.05*6.02 27.3*6.81 12.66i23.65 15.1612.8 24.70il.32*

MCA + 15.11±3.36 5.28i2.07* 7.27±2.50 28.26i3.31***

ACA 20.99*7.16 31.37±5.12 I8.22i0.92* 26.33*2.37* 26.21il.82
* P < 0.05. ** P < 0.01, *** P < 0.001, n=5 at each age stage
BA = Basilar artery, SCA = Superior cerebellar artery, PCA = Posterior cerebral 
artery, ICA = Internal carotid artery, MCA = Middle cerebral artery, ACA = Anterior 
cerebral artery. + = Only single fibres were observed in some of the preparations.
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TABLE XV. Density of NPY-containing nerve fibres supplying cerebral arteries of rats
at different ages.
Nerve density is expressed as mean number of nerve intercepts per mm of vessel 
circumference ± S.E.M.

Vessel 1 day 1 month 4 months 8 months 27 months

BA 48.03*2.79 4l.lO±3.39 45-97*2.02 37-79*2.31* 39.82t3.07

SCA - 28.03*1.59 25.31*2.72 29.25*3.86 22.39*1.64

PCA 62.02±7.38 52.76±3.26 50.57*1.78 36.21i4.69** 46.761O.9

ICA 68.99±1.71 65.55*3.58 53.26i3.53* 54.55*2.86 6l.4li4.68

MCA 46.l6±6.8l 58.67*5.36 39.74±0.89** 48.07*5-12 56.09*4.84

ACA 48.02±9.33 72.96±4.35# 65.85*2.62* 6O.7812.69 73.98*3.34*
* P < 0,05. ** P < 0.01, *** P < 0.001 n=5 at each age stage
BA = Basilar artery, SCA = Superior cerebellar artery, PCA = Posterior cerebral 
artery, ICA = Internal carotid artery, MCA = Middle cerebral artery, ACA = Anterior 
cerebral artery, ACA = Anterior cerebral artery. - = No nerve fibres were 
visualized.
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Fig. 7 “ Top - Graph of age-related changes of (left) NA- and 
(right) 5-HT-containing nerve fibres in the internal carotid (ICA) 
and basilar (BA) arteries, b = 1 day after birth. (Note different 
values for the Y-axis when compared with Figs. 8 and 9)*

* P < 0.05; ** P < 0.01; *** P < 0.001

Fig. 8 - Middle - Graph of age-related changes in density of 
(left) VIP- and (right) CGRP-containing nerve fibres in the 
internal carotid (ICA) and basilar (BA) arteries, b = 1 day after 
birth. * P < 0.05; ** P < 0.01; *** P < 0.001

Fig. 9 " Bottom - Graph of age-related changes in density of 
NPY-containing nerve fibres in the internal carotid (ICA) and 
basilar (BA) arteries, b = 1 day after birth.

* P < 0.05; ** P < 0.01; *** P < 0.001

128



Ne
rv

e 
De

ns
ity

 
(in

te
rc

ep
ts

/m
m

) 
Ne

rv
e 

De
ns

ity
 

G
nt

er
ce

pt
s/

m
m

)

NA 5-HT
ICA
BA

150-

100-

50

27

200-,
ICA
BA dist. 
BA prox.

150-

co
100-

b1 4 8 27

Age (months) Age (months)

8 0 -
ICA
BA

40

20

0-1
278b 1 4

Age (months)

CGRP

15

ICA
BA

b 1 274 8
Age (months)

80-
NPY

I.
 ICA
. BA

aa)oa)■*—>c

wc
CDQ

60-

40-

©  20-

<D

‘•i.

r—r
b 1 27

Age (months)



Fig. 10 - Photomicrographs of stretch preparations of cerebral 

arteries showing perivascuLar nerve fibres at various age stages. 

NA-containing nerves in the middle cerebral artery (MCA) at 1 

day (a), k months (b) and 27 months (c). 5-HT-containing nerves 

in the distal portion of the basilar artery at 1 day (d), 8 months 
(e) and 27 months (f). Nerve density shows a decrease in old age 

for both NA and 5-HT. Arrows indicate longitudinal axis of blood 

vessel. Scale bars = 25 pm.
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Fig. 11 - Photomicrographs of stretch preparations of cerebral 

arteries showing perivascular nerve fibres at various age stages. 

VIP-containing nerves in the middle cerebral artery at 1 day (a), 
8 months (b) and 27 months (c). CGRP-containing nerve fibres in 

the posterior cerebral artery at 1 day (d), 4 months (e) and 2 7  

months (f). Nerve density is increased in old-age for both VIP 

and CGRP. Scale bars = 25 pm.
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Fig. 12 - Photomicrographs of stretch preparations of cerebral 

arteries showing perivascular nerve fibres at various age stages. 

NPY-containing nerve fibres in the internal carotid artery at 1 

day (a), 1 month (b) and 27 months (c). SP-containing nerves in 

the anterior cerebral artery at 1 day (d), 1 month (e) and 27 

months (f). Nerve density is maintained with development for 

both NPY and SP. Arrow indicates longitudinal axis of blood vessel. 

Scale bars = 25 pm.
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CHAPTER TWO
LONG-TERM CHEMICAL SYMPATHECTOMY LEADS TO AN INCREASE OF NEUROPEPTIDE 
Y IMMUNOREACTIVITY IN CEREBROVASCULAR NERVE AND IRIS OF THE

DEVELOPING RAT
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SUMMARY

Short-term (surgical) and long-term (chemical) sympathectomy have 
revealed the presence of a population of neuropeptide Y- 
immunoreactive nerve fibres which do not degenerate in parallel with 
noradrenaline-containing nerves supplying cerebral vessels and the 
iris of the rat. Two days after bilateral removal of the superior 

and middle cervical ganglia of 7 week old rats, noradrenaline- 
containing nerves could not be detected along any of the arteries of 
the rat circle of Willis or of the iris, but 18-31# of neuropeptide 
Y-immunoreactive nerves remained.

Long-term treatment (6 weeks) with guanethidine commencing in 
developing 1 week old rats caused degeneration of the sympathetic 
neurones in cervical ganglia and disappearance of 5”hydroxydopamine- 
labelled nerves (that showed dense-cored vesicles at the electron 
microscope level) from rat cerebral vessels, but did not 
significantly change the density of neuropeptide Y-immunoreactive 
axons on the vessels. Furthermore, whilst in control rats 
neuropeptide Y-immunoreactivity was localized largely within 5“ 
hydroxydopamine-labelled cerebrovascular nerves, after long-term 
sympathectomy with guanethidine, neuropeptide Y-immunoreactivity was 

seen only in nerves lacking small dense-cored vesicles. A small 
number of catecholamine-containing nerves appeared along the internal 
carotid and anterior cerebral arteries after long-term sympathectomy; 
these may arise from neurones of central origin.

These results suggest that as a consequence of long-term 

sympathectomy with guanethidine, compensatory changes occur,

133



involving an increase in the expression of neuropeptide Y- 

immunoreactivity in non-sympathetic axons in cerebrovascular nerves 
and iris of the rat. In contrast, the neuropeptide Y-immunoreactive 
nerves in the dura mater appear to be entirely sympathetic, since 
none were present after short-term sympathectomy and none appeared 
after long-term sympathectomy.



INTRODUCTION

Neuropeptide Y-immunoreactivity (NPY-IR) has been shown to be 
present in the cerebrovascular tree of the rat, forming a dense 
plexus of perivascular axons which also contain the catecholamine- 

synthesizing enzyme, dopamine (S-hydroxylase (Edvinsson et al.,
1987b). The localization of NPY-IR in sympathetic nerves has been 

confirmed at the ultrastructural level (Matsuyama et al., 1985) and 
NPY-IR nerve varicosities have been identified with those containing 
catecholamines, using the false neurotransmitter 5“hydroxydopamine 
(5-OHDA). The origin of NPY-IR cerebrovascular nerves has been 
attributed to the sympathetic neurones of the superior cervical 
ganglia (Edvinsson et al., 1987b), although the loss of NPY-IR from 
cerebral arteries following superior cervical ganglionectomy is not 
complete (Schon et al., 1985b; Edvinsson et al., 1987b).

There is now increasing evidence for the presence of NPY-IR in 
non-sympathetic axons (Gibbins and Morris, 1987* 1988; Mione et al., 
1988), including neurones in cranial parasympathetic ganglia, which 
also contain vasoactive intestinal polypeptide (VIP)- and choline 

acetyltransferase-IR (Leblanc et al., 1987). In guinea-pig cerebral 
vessels, the proportion of fibres showing VIP-IR which also contain 

NPY-IR increased from 18 to 70# 10-12 days after surgical 
sympathectomy (Gibbins and Morris, 1988).

I have used bilateral cervical ganglionectomy to evaluate the 
percentage of NPY-IR nerves remaining in the cerebral arteries 
following loss of noradrenergic nerves, and long-term treatment with 
guanethidine to study of the compensatory expression, if any, of NPY
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in non-sympathetic cerebrovascular nerves in the rat. Two different 
approaches to sympathectomy have been used in order to achieve clear- 

cut results. Short-term sympathectomy, was used to define the amount 
of NPY immunoreactivity "normally" expressed by non-sympathetic 
nerves in cerebral vessels of young-adult rats. This was only 
possible by surgical bilateral cervical ganglionectomy. On the other 
hand, chemical sympathectomy following chronic treatment with 
guanethidine was preferred to the surgical approach when compensatory 
aspects of reinnervation of by NPY immunoreactive nerves were 
investigated, since all sympathetic nerves were destroyed by this 
treatment so there is no possibility of reinnervation by any other 
sympathetic nerves.
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MATERIALS AND METHODS

Three groups of 20 male Wistar rats were used in this study. All 
animals were killed at seven weeks of age, their average weight being 
150-200 g. Guanethidine (Ismelin, CIBA) treatment was by daily 
injection, 60 mg/Kg s.c. for 6 weeks, starting when the animals were 
8 days old (Burnstock et al., 1971; Johnson and O’Brien, 1975)* 
Controls were injected with saline over the same period. Animals were 
killed on the same day as the last injection. Ganglionectomy was 
carried out under anaesthesia using fentanyl citrate and fluanisone 
(Hypnorm; Janssen; Oxford; 50 mg/Kg i.m.), and involved removing the 
superior cervical ganglia, together with the sympathetic trunk up to 
the stellate ganglia, which were left in situ, because it was 
difficult to excise them cleanly. These animals were killed two days 
later. The left iris, half of the dura mater, half of the circle of 
Willis and the left superior cervical ganglion (SCG) were processed 
for the histochemical detection of catecholamines as whole mounts 

(Lindvall and Bjbrklund, 197*0 or, for the SCG, as cryostat sections 
(De la Torre and Surgeon, 1976). The other side of the dura mater, 
circle of Willis, the right iris and SCG were fixed with 4% 
paraformaldehyde and processed for the immunohistochemistry of NPY, 
as described in the previous chapter. Nerve fibres density in the 

cerebral vessels was expressed as the mean number of nerve intercepts 

per mm of vessel circumference ± S.E.M. The density of fluorescent 
nerves in the iris was expressed in arbitrary units from 0 (absent) 
to 4 (very dense).

The effectiveness of the guanethidine treatment was assessed by
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assay for noradrenaline (NA) and NPY in the SCG using high 
performance liquid chromatography with electrochemical detection 

(Keller et al., 1976; Moyer and Jiang, 1978) and an inhibition 
enzyme-linked immunosorbant assay (Belai et al., 1988), respectively. 
There was an approximately 80# reduction in NA levels and 90# 
reduction in NPY content of the SCG following guanethidine treatment.

For electron microscopy, one group of five guanethidine- and five 
saline-treated rats were injected with 5“0HDA (150 mg/Kg i.p. in 
Krebs’ solution containing 0.2# ascorbic acid) for visualization of 
dense cored vesicles 1 hr before perfusion with 2.5# glutaraldehyde 
in 0.1 M sodium cacodylate buffer, pH 7*^* The cerebral vessels, and 
the superior and inferior cervical ganglia of these animals were 
fixed for a total of 2-3 hrs, postfixed in 2# OsO^, stained en bloc 
with uranyl acetate, dehydrated and embedded in Spurr resin. Some of 
the 5-0HDA-injected animals were perfused with a fixative containing 
k% paraformaldehyde, 0.1# glutaraldehyde and 15# saturated picric 
acid in 0.1 M phosphate buffer. After 2 hrs fixation, the vessels 

were cleared through several washes in 50# alcohol, treated with 0.1# 
NaCNBH^ in phosphate buffer and then with 0.3# H2O2 in 50# methanol 
for 10 min. A preincubation with 10# normal donkey serum (NDS; Sera 

Lab, U.K.) in phosphate buffered saline (PBS) was followed by 
incubation with the anti-NPY antiserum (Immunodiagnostic System 

Limited, U.K.) diluted 1:600 in 3# NDS in PBS for 18 hrs at room 
temperature. The biotin streptavidin horseradish peroxidase system 

(A-B-C; Amersham, U.K.) followed by diaminobenzidine reaction was 

used to detect the sites of the immunoreaction. No immunoreactivity 
was detected in cerebral vessels using anti-NPY antiserum preabsorbed

138



with an excess of the neuropeptide, or by replacing it with normal 
rabbit serum. The stained cerebral arteries were then osmicated, 
dehydrated and embedded as above. Semi-thin and ultra-thin sections 
were cut with an ultramicrotome (LKB) and stained with toluidine blue 
or lead citrate, respectively. Ultrathin sections were examined with 

a Philips 300 electron microscope.
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RESULTS

Effect of the long-term treatment (6 weeks) with guanethidine 
on the density of noradrenergic and NPY-LI nerves.

Nerve fibres densities of cerebral vessels have been quantified and 
are shown in Figs. 13 and 14. The reduction of NA-containing nerves 

in all the arteries of the rat circle of Willis was almost complete, 
except the internal carotid and anterior cerebral arteries where a 
few (18#) remained (Fig. 15c). However, there was no significant 
reduction of NPY-IR cerebrovascular nerves (with the exception of the 

internal carotid artery; see Figs. 13 and 15f)• The density of NPY 
immunoreactivity in nerve fibres supplying the cerebral vessels and 
the iris is increased from 18—32% of the control 2 days after 
superior cervical ganglionectomy to 80-90# of the control value 6 
weeks after guanethidine treatment began. In the dura mater both NA- 
containing and NPY-IR nerves were absent in guanethidine-treated rats 
(see Fig. 17), while the iris, which was devoid of NA-containing 
nerve fibres (Fig. 16b), displayed a number of NPY-IR nerve fibres 
(Fig. l6e and Table XVI).

Effect of superior and middle cervical ganglionectomy on the NA- and 
NPY-containing nerves

Two days after surgery, NA-containing nerves had completely 

disappeared from the cerebral arteries, the iris and the dura mater 
(Fig. 15a. b, and Table XVI). In contrast, some (18-32#) NPY-LI 
nerves were still present on the cerebral vessels and a comparable 
percentage in the iris (Figs 13, 15d. e, 16c, d, and Table XVI), but
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not in the dura mater.

Histochemistry, immunohistochemistry and morphology of SCG and 

stellate ganglia. No fluorescent neurones or nerve fibres were 
detected in the SCG and stellate ganglia after guanethidine 
treatment; on the other hand there was an increase in the number of 
small intensely fluorescent cells. In an examination of several 1 um 
semithin sections of the SCG and of the stellate ganglion, only one 
or two neurones were seen and these were damaged (Fig. 18). The 

total neuronal population had been replaced by small glial cells and 
by many non-myelinated and myelinated nerve bundles. In ultrathin 
sections, the abundance of these non-terminal axons was confirmed 
(Fig. 19).

Electron microscopy of nerve varicosities in cerebral vessels 
using 5-OHDA as a marker of sympathetic nerves. 5”0HDA-labelled 
varicosities were abundant in control rats and absent in treated rats 
(Fig. 20). Almost all NPY-IR varicosities showed 5”0HDA-labelled 
vesicles in control animals (Fig. 20c), while in treated rats NPY-IR 

varicosities were commonly seen in the absence of 5-0HDA-labelled 
nerves (Fig. 20d).
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DISCUSSION

In this study the effects of long-term sympathectomy caused by 
chronic treatment with guanethidine on the NPY-IR nerve fibres 
supplying the cerebral vessels, the iris and the dura mater in the 
rat were evaluated. The results obtained with the long-term 
sympathectomy were compared with those found in animals that had 

undergone short-term sympathectomy achieved by surgical cervical 
ganglionectomy.

After long-term sympathectomy, a few catecholamine-containing 
nerves were found in the internal carotid and anterior cerebral 
artery but not in other cerebral vessels, in the dura mater, iris 
(present work) or systemic arteries (Aberdeen et al., 1988; 1990). 
Following guanethidine treatment, virtually no neurones were left in 
the superior and inferior cervical ganglia (which represent the 
origin of the sympathetic nerve supply to the rat cerebral vessels, 
dura mater and iris) and the glyoxylic acid induced fluorescence was 
confined to small intensely fluorescent cells. These cells may 
represent the source of the NA still detectable with high performance 
liquid chromatography in the SCG. The catecholamine-containing 
nerves present in the cerebral vessels after long-term treatment with 
guanethidine may be of central origin (Edvinsson, 1982).

The rise in NPY immunoreactivity in nerve fibres supplying the 
cerebral vessels and the iris after long-term sympathectomy was 

striking. The increase of NPY immunoreactivity in VIP-IR nerves 
found in guinea-pig cerebral arteries 10-12 days after bilateral 

superior cervical ganglionectomy (Gibbins and Morris, 1988) is of the
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same magnitude as the increase in NPY immunoreactivity we describe 
after long-term sympathectomy compared to short-term sympathectomy.

During surgical sympathectomy, great care was taken in order to 
remove as much as possible of the cervical sympathetic trunk, as it 

is known that part of the sympathetic innervation of the vertebro
basilar system originates from the stellate ganglia (Arbab et al.,
1988). Indeed, no NA-containing nerves could be demonstrated in the 
basilar artery, or in any of the other tissues examined, 2 days after 
this surgical procedure.

The origin of the NPY-IR nerves surviving superior cervical 
ganglionectomy, and which represent 18-32# of the whole NPY-IR nerve 
population in rat cerebral vessels, is unknown. However, in the rat 
iris, removal of the ipsilateral ciliary ganglion (a parasympathetic 
ganglion providing cholinergic innervation to the intrinsic muscles 
of the eye, see Landis et al., 1987) lead to the disappearance of 
NPY-IR nerve fibres in the iris after superior cervical 

ganglionectomy (Bjorklund et al., 1985)* Since NPY-IR has been 
localized in other cranial parasympathetic ganglia (the rat otic, 

Leblanc et al., 1987; the rat and pterygopalatine, Leblanc et al., 
1987; Kuwayama et al., 1988; the guinea-pig ciliary ganglion, Gibbins 
and Morris, 1987b) that commonly supply VIP-IR nerves to the cerebral 
vessels (Gibbins et al., 1984; Hara et al., 1985; Suzuki et al.,
1989). in the following chapter, evidence will be presented of these 
ganglia being a source of the cerebrovascular NPY immunoreactivity 
surviving sympathectomy.

NPY-IR was absent from the dura mater of all sympathectomized 
rats, in parallel with NA-containing nerves, thus indicating a
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sympathetic nature for all the meningeal NPY-IR nerves. It is 
noteworthy that compared to the dense VIP-immunoreactive innervation 
of cerebral vessels and iris, which could be the alternative source 

of NPY-immunoreactivity in these tissues, the rat dura mater is very 
poorly supplied by VIP-IR nerves (unpublished observation).
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TABLE XVI. Effect of superior cervical ganglionectomy and 
guanethidine treatment on the density of NA-containing and NPY-LI

nerves in the rat iris

Control Ganglionectomy Guanethidine

NA ++++ - -

NPY ++++ + +++

- = absent; + = rare; +++ = dense; ++++ = very dense
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Fig. 13 ~ Top - Histogram of NPY-immunoreactive nerve 
densities in the arteries of the rat circle of Willis in 

control, guanethidine-treated and ganglionectomized animals, 

(clear bars) controls; (left cross-hatched bars)
guanethidine; (right cross-hatched bars) ganglionectomy.
Nerve density is expressed as mean number of nerve intercepts

per mm of vessel circumference ± S E M. (n=6) in all groups. 

**P<0.001 *P<0.01.

Fig. 1^. - Bottom - Histogram of NA-containing nerve 

densities in the arteries of the rat circle of Willis in 

control and guanethidine-treated rats. (clear bars) 
control; (cross-hatched bars) guanethidine.Nerve 
density in the internal carotid and anterior cerebral vessels 

is expressed as the mean number of nerve intercepts per mm of 

vessel circumference ± S.E.M. (n=6) in both groups of animals. 

**P<0.001. Statistical comparisons were only made on these 

two vessels, since in the remaining guanethidine-treated vessels 

only the occasional nerve fibre was seen. Bilateral 

ganglionectomy led to a complete absence of NA-containing 

nerves in all the cerebral vessels (not shown).
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Fig. 15 - Fluorescence micrographs of NA- (a-c) and NPY-
(d-f) containing nerves in the rat anterior cerebral artery 
from control (a, d), ganglionectomized (b, e) and guanethidine- 
treated (c, f) rats. Note the absence (b) and the dramatic 
reduction (c) of NA-containing nerves in the artery of 
ganglionectomized and guanethidine-treated animals, while NPY- 
immunoreactive nerves, very few in number after ganglionectomy 
(e), are only slightly reduced by guanethidine treatment (f). 
Calibration bar = 100 pm.
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Fig. 16 - Fluorescence micrographs of NA- (a, b) and 
NPY- (c-e) containing nerves in the rat iris from control 
(a, c), ganglionectomized (d) and guanethidine-treated 
(b, e) rats. Note the absence of NA-containing nerves 
and the increase of background autofluorescence in ciliary 
processes and blood vessels, after guanethidine treatment (b), 
while NPY-immunoreactive nerves formed a dense plexus (e).
No NA-containing nerves were present in the rat iris after 
ganglionectomy, but a few NPY-immunoreactive nerve fibres 
could be visualized (d). Calibration bar = 100 pm.
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Fig. 17 - Fluorescence micrographs of NA- (a, b)
and NPY- (c, d) containing nerves in the rat dura mater
from control (a, c) and guanethidine-treated (b, d)
rats. Middle meningeal artery. Both NA- and NPY-containing
nerves were eliminated by guanethidine treatment (b, d).
Note the increase in fluorescent cells (probably mast cells) 
in the dura mater of the guanethidine-treated rat (b, 
glyoxylic acid technique). Calibration bar = 100 pm.
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Fig. 18 - Section (1 pm thick) of superior (a, c)
and inferior (stellate) (b, d) cervical ganglia of control

(a, b) and guanethidine-treated (c, d) rats.
Note the marked reduction in the number of neurones in both 
ganglia after treatment and an apparent increase in glial cells 
in both the SCG and the stellate ganglion (c, d). Calibration 
bar = 50 pm.
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Fig. 19 - Electron micrographs of the SCG of control
(a) and guanethidine-treated (b) rats. Note the
abundance of non-myelinated axons (arrows) in the guanethidine-
treated SCG. Calibration bar = 5 N * neurones.
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Fig. 20 - Electron micrographs of representative nerve 
bundles in the adventitia of the anterior cerebral artery of 
control (a, c) and guanethidine-treated (b, d) 
rats, after 5"0HDA-loading and (c, d) after immunostaining 
for NPY. Varicosities with 5“0HDA labelled vesicles (arrows) 
were frequent in the control (a, c) but very rare (if any) 
in the treated animals. Note the extreme electron density of 
mitochondria in b. NPY-immunoreactive nerves (open arrows) 
are usually labelled with 5“0HDA in control arteries (c), 
but not after guanethidine treatment (d).
Calibration bar = 1 pm.
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CHAPTER THREE
USE OF ENHANCED SILVER STAINING COMBINED WITH ELECTRON MICROSCOPICAL 
IMMUNOLABELLING TO DEMONSTRATE THE COLOCALIZATION OF NEUROPEPTIDE Y 

AND VASOACTIVE INTESTINAL POLYPEPTIDE IN CEREBROVASCULAR NERVES
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SUMMARY

The combination of immunolabelling at the electron microscope 
level and enhanced silver staining has been used to demonstrate the 
colocalization of neuropeptide Y and vasoactive intestinal 
polypeptide in perivascular nerves supplying cerebral arteries of the 
rat. This has been shown in control tissue, but it is easier to 
demonstrate after long-term sympathectomy since that leads to an 
enhancement of neuropeptide Y in vasoactive intestinal polypeptide- 
containing parasympathetic nerves supplying these vessels. 
Immunolabelling of the antigens for these peptides was performed 
sequentially with the biotin-streptavidin-diaminobenzidine method, 
and the end product to the first antiserum was gold-silver 
intensified before the visualization of the second antigen. Using 
this technique, it was shown that all the neuropeptide Y- 
immunoreactivity present in the rat cerebral vessels after long-term 
sympathectomy with guanethidine was localized in vasoactive 
intestinal polypeptide-containing nerves. Furthermore, an 

immunohistochemical analysis of the parasympathetic pterygopalatine 
ganglia in guanethidine-treated rats showed an increase in the 
percentage of neurons displaying neuropeptide Y-immunoreactivity. In 
order to clarify if the pterygopalatine ganglion was the origin of 

those neuropeptide Y/vasoactive intestinal polypeptide-immunoreactive 
cerebrovascular nerves, which had increased in number after 
sympathectomy, a fluorescent neuronal tracer (fast blue) was applied 

to the right middle cerebral artery of rats which had undergone 
guanethidine treatment for 6 weeks. Immunohistochemical analysis of

154



the ipsilateral ganglion J2 hrs after application of the tracer 
revealed the presence of immunoreactivity against both these peptides 
in retrogradely labelled neurons.

It is concluded that neuropeptide Y and vasoactive intestinal 
polypeptide are colocalized in perivascular parasympathetic nerves 
supplying the middle cerebral artery of the rat, which have their 
origin in the pterygopalatine ganglion. Furthermore, long-term 
sympathectomy with guanethidine leads to an increase in the 
expression of neuropeptide Y in these vasoactive intestinal 
polypeptide-immunoreactive neurons.

155



INTRODUCTION

Recent immunohistochemical studies have revealed the existence 
of a population of neuropeptide Y (NPY)-immunoreactive 
cerebrovascular nerves that survive sympathectomy achieved either by 
bilateral removal of the superior cervical ganglia (Gibbins and 
Morris, 1988) or guanethidine treatment (Mione et al., 1988; Chapter 
two). Moreover, an increase of NPY-immunoreactivity (IR) in 
vasoactive intestinal polypeptide (VIP)-containing cerebrovascular 
nerves following superior cervical ganglionectomy has been 
demonstrated in the guinea pig (Gibbins and Morris, 1988), even 
though surgical sympathectomy leads to a decrease of NPY- 
immunoreactive cerebrovascular nerves. Using long-term guanethidine 
treatment in developing rats, the compensatory expression of NPY in 
non-sympathetic nerves was shown to maintain the pattern and density 
of NPY-immunoreactivity in cerebrovascular nerves (Chapter two).

The present study was undertaken to localize at the 
ultrastruetural level the immunoreactivity for NPY present in rat 
cerebral vessels after long-term sympathectomy with guanethidine.
The origin of these non-sympathetic NPY-immunoreactive 
cerebrovascular nerves was also studied. The pterygopalatine 

ganglion, a parasympathetic ganglion, known to be the origin of VIP- 

IR supply to rat cerebral vessels (Suzuki et al., 1988) and also to 

contain NPY-immunoreactive neurons (Leblanc et al., 1987; Kuwayama et 
al., 1988), was studied immunohistochemically in control and 
guanethidine-treated animals. Finally, the pathway of NPY/VIP- 
immunoreactive axons from the middle cerebral artery to this ganglion

156



was studied in sympathectomized rats using a fluorescent neuronal 
tracer.
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MATERIALS AND METHODS

Seven-day-old Wistar rats of both sexes were injected daily with 

guanethidine (Ismelin, CIBA), 60 mg/Kg, s.c. for six weeks. Control 

rats were injected with saline over the same period. Animals were 
perfusion-fixed on the same day of the last injection with 300 ml of 

4# paraformaldehyde, 0.1# glutaraldehyde and 15# saturated picric 
acid in 0.1 M phosphate buffer. Dissection of the cerebral vessels 
was carried out and fixation continued from a further two hrs. The 
cerebral vessels were cleared in 50# ethanol, treated with 0.1# 
NaCNBH^, in phosphate buffer and incubated with 0.3# H2O2 in 50# 
methanol for 10 min.

The double immunostaining of NPY and VIP was carried out as 
described by Maegawa et al., 1987* A preincubation with 10# normal 
donkey serum (NDS) in phosphate buffered saline (PBS) was followed by 
incubation with either anti-NPY (Eugene Tech., U.S.A.; diluted 
1:400) or anti-VIP (Peninsula Lab, U.K.; diluted 1:1000) for 18 h at 
room temperature. Cerebral vessels were then treated with biotin- 
streptavidin-horseradish peroxidase complex (Amersham, U.K.) and 

reacted with diaminobenzidine (DAB) and H2O2 . After several washes in 
PBS, vessels were incubated with the other first layer (i.e. anti-VIP 
antiserum, if anti-NPY was used in the previous immunoreaction) and 

then reacted with the biotinilated donkey anti-rabbit antiserum for 

12 hrs. At this stage, the silver-gold intensification of the DAB 

end- products to the first antiserum was performed as described by 

Galiyas et al., 1982. Briefly, after 3 hrs in 15# thioglycolic acid, 
the vessels were reacted with a freshly prepared physical developer
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(by mixing an equal volume of 3% sodium carbonate with a solution 
containing 0.1% ammonium nitrate, 0.1# silver nitrate, 1# 
phosphosilicotungstic acid and 1.8# paraformaldehyde) for 10 min. 
After a brief wash with 1# acetic acid, the deposited silver 

particles were replaced with gold, by immersion in 0.05# gold 
chloride for 8 min at 4 °C and finally fixed in 3% sodium 
thiosulphate (3 x 10 min). Vessels were then reacted with 
streptavidin horseradish peroxidase complex for 12 hrs followed by 
DAB plus H2O2 to visualize the second applied antiserum. Some 
photographs were taken at the light microscope either before the 
silver intensification or after the whole procedure. Samples of 
cerebral vessels were osmicated, dehydrated, stained en bloc with 2# 
uranyl acetate in 70# ethanol and embedded in Spurr resin. Ultrathin 
sections were cut with an ultramicrotome (LKB), stained with lead 
citrate and examined with a Philips 300 electron microscope.

Some experiments were carried out in order to establish the 
following : (i) the effectiveness of guanethidine-treatment in 

inducing sympathectomy. The glyoxylic acid technique was applied to 

fresh cerebral arteries from animals of the same litters and 
subjected to the same treatment, and semithin sections of the 
superior an inferior cervical ganglia of the same animals used for 
immunocytochemistry were cut and the absence of neurons (see Chapter 

two); (ii) whether one of the two antigens (NPY or VIP) could be 
damaged by the chemicals used during the silver intensification. To 
test this possibility, vessels were incubated with the first 
antiserum, reacted with the biotinilated donkey anti-rabbit antiserum 
and processed as for the silver intensification. Both immunoreactivi-
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ties for NPY and VIP were unaffected by the treatment; (iii) whether 
all the DAB-end products formed during the first immunoreaction had 
undergone silver-gold intensification, so that they were clearly 
distinguishable from those formed in the second immunoreaction, if 
this occurred in different nerves. In vessels subjected to only one 
immunostaining sequence followed by the silver-gold intensification, 

all the DAB-end products were found covered by variable amounts of 
silver granules. No silver particles and/or DAB end-products were 
seen if the procedures were carried out using antisera preabsorbed 
with an excess of the appropriate neurotransmitter or by replacing 
any of the antisera with normal rabbit serum.

For the pterygopalatine ganglion, dissection from the surrounding 
tissue was carried out during the fixation time (2 hrs in k% 
paraformaldehyde) occasionally using a gross anatomical preparation 
of cranial nerves stained with a modified thiocholine method as an 
aid to the identification of the ganglion (Kuwayama et al., 1987). 
The ganglia were rinsed in PBS several times and equilibrated in 20# 
sucrose in PBS overnight. Cryostat sections, 7 y® thick, were 
collected on gelatine-coated microscope slides and alternatively 

processed for VIP or NPY immunoreactivity. A goat anti-rabbit 

fluoresceine isothiocyanate (FITC)-conjugated antiserum (Nordic, 
Denmark) was used at a dilution 1:100. Pair of sections stained with 
anti-VIP or anti-NPY antisera were compared and the immunoreactive 
neurons counted. The coverslips were then removed, the sections 
stained with toluidine blue and the total number of neurons in the 
sections counted. At least 100 neurons for each of the five ganglia 
were examined.
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For the neuronal tracing study, five guanethidine-treated rats, 
seven weeks old, were anaesthetized with fentanyl citrate and 

fluanisone (Hypnorm, Janssen, Oxford, U.K.; 50 mg/Kg). Using a dental 
drill, a window was opened in the skull of the rats at the level of 
the parieto-temporal region. The dura mater covering the parietal 
branch of the middle cerebral artery was carefully opened on three 
sides and 1 mm-strip of parafilm was pulled under the artery. A 1 mm 
gelatine sponge sheet soaked in a 2% acqueous solution of fast blue 
(Sigma) was applied to the exposed artery and left in situ. The 
parafilm strip was brought over, as well as the dura, and the skull 
window sealed with dental wax. After three days, animals were 
anaesthetized and perfused as above; the ipsilateral pterygopalatine 
ganglion was removed and serially cut (7 pm) with cryostat. Every 
second or third section was coverslipped and examined under a 
fluorescent microscope equipped with the appropriate filter setting 
for alternate observation of fast blue (excitation 380 nm; emission 
420 nm) and FITC (excitation 490 nm; emission 525 nm) fluorescence. 
When retrogradely labelled neurons were found in a section, that 
section was stained for NPY-IR and the following one for VIP-IR.
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RESULTS

Cerebral vessels - light microscopy
The distribution of NPY- and VIP-immunoreactive perivascular 

nerves in rat cerebral vessels, illustrated in Fig. 21a,b, resembled 
that described in earlier studies. In vessels labelled for both 
antigens (Fig. 21c) the density of immunoreactive nerves appeared as 
the sum of NPY- and VIP-immunoreactive nerve fibres.

In animals sympathectomized with long-term guanethidine 
treatment, noradrenaline-containing cerebrovascular nerves have been 
shown to disappear, while the pattern and distribution of NPY- 
immunoreactive nerves was little changed (Fig. 21d). No changes in 
density and pattern occurred to VIP-immunoreactive cerebrovascular 
nerves after guanethidine treatment (Fig. 21e). In this situation, 
the pattern of NPY-immunoreactive cerebrovascular nerves clearly 
resembled that of the VIP-immunoreactive nerves (cf. Figs. 21d and 
21e) and when these arteries were double immunostained for both 
antigens (Fig. 21f), no further increase in the density of 
immunopositive nerves was seen, compared with vessels stained for one 
antigen only.

Cerebral vessels - electron microscopy

In ultrathin sections of the middle cerebral artery of control 

animals subjected to the double immunostaining, regardless of which 
antigen was applied first, two kinds of immunoreactive nerves could 
be visualized: those containing DAB end-products plus a variable 
amount of silver granules and those that lacked silver granules (Fig.
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22a,b). Some NPY-immunoreactive nerves clearly lacking VIP- 

immunoreactivity containined dense-cored vesicles, indicating a 
possible coexistence with noradrenaline (Fig, 22b).

In animals sympathectomized by long-term guanethidine 
treatment, the results obtained were different according to whether 
NPY- or VIP-immunoreactivity was silver-gold intensified. When NPY- 
immunoreactivity was intensified, a number of immunoreactive nerves 
lacking silver granules (and corresponding to nerves containing only 

VIP-IR) were always present (Figs. 23a, 24b). Nerve profiles with 
conclusively only NPY-IR were shown by omitting the second 
immunoreaction (Fig. 24a). However, when the VIP-antiserum was 
applied first and the DAB end-products were silver intensified 
followed by anti-NPY immunostaining, all the immunostained nerves 
also showed silver deposition (Fig. 23b), thus indicating that all 
the NPY-immunoreactivity, visualized at both the light microscope 
(Fig. 21d) and at the electron microscope (Figs. 23a, 24a) is 
contained in VIP-immunoreactive nerves.

Pterygopalatine ganglia
In pterygopalatine ganglia from control animals, 91 neurons out 

of 638 exhibited immunoreactivity for NPY (14.23%; Figs. 25b and 26a) 

and 276 neurons out of 639 were immunoreactive for VIP (43-26%; Fig. 

25a).
In guanethidine-treated animals, no changes in the total number 

of pterygopalatine ganglion neurons were apparent, and no 
degenerating neurons were found in conventionally stained cryostat 

sections of the ganglia. 540 neurons from five different animals
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were evaluated: 236 were NPY-immunoreactive (43.70$; Fig. 26b) and 

250 were VIP-positive (46.29$; Fig. 26c). By comparing serial 
sections it became clear that almost all the NPY-immunoreactivity was 

confined to VIP-immunopositive cells (Figs. 26b,c).

Neuronal tracing
Following application of the neuronal tracer fast blue to the 

middle cerebral artery of guanethidine-treated rats, an average of 5 
neurons per ganglion were found retrogradely labelled after J2 hrs 
(Fig. 27a). These neurons were invariably immunoreactive for both 
NPY and VIP as shown in that section and in the following one (Figs. 
27b,c).
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DISCUSSION

In Chapter two it was shown that the NPY-immunoreactivity in 
cerebral vessels remained, or was even enhanced, after chemical 

sympathectomy with guanethidine, and this was due to an increase of 
the expression of NPY-immunoreactivity in non-sympathetic nerves. In 
the present study, the origin of the non-sympathetic cerebrovascular 
nerves that express NPY-immunoreactivity after sympathetic 
denervation was studied using a double immunolabelling technique at 
the electron microscope level to localize precisely the NPY- 
immunoreactivity in cerebrovascular nerves of sympathectomized 
animals. The finding that, in guanethidine-treated rats, all the 
NPY-immunoreactivity was localized in VIP-containing axons is 
consistent with the report of Gibbins and Morris, 1988, who found an 
increase in the expression of NPY-immunoreactivity in VIP-containing 
cerebrovascular nerves of surgically denervated guinea-pigs using 
double immunolabelled at the light microscope. Recently, the origin 

of VIP-immunoreactive nerves was traced in rats and shown to be the 
sphenopalatine ganglion (Suzuki et al., 1988) which is now known as 
the pterygopalatine ganglion.

In this study NPY-immunoreactivity was found to be present in 
about 15$ of the rat pterygopalatine neurons and this is consistent 
with the results of two other groups (Leblanc et al., 1987; Kuwayama 
et al., 1988).

After long-term sympathectomy with guanethidine in the rat, we 

found an increase in the percentage of NPY-immunoreactive neurons in 
the rat pterygopalatine ganglion when stained sequentially for NPY-
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and VIP-immunoreactivity. It was evident that the increase concerned 
the expression of NPY-immunoreactivity in VIP-containing neurons. In 
our preparations, VIP-containing neurons representing up to 30% of 

the total number of neurons, while Leblanc et al., 1987. claimed that 
VIP-immunoreactive neurons represent the majority of the neuronal 
population of the rat phenopalatine ganglion. Following 
guanethidine-treatment, no increase in the number of VIP- 
immunoreactive neurons was found in the pterygopalatine ganglion, but 
almost all of them now expressed NPY-immunoreactivity. It is not 
known how the sympathectomy produced by long-term guanethidine 
treatment is able to turn on the expression of NPY, in 
parasympathetic cerebrovascular neuroness. The role of NPY 
coexisting with VIP in parasympathetic nerves needs investigation.
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Fig. 21 - Light micrographs of NPY- (a,d), VIP-
(b,e) and NPY- plus VIP- (c,f) containing nerves on
the middle cerebral artery of control (a,b,c) and guanethidine-
treated (d,e,f) rats. Biotin-streptavidin-horseradish
peroxidase technique. The DAB end-products of NPY- (a,c,d,f)
or VIP- (b,e) immunoreactivity were subjected to silver
intensification in order to enhance the immunoreaction. Note
that: (i) some NPY-containing nerves clearly remained after
long-term sympathectomy, although at a reduced density
(cf. a and d); (ii) with double-labelling for NYP
and VIP, the density of nerves is greater than that of the
individual labels in controls (cf. a,b and c), but has
a similar density to the individual labels after long-term

sympathectomy with guanethidine (cf. d,e and f).
Calibration bar: 50 pm.
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Fig. 22 - Electron micrographs of immunopositive nerve 
bundles within the wall of the middle cerebral artery of 
control rats. Double immunostaining for NPY- and VIP- 
immunoreactivity. (a) NPY-immunoreactivity was further 
subjected to silver intensification so that the NPY-immunopositive 
nerve (long arrow) is clearly distinguishable from the other 
immunopositive nerves, which contain only VIP-immunoreactivity 
(short arrows), (b) In this case it was the VlP-immuno- 
reactivity that was further subjected to silver intensification, 
silver granules being deposited on two VIP-immunopositive nerve 
profiles (long arrow) and not onto nerves that were only 
positive for NPY (short arrows). Some dense-cored vesicles 
(small arrows) were seen in sympathetic NPY-immunoreactive nerves 
that did not contain VIP-LI. Asterisks indicate unstained nerves. 
Calibration bars: 1 pm.
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Fig. 23 - Electron micrographs of immunopositive nerves, 
double-stained for NPY and VIP, within the wall of the middle 
cerebral artery of guanethidine-treated rats. (a) NPY- 
immunoreactive nerves were subjected to silver granule deposition 
(long arrow), followed by the VIP-immunoreaction; two nerves 
that were immunoreactive only for VIP and did not contain silver 
granules are indicated by short arrows. (b) The VIP- 
immunoreaction with silver deposition preceded the NPY- 
immunoreaction (long arrows). No nerves containing only NPY, 

which would have lacked silver granules, could be seen in double 
immunostained vessels.
Calibration bars: 1 pm.
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Fig. 2k - Electron micrographs of immunostained nerves 
within the wall of the middle cerebral artery of guanethidine- 
treated rats, for comparison with Fig. 23. (a) The NPY-
immunoreaction was followed by silver intensification, with no 
immunostaining for VIP; all the immunostained nerves had silver 
granules. (b) A VIP-immunopositive nerve from an artery 
that had first been immunostained for NPY and silver intensified. 
Calibration bars: 1 pm.

170





Fig. 25 - Fluorescence micrographs of pterygopalatine ganglia 
from control rats. (a,b) are consecutive sections immunostained 
for VIP-IR (a) and NPY-IR (b) and show the degree of 
coexistence of the two neurotransmitters. In control rats only 
some neurons contained both neurotransmitters (short arrows) 
and many were immunoreactive for only one peptide (long arrows). 
Calibration bar: 50 pm.
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Fig. 26 - Fluorescent micrographs of pterygopalatine ganglia 
from (a) a control rat and (b,c) a guanethidine-treated rat, 
showing NPY-IR (a,b) or VIP-IR (c). Note the increase of 
NPY-immunoreactive neurons in the pterygopalatine ganglion from a 
long-term guanethidine-treated rat (b) compared with a control 
ganglion (a) and the almost complete overlapping of NPY- and 
VIP-immunopositive neurons in consecutive sections of the ganglion 
from a guanethidine-treated rat (b,c).
Calibration bar: 50 pm.
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Fig. 27 - A neuron (arrow) showing (a) fast blue 
positivity and (b) NPY-IR in the same section of the 
pterygopalatine ganglion from a guanethidine-treated rat 72 hrs 
after the application of the tracer to the ipsilateral middle 
cerebral artery. In the consecutive section (c) the same NPY- 
IR neuron is also shown to contain VIP-immunoreactivity. 
Calibration bar: 20 pm.
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CHAPTER FOUR
PLASTICITY IN EXPRESSION OF CALCITONIN GENE-RELATED PEPTIDE- AND 
SUBSTANCE P-IMMUNOREACTIVITY IN GANGLIA AND FIBRES FOLLOWING 

SYMPATHETIC AND/OR SENSORY DENERVATION
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SUMMARY

The distribution of calcitonin gene-related peptide (CGRP) and 
substance P (SP) immunoreactivity in sympathetic (superior and 
inferior cervical) ganglia and sensory (trigeminal and first three 
dorsal root) ganglia was studied in rats subjected to selective 
sympathetic denervation (by long-term guanethidine treatment), 
sensory denervation (by capsaicin injections) or combined (sensory + 

sympathetic) denervation procedures. Changes in the density of 
immunoreactive nerve fibres in selected cranial targets (dura mater, 
anterior cerebral artery and iris) were quantified with the aid of an 
image analyzer.

The results of the study in rats indicate that:
(1) long-term guanethidine sympathectomy induced a pronounced 
increase of CGRP- and SP-immunoreactive (IR) sensory nerve fibres in 
all the tissues investigated in contrast to a significant reduction 
of CGRP- and SP-immunoreactivity in sensory nerve cell bodies in both 
trigeminal and dorsal root ganglia;
(2) neonatal capsaicin treatment abolished SP-immunoreactivity in 

many nerve fibres in the dura mater, anterior cerebral artery and 

sympathetic ganglia and caused a dramatic reduction of SP-IR nerve 

cell bodies in both trigeminal and dorsal root ganglia; however, 
while CGRP-IR nerve density was decreased, the number of CGRP-IR 
sensory nerve cell bodies was unchanged;
(3) guanethidine treatment of capsaicin injected rats reversed the 
loss of CGRP-IR nerve fibres in the dura mater, anterior cerebral 

artery and sympathetic ganglia, but not that of SP-IR nerve fibres.
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The number of sensory neurons expressing CGRP-immunoreactivity was 

increased;
(4) in the iris, the increase of substance P- and calcitonin gene- 
related peptide-immunoreactive nerve fibres after sympathectomy was 
not affected by previous capsaicin treatment suggesting that in rats 
the majority of substance P- and CGRP-IR fibres originate from 
capsaicin insensitive pterygopalatine and ciliary ganglion neurons.
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INTRODUCTION

The neuropeptide, calcitonin gene-related peptide (CGRP) 
(Rosenfeld et al., 1983) in the periphery has been implicated mainly 
with sensory functions and in particular with pain transmission 
(Gibson et al., 1984; Skofitsch and Jacobowitz, 1985). CGRP 
immunoreactivity was shown to be present in small neurons of the 
trigeminal and dorsal root ganglia (Gibbins et al., 1985; Rosenfeld, 
1983; Gibson et al., 1985; Franco-Cereceda et al., 1987) and in areas 
known to be rich in sensory nerve fibres (Terenghi et al., 1985; 
Gibson et al., 1984) and to be markedly depleted by neonatal 
capsaicin treatment (Skofitsch and Jacobowitz, 1985), which causes 
selective degeneration of C- and A6-fibres and type B neurons (Jancso 
et al., 1977; Scadding, 1980). With respect to cranial structures, 
CGRP immunoreactivity has been shown to be localized also in neurons 
of cranial parasympathetic (pterygopalatine, otic, ciliary and 
submandibular) ganglia (Lee et al., 1985a; Silverman and Kruger,

1989).
In a recent study from our laboratory (Aberdeen et al., 1990) a 

dramatic increase of CGRP-immunoreactive (IR) nerve fibres in various 
peripheral vessels and organs was shown to occur after long-term 
chemical sympathectomy. This finding is consistent with previous 

reports of the increase in CGRP immunoreactivity levels and 

distribution after surgical (Schon et al., 1985a) or chemical (both 
6-hydroxydopamine and guanethidine treatments) sympathectomy in rat 
cerebral vessels (Schon et al., 1985a), iris (Terenghi et al., 1986) 
and genital organs (Lamano-Carvalho et al., 1986). So far, an
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increase of substance P (SP) immunoreactivity after sympathectomy was 

found in rat salivary glands (EkstrOm et al.t 1988) or the rat iris 
after surgical or 6-hydroxydopamine treatment (Cole et al., 1983; 
Kessler, 1985a).

In the present study, the relative changes in CGRP and SP 
immunoreactivity following sympathectomy, neonatal capsaicin 
treatment, or both, were analysed in sympathetic and sensory ganglia 
as well as in the dura mater, anterior cerebral artery and iris.
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MATERIALS AND METHODS

Eight litters of Wistar rats (8-12 pups each) were used in this 
study. Two litters were treated with capsaicin (Sigma, Poole, UK) 50 
mg/kg dissolved in saline containing 10# ethanol and 10# Tween 80, 
subcutaenously, under ice or light ether anaesthesia on days 1, 2, 4, 

6, 8, 10, 12 and 14. Five out of 22 rats died in the first week. 2 
litters were treated with guanethidine (Sigma), 60 mg/kg dissolved in 
saline s.c. from day 7 for 6 weeks daily. Only two out of 24 animals 
died at the beginning of the treatment. Two litters were treated 
with capsaicin as above, and from day 7 they were also treated with 
guanethidine, 60 mg/kg s.c. as above. 7 out of 22 of these rats died 
in the first two weeks of life. The remaining two litters were used 
as controls, and treated with both the capsaicin vehicle and 
guanethidine vehicle over the same period. None of these rats died. 
All the animals were sacrificed at 3 months of age. Two rats from 
each group were used for catecholamine histofluorescence (Lindvall 

and Bjdrklund, 197^5 De la Torre and Surgeon, 1976) of whole-mounts 
of dura mater, anterior cerebral artery and iris: no fluorescent 

nerves were visualized in guanethidine or capsaicin + guanethidine- 

treated animals, while vehicle- and capsaicin-treated rats displayed 
noradrenaline-containing fluorescent nerve plexuses in all the whole- 
mounts studied. However, the degree of sympathetic denervation was 
also assessed by a histological study of the superior cervical and 
stellate ganglia in all the animals; this showed an almost complete 

disappearance of neurons in these ganglia from guanethidine and 
capsaicin and guanethidine-treated rats. All the other animals were
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perfusion-fixed under pentobarbital anaesthesia. The fixative was 4# 
paraformaldehyde in 0.1 M phosphate buffer. The superior cervical and 
stellate ganglia, dorsal root ganglia Cl-3, skull, eyes and brains 
were dissected out and immersed in the same fixative for 2-9 h, while 
dissection of the trigeminal ganglia was carried out. Finally, the 

dura mater covering the parietal and frontal bones, the arteries of 
the Circle of Willis, and the iris were carefully dissected from the 
surrounding tissue and dehydrated in 50# ethanol for 30 min, rinsed 
in phosphate buffer, incubated in NaCnBH^ 0.1 M in phosphate buffer 
for 30 min, rinsed in phosphate-buffered saline (PBS), treated with 
50# methanol containing 0.3# H2O2 for 10 min, incubated with 10# 
normal donkey serum (NDS) for 30 min and finally left overnight in 
the anti-CGRP (Cambridge Research Biochemicals, Cambridge UK) or in 
the anti-SP (Eugene Tech, Allendale, NJ, USA) antiserum diluted 1:600 
in PBS containing 5% NDS. Biotinylated anti-rabbit IgG and 
streptavidin- horseradish peroxidase (HRP) conjugated complex 
(Amersham International, Amersham, UK) followed by diaminobenzidine + 
H2O2 were used to reveal the sites of the immunoreaction. The whole- 

mounts were flat mounted on polylysine-coated glass slides, 
dehydrated and mounted with DPX (BDH, Poole, U.K.). The above 
ganglia superior cervical and stellate ganglia, trigeminal and 

dorsal root ganglia were dehydrated and embedded in paraffin. 7 U® 
longitudinal sections of the ganglia were serially cut with a 
microtome and collected on polylysine-coated slides. One section 
every 10 was saved for histological examination after staining with 

cresyl violet. The other sections were dewaxed, rehydrated and 
incubated with PBS containing 0.1# crude trypsin (Sigma) and 0.1 M
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CaCl2 for 30 min. Blockage of endogenous peroxidases and 
preincubation with 10% NDS preceded the incubation of alternate 
sections with the first layers.

Coexistence experiments
Two whole-mount stretch preparations of the dura mater, iris 

and anterior cerebral artery of control animals were used in this 
study. They were firstly incubated with anti-SP antiserum, following 
the protocol already described. 0 .1# nickel ammonium sulphate was 
added to the Tris buffer used to dilute the diaminobenzidine (DAB) 
(Sigma, UK) in both the preincubation and incubation media (Hsu and 
Soban, 1982). SP-IR nerve fibres appeared blue-black rather than 
brown. The whole-mounts were then washed with PBS and incubated with 
anti-CGRP antiserum for 2 days at room temperature. The second layer 
and the streptavidin-horseradish peroxidase complex was also used for 
a longer time. DAB was dissolved in the standard buffer and the 
CGRP-IR axons that lacked SP-IR were distinguishable by their brown- 
red colour.

Coexistence of CGRP- and SP-IR was also studied in ganglion 
neurons, as described in the main section of Materials and Methods of 
this chapter.

Specificity tests

Both SP- and CGRP-antisera were preincubated with an excess of 
the appropriate neurotransmitter (lCT^M) prior to being used in these 
experiments, on whole-mounts of dura mater of control rats. In some
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experiments, antisera were incubated with the other neurotransmitter 
involved before use, in order to confirm that there was no cross
reactivity. In this case, neither reduction in the expected number 
of immunopositive nerves, nor a fainter staining seemed to occur, 
while immunoreactivity was totally abolished in the first group of 
tests.

Quantitative studies
Quantitative analysis of the density of CGRP- and SP-IR nerves 

in whole-mounts of dura mater, iris and anterior cerebral artery was 
performed by an ASBA-Leitz Image Analyzer connected to a Leitz 
Orthoplan microscope via a video camera. A xlO objective lens was 
used. The area analysed by the computer each time was 186,624 ym , 
which corresponded to 256 x 256 pixels. The levels of sensitivity 
and light intensity were adjusted until optimum and kept constant 
during the measurements. Two parameters were analysed: (a) the area
occupied by immunopositive nerves (and their percentage over the 
total area); (b) the number of immunopositive intercepts x mm along 
an axis (times 3) perpendicular to the longitudinal sinus for dura 
mater, to the pupillary border for irides, and to the longitudinal 

axis of the vessels for anterior cerebral arteries.

Six areas have been evaluated in the dura mater stretch preparations, 
as shown in Fig. 28. Three areas (MMA-1, MMA-2, MMA-3) were selected 
along the middle meningeal artery (MMA) from its origin in the medial 
cranial fossa. The other three areas were devoid of large vessels 
and were: T-l, between the terminal bifurcation of the MMA and the 

longitudinal sinus; T-2, 5 mm anterior to MMA-2; T-3, 5 nun posterior
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to MMA-2.
In the iris, three zones underwent quantitative analysis of 

immunopositive structures (see Fig. 29). They corresponded to the 
pupillary border (zone 1), the constrictory muscle (zone 2) and to 
the region usually covered by ciliary processes (zones 3)* which had 
been removed.
In the anterior cerebral artery, the portion of the vessel between 
the internal carotid and the internal etmoidal artery was studied.

The total areas of irides from control-, guanethidine-, capsaicin- 
and capsaicin + guanethidine-treated rats was measured with the aid 
of camera lucida drawings and a graphics tablet connected to a 
Macintosh PC.

Counting of immunoreactive cell bodies in sensory ganglia was 
performed on four pairs of sections of each ganglion, alternatively 
stained for SP- and CGRP-IR, every 100 pm (every 200 pm for 
trigeminal ganglia, only the V-l region was evaluated), in order to 

avoid counting the same neurons twice. Sections were photographed 
with a xl6 objective lens in phase contrast, on a Zeiss 
photomicroscope using Technical Pan film (Kodak), exposed at 50 ASA. 
Montages of consecutive sections of the ganglia were prepared and 
used for counting.

The number of CGRP- and SP-IR neurons were related to the total 

number of cell bodies in that section and expressed as a percentage 
of immunoreactive neurons; the total number of neurons that we 
evaluated was over 500 for each group of ganglia. The number of
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neurons co-storing both immunoreactivities was also evaluated; the 
large variability of the number of such neurons per section obviated 
any statistical analysis. Hence, the evaluation of the degree of 
coexistence is on a semiquantitative scale.

Statistics
All the data were compared using Dunnet’s Test for multiple 
comparisons (1964). Differences between values of control and 
treated rats were tested for significance at P<0.05*
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RESULTS

Control rats
A rich plexus of CGRP-IR nerve fibres was seen in dura mater, 

anterior cerebral artery and iris of control rats. In the dura 
mater, varicose CGRP-IR nerve fibres both in bundles and single axons 
ran along the main vessels (middle and anterior meningeal arteries, 
dural veins and dural sinuses) and in vessel-free areas, where some 
of them terminated as "free nerve endings” (Fig. 30a).
Quantitative analysis of the density of CGRP-IR dural nerves showed 
no spatial heterogeneity (Table XVII) but nerve fibre orientation 
changed from a loose network in parietal, avascular areas to a 
pattern of parallel-orientated bundles and single axons along 
arteries and in the proximity of dural sinuses.
SP-IR nerves in the dura mater of control rats showed a similar 
pattern but were less dense (Table XVIII). Very few SP-IR "free 
nerve endings" were seen in control of guanethidine-treated animals 
(Figs. 31a. c)• Examination of the coexistence between CGRP- and SP- 

IR showed that almost all SP immunoreactivity was localized in CGRP- 
IR nerves, while many nerves contained only CGRP-IR (not shown).

In sympathetic ganglia, no CGRP- or SP-IR cell bodies were seen, but 
a moderate plexus of immunoreactive axons surrounded unstained 
sympathetic neurons (Fig. 32).
CGRP-IR nerve fibres in the anterior cerebral artery formed a loose 
plexus longitudinally orientated with a few axons branching from the 
bundles and running trasversely (Fig. 33a). SP-IR nerves were 

sparser (see Table XXI). Coexistence experiments showed that all SP-
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IR axons were also immunoreactive for CGRP. However, a small number 
of CGRP-IR axons lacked SP immunoreactivity.
The iris was supplied with a very dense CGRP- and SP-IR nerve plexus, 
distributed to both vascular and avascular areas, with a more dense 
pattern at the level of the pupillary border (Figs. 3^a, 35a, 36a; 
Tables XIX, XX). Although whole-mount, processed for coexistence, 
although difficult to read because of a very dense nerve plexus, they 
did show some independent CGRP- and SP-IR nerve fibres.
In trigeminal ganglia (Tables XXII, XXIII, see also Fig. 38a and b), 
SP-IR neurons accounted for less than 20% of the neuronal population, 
while CGRP-IR cells were more numerous. Both immunoreactivities were 
mainly found in small, presumably type B, sensory neurons, but a few 
large neurons also exhibited CGRP-, and less frequently, SP-IR.
Coarse CGRP- or SP-axons were seen along the nerves branching 
rostrally to the trigeminal ganglion.

The percentage of IR neurons, for both CGRP and SP, was higher 
in the first three dorsal root ganglia than in trigeminal ganglia 
(Tables XXII, XXIII; Fig. 37)* The degree of coexistence was similar 
to that in trigeminal ganglia.

Guanethidine treatment
In all of the whole-mount preparations of dura mater, iris and 

anterior cerebral artery, as well as in sections of superior cervical 
and stellate ganglia, the increase of both CGRP- and SP 
immunoreactivity was striking. (Figs. 30c, 31c, 33c, 3^c, 35c, 36c; 
Tables XVII-XXI). Quantitative analysis showed the change was by at 

least 2-3 fold. This increase occurred in the above structures,
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without any obvious localization. A remarkable increase of CGRP-IR 
"free nerve endings" (Fig. 30c) was seen in the dura mater.
In the anterior cerebral artery, a number of fine, curled and smooth 
single CGRP-IR axons appeared (Fig. 33c). By contrast, the 

percentage of both CGRP- and SP-IR neurons in sensory ganglia 

significantly decreased in guanethidine-treated rats (Figs. 37c;
38c,d; Tables XXII, XXIII). No more large- or medium-sized IR 
neurons were seen.

Capsaicin treatment
This treatment severely affected SP-IR nerve fibres in the dura 

mater, anterior cerebral artery and sympathetic ganglia. SP-IR nerve 
fibres could rarely be detected in the above structures (e.g. Fig. 
31b), while SP-IR nerves in the iris were only slightly reduced (Fig. 
35b).

In sensory ganglia, the number of SP-IR neurons in both 
trigeminal and dorsal root ganglia fell dramatically (Table XXIII).

CGRP immunoreactivity both in the target areas and sensory 
ganglia was not significantly affected by capsaicin treatment (Figs. 

30b, 33b, 3^b, 36b, 37b and Tables XVII, XIX, XXI).

Capsaicin and Guanethidine treatment

The sympathetic ganglia of the rats underwent degenerative 
changes similar to those caused by guanethidine treatment only (Fig.

39).
When guanethidine treatment was carried out in capsaicin- 

treated rats, the rise in CGRP-IR nerve density in the dura mater,
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anterior cerebral artery, iris and sympathetic ganglia still occurred 
(Figs. 30d, 33d. 3^d, 35d; Tables XVII, XIX, XXI). However, only one 
to two SP-IR nerve fibres could be detected in the dura mater (Fig. 
31d), and no SP-IR nerves were seen in the anterior cerebral arteries 
or the sympathetic ganglia. The number of SP-IR sensory neurons 
still remained very low (Fig. 38f and table XXIII).
An increase in both CGRP- and SP-IR nerves was measured in the iris 
of capsaicin and guanethidine-treated rats (Figs. 3^d, 35d, 36d; 
Tables XIX, XX).

The percentage of CGRP-IR neurons in sensory ganglia of 
capsaicin- and guanethidine-treated rats was significantly higher 
than in control or guanethidine-treated rats (Fig. 37d, 3&d; table 
XXII).

The total area of irides of control, guanethidine, capsaicin, and 
capsaicin and guanethidine-treated rats showed interesting changes: a 
slight, but not significant, increase was present after capsaicin 

treatment, and irides of guanethidine- and especially of capsaicin + 
guanethidine-treated rats were significantly larger than control 
(Fig. 40; Table XXIV).
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DISCUSSION

In this study, a detailed investigation of CGRP- and SP- 
immunoreactivities in both the nerve fibres of some selected cranial 
target structures and cell bodies of sensory ganglia, known to 
project to those targets, was carried out in control rats and after 
sympathetic, sensory or combined denervation.

Control rats
The distribution of CGRP- and SP-IR nerve fibres in the dura 

mater, anterior cerebral artery and iris described in this study is 
in agreement with previous reports (Edvinsson and Uddman, 1982: 
Edvinsson et al., 1987a; Terenghi et al., 1982; 1985; Tsai et al., 
1988; Suzuki et al., 1989; Silverman and Kruger, 1989; Chapter one). 
The "free nerve endings" seen in dural tissue stained with silver 

impregnation techniques (Rossi and Scevola, 1935) or with anti-CGRP 
antibodies (Silverman and Kruger, 1989 and the present study) have 
been described in an electron microscopical study by Andres et al. 

(1987)* who hypothesized a possible sensory role, at least for some 
of them.

CGRP- and SP-IR nerve fibres were also seen in sympathetic 

ganglia, thus confirming previous findings. These fibres are likely 

to be extrinsic, because no immunoreactive cell bodies were observed 
within the sympathetic ganglia. In a recent report, anterograde and 
retrograde tracing studies excluded projection of trigeminal ganglion 
neurons to the superior cervical ganglion (tenTuscher et al., 1989). 
However, there are alternative sources for CGRP/SP-IR nerve fibres in
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both superior cervical and stellate ganglia, such as visceral sensory 
neurons in the nodose and jugular ganglia (Lee et al., 1985a; 

Silverman and Kruger, 1989* Helke and Niederer, 1990).

Guanethidine-treated rats
The increase of sensory nerve fibres after long-term 

sympathectomy seen in this study and previously reported by other 
authors (Cole et al., 1983; Schon et al., 1985a; Terenghi et al., 
1986; Carvalho et al., 1986; Aberdeen et al., 1990) has been related 
with an increased availability of nerve growth factor(s) for sensory 
neurons as a consequence of the degeneration of sympathetic neurons 
(Kessler et al., 1983; Kessler, 1986; Aberdeen et al., 1990). A 
hyperinnervation of cerebral vessels has been demonstrated after 
intracerebral infusion of nerve growth factor (Isaacson et al.,
1990). However, the number of trigeminal and dorsal root ganglion 
neurons expressing CGRP and SP immunoreactivity was reduced after 
guanethidine treatment. Aberdeen et al. (1990) showed that CGRP 

immunoreactivity in nerve cell bodies in the nodose ganglia 
disappeared after guanethidine treatment. These changes in sensory 

ganglion neurons seem to be the result of a reduction in 
immunoreactivity at the level of the cell bodies, since no sign of 
neuronal death was seen either in this study or in that of Aberdeen 

et al. (1990). This may reflect an increased transport of the 
neurotransmitters to the varicosities, coupled with an inadequate 

fast synthesis of the peptides (see changes of the number of CGRP-IR 
neurons in trigeminal ganglia after colchicine treatment, Lee et al., 
1985a).
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Capsaicin-treated rats
Sensory denervation by capsaicin treatment (Jancso et al.,

1977; Scadding, I98O) preceding long-term sympathectomy, was 

introduced to find out whether it was the sensory neurons that gave 

rise to the increased CGRP- and SP-IR nerve fibres. As a control, 

capsaicin treatment alone was also carried out. This study showed 
that CGRP-IR nerve cell bodies in trigeminal and dorsal root ganglia 
showed a greater resistance to capsaicin treatment than SP-IR 
neurons.

It is well known that capsaicin treatment in the rat gives a 
variable degree of sensory denervation depending on the protocol used 
(see Fitzgerald, 1983. for a review). Some authors, using a 
different protocol, found a marked decrease of CGRP-IR nerves in 
cerebral arteries (Saito and Goto, 1986) and of CGRP-IR neurons in 
trigeminal ganglia (Skofitsch and Jacobowitz, 1985). However, other 
authors have previously reported the sparing of CGRP-IR neurons in 
the trigeminal ganglion and in the iris of rats subjected to neonatal 

capsaicin treatment (Matsuyama et al., 1986), in contrast with the 

disappearance of SP-IR neurons.

Capsaicin and guanethidne-treated rats
The major finding in rats treated with both capsaicin and 

guanethidine was the increase of CGRP-IR nerve fibres in the dura 
mater and anterior cerebral arteries, while SP-IR nerves were still 

absent. This discrepancy between CGRP- and SP-IR nerves could only 
be due to the effects of capsaicin pretreatment, which was likely to 
be the cause of the irreversible degeneration of SP-IR sensory

191



neurons. It also adds support for the view that while SP and CGRP 
coexist in many sensory nerves, others contain a predominance of one 
peptide or another (Matsuyama et al., 1986).

In the iris, both CGRP- and SP-IR nerve fibres increased, like 
after guanethidine treatment only; however, little change was seen 
after capsaicin treatment alone. The rat iris receives projections 
from trigeminal ganglion neurons (Terenghi et al., 1982; 1985; 
tenTuscher et al., 1989) and parasympathetic pterygopalatine and 
ciliary ganglion neurons (Kuwayama et al, 1987; tenTuscher et al., 
1990). The changes observed in nerve density in the iris after 
different treatments suggest that SP-IR nerve fibres, which increase 
after guanethidine treatment, are not sensitive to capsaicin 
treatment. It seems likely that this subpopulation of SP-IR nerves 
originate from the pterygopalatine and/or ciliary ganglia, rather 
than from remaining SP-IR trigeminal neurons.

CGRP-IR neurons in sensory ganglia were the most numerous seen 
in this study; this finding indicates that capsaicin-treatment 
preceding guanethidine sympathectomy altered the levels of detectable 
immunoreactivity in these neurons, in comparison with guanethidine 
alone. Again, mechanisms related to the transport of the 
neurotransmitter are likely to be involved, since it is well known 

that capsaicin interacts with the axonal transport system in sensory 

neurons (Fitzgerald, 1983).

In conclusion, this study has shown that sensory hyperinnervation 

of target organs in guanethidine sympathectomized rats is associated 
with reduced detectability of SP and CGRP immunoreactivity in nerve
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cell bodies. Nevertheless, the number of sensory neurons involved in 
the hyperinnervation of target organs is likely to be greater than in 
non-treated animals; this is suggested by the increase of CGRP-IR 
neurons after combined capsaicin and guanethidine treatment, but not 
after capsaicin treatment alone. Sensory CGRP-IR nerve cell bodies 
responding to guanethidine treatment are not destroyed by capsaicin 

treatment, unlike SP-IR neurons. It is likely that capsaicin causes 
both destruction of SP-IR neurons and increase of CGRP-IR neurons in 
guanethidine treated rats by impairing axonal transport mechanisms. A 
blockade of retrogradely transported nerve growth factor (NGF) by 
capsaicin (Miller et al., 1982) is responsible of the death of SP-IR 
neurons, which are NGF-dependent (Kessler and Black, 1980; Lindsay 
and Harmar 1989), while a slowing down of the anterograde transport 
of CGRP may allow the visualization of the greater number of IR nerve 
cell bodies seen after capsaicin + guanethidine treatment. Further 
studies are needed to confirm this hypothesis.
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Table XXVII. CGRP-IR nerve density in dura mater after sympathetic,
sensory or combined denervation

Area N C+G

MMA-1 (n=5) 
P (pm2) 
n.int/mm

3796t642 2448t295 74l0t578* 4366t68l
15.58t2.48 7-03*0.86* 26.29±1.80 17.20t0.64

MMA-2 (n=5) 
P (pm2) 
n.int/mm

3162±239 2230±275*
12.42tl/78 7.67±0.85

8630±245* 4791*242*
29-53*1.63* 17.27±1.63

MMA-3 (n=5) 
P (pm2) 
n.int/mm

3178*319 28l8±212
13.03*1.76 5-89*0.99

7426±511* 5262±564*
26.98±2.98* I8.l4t2.28

T-l (n=5) 
P (pm2) 
n.int/mm

T-2 (n=5) 
P (pm2) 
n.int/mm

T-3 (n=5) 
P (pm2) 
n.int/mm

3713*399
16.11±2.07

2992*428
13.71*2.34

3987*524
15.21t2.23

3709*304
10.97*1.18

3093*438
12.30±1.23

3900t217
11.33*0.89

10340t480*
30.30*1.54

10000±493*
25.77*2.49

10270t669*
29.07t2 .26*

6493*209*
21.44t3.i9

74l3t308*
25.23t2.86

6442tl56*
25.22t4.42

See text and Fig. 28 for illustration of the above areas, p = mean t 
SEM of CGRP-immunopositive areas over 186624 pm of each region of 
dura mater, n.int/mm = mean t SEM of number of intercepts (positive 
nerve fibres seen as single axons) per mm of tissue. N = control; C 
= capsaicin; G = guanethidine; C+G = capsaicin+guanethidine. See 
text for detail on treatments. * Significant versus control at P<0.05

194



Table XVIII. SP-IR nerve density in dura mater after sympathetic,
sensory or combined denervation

AREA N C G C+G

MMA-lp (pm2) 1918±195 - 9.64±365* -
n.int/mm 5.43*1.09 - 9.63*0.51 -

MMA-2 (n=5)
P (pm2) 1639*141 - 3687*183* -
n.int/mm 5.43*0.45 - 9.65*0.57 -

MMA-3 (n=5)
P (pm2) 1769*122 - 3407*130* -
n.int/mm 5.4l±0.62 - 9.76*0.53* -

T-l (n=5)
P (pm2) 2046*55 - 4l40±120* -
n.int/mm 6.8l±0.46 - 9.91*0.38* -

T-2 (n=5)
P (pm2) 1921±4 - 4159*153* -
n.int/mm 5-73*0.53 - 9.92*0.39* -

T-3 (n=5)
P (pm2) 1910±75 - 4079*311* -
n.int/mm 6.60±0.73 — 9 .83*0 .62* -

See text and Fig. 28 for illustration of the above areas, o = mean ± 
SEM of SP-immunopositive areas over 186624 pm of each region of dura 
mater, n.int/mm; mean ± SEM of number of intercepts (positive nerve 
fibres seen as single axons) per mm of tissue. N = control; C = 
capsaicin; G = guanethidine; C+G = capsaicin+guanethidine.
* Significant compared with control at P<0.05.
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Table XIX. CGRP-IR nerve fibres irides after sympathetic, sensory or
combined denervation

Zone N C G C+G

Z-l (n=5)
P (pm2) 18910±514 17040±576 29890tl901* 28890tl86l
n.int/mm 55.05±1.32 54.97*3.75 100.82i3.63 86.15*3.91*

Z-2 (n=5)
P (pm2) 17890±871 1569011272 275001908* 24670tl050*
n.int/mm 53.00±3.10 54.26i4.19 98.31*6 .21* 73.30H.47*

Z-3 (n=5)
P (um2) 15840±599 129401789 2275012194* 22201774*
n.int/mm 43.51±1. 20 36.9013.87 76.88i5.50* 66.98i3.74*

See text and Fig. 29 for illustration of the above zones, p = mean ± 
SEM of CGRP-immunopositive areas over 186624 pm2 of each region of 
the iris, n.int/mm - mean ± SEM of number of tissue. N = control; C 
= capasaicin; G = guanethidine; C+G = capsaicin + guanethidine. See 
text for detail on treatments. * Significant compared with control 
at P<0.05.
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Table XX. SP-IR nerve fibres in irides after sympathetic, sensory or
combined denervation

Zone N C G C+G

Z-l (n=5)
P (p® ) 124l0±515 11090±433 23690±750* 20050i550*
n.int/mm 39.36±0.63 40.17*0.38 74.28i2 .40* 67.90il.07*

Z-2 (n-5)
P (pm2) 10050±430 10l40±112 2l890i655* 186701540*
n.int/mm 36.24il.04 38.58±0.64 68.3812.ll* 66.5011.30*

Z-3 (n=5)
P (pm2) 9459*373 9121±326 21250i44l* 164701388*
n.int/mm 35.19*0.4 36.10±1.05 66.01il.12* 64.74i0.87*

See text and Fig. 29 for illustration for the above zones, p = mean 
± SEM of CGRP-immunopositive areas over 186624 pm of each region of 
the iris, n.int/mm = mean ± SEM of number of intercepts (positive 
nerve fibres seen as single axons) per mm of tissue. N = control; C 
= capsaicin; G = guanethidine; C+G = capsaicin + guanethidine. See 
text for detail on treatments. * Significant compared with control 
at P<0.05.
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Table XXI. Immunoreactive nerve fibres in anterior cerebral arteries
after sympathetic, sensory or combined denervation

-IR N C G C+G

CGRP-IR (n=5)
p {%) 8.64±0.66 2.20*0.61* 21.09*0.92* 6.33*1.75
n.int/mm l8.70±1.27 6.56*0.54* 32.90±0.27* 6.36*2.22

SP-IR (n=5)
p (%) 7-76*0.5 - 16.44±1.11* -
n.int/mm 17.87*1.57 - 36.96*1.79* -

See text for details on vessels and treatments. p (%) - mean ± SEM
of percentages of immunopositive area for each vessel, n.int/mm = 
mean ± SEM of the number of intercepts (positive nerve fibres seen as 
single axons) per mm of vessel circumference. N = control; C = 
capsaicin; G = guanethidine; C+G = capsaicin + guanethidine. * 
Significant compared with control at P<0.05-
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Table XXII. CGRP-IR neurons in trigeminal and dorsal root ganglia 
Oj-3 after sympathetic, sensory or combined denervation

Ganglion N C G C+G

TG (n=5)
% 31.69*2.15 30.51*2.57 23.10±2.23* 38.54*1.90

Total 198/575 186/567 152/624 203/526

DRG (n=5)
% 39-96*3.11 35-19*4.84 27.77*0.85* 53•02±1.77*

Total 436/1082 307/932 201/718 271/526

TG, trigeminal; DRG, dorsal root Cl-3 ganglia. N = normal; C = 
capsaicin; G = guanethidine; C+G = capsaicin + guanethidine. See 
text for details on pharmacological treatments. % = the mean ± SEM 
of the percentage of immunoreactive neurons counted in 4 sections 
from each ganglion from 5 different animals for each treatment.
Total = the total number of immunopositive neurons/total number of 
neurons counted in 4 sections of 5 different ganglia for each group. 
Statistical analysis was performed with Dunnet's Test for multiple 
comparisons. * Significant compared with control at P<0.05.
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Table XXIII. SP-IR neurons in trigeminal and dorsal root ganglia
O1 -3 after sympathetic, sensory or combined denervation

Ganglion N C G C+G

TG (n=5)
% 19.71*1.87 2 .10±0.58 7.79*0.27* 5.44±0.75*

Total 106/578 13/566 49/619 26/458

DRG (n=5)
% 15.79*2.48 5.45*1.77* 8.47*1.21 4.87*3.39

Total 193/1080 73/936 60/720 107/522

TG, trigeminal; DRG, dorsal root Cl-3 ganglia. N = normal; C = 
capsaicin; G = guanethidine; C+G = capsaicin + guanethidine. See 
text for details on pharmacological treatments. % = the mean±SEM of 
the percentage of immunoreactive neurons counted in 4 sections from 
each ganglion from 5 different animals for each treatment. Total = 
the total number of immunopositive neurons/total number of neurons 
counted in 4 sections of 5 different ganglia for each group. 
Statistical analysis was performed with Dunnetts Test for multiple 
comparisons. * Significant compared with control at P<0.05.
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Table XXIV. Area of irides after sympathetic, sensory or combined 
denervation

(N=5) N C G C+G

2Area (mm ) 46.8613.79 58.69215.99 75.21i4.33* 84.03i7.ll*

See text for detail on treatments. N = control; C = capsaicin; G = 
guanethidine; C+G = capsaicin + guanethidine. * Significant compared 
with control at P<0.05.
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Fig. 28 - Top - Schematic topography of the areas of rat 
dura mater, in which the densities of CGRP- and SP-IR nerve 
fibres were evaluated. MMA = middle meningeal artery: AMA = 
anterior meningeal artery; SS = sagittal sinus. 1 = MMA-1;
2 = MMA-2; 3 = MMA-3; 4 = T-l; 5 = T-2; 6 = T-3.
Redrawn from Andres et al., 19^7•

Fig. 29 - Bottom - Schematic drawing illustrating the rat 
iris with the three areas in which the densities of CGRP- 
and SP-IR nerve fibress were evaluated. CP = ciliary processes. 

1 = Z-l; 2 = Z-2; 3 = Z-3. Redrawn from Cole et al. (1983)*
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Fig. 30 - CGRP-IR nerve fibres in whole-mount stretch 
preparations of rat dura mater, corresponding to the area 
T-l (see text). (a) control rat; (b) capsaicin-treated rat;
(c) guanethidine-treated rat; (d) capsaicin + guanethidine- 
treated rat. Note the increase of CGRP-IR nerves in (c) and
(d). Calibration bar = 50 ym.
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Fig. 31 “ SP-IR nerve fibres in whole-mount stretch 
preparations of rat dura mater. The photomicrographs represent 
the area MMA-2. (a) control rat; (b) capsaicin-treated 
rat; (c) guanethidine-treated rat; (d) capsaicin + 
guanethidine-treated rat. Note the almost complete 
disappearance of SP-IR nerve fibres in capsaicin and capsaicin + 
guanethidine-treated rats. Calibration bar = 50 pm.
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Fig. 32 - Paraffin sections of stellate ganglion of a 
control rat, immunostained for SP-IR (a) and CGRP-IR 
(b). Note the presence of a dense bundle of IR nerve 
fibres in the bottom half of both micrographs (arrowheads) 
and several CGRP-IR axons surrounding unstained neurons in 
(b). Calibration bar = 50 pm.
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Fig* 33 “ Whole-mount stretch preparations of rat anterior 
cerebral arteries immunostained for CGRP-IR. (a) control rat;
(b) capsaicin-treated rat; (c) guanethidine-treated rat;
(d) capsaicin + guanethidine-treated rat. Note the increase 
of CGRP-IR nerve fibres, which appear smooth and curled, after 
long-term guanethidine treatment. Calibration bar = 50 pm.
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Fig. 34 - CGRP-IR nerve fibres in whole-mount stretch 
preparations of the rat iris. Representative photographs 
of the area Z-l (see text), (a) control rat; (b) 
capsaicin treated rat; (c) guanethidine-treated rat;
(d) capsaicin + guanethidine-treated rat. Note the 
increase of CGRP-IR nerve density especially evident in the 
guanethidine-treated rat. Calibration bar = 50 pm.
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Fig* 35 ” SP-IR nerve fibres in whole-mount stretch 
preparations of the rat iris. The area shown is from Z-2 

(see text) (a) control rat; (b) capsaicin-treated rat;
(c) guanethidine-treated rat; (d) capsaicin + guanethidine- 
treated rat. Note the increase of SP-IR nerve fibres in 
((c) and (d). Calibration bar = 50 pm.
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Fig. 36 - CGRP-IR nerve fibres in whole-mount stretch 
preparations of the rat iris. The area shown is from Z-3, 
i.e. the area under the ciliary processes, which were 
removed before staining. (a) control rat; (b) 
capsaicin-treated rat; (c) guanethidine-treated rat; (d) 
capsaicin + guanethidine-treated rat. Calibration bar = 50 pm.
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Fig* 37 ” Montages of representatives sections of C-3 
dorsal root ganglia, stained for CGRP-IR. (a) control rat;
(b) capsaicin-treated rat; (c) guanethidine-treated rat;
(d) capsaicin + guanethidine-treated rat. Note the 

reduction of IR neurons in (b) and (c), the absence of 
large-sized CGRP-IR neurons in (c) and the labelling of 
large bundles of nerve fibres in (c) and (d)
(arrowheads). Calibration bar = 50 pm.
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Fig. 38 ~ Montages of representative areas of rat 
trigeminal ganglion sections, V-l region. (a) and (b) 
sections from a control rat, immunostained for CGRP-IR 
(a) and SP-IR (b). (c) and (d) section from 
a guanethidine-treated rat, immunostained for CGRP-IR
(c) and SP-IR (d) . Note the absence of large 
CGRP-IR neurons in (c), while they are normally present 
in control animals, (e) and (f), sections from a 
guanethidine + capsaicin treated rat. Note the large number 
of CGRP-IR neurons (e) and the few SP-IR (f) neurons. 
Calibration bar = 50 pm.
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Fig. 39 “ Resin-embedded sections of superior cervical 
ganglia from a control rat (a) and a capsaicin + 
guanethidine-treated rat (b). Toluidine blue staining 
shows the degree of neuronal depopulation in sympathetic 
ganglia after capsaicin + guanethidine treatment. 
Calibration bar = 50 pm.
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Fig. 40 - Tracing of typical whole-mount preparations of 
irides from control (a), capsaicin-trated (b), 
guanethidine-treated (c) and capsaicin + guanethidine-treated
(d) rats. Irides have been cut to allow flattening, 
after in situ fixation. Calibration bar 50 ym.
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CHAPTER FIVE
PREGNANCY REDUCES NORADRENALINE BUT NOT NEUROPEPTIDE 

LEVELS IN THE UTERINE ARTERY OF THE GUINEA-PIG
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SUMMARY

Using histochemical, immunohistochemical and biochemical 
techniques, noradrenaline-, neuropeptide Y-, vasoactive intestinal 
polypeptide-, substance P- and calcitonin gene-related peptide- 
containing nerve fibres were studied in the uterine artery of virgin, 
progesterone-treated and pregnant guinea-pigs. Morphological changes 
following hormone treatment or in pregnancy were also evaluated in a 

quantitative study of semithin sections of the uterine artery. In 
late pregnancy, the number of noradrenaline-containing nerve fibres, 
which formed the densest plexus in virgin animals, was significantly 
decreased, a finding supported by a significant reduction in 
noradrenaline levels. This reduction was not mimicked by systemic 
progesterone treatment. In contrast, the innervation of the uterine 
artery by neuropeptide Y-containing nerve fibres was increased in 
pregnancy, while the other peptidergic nerves and peptide levels were 
unchanged after progesterone treatment and in pregnancy. These 
changes led to a predominance of innervation by nuropeptide Y- 
rather than noradrenaline-containing nerve fibres in late pregnancy. 
No morphological changes were detected following progesterone 
treatment, but pregnancy led to a marked increase in the cross- 
sectional area of the vessel accompanied by an increase in the 
thickness of the media.
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INTRODUCTION

It has been reported that noradrenergic nerves disappear from the 

uterus of several animal species during late pregnancy (Sjoberg 1968; 

Owman et al., 1975; Aim et al., 1979a.b; Thorbert et al., 1979)* By 
use of electron microscopy (Sporrong et al., 1981), a pregnancy- 
induced degeneration of uterine noradrenergic nerves has been shown 
to occur in the guinea-pig. A concomitant decrease of neuropeptide Y 
(NPY)- and vasoactive intestinal polypeptide (VIP)-immunoreactive 
nerves and levels has been demonstrated in the uterus of guinea-pigs 

(Fried et al., 1985) and rats (Stjernquist et al., 1985), 
respectively. In addition, pharmacological responses of the uterine 
artery to noradrenaline (NA) are unchanged, while cholinergic 
responses are increased in late pregnancy (Bell, 1968; 1969)- It has 
been reported that transmural nerve stimulation of the uterine artery 
fails to evoke vasomotor responses in pregnancy (Tare et al., 1988). 
Progesterone treatment has also been shown to cause a reduction of NA 

levels in the uterus and uterine artery (Bell and Malcolm, 1978).
Since perivascular nerves in the uterine artery contain various 

neuropeptides, including VIP, NPY, dynorphin and calcitonin gene- 
related peptide (CGRP), as well as the catecholamine-synthesising 

enzyme, dopamine ^-hydroxylase (Morris et al., 1985. 1987; Uddman et 
al., 1986), the expression of neuropeptides as well as NA in the 

uterine artery of the guinea-pig in late pregnancy was investigated. 
In addition, the ability of progesterone treatment to mimic the 
effects of pregnancy was examined. A combination of quantitative 

histochemical, immunohistochemical and neurochemical techniques was

217



used to investigate nerve distribution and neurotransmitter levels in 
the uterine artery from control, pregnant and progesterone-treated 
guinea-pigs.

A quantitative morphological study was also carried out on 

semithin sections and all the results were evaluated in the light of 
the morphological changes that were shown to occur in the uterine 
artery during late pregnancy.
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MATERIALSAND METHODS

The study was carried out in Dunkin-Hartley guinea-pigs. Three 
groups of animals were used :

(1) virgin guinea-pigs (3~5 months of age);
(2) late pregnant guinea-pigs (about 50 days gestation);
(3) guinea-pigs injected with 5 mg progesterone (Paines & Byrne Ltd., 
Greenford, U.K.) i.m. every day, for ^5 days.

The treatment with progesterone was started at the end of the 
oestrus phase (as checked by the presence of leucocytes in vaginal 
smears); the gestation time was estimated from the crown-rump length 
of the fetuses (Draper, 1920). Only bilaterally pregnant animals were 
used in this study.

Animals were killed by cervical dislocation. The right uterine 
artery of each animal was taken for biochemical analysis (immediately 
frozen in liquid nitrogen). The left uterine artery was taken for 
morphological studies (see below).

Immunohistochemical study
Pieces of tissue, 1 cm in length, corresponding to the uterine 

horn, were removed, opened longitudinally and stretched to their 
original length and circumference onto sheets of silicone elastomer 
(Sylgard; BDH Ltd., Poole, U.K.) with micropins.

To localize noradrenergic nerves, vessels were incubated in 2% w/v 

glyoxylic acid as described by Lindvall and BjQrklund, 197*+ > 
followed by counterstain with pontamine sky blue (Cowen et al.,

1935). After drying, vessels were stretched on glass slides to their
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original size, heated at 100 °C for k min, and mounted in liquid 
paraffin.

For immunohistochemistry, whole mount stretch preparations of the 
uterine arteries were fixed in k% paraformaldehyde in phosphate 
buffered saline (PBS) for 1.5 h, dehydrated in 80# ethanol and 
incubated with 0.1# Triton X 100 in PBS, before incubation with the 

specific antisera overnight at room temperature.
All the antisera were polyclonal and raised in rabbits : anti-NPY 

(CRB; Cambridge, U.K.) diluted 1:400; anti-VIP (Peninsula Lab, St. 
Helens, U.K.) diluted 1:1000; anti substance P (CRB, U.K.) diluted 
1:400; anti-CGRP (CRB, U.K.) diluted 1:400. The vessels were then 
washed with PBS and incubated with anti-rabbit IgG conjugated with 
fluoresceine isothiocyanate (FITC) diluted 1:50 for 1 h at room 

temperature. Before mounting, vessels were stained with PSB. The 
preparation were stretched to the original size on glass slides, 
mounted in PBS/glycerol (Citifluor; City University, London, U.K.) 
and observed under a Zeiss photomicroscope equipped with epi- 
illumination.

Measurements

Using an ocular grid and a xl6 Neofluor objective lens, the nerve 

fibres that intersected an ocular grid line along the opened 
circumference of each vessel in three different regions were counted. 
The mean number of nerve fibre intercepts per vessel circumference in 
the uterine artery of the three groups of animals was compared. Nerve 
bundles were also examined with a x40 objective lens in order to 
distinguish single fibres within the bundles.
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Other segments of the uterine arteries were also used : (i) as a 
control for the specificity of the immunostaining, by incubating them 
with the antisera preabsorbed with an excess (10-  ̂M) of the 
appropriate neurotransmitter (all from CRB, U.K.) for 2k h at k °C 
prior to use, and (ii) to study regional differences in the density 
of neurotransmitter-containing nerves along the uterine artery 
corresponding to the uterine horn, in all three groups of animals.

Biochemical studies
Noradrenaline assay Na levels were measured using high performance 
liquid chromatography with electrochemical detection. The length and 
weight of the arteries were measured before extraction. Samples were 
homogenized in 500 pi of 0.1 M perchloric acid containing 0.4 mM 
sodium bisulphite and 12.5 ng of an internal standard, 
dihydroxybenzylamine (DHBA). The extraction procedure, slightly 
modified by the addition of 0.1 mM ethyendiaminotetracetate (EDTA) in 
the solution used for washing, was that of Keller et al., 1976. 
Chromatography was carried out using a mobile phase consisting of
0.1M sodium dihydrogen phosphate, 0.1 mM EDTA, 5 mM heptane 

sulphonate (pH 5*0) containing 10# (v/v) methanol on a y-Bondapack C- 
18 reverse phase column (Moyer and Jiang, 1978). Detection and 

quantification was accomplished with a glassy carbon electrode set at 

a potential of +0.72 V. NA levels were corrected for loss during the 
extraction procedure using the DHBA internal standard. Results were 
expressed as nmol/cm length.

Peptide assay After measuring the length and weight of the arteries,
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samples were placed in 0.5 M acetic acid (1ml) in polypropylene tubes 
in a boiling water bath for 15 min. The samples were homogenized,
centrifuged for 30 min at 3*500 x g and lyophylized. VIP, NPY, SP and
CGRP levels were quantified using an inhibition-linked immunosorbent 
assay (Stjernschantz et al., 1982) as described by Belai et al.,
1985. Results were expressed as fmol of VIP, NPY, SP or CGRP per cm
of artery. Samples from virgin, progesterone-treated and pregnant
animals were extracted and assayed together to counteract any 
interassay variabilities.

Morphological study
Lengths of right uterine arteries (2 cm) were pinned to Sylgard- 

lined dishes and fixed by immersion in 5# glutaraldehyde in 0.1 M 
sodium cacodylate buffer. Using a fine syringe, fixative was also 
passed through the lumen of each vessel. Excess surrounding fat 
deposits were removed and fixation continued for a total of 2 hrs. 
After washing in buffer, the samples were cut into convenient 

lengths, osmicated (1# osmium tetroxide in sodium cacodylate buffer,
1 hr), washed, stained en bloc (1# uranyl acetate, 1 h), dehydrated 
in ethanol and embedded in Spurr resin.

Transverse section (1 pm thick) of the arteries were cut on an LKB 
ultramicrotome, dried and mounted directly in DPX or after staining 

with a methylen-blue/azur ll/basic fuchsin recipe (Humphrey and 

Pittman, 197^)*
Counts of the total number of smooth muscle cell nuclei per cross- 

section were made directly from the stained material and the mean 
tickness of the muscle and connective tissue layer of the artery wall
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was determined from several measurements on each section.
Fron tracings of photomicrographs at x 560 magnification, areas of 

the adventitial and medial layers were determined using a digitizing 

system (Houston Instrument tablet connected to an Apple lie 
computer). As the cross-sectional area of the lumen could not be 
accurately measured, due to contraction of the artery wall to an 
unknown extent, the length of the convoluted internal elastic lamina 
was measured. Cross sectional area of the lumen at maximal dilation 

could then be considered as that of a circle with a perimeter of this 
length (Todd et al., 1933)•

Although the cross-sectional areas of the adventitia and media 
will remain constant with dilation of the vessel (Lee et al., 1933). 
the thickness of these layers will change. To overcome the 
inconsistencies due to contraction of the samples prior fixation, 
thickness measurements were converted to the fully dilated condition.

Statistical analysis
Results were expressed as the mean ± S.E.M. and the three groups 

of data were compared using analysis of variance followed by Dunnet's 
test for multiple comparison with a control (Dunnet, 1964). A level 

of probability of 0.05 or less was considered to be significant.
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RESULTS

Quantitative analysis of the distribution of NA- and peptide- 
containing nerves in the uterine artery of virgin guinea-pigs, 

expressed as a number of nerve fibre intercepts per vessel 
circumference, showed that NA is present in the highest number of 
nerve fibres, followed by NPY-, VIP-, CGRP- and SP-immunoreactive 
(IR) nerve fibres in descending order (Table XXV).

Treatment with progesterone had no effect on any of the 
parameters studied of the perivascular nerves; however, the pregnant 
guinea-pigs had a significant reduction in the number of 
catecholamine-fluorescent nerve fibre intercepts per vessel 
circumference (p<0.01, Table XXV) and a significant increase in the 
numbers of NPY-IR nerve fibre intercepts per vessel circumference 
(p<0.05, Table XXV; Fig. 4l).

No differences were observed in the pattern of innervation by 
VIP- SP- and CGRP-containing nerve fibres in virgin and pregnant 
guinea-pigs (Table XXV, Fig. 42); this resulted in a relative 

predominance of NPY- and VIP-containing nerve fibres in the uterine 
artery in late pregnancy (see Table XXV). Data from the biochemical 
assay for NA showed a marked reduction of NA content in the pregnant 
uterine artery (p<0.01, Fig. 43). The changes in NPY content during 
progesterone treatment and pregnancy were not significant (Fig. 43).

Measurements of the weight per cm of the uterine artery of 
pregnant guinea-pigs showed a significant increase (p<0.001) when 
compared with control and progesterone-treated animals (Fig. 44). 

Results from the morphological studies (Table XXVI, Fig. 45) showed
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that there were no statistically significant changes in the uterine 
arteries of progesterone-treated animals compared with controls, for 
any of the parameters measured. Pregnancy, however, led to marked 
changes. The cross-sectional area of the lumen of arteries during 
pregnancy was increased by nearly three-fold, with the media 
increasing in size to a greater extent than that required simply to 

maintain the same thickness of muscle around the lumen. Although 
there was also a significant increase in the number of smooth muscle 
cells in the media during pregnancy, cell density (expressed as 
number of cells/1000 um ), in fact, decreased considerably (Table 
XXVI).

The surrounding adventitial layer increased substantially in 
cross sectional area during pregnancy, but always remained the same 

thickness (Fig. 45). Comparison of the luminal areas, recalculated 
to simulate the condition of an internal elastic lamina forming a 
perfect circle, showed large differences in late pregnancy. The 
luminal area of uterine arteries during pregnancy increased by 157$.
i.e. 2.5 times greater than controls (Table XXVI, Fig. 46).
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DISCUSSION

The quantitative analysis carried out in this study on guinea- 
pig uterine arteries demonstrated that NA-containing nerve fibres 
formed the densest perivascular plexus, compared with NPY-, VIP-, SP- 
and CGRP-IR nerve fibres. The action of NA in virgin as well as 
pregnant uterine arteries has been studied in detail previously 
(Bell, 1968; Tare et al., 1988).

NPY, which often coexists with dopamine (5-hydroxylase and 
tyrosine hydroxylase in noradrenergic nerves in the uterine artery 

(Morris et al., 1985; 1987). causes a long-lasting vasoconstriction, 
similar to NA, when infused in the isolated uterine artery of virgin 
guinea-pigs (Morris et al., 1985; Morris and Murphy, 1988). However, 
in the uterine artery, NPY-immunoreactivity is also localized in non- 
noradrenergic axons containing the vasodilator neurotransmitter VIP, 
and/or with somatostatin- or dynorphin-immunoreactivity (Morris et 
al., 1985; 1987)• VIP and SP are potent vasodilators of the uterine 
vasculature (Clark et al., 1981; Ottesen and Fahrenkrug, 1981; Gram 
and Ottesen, 1982) and the same function can be attributed to CGRP, 
which is one of the most potent vasodilator neurotransmitters (Girgis 

et al., 1985). SP and CGRP are contained in sensory nerve fibres in 
the uterine artery, since both are depleted by capsaicin treatment 

(Gibbins et al., 1985)*

These data, showing unchanged noradrenergic innervation and NA 
levels in the uterine artery of progesterone-treated animals, 
indicate that systemic treatment with progesterone, unlike the direct 

applicaton of the hormone (Bell and Malcolm, 1978), was unable to
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affect noradrenergic nerves supplying the uterine artery.
Of major interest is the finding of an increase in the number 

of NPY-IR nerve fibres in perivascular uterine axons in late 
pregnancy, despite the decrease of NA levels and noradrenergic nerve 
density. The presence of NPY-immunoreactivity in non-noradrenergic 
axons supplying some vascular beds (Morris et al., 1985; Gibbins and 
Morris, 1988) would explain the lack of a disappearance of NPY- 
immunoreactivity after chemical or surgical sympathectomy in the 

guinea-pig uterine artery and cerebral vessels, respectively. In 
the pregnant uterine artery, it is possible that the expression of 
the potent vasoconstrictor NPY increases in the perivascular nerve 
fibres as a consequence of the reduced availability of NA. Further 
studies are needed to establish whether the production of NPY 
increases in noradrenergic axons, which have decreased levels of NA, 
or whether it occurs in non-noradrenergic nerve fibres, where NPY 
coexists with the vasodilator neurotransmitter VIP (Morris et al.

1985).
Great care was taken in the analysis of nerve density and 

transmitter content to ensure that the changes detected reflect true 
changes in the nerve and do not represent a false impression as a 
consequence of muscle hypertrophy or distention. The influence of 
hypertrophy and distention on biochemical, histochemical and 

immunohistochemical results has been discussed by Lincoln et al., 
1984. There was an increase in the number of smooth muscle cells 

observed in pregnant animals. In contrast, cell density, expressed 
as number of nucleate cells/1000 pm , showed a marked reduction 
during pregnancy.
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These values probably provide a more correct evaluation of the 
increase in the size of smooth muscle cells and lend support to the 
hypothesis that both hyperplasia and hypertrophy may contribute to 

the increase in the cross-sectional area and thickness of the 
muscular layer in uterine arteries in pregnancy. It is for this 
reason that the data for the innervation were expressed per vessel 
circumference rather than per unit surface area, and transmitter 

content was expressed per cm vessel length rather per g wet weight 
tissue.

At this stage it is not possible to determine what effect the 
morphological changes in the muscle during pregnancy could have on 
neuromuscular transmission in the uterine artery. However, the 
findings of the present study provide evidence for a shift in the 
balance of the innervation of the uterine artery from a situation 
where nerves mediating vasoconstriction (NA-containing nerve fibres) 
predominate, to one where peptidergic nerves with multiple functions 
are dominant.
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TABLE XXV. Innervation of the uterine artery in virgin, 
progesterone-treated and pregnant animals expressed as number of 
nerve fibre intercepts per vessel circumference ± S.E.M.

Neurotransmitter Virgin Progesterone- Pregnant
treated

NA 78.27 ± 5.16 (8) 82.60 ± 5.51 (6) 54.58 ± 4.35** (6)
NPY-IR 73.10 ± 2.42 (11) 74.35 ± 7.45 (4) 90.08 ± 6.68 (6)
VIP-IR 68.83 ± 2.60 (11) 70.17 ± 2.17 (5) 65.17 ± 6.47 (6)
CGRP-IR 58.52 ± 2.57 (6) 51.44 ± 3.18 (5) 50.39 ± 2.57 (6)
SP-IR 31.73 ± 1.50 (13) 32.82 ± 1.75 (7) 33.98 ± 2.39 (7)

The number of animals is given in brackets. *p<0.05 virgin versus 
pregnant; **p<0.01 virgin versus pregnant.
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TABLE XXVI. The effect of pregnancy and progesterone treatment on the
morphology of the uterine artery.

Parameter Virgin Progesterone- Pregnant
treated

No. nuclei/
cross-section 88.0 ± 4.2 94.6 ± 4.4 141.7 ± 6 .0**
Cell density/
1,000 jim 3.58 ± 0.39 3.27 ± 0.32 2.03 ± 0 .16**
Media area
xlO"3 pm 25.6 ± 2.7 30.1 ± 3.5 72.0 ± 7.2**
Media thickness
(pm) 19.2 ± I .59 22.4 ± 1.74 30.8 ± 3-48*
Adventitia area
xlO"3 pm2 25.1 ± 1.6 27.8 ± 2.0 46.2 ± 4.9**
Adventitia thickness
(pm) 17.6 ± 1.07 19.6 ± 1.16 20.2 ± 1.93

Lumen area (dilated)
xl0“3 pm2 125.0 ± 8.1 125.9 ± H.7 321.4 ± 27.8**

Results are the mean of five animals for each group ± S.E.M. **p<0.01 virgin 

versus pregnant; *p<0.05 virgin versus pregnant.
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Fig. 41 - Fluorescent micrographs of NA- (A-C) and NPY- 
(D-F) containing nerves in the uterine artery from virgin (A,D), 
progesterone-treated (B,E) and pregnant (C,F) guinea-pigs.
Note the marked decrease of catecholamine fluorescence in 
pregnancy. Calibration bar = 50 pm.
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Fig. ^2 - Fluorescent micrographs of VIP- (A-C), CGRP- 
(D-F) and SP- (G-I) containing nerves in the uterine arteries 
from virgin (A,D,G), progesterone-treated (B,E,H) and pregnant 
(C,F,I) guinea-pigs. Calibration bar = 50 pm.
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Fig. 43 - Histogram of neurotransmitter levels in the 
guinea-pig uterine artery, expressed as fmol (peptides) 
or pmol (NA) per cm of artery, (cross-hatched bars) controls; 
(clear bars) progesterone treated; (spotted bars) pregnant. 
The number of animals used in each group is given under each 
bar and the results given as the mean ± SEM.
*p<0.01 virgin versus pregnant.

Fig. ^  - Weight of the guinea-pig uterine artery per cm 
of vessel, (cross-hatched bar) controls; (clear bar) 
progesterone treated; (spotted bar) pregnant. The number 
of animals for each group is given under each bar and the 
results given as the mean ± SEM.

*p<0.01 virgin versus pregnant.
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Fig. 45 - Transverse sections (1 pm) of the uterine artery 
from virgin (A), progesterone-treated (B) and pregnant (C) 
guinea-pigs, a adventitia; m media; iel internal elastic 
lamina. Calibration bar = 50 pm.





Fig. ^6 - Tracings of typical transverse sections (A,B,C) 
of the uterine artery from virgin (A,D), progesterone- 
treated (B,E) and pregnant (C,F) guinea-pigs, and after 
expanding the internal elastic lamina (iel) to form a 
perfect circle (D,E,F) without changing the areas of 
the media (m) or adventitia (a). Calibration bar = 100 pm.
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CHAPTER SIX 
UPTAKE OF 5-HYDROXYDOPAMINE IN 
GUINEA-PIG UTERINE ARTERIES IN

SENSORY NERVES OF 
LATE PREGNANCY
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SUMMARY

Perivascular nerves of the uterine artery of virgin and late 
pregnant guinea-pigs were examined under the electron microscope 
following loading with 5"hydroxydopamine (5-OHDA), a marker for 
catecholamine uptake. Varicosities, loaded with 5"0HDA labelled 
vesicles, were counted in whole transverse sections of uterine 
arteries. Localization of immunoreactivity for dopamine-^-hydroxylase 
(DBH), neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), 
substance P (SP) and calcitonin gene-related peptide (CGRP) in 5“0HDA 
labelled nerve varicosities was studied with an immunocytochemical 
method at the electron microscopical level. In addition, the 
colocalization of DBH- and SP-immunoreactivity was investigated with 
a double immunostaining technique at the light microscopical level.

The total number of varicosities with 5~0HDA labelled vesicles per 
section in uterine arteries increased in late pregnancy ( 53 * 6.4 
versus 24 ± 2.2 in virgin). In contrast, 5"0HDA labelled nerves were 
very sparse in the uterus of late pregnant guinea-pigs and, when 
present, showed severe signs of degeneration. In arteries 
immunostained for DBH, NPY, VIP, SP and CGRP, immunoreactivity was 
seen within varicose and non-varicose axons. After injection with 5" 
OHDA in virgins, small dense cored vesicles were prevalently found in 

DBH- and NPY-immunoreactive (IR) varicosities, while in late 
pregnancy, 5“0HDA labelled vesicles were clearly seen additionally in 
VIP-, SP- and CGRP-IR axons. Double immunolabelling for DBH- and SP- 
immunoreactivity showed that DBH-immunoreactivity was not present in 
SP-IR axons of the uterine artery, neither of virgin or late pregnant
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guinea-pigs; rather SP-IR largely coexisted with CGRP- 

immunoreactivity.
It is concluded that the reduction of noradrenaline-containing 

nerves and levels previously shown in uterine arteries of late 
pregnant guinea-pigs was not accompanied by a loss of 5“0HDA labelled 
nerves; on the contrary, they were increased. This increase was 
attributed partly to growth of perivascular sympathetic nerves in 
conjunction with vascular hypertrophy and partly to the development 
of the ability of sensory and parasympathetic perivascular nerves 
containing SP/CGRP- and VIP-immunoreactivity, respectively, to take 
up 5“0HDA in late pregnancy. The absence of DBH-immunoreactivity in 
the sensory nerves of the uterine artery in late pregnancy indicates 
that, while they develop the ability to take up noradrenaline, they 
do not synthesize catecholamines. The relevance of these findings in 
pregnancy is discussed.
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INTRODUCTION

Perivascular nerve fibres supplying the guinea-pig uterine artery 
have been divided into at least three groups : one population, which 

presumably correspond to those visualized by formaldehyde-induced 
fluorescence as noradrenaline (NA)-containing (Sjoberg, 1967), shows 
immunoreactivity to dopamine-^-hydroxylase (DBH) and also to 
neuropeptide Y (NPY) (Morris et al., 1985; 1987) and originate from 
short adrenergic neurons in the paracervical ganglia and from cell 
bodies in paravertebral sympathetic ganglia (aorto-renal and inferior 
mesenteric ganglia, Aim and Lundberg, 1988). Another population, 
classified as "non-noradrenergic" and originating from 
parasympathetic paracervical ganglion neurons (Gu et al., 1984; Aim 
and Lundberg, 1988), shows immunoreactivity to vasoactive intestinal 
polypeptide (VIP), dynorphin, NPY and, in a few fibers in some 
preparation, DBH (Morris et al., 1985; 1987)* A third group, which 
are likely to be sensory, shows immunoreactivity to substance P (SP) 
and calcitonin gene-related peptide (CGRP), sensitivity to capsaicin 

treatment (Gibbins et al., 1985; Uddman et al., 1986) and have their 
cell bodies in lumbar dorsal root ganglia (Inyama et al., 1986; Aim 
and Lundberg, 1988).

It has been reported that NA-containing nerves in the guinea-pig 
uterine artery are greatly reduced in late pregnancy (Bell and 
Malcolm, 1978; Tare et al., 1988; Chapter five) in parallel with the 
disappearance of NA-containing nerves in the uterine wall (Sjoberg, 

1968; Owman et al., 1975; Lundberg et al., 1987; 1988). At the 
ultrastructural level, the disappearance of NA-fluorescent nerve
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fibres in the uterus has been associated with degeneration of 5“0HDA 

labelled nerves (Sporrong et al., 19&1; Lundberg et al., 1987). since 
5-0HDA- enhancement of vesicle-density has been widely used as a tool 
to demonstrate catecholamine-uptake ability at the electron 

microscopical level (Tranzer and Thoenen, 1967).
In this study, 5“0HDA labelled nerve varicosities in the uterine 

arteries of virgin and late pregnant guinea-pigs, were quantified; 
the colocalization of the immunoreactivities for the noradrenaline- 
synthesizing enzyme, DBH, and for SP was also investigated.
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MATERIALS AND METHODS

Two groups of Dunkin-Hartley guinea-pigs were used : virgin 
sexually mature females (3~5 months of age) and those in late 
pregnancy (over 50 days of gestation, as estimated from the crown- 
rump lengths of the foetuses, Draper, 1920). The animals were 
injected with 5“0HDA (10 mg/Kg, dissolved in saline containing 0.2% 
ascorbic acid, i.v.) 20 min before perfusion (Tranzer and Thoenen, 

1967). except for a few animals, that were not injected. Animals were 
perfusion-fixed with a modified Zamboni’s fixative (see General 
Methods). Lengths of uterine arteries of about 1 cm, corresponding to 
that part of the artery facing the middle region of the uterine horn, 
and small pieces of uterine wall (in pregnant animals, the uterine 
wall overlaying a foetus) were postfixed in 0s0^ in sodium cacodylate 
buffer (0.1 M , pH 7*4), dehydrated in alcohol, stained "en block" 
with 2% uranyl acetate in J0% alcohol and embedded in Spurr resin.

Quantitative electron microscopy
Ten arteries from 5 virgin and 5 pregnant guinea-pigs were used in 

this study. Three animals of each group had been injected with 5” 
0HDA. The arteries were transversely sectioned and all the nerves (as 
nerve bundles or single axons) within the adventitial layer of the 

vessels were photographed and printed at a final magnification of x
13.000. Areas of sections covered by grid bars were reconstructed 
with the aid of adjacent sections. The number of varicosities (axon 
profiles with more than 10 vesicles) containing mainly small (< 50 

nm) agranular vesicles, small and large (>60-80 nm) 5-0HDA labelled
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vesicles and large dense cored vesicles, that did not take up 5“0HDA, 
were counted. Statistical analysis was performed with the unpaired 
Student’s T test.

Immunocytochemistry

Some segments of uterine arteries (from 5 different animals for 
each group) were immunostained for DBH-, NPY-, VIP-, SP- and CGRP-IR, 
following the pre-embedding immunostaining protocol (described in 
section II of the General Methods). Polyclonal antisera, from 
commercial sources (Cambridge Research Biochemical, Cambridge, U.K. 
for anti-NPY, -SP and -CGRP antisera; Peninsula Laboratories, St. 
Helen, U.K. for anti-VIP antiserum; Eugene Tech., Allendale,
N.J.,U.S.A., for anti-DBH antiserum) were used at a dilution 1 :
1,000. A biotin anti-IgG antiserum followed by streptavidin 
horseradish-peroxidase conjugated complex (Amersham, U.K.) was used 
to reveal the sites of the immunoreaction, at dilutions and 
incubation times recommended by the manufacturers. Immunostaining was 
sometimes followed by silver intensification of diaminobenzidine 
(DAB)-end products (section II, General Methods). Some specificity 
tests were performed, by omitting the first layers, by preincubating 
them with the appropriate antigen, when available, or by replacing it 
with normal rabbit serum. No immunoreactivity was found in these 
samples.

Immunostained segments of uterine arteries were washed in sodium 
cacodylate buffer, postfixed in 5% glutaraldehyde in the same buffer, 
osmicated, dehydrated and embedded as before. Ultrathin, transverse 

sections were cut with a 0M 2 Reichert ultramicrotome, stained with
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uranyl acetate and lead citrate, viewed and photographed with a 
Philips 300 electron microscope.

Double immunostaining
Segments of uterine arteries (of non-perfused virgin and late 

pregnant guinea-pigs) were opened longitudinally, stretched on sheets 
of Sylgard (BDH, Poole, England) and fixed with 4# paraformaldehyde 
in phoshate buffered saline (PBS). After dehydration in 80% ethanol, 
vessels were incubated with anti-DBH or anti-CGRP antisera, both 
raised in rabbit, diluted 1:400 in PBS for 12 h at room temperature.
A goat anti-rabbit IgG, conjugated with tetramethylrhodamine (TRITC; 
Nordic Immunoreagents, Denmark) at a dilution 1:100 was used for 1 h 
at room temperature. After several washes with PBS, arteries were 
incubated with an anti-SP antiserum, raised in rat (Sera Lab, U.K.) 
at a dilution 1:200 for 12 h, followed by a rabbit anti-rat IgG 
conjugated with fluoresceine isothiocyanate (FITC; Nordic 
Immunoreagent, Denmark), as for the other second layer. The segments 
of arteries were then mounted flat on polylysine-coated slides with 
Citifluor (City University, London, U.K.). Observation and 
photography was carried out with a Zeiss photomicroscope equipped 
with epi-illumination and adequate filter setting for alternate 
observation of FITC- (excitation 490 nm, emission 525 nm) and TRITC- 
(excitation 520 nm, emission 590 nm) fluorescence.
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RESULTS

Virgin guinea-pigs
Paravascular nerve bundles of uterine arteries were located in the 

outer adventitia and were ensheathed by connective tissue; up to 50 
axons, almost all unmyelinated, were intermingled with Schwann cells 
and collagen fibrils. The axons in these nerves very rarely contained 
vesicles. Smaller nerves were present in the deeper adventitia, 
lining the external elastic lamina or facing smooth muscle cells. 
These nerves were made up of a few axons, usually bearing vesicles, 
partially ensheathed by the Schwann cell cytoplasm. No nerves were 
seen inside the media.

In nerves from animals not injected with 5“0HDA, the majority of 
vesicles (* 90#) were small (^50 nm) and agranular (fig. 47a and 
table XXVIII). A few varicosities (< 10#) contained a predominance 
of large (>80 nm) dense-cored vesicles (fig. 47c). Nerves containing 
small dense-cored vesicles were very rare in these preparations.
After injection with 5“0HDA, a number of axons ( 24 ± 2.2 per 
section, fig. 47b and table XXVII) within the adventitial bundles, 
contained small and few large dense-cored vesicles. In the uterus, 
small intramuscular bundles of 2-3 axons were common. Some of the 
axons contained a variable number of small dense-cored vesicles, 

although the majority contained small agranular vesicles (not shown).
In arteries immunostained for DBH- or NPY-IR, the peroxidase 

products in varicosities were usually associated with dense-cored 
vesicles, while immunoreactivity for VIP, SP or CGRP was confined to 

axons and varicosities containing predominantly small agranular
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vesicles (fig. 48c). However, immunopositivity for any of the above 
peptides occurred whether vesicles were present or not within the 
axon profile (figs. 48a, b, d; see also fig. 51a)*

Pregnant guinea-pigs
The general appearance of nerves was similar to that in virgin 

animals. After injection with 5"0HDA, a large number of axons (53 * 
6.4 per section; table XXVII) displayed small dense-cored vesicles. 
These axons had a normal ultrastructural appearance (fig. 49a) while, 
in the uterine wall, the very few nerves that were found, and in 
which 5”0HDA labelled vesicles were recognizable, showed signs of 
severe degeneration, in contrast with nerves containing small 
agranular vesicles, that were preserved (fig. 49b).

After immunostaining, positive axons were found in all the 
preparations. There was often more than one positive axon per nerve 
bundle, giving the impression of an increase of immunoreactive axons, 
but no quantitative evaluation was attempted. Nerves were similar to 
those seen in arteries of virgin animals; however, 5"0HDA labelled 
vesicles were not confined to DBH- or NPY-IR nerves only, but were 
consistently found in VIP- (fig. 50b), SP- (fig. 50d) or CGRP-IR 
nerve varicosities (fig. 51b). However, a number of axons, including 
some immunoreactive for NPY (fig. 50a), SP (fig. 50c), DBH, VIP or 
CGRP (not shown) were devoid of vesicles. The presence of some damage 
by DAB-end products and the occurrence of immunoreactivity in non 
varicose axons makes any evaluation on the preferential association 

of type of vesicles with a certain immunoreactivity difficult to 
resolve.
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Colocalization
In double immunostained arteries, no coexistence was found between 

SP- and DBH-immunoreactivity in arteries from either virgin or late 
pregnant guinea-pigs (figs. 52a, b). However, all SP-IR axons also 
exhibited CGRP-immunoreactivity (figs. 52c, d).
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DISCUSSION

By combining morphometry, histochemistry and uptake studies it was 
possible to quantify the number of axons with 5~0HDA labelling and to 
assess the extent to which peptide-immunoreactivity and NA or 
catecholamine-related enzymes (I.E. DBH) coexist in the same axons 
of the uterine artery of virgin and late pregnant guinea-pigs.

It is well established that in the myometrium, the number of axons 
detectable by catecholamine-fluorescence is dramatically reduced in 
late pregnancy (Aim et al., 1979b; Owman, 1983; Bell and Malcolm, 
1988). Ultrastructural studies confirm that this is due to loss by 
degeneration of intramuscular sympathetic nerve fibres (Sporrong et 
al., 1981) and periaxonal Schwann cells (Aim and Lundberg, 1988). 
Proposed mechanisms include: hormonal (progesterone) inhibition of 
catecholamine synthesis (Malcolm, 1986) or a concurrence of 
mechanical (dilation) and hormonal factors (Owman, 1983)•

Similarly, a marked reduction in the number of NA-fluorescent 
nerve fibres was shown in the uterine artery in late pregnancy (Bell 
and Malcolm, 1978; Chapter five). However, in the present 
experiments, no signs of degenerating nerve fibres were found in the 
uterine artery of the late pregnant guinea-pigs, and, in this 
respect, the changes affecting sympathetic nerves during pregnancy 
appear different in the myometrium than in the uterine artery. The 
fall in the number of nerve fibres displaying NA-fluorescence in the 
uterine artery in late pregnancy is not interpreted as an indication 
of nerve fibres loss (as in the case of the myometrium) but of a 

reduction in the amine content of the nerve fibres, so that many of
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these sympathetic nerve fibres become undetectable by histochemistry. 
The conclusion that there is no loss of perivascular sympathetic 

nerves in the artery during pregnancy is consistent with two further 
observations made in the course of these experiments, namely that 
many nerve fibres in the artery of pregnant guinea-pigs remain 
positive for DBH-immunoreactivity and many fibres do take up the 
false transmitter 5“0HDA. Neither of these two latter observations, 
however, is conclusive proof that the sympathetic nerves are 
exclusively involved. In fact: a) DBH, a classical marker of 
sympathetic nerves, is also detected in many non-sympathetic neurons 
(see Mione et al., 1991* for review), including parasympathetic 
paracervical ganglion neurons and their projection to the uterine 
artery in guinea-pigs (Morris and Gibbins, 1987; Morris et al.,
1987); b) 5"0HDA uptake, another classical marker of NA-containing 
nerves, has been found in cholinergic sympathetic neurons, in which 
NA stores and NA-related enzymes have been lost (Landis and Keefe,

1983).
An intriguing observation concerning the uptake of 5“0HDA is that 

the number of axons so labelled is significantly higher in the 
uterine artery of the pregnant guinea-pigs by comparison with the 

virgins (53 * 6.4 versus 24 ± 2.2). Two hypothesis can be put forward 
to explain the increased number of axons taking up 5-0HDA. The first 
one is that there is an increase in the number of sympathetic axons, 
by the branching and/or lengthening of the existing fibres. This 
possibility is in agreement with the observation that the total 
number of perivascular nerve fibres increases significantly in the 

uterine artery in late pregnancy (Mione and Gabella, 1991)* The
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second hypothesis is that perivascular nerve fibres that are not 
sympathetic (i.e. sensory SP/CGRP-IR and parasympathetic VIP-IR 
nerves), which were unable to take up 5"0HDA in normal conditions 
(virgin animals) develop the ability to do so in late pregnancy. This 
ability is due to the presence of a specific, high affinity NA- 
transporter on the plasmamembrane. The NA- (and presumably 5~0HDA) 
transporter of human sympathetic nerves is a membrane-bound protein 

of 617 aminoacids, that has been recently cloned (Pacholczyk et al., 
1991). Northern blot analysis of tissue and cell expression of the 
NA-transporter mRNA with cDNA probes, has shown the presence of two 
different mRNAs, one of which, a 5*8 kilobases (Kb) mRNA, is 
preferentially expressed in noradrenergic neurons of the locus 
coeruleus and in the adrenal gland; the other, a 3*6 Kb mRNA, was 
found in all the other brain areas, that lack, or contain very few 
noradrenergic cell bodies and axons, in addition to locus coeruleus 
neurons and adrenal gland (Pacholczyc et al., 1991)* It is 
hypothesized that an inactive form of the NA-transporter may be 
present on the membrane of non-noradrenergic neurons and glial cells 
(Kimelberg et al., 1983). By analogy with some neurotransmitter 
receptors (i.e. the ^-adrenergic receptor in the rat liver, Schleifer 
et al., 1989; and the muscarinic receptor in the chick heart, Galper 
et al., 1984) and with the nerve growth factor (NGF) receptor 

(Hempstead et al., 1991) that can be present on the cell membranes in 
an inactive form ( defective of the intracellular transducer, i.e. of 
the GTP-proteins for the neurotransmitter receptors - Lumford and 

Talamo, 1983; Halvorson and Nathanson, 1984 - and of the tyrosin 
kinase for the NGF receptor - Hempstead et al., 1991) it can be
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speculated that pregnancy may activate a NA-transporter already 
present in sensory and parasympathetic nerves of the guinea-pig 

uterine artery.
Lastly, the unlikely possibility needs to be considered that 

coexistence of VIP- and SP/CGRP-immunoreactivity with 5-OHDA labelled 
vesicles is expressed in newly grown sympathetic axons that have lost 
their ability to synthesize NA, but gained the ability to synthesize 
VIP and/or SP/CGRP. However, since no DBH-immunoreactivity was found 
in these SP/CGRP-IR axons, the present study suggests that at least 
SP/CGRP-immunoreactivity is confined to non-sympathetic perivascular 
nerves with a sensory origin in virgin (Aim and Lundberg, 1988) as 
well as in late pregnant guinea-pigs; this finding also suggests that 
these are the nerves that acquire the ability to take up 5"0HDA (and 
presumably NA) in late pregnancy, perhaps in addition to some 
parasympathetic axons.

It is likely that these additional stores of NA play a role in the 
vasoconstriction of the uterine artery during parturition. This 

hypothesis is discussed in details in the next Chapter.
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TABLE XXVII. Number of nerve varicosities in the guinea-pig uterine
artery

GROUP 5-0HDA- 
labelled (3)

Agranular (3) 
(non-labelled)

LDC (5)
(non-labelled)

Virgin (5) 24 ± 2 .2 58 ± 3*8 9 ± 2.1

Pregnant (5) 53 ± 6.4* 92 ± 10.3* 20 ± 5 .6*

The number of animals is given in brackets. Three out of five 
animals per group were injected with 5“0HDA and the number of 
varicosities (those containing more than 10 vesicles) with 5“0HDA 
labelling (5"0HDA) and varicosities containing agranular vesicles 
(agranular) was counted in these arteries. In non-injected animals, 
up to 90% of varicosities contained agranular vesicles, while the 
number of varicosities containing large dense-cored vesicles (LDC), 
was similar in 5“0HDA injected and non-injected animals of the same 
group. * p<0.1
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Fig. 47. - Micrographs of representative nerve 
varicosities in the wall of the uterine artery of virgin 
guinea-pigs, (a) two varicosities containing small 
agranular vesicles in a nerve bundle facing a smooth 
muscle cell with the interposed external elastic lamina;
(b) a varicosity containing small and large dense 
cored vesicles, after 5“0HDA loading; (c) three axons 
predominantly filled with large dense cored vesicles. 
Calibration bar : 0.5 pm
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Fig. 48 - Immunoreactive nerves in the wall of the ute
rine artery of virgin guinea-pigs, (a) DBH-IR; (b) SP-IR;
(c) VIP-IR; (d) NPY-IR. In (b) and (d), the
DAB-end products were silver-gold intensified (black particles). 
Note the localization of VIP-IR in a varicosity packed with 
small clear vesicles in (c), a common feature for VIP-IR 
nerves in virgin animals. Calibration bars : 0.5 pm
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Fig. 49 “ Late pregnant guinea pig. (a) uterine 
artery; (b) uterus. Note the presence of varicosities 
filled with either small agranular vesicles or small dense 
cored vesicles in the uterine artery (a), while in the 
uterus (b) a large area of degeneration, likely including 
a varicosity with dense cored vesicles (asterisk) is present. 
The preservation of a varicosity containing clear vesicles 
(arrows) in the same nerve bundle is in striking contrast. 
Calibration bars : 1 pm
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Fig. 50 - Micrographs of immunoreactive axons in
the uterine artery of pregnant guinea pigs, injected
with 5-OHDA. (a) NPY-IR; (b) VIP-IR; (c)
and (d) SP-IR. Dense cored vesicles are present in
VIP- (b) and SP- (d) immunoreactive varicosities
(asterisk). Note that: i. NPY-immunoreactivity in (a),
was associated with a non-varicose axon, as frequently
seen for all neuropeptide immunoreactivities; ii. SP-
immunoreactivity in (c) was also present in a
non-varicose axon, while a neighbouring varicosity
(arrowheads), containing large dense cored vesicles,
was devoid of SP-immunoreactivity. Calibration bars : 0.5 pm
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Fig. 51 “ CGRP-immunoreactive nerves in the
uterine arteries of virgin (a) and late pregnant (b) 
guinea-pigs injected with 5“0HDA. Note the colocalization 
of the immunoreactivity in a varicosity containing mainly 
small dense cored vesicles in late pregnancy (b), while 
this colocalization never occurred in virgin animals. 
Calibration bars : 0.5 ym
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Fig. 52 - Fluorescent micrographs of double stained 
whole mount preparations of uterine arteries of a pregnant 
guinea-pigs, (a-b) and (c-d) represent the same 
microscopic fields. In (a), SP-IR nerve fibres visualized 
with a FITC-conjugated second layer are shown, while in (b), 
a TRITC-conjugated antiserum stained the DBH-IR nerve fibres. 
Note that immunoreactivity for SP (a) and DBH (b) are 
confined to different nerve fibres. In (c) immunoreactivity 
for SP (FITC-conjugated) shows a localization identical to 
CGRP-immunoreactivity (TRITC-conjugated) in (d). Arrowheads 
point to some varicosities containing both immunoreactivities. 
Calibration bar : 50 pm
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CHAPTER SEVEN

UPTAKE OF 3H-NA IN SENSORY AND PARASYMPATHETIC NERVES OF 
GUINEA-PIG UTERINE ARTERIES IN LATE PREGNANCY.
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SUMMARY

Fluorescent noradrenaline (NA)-containing nerves of uterine 
arteries of virgin and late pregnant guinea-pigs were visualized with 
the glyoxylic acid technique following incubation with 10"^ M NA.
The uptake of ^H-noradrenaline (^H-NA, 10“^ M) was measured 

biochemically and localized at the light and electron microscope with 
an autoradiographic technique. This was combined with the 
immunolabelling of dopamine beta hydroxylase (DBH)-, neuropeptide Y 
(NPY)-, vasoactive intestinal polypeptide (VIP)-, substance P (SP)- 
and calcitonin gene-related peptide (CGRP)-immunoreactive nerves for 
visualization with the electron microscope.

Prior to NA loading, the number of NA-containing nerves appeared 
to be reduced in uterine arteries of late pregnant animals. However, 
NA loading increased the number of fluorescent perivascular nerves in 
late pregnant, but not in virgin guinea-pigs. The neuronal uptake 
(cocaine-sensitive) of ^H-NA per cm of artery was significantly 
higher in late pregnant than in virgin animals, as was the high
affinity ^H-NA uptake inhibited by desipramine. Removal of the
endothelium prior to incubation did not affect the significant 

increase in cocaine-sensitive ^H-NA uptake. The biochemical data were 

confirmed with autoradiography, by the presence of a dense and thick

coat of silver granules for ^H-NA within the adventitia and 
adventitial-medial border of arteries of pregnant animals and not 
within the vascular smooth muscle or endothelial cells. The 
ultrastructural study showed silver grains on nerve bundles and 

varicosities. In arteries from virgins, further processed for
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immunocytochemistry, ^H-NA uptake sites were found almost exclusively 
on DBH- and NPY-IR nerves, while, in late pregnancy, a number of VIP- 
, SP- and CGRP-IR nerves also displayed deposition of silver 
granules.

These results suggest that neuronal NA-uptake is not impaired in 
uterine arteries of late pregnant guinea-pig, but rather is 
increased, and that NA can be taken up into parasympathetic and 
sensory nerves containing VIP-, SP- and CGRP-IR, which is not 
observed in virgins.
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INTRODUCTION

Pregnancy-related changes of noradrenergic mechanisms in the 

guinea-pig uterine artery have been described extensively in 
pharmacological and morphological studies. It has been shown that 
there is a reduction of fluorescent, NA-containing perivascular 
nerves (Bell and Malcolm, 1978; Chapter five, this thesis) and that 
transmural nerve stimulation is less efficient in evoking excitatory 
responses (Tare et al., 1988). Reduced sensitivity of smooth muscle 
cells to NA has been ruled out by Fallgreen et al., 1988, who showed 
that pharmacological responses to exogenous applied NA are increased 
in late pregnancy.

It is still a matter for debate whether the reduction of NA- 
containing nerves and NA levels in the uterine artery in late 
pregnancy is due to degeneration of nerves, as in the uterus 
(Sporrong et al., 1981) or to reduced levels of detectable NA. 
Therefore, in the present study, the effect of pregnancy on the 
uptake of NA into perivascular nerves of the uterine artery was 

investigated. An incubation with 10”^ M NA was carried out before 
fluorescence histochemistry with the glyoxylic acid technique and 
uptake of ^H-NA was measured in the presence and absence of cocaine 
and desipramine (blockers of neuronal uptake and the high affinity 
NA-uptake mechanism, respectively). In addition, autoradiography at 

the light and electron microscopical level was used to localize the 
sites of ^H-NA uptake; this was combined with immunocytochemistry for 

DBH-, NPY-, VIP-, SP- and CGRP-IR to investigate the localization of 

^H-NA uptake sites within specific subpopulations of nerves.
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MATERIALS AND METHODS

Animals
12 virgin (3-̂  months of age) and 11 bilateraly pregnant (in the last 
10 days of pregnancy, as estimated from the number and crown-rump 
length of the foetuses) Dunkin-Hartley guinea-pigs were used. Animals 
were killed by anaesthetic (pentobarbital) overdose, the left uterine 
artery was rapidly dissected out from surrounding fat and processed 
for the study of ^H-NA uptake as described below.

Na-fluorescence
The right uterine arteries were cut in segments of approximately 1 

cm and alternatively incubated in oxigenated Krebs solution, 
containing or not, 10’  ̂M NA hydrochloride (Sigma), 1 mg # pargilin 
(Sigma) and 0.1# ascorbic acid, for 20 min at 37 °C, before being 
processed with the glyoxylic acid fluorescence technique (Lindvall 
and Bjbrklund, 197*0* as whole mount stretch preparations (Chapter 
five).

^H-NA uptake
Uterine arteries were kept in a modified Krebs’ solution, bubbled 

with 95# 02* 5# CO2 . The composition of Krebs' was as follows 
(millimolar): NaCl:122.0; KC1:5.2; CaCl2:2.4; MgS0^:1.2; NaHC03:25.6; 
K2HP0i|:1.2; disodium EDTA (ethylendiaminotetracetato):0.03; 
glucose:11.0; ascorbic acid: 0.1; pargyline (monoaminoxidase 
inhibitor):0.1, according to Fukuda et al., 1986. The uptake
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inhibitors cocaine and desipramine were made in Krebs' solution at a 
concentration 10 pM and 0.2 pM and used to distinguish whether uptake 
was neuronal or non-neuronal.

Segments of uterine arteries (approximately 1 cm long) were 
preincubated for 30 min in Krebs' solution, in the presence and 
absence of inhibitors (at room temperature). The segments of arteries 

were then transferred to 2.97 ml of fresh Krebs' solution, again with 
and without inhibitors at 37 °0 and uptake was initiated by the 
addition of 30 pi of ^H-NA (specific activity 36Ci/mmol, Amersham 
International, U.K.) to give a final concentration of 10 nM. This 
concentration was chosen as it was in the range for the high affinity 
neuronal uptake system. Incubation was carried out at 37 °C in Krebs' 
solution for 5 min, after which the arterial segments were washed 
three times in Krebs' solution, blotted dry and their weights and 
lengths measured. The arteries were solubilized in 0.5 ml Optisolv 
(LKB, Scintillation products) overnight, 5 ml Optiphase 'MP' (LKB, 
Scintillation Products) were added and the radioactivity was measured 
on a Beckman L 7500 Liquid Scintillation Counter equipped for 

automatic quench calibration. Uptake was calculated for the 5 min 
incubation period. Cocaine- and desipramine-sensitive uptake was 

calculated as the difference between the uptake in the presence and 
in the absence of the inhibitors measured in the same arteries.
Since it has been reported that the endothelial cells may possess a 
high affinity Na uptake system which is sensitive to cocaine (Rorie 

and Tyce, 1985), in a second series of experiments (carried out in 6 

virgin and 5 pregnant guinea pigs) the endothelium was removed prior 
to performing the ^h-NA uptake measurements as described above.
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Histological examination of portion of arteries confirmed the removal 

of the endothelium.
All results were expressed per cm length, statistical analysis was 

carried out with the unpaired student T test.

Autoradiography
For the autoradiographic analysis, segments of arteries incubated 

as above were immediately fixed in 5# glutaraldehyde in 0.1 M sodium 
cacodylate buffer or in the modified Zamboni fixative for 
immunocytochemistry. Anti-DBH (Eugene Tech, Allendale, N.Y., U.S.A.), 
anti-NPY, anti-VIP, anti-SP or anti-CGRP (Cambridge Res Biochemical, 
U.K.) antisera, diluted 1:600, were used, following a standardized 
protocol. In some arteries, the diaminobenzidine (DAB)-end products 
were silver intensified (Chapter three, this thesis) in order to 
allow a easier visualization of the immunoreactivity. This procedure 
did not cause any false positivity in the development of silver 
granules as seen by the absence of autoradiographic granules in 
segments of uterine arteries, that had been subjected to 
immunostaining, followed by silver intensification, but not incubated 

with ^H-NA.

After staining, the arteries were osmicated, dehydrated and 
embedded in Spurr resin. Semithin section were collected on acid- 

washed glass slides, while rows of ultrathin sections were 
transferred on formvar coated slides and dried in a dust-free 
atmosphere, at room temperature. The slides were dipped in a diluted 
L4 Ilford nuclear Emulsion (Ilford,Ltd,U.K.) and withdrawn manually so 

to obtain a final emulsion layer of 3**5 pm for semi thin sections and
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a deep-purple coloured layer (<140 nm) for ultrathin sections. The 

slides were incubated at 4 °C for approximately k weeks, developed 
with Kodak D-19 and fixed with 25% sodium thiosulphate. After 
recovering of ultrathin sections onto uncoated grids, these were 
stained with 1% uranyl acetate in J0% alcohol and viewed with a 

Philips 300 electron microscope.
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RESULTS

Catecholamine-fluorescence
Following incubation in Krebs solution, arteries from virgin 

animals had a denser NA-fluorescent nerve plexus than those from late 
pregnant guinea-pigs (fig. 53&* c). After NA-loading, the number of 
NA-fluorescent nerves in arteries of late pregnant animals increased 
remarkably, but not in those from virgin animals, so that the density 
of NA-fluorescent nerves in the two groups of arteries became very 

similar (fig. 53b, d).

^H-NA uptake
Total ^H-NA uptake in the absence of inhibitors was significantly 

greater (p<0 .01) in uterine arteries of pregnant animals ( 0.71 ±
0.06 x 10"13 moles/cm, n=6) compared with those of virgin controls ( 
0.49 ± 0.02 x 10"13 moles/cm, n=7). Under the conditions used, 

approximately 75# of the ^H-NA taken up by uterine arteries of both 
virgin and late pregnant guinea pigs was inhibited by preincubation 
with cocaine or desipramine. Cocaine-sensitive uptake (i.e. the 
difference in uptake in the presence and absence of cocaine) was used 
to indicate neuronal uptake, whereas desipramine-sensitive uptake 

represents the uptake via the specific high affinity NA uptake 
mechanism of sympathetic nerves. The results have been given in 

Figure 5^* Both cocaine- and desipramine-sensitive uptake, which were 
very similar, were significantly increased in uterine arteries of 
pregnant guinea-pigs compared with those of virgin animals.
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In the second series of experiments, where the endothelium of the 
uterine arteries was removed prior to incubation with ^H-NA, a 

similar result was obtained (Fig. 55)* Cocaine-sensitive uptake was 

significantly increased in pregnant arteries. In contrast, neither 
cocaine-resistant nor desipramine-resistant ^H-NA uptake was 
significantly altered in pregnancy, being approximately 25% of the 
total ^H-NA uptake in all samples.

Autoradiography
Semithin sections of uterine arteries displayed ^H-NA uptake sites 

almost exclusively on the adventitia and adventitial-medial border ( 
Fig. 56). Levels of grains in endothelium and smooth muscle cells 
were similar to background, while autoradiography of uterine arteries 
incubated with ^H-NA in presence of cocaine displayed very few grains 
(Fig. 56d), thus indicating that, under the incubation conditions 
used, ^H-NA was almost exclusively taken up by the high affinity 
neuronal uptake system. Comparison between arteries from virgin (Figs 

56a,b) and late pregnant animals (Figs. 56e,f) showed always a 
thicker and denser coat of autoradiographic granules on the 
adventitia of pregnant arteries.

At the electron microscopic level, silver granules were found in 
close proximity to, or just over nerves and varicosities (Fig. 57)* 
Periadventitial nerve bundles had granules less frequently than 
intradventitial nerves. In late pregnancy, a common feature was the 
presence of a greater number of granules per positive axons (Figs 

57b, d). In control arteries, silver granules were found almost 
exclusively on DBH- and NPY-IR varicosities (Figs 58a, c), while VIP-
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, SP- and CGRP-IR nerves were usually devoid of autoradiographic 
granules (Fig. 5&e). In contrast, in pregnant arteries, a number of 
VIP-, SP- and CGRP-IR nerves and varicosities, in addition to DBH- 
and NPY-IR nerves, had taken up ^H-NA (Fig. 58b, d, f). A large 
variability and unpredictability of the immunostaining occurred, so 

that no quantitative analysis was attempted.
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DISCUSSION

Pregnancy has often been considered to cause sympathetic 
denervation of the uterine arteries (Bell and Malcolm, 1978; Tare et 
al., 1988; Lundberg et al., 1987)* In Chapter five a decrese of NA- 
levels and NA-fluorescent nerves in late pregnancy was shown. In the 
search of possible causes for the reduction of NA-levels, the 
integrity of NA uptake mechanisms was investigated by measuring the 
uptake of ^H-NA and localizing it with high resolution 
autoradiography. I found that ^H-NA uptake mechanisms are not 
impaired, like it has been shown to occur in the uterus (Aim et al., 
1979a) and, instead, that perivascular nerves take up more %-NA in 
late pregnancy. This suggests that a more likely explanation for the 
reduction of detectable NA-containing fibres in late pregnancy is 
reduced synthesis (or storage) of NA. Supersensitivity of uterine 
artery in late pregnancy to NA (Fallgren et al., 1988) is consistent 
with this explanation. An increased density of NA-fluorescent nerves 

in arteries of late pregnant guinea-pigs after "in vitro" loading 

with NA was also found. One possible interpretation for the increase 
of 3H -NA and NA uptake in late pregnancy is an increase of the number 
of sympathetic perivascular nerves equipped with an uptake system for 
NA; another is the increase of the affinity for NA of sympathetic 
perivascular nerves; a third possibility is that non-sympathetic 
nerves can take up NA in late pregnancy. In support of the first 
hypothesis, an increase of perivascular nerves in the uterine artery 
of late pregnant guinea pigs has been found (Mione and Gabella,

1991); moreover, the visualization of ^h -NA uptake sites in VIP-, SP-
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and CGRP-IR nerves in late pregnancy suggests the development of a 
specific uptake system for NA in both parasympathetic and sensory 
nerves in keeping with the third hypothesis. The possibility of an 
increase of the affinity for NA of sympathetic perivascular nerves in 
late pregnancy has not been investigated; however, all three 
mechanisms may operate in these conditions.

This study is the first to show NA uptake sites on 
parasympathetic (VIP-IR) and sensory (SP/CGRP-IR) perivascular 
nerves. Neuronal noradrenaline uptake "in vivo" has been reported 
only in sympathetic nerves (Iversen, 1967). and the autoradiographic 
localization of ^H-NA has been often used as a definitive tool for 
the demonstration of noradrenergic nerves at the ultrastructural 
level (Graham et al., 1968). However, there are examples "in 
culture" or in embryonic transplants, of parasympathetic (Coulombe 
and Bronner-Fraser, 1986) and sensory (Jonakait et al., 1984; 1985) 
neurons, that transiently exhibit amine-uptake ability and synthesize 
catecholamines, when exposed to appropriate stimuli (like hormones).

The suggestion that in late pregnancy, NA can be taken up in 

parasympathetic and sensory nerves must be confronted with evidence 
that : 1) SP- and VIP-IR has been demonstrated in some prevertebral 

sympathetic neurons (Kessler et al., 1981; Wright and Luebke, 1989); 

2) prevertebral sympathetic ganglia (i.e the aorto-renal ganglion, 
the inferior mesenteric ganglion and the coeliac-superior mesenteric 
ganglion) have been found to project to the uterus in guinea pigs 
(Aim and Lundberg, 1988); however, no SP-or CGRP-IR neurons were seen 
in these ganglia by the same authors; 3) fibres containing NA and 
some peptides project to the uterus from the paracervical ganglia
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(Marshall, 1970; Gu et al., 1984; Aim and Lundberg, 1988). 
Furthermore, there are atypical combinations of transmitter 
substances coexisting in some axons to the uterine artery (Morris et 

al., 1985; 1987) and uterine nerves are known to be sensitive to 
hormones (Owman and Sjoberg, 1977; Thorbert et al., 1978).

Changes in the expression of neurotransmitters and, above all, the 
reduction of NA levels, have been related with the maintenance of 
vasodilation in the uterine artery during pregnancy, in order to 

ensure adequate blood supply to the foetuses (Chapter five). However, 
vasoconstriction is likely to be needed suddenly, during and after 
partum. The increase of the uptake sites for NA, together with the 
supersensitivity of smooth muscle cells to NA in late pregnancy 
(Fallgreen et al., 1988), could represent the key mechanism to ensure 
NA-mediated vasoconstriction when needed, since NA could be released 
from parasympathetic and sensory nerves, as well as sympathetic. A 
simple mechanism has been shown for the rat mesenteric vascular bed, 
where serotonin taken up into noradrenergic nerves, acts as a 
reinforcing cotransmitter with NA (Kawasaki and Takasaki, 1984).
In summary, this study suggests that the increase of ^H-NA uptake 

found in late pregnancy is due to development of an uptake system for 
NA in nerves that were previously devoid of this mechanism, in 

addition to the growth of new nerves. The possibility that part of 
the ingrowing nerves has a sympathetic origin and shows 

immunoreactivity for the above peptides in late pregnancy, while 
loosing the ability to produce NA, cannot be ruled out, but seems 
unlikely.
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F i 53 “ Whole mount stretch preparations of adjacent 
segments of uterine arteries of virgin (a,b) and late 
pregnant (c,d) guinea pigs* (b) and (d) were 
incubated in Krebs solution containing 10”  ̂M NA and 
1 mg/100 ml pargilin, before being processed with the 
glyoxylic acid technique. Calibration bar : 50 pm
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Fig. 5^ - Top - Histogram showing the neuronal uptake 

of ^H-NA in uterine arteries from 6 virgin (clear bars) 
and 5 pregnant (cross-hatched bars) guinea-pigs. The 
uptake was calculated using 10”® M ^h -NA. The neuronal 
uptake blockers, cocaine (10 yM) and desimipramine (0.2 yM) 

were added to the incubation medium, as described in the 
text. The results given are the mean ± S.E.M. * p< 0.05

Fig. 55 -Bottom - Histogram of cocaine-sensitive ^H-NA 
uptake in uterine arteries of 6 virgin (clear bars) and 
5 pregnant (cross-hatched bars) guinea-pigs, after removal 

of the endothelium, that has been described to possess a 
cocaine-sensitive uptake system for NA, similar to 
sympathetic nerves. The results are the mean ± S.E.M.

* p<0.05
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Fig. 56 - Bright and dark fields microphotographs of 
the same sections of uterine arteries of virgin (a, b, 
and c, d) and pregnant (e, f) guinea-pigs. The vessels 
were incubated with 10”^ M ^H-NA, in the absence 
(a,bte,f) or in the presence (c,d) of 10 pM cocaine, 
(arrowheads) indicate the luminal border.
Calibration bar = 10 pm
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Fig* 57 “ High resolution autoradiography of ^H-NA 
uptake sites in perivascular uterine nerves from virgin 
(a, c) and late pregnant (b, d) guinea-pigs. A 
greater number of silver grains is present over some 
axons in arteries of pregnant animals (b, d). Silver 
grains are associated with clear vesicle-containing 
varicosities in arteries of both virgin and pregnant 
guinea-pigs (b, c) , as well as with nerve varicosities 
containing large dense cored vesicles (d).

Calibration bar = 0.5 um
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Fig. 58 - High resolution autoradiography of ^H-NA 
uptake sites in nerve fibres of uterine arteries of virgin 
(a, c, e) and late pregnant (b, d, f) guinea-pigs.
Segments of arteries were processed also for the 
immunocytochemical detection of DBH-IR (a), CGRP-IR (b), 
NPY-IR (c), SP-IR (d) and VIP-IR (e,f).
Autoradiographic grains are seen over immunoreactive 
nerves. Note in (e), two VIP-IR axons of an artery 
of a virgin guinea-pig both lack ^H-NA uptake sites, 
in contrast to (f), where silver grains are associated 
with a VIP-IR axon of a late pregnant animal.
Calibration bars = 0.25 pm.
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SECTION IV : 
GENERAL DISCUSSION.
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The aim of this thesis was to detect changes in the expression of 
neurotransmitters, their related enzymes and uptake systems in 
perivascular nerves and nerve cell bodies in response to altered 
levels of other neurotransmitters or the disappearance of 

subpopulations of nerve fibres.

In this section, some selected questions arising from these studies 

are discussed under the following headings :

1) Are there common features in the trophic response of perivascular 
nerves to the decrease or disappearance of sympathetic nerves?

2) What are the causes and mechanisms regulating neurotransmitter 
plasticity and how can they account for the changes detected in this 
study?

3) Is immunocytochemistry a suitable technique to detect plasticity of 
neurotransmitter expression in perivascular nerves?

4) Which future directions in the study of plasticity of perivascular 
nerves may be fruitful?
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1 - COMMON FEATURES OF TROPHIC RESPONSES OF DIFFERENT VESSELS AND 

ANIMAL MODELS TO LOSS OF SYMPATHETIC NERVES

A common finding, stressed by these studies, is the invariable 
activation of perivascular parasympathetic and sensory fibres, in 
response to the disappearance or reduction of sympathetic 
perivascular nerves. This activation leads to qualitative changes in 
the expression of neuropeptides and sprouting of parasympathetic 
and/or sensory perivascular nerves. Examples are: a) the reduction of 
sympathetic cerebrovascular nerves in aged rats (probably sustained 
by a decrease of the number of sympathetic neurons, Baker and Santer, 
1988 ), that was accompanied by a detectable increase of the number 
of VIP- and CGRP-IR, vasodilatory nerves (Chapter one); b) the 
disappearance of sympathetic nerves, following long-term 
sympathectomy with guanethidine, which caused an increase of the 
expression of NPY immunoreactivity in parasympathetic neurons arising 
from the pterygopalatine ganglia (Chapter two and three) and 
sprouting of sensory CGRP-/SP-IR nerves (Chapter four). In addition, 

the reduction of NA-synthesis in sympathetic perivascular uterine 

nerves in late pregnancy, which led to the expression of a specific 

uptake system for NA and related amines in perivascular sensory and 
parasympathetic nerve fibres (Chapters six and seven).

A simple speculation about these observations is that there is a 
fixed number of recognignition's sites for neuro-muscular contacts in 
a given tissue and that there is competition among nerve fibres with 

different phenotypes for occupation of these sites. Indeed, the
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development of the autonomic nervous system, as studied by several 
researchers (Malmfors et al., 1971; Burnstock, 197^t and see Rohrer 
et al., 1991* for review) provides many examples of competition for 
the target : it is the establishment of contacts that guarantee the 
survival of a neuron (Oppenheim, 1981) through the retrograde flow of 

NGF (Hendry et al., 1974a; Hendry, 1977b; Claude et al., 1982; 
Richardson and Riopelle, 1984) and vascular nerve fibres are not an 
exception (Burnstock, 1981). From the same studies, it also became 
clear that sympathetic nerves are, for some intrinsic or extrinsic 
properties, favoured in innervating many target organs either 
because fewer contacts are "allowed” to parasympathetic and sensory 
nerves or because growth factor(s) produced by the targets favour 
"attraction" of sympathetic nerves.

An increase of nerve fibres immunoreactive for NPY, VIP, CGRP and SP 
in cranial targets in old rats or after long-term sympathectomy, took 
place in conjunction with the decrease or disappearance of NA- 
containing nerves. This proliferation of non-sympathetic perivascular 

nerves could be either due to new axons (through branching of 
preexisting nerves or projections of neurons previously committed to 
other targets) or reflects the detectability of the neurotransmitter 
along axons that were previously non-immunoreactive (i.e. because of 
a low level of the peptide).

In long-term sympathectomized rats (Chapters two and three), there is 
an increase in the number of cell bodies expressing NPY-IR in 

parasympathetic pterygopalatine ganglia in parallel with the increase 
of parasympathetic cerebrovascular nerve fibres immunoreactive for 
NPY. Both cell bodies and nerve fibres seem to correspond to
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preexisting VIP-IR cell bodies and nerve fibres (this study and 
Gibbins and Morris, 1988), Concerning the expression of NPY-IR in 

parasympathetic nerves after long-term sympathectomy, it seemed 

unlikely that there was recruitment of cell bodies of the 
pterygopalatine ganglion projecting to other targets. It seems more 
likely that there was expression of the neuropeptide in previously 
non-immunoreactive cell bodies with consequent detectability in the 
axons. Increased levels of NPY in the target were achieved by simply 
turning on the production of the neuropeptide in a subpolpulation of 

neurons already projecting to the same target; the newly instaured 
coexistence of two neurotransmitters with different (contrasting) 
actions on vascular tone apparently not being an obstacle to this 
economic repair to the loss of sympathetic NPY-IR axons (see also 
below for NPY/VIP coexistence). Recently, an increase of DBH-IR in 
cranial parasympathetic neurons following long-term sympathectomy 
with 6-OHDA, similar to the increase of NPY after guanethidine 
treatment, has also been shown (Mione et al., 1991), thus indicating 
the activation of several genes in pterygopalatine ganglion neurons.

The expression of CGRP/SP immunoreactivity in perivascular nerves 

also increases in aged and sympathectomized rats. The mechanisms 
underlying this increase are not known. However, in contrast with 
NPY-IR parasympathetic neurons, nerve cell bodies expressing CGRP/SP- 

immunoreactivity in trigeminal and dorsal root ganglia of long-term 
sympathectomized rats are decreased in number, with the few 

immunoreactive neurons belonging to a homogenous population of small 
cells.
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A possible interpretation is that branching and sprouting of axons 
together with an increase of number of varicosities require higher 
production of neurotransmitters and faster transport, with resultant 
lower detectability or shorter permanence of the IRs at the level of 

the cell bodies. Alternatively, the production of immunoreactive 
neurotransmitters (for example, following cleavage from a non- 
immunoreactive precursor) no longer takes place in the cell bodies. 
The use of blockers of the axonal transport could help solve this 
question.

Following such a hypothesis of a faster neurotransmitter transport, 
the increase of IR cell bodies seen after combined denervation with 
capsaicin and guanethidine, could be interpreted with a block by 
capsaicin of axonal transport of neurotransmitters. Indeed, capsaicin 
has been shown to interfere with the retrograde transport of NGF 
(Miller et al., 1982), but I am unable to establish if capsaicin + 
guanethidine treatment increases the number of CGRP-IR neurons by 
slowing down the axonal transport of the neurotransmitter.
In the study by Aberdeen and collegues (1990), the level and density 
of CGRP-IR nerves increased in several targets (including the SCG, 
similarly to the findings of this study). This confirms that sensory 

neurons of long-term sympathectomized rats undergo axonal growth, and 
synthesis of several structural and functional proteins and cellular 
reorganization, besides an increased amount of neurotransmitter to 
fill the varicosities.

In the uterine artery of late pregnant guinea pigs, there is a 
reduction of NA-levels and an enhancement of cholinergic mechanisms 

(Bell, 1968; 1969). It is not known whether the level of the
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sympathetic cotransmitter ATP is also reduced in these circumstances. 
Levels of other neuropeptides per cm of artery do not change 
significantly, similarly to immunoreactive nerves detected with light 
microscopy immunocytochemistry. However, uterine arteries undergo 

dramatic increase in size, and a remarkable increase in the number of 

perivascular nerves (Mione and Gabella, 1991). Interestingly, the 
number of VIP- and NPY-IR axons per nerve bundle (that is not 
evaluable at the light microscope) is increased in late pregnancy ( 
observation reported in Chapter six), while the number of IR-nerve 
bundles (visible at the light microscope) is not significantly 
changed. In late pregnancy, there was also a remarkable increase of 
the number of varicosities taking up 5“0HDA, some of them with 
immunoreactivity for SP, CGRP or VIP.
Thus, high resolution immunocytochemistry showed that in the uterine 
artery of late pregnant guinea pigs, the reduction of NA levels in 
combination with the increase in size of the artery induced axonal 
sprouting and branching, in a similar manner to that seen previously 

in cerebral vessels. Both VIP- and NPY-IR are expressed in 

paracervical ganglion neurons, projecting to the uterine arteries 

(Morris and Gibbins, 1987). In a recent study (Mitchell and Stauber, 
1990), an apparent small decrease in number of NPY- and VIP-IR 
neurons in paracervical ganglia of late pregnant guinea pigs, has 
been mentioned.

Therefore, it appears that reduction of sympathetic perivascular 

nerves of both rat cerebral arteries and guinea pig uterine arteries, 
is accompanied by an increase of the expression of neuropeptides in 

parasympathetic and/or sensory nerves, regardless of the cause,
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degree of NA reduction or age of the animals.

The second common feature in all models, was the maintenance of NPY- 

IR nerve density. These fibres, especially in the vasculature, are 
commonly considered as sympathetic, being NPY, together with ATP, the 
most frequent cotransmitter in sympathetic nerves (O'Donohue et al.,

1985). Its role is mainly the neuromodulation (postjunctional 
enhancement and/or prejunctional inhibition) of noradrenergic 
vasoconstriction (see Introduction), but in some vessels, it has been 
shown to exert a potent direct vasoconstrictor action (Franco- 
Cereceda et al., 1985). It was expected to follow the fate of NA, and 
to decrease or disappear in conjunction with sympathetic nerves. 
Instead, when reduction of sympathetic neurons occurred (ageing) , 

the density of NPY-IR nerves in cerebral arteries was unchanged 
(Chapter one); when sympathectomy was achieved by long-term 
guanethidine treatment, its expression was taken over by 
parasympathetic neurons (Chapter two and three); when NA level 
decreased in intact nerves of late pregnant uterine arteries, NPY 

level and NPY-IR axons increased (Chapters five and six).
The ubiquity of this neurotransmitter (including component of the 

enteric nervous system and intrinsic ganglia of the heart, bladder, 
lung), the persistence of its expression in both lines of sympathetic 

and parasympathetic neurons (Leblanc et al., 1987t this study), the 
early expression (embryonic day 16, in the rat, Larhammar et al., 

1987) and the maintenance of constant levels throughout development, 
aging (Chapter one) and pathological conditions, lead to the 

hypothesis that it has some unknown and necessary roles, awaiting
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further study. In the cerebral cortex and in the striatum, NPY-IR 

neurons correspond to a well defined class of projecting neurons 
(Vincent et al., 1983), with the unique property to be resistant to 
various injuries, like hypoxia or excitotoxic damage (Beal et al.,
1986) , and are selectively preserved in Huntington’s disease 

(Ferrante et al., 1985). Those NPY-IR neurons also exhibit nitric 
oxide synthase activity, as recently shown by Hope and collegues 

(1991) through the characterization of NADPH-diaphorase activity 
typical of these cells. It would be interesting to know if NPY-IR
neurons of the ANS share the same features with those in the CNS. In
the ANS, coexistence between NPY and VIP is found with increasing 
frequency (see Introduction), although the two peptides seem always 
to exert contrasting effects to the targets 
(vasodilation/vasoconstriction in the vasculature; 
stimulation/inhibition of secretion in the salivary glands, see 
Introduction). Also in the rat brain, where the two neuropeptides
coexist in a subpopulation of cortical neurons, they have opposite
effects on the synthesis of cAMP (Westlind-Danielsson et al., 1987). 
with VIP activating adenylate cyclase and NPY inhibiting it. However, 
the inhibition exerted by NPY, through Y1 receptors, , became 

measurable only when the enzyme was activated (e.g. by VIP, Bartfai 

et al., 1988). Thus the two coexisting and coreleased 
neurotransmitters express both the ”on” and "off’ signals for cAMP 
synthesis, producing a sharp, time-defined increase of cAMP. It would 
be interesting to study if a similar interaction is present in 
vascular smooth muscle, where VIP is also known to induce cAMP 
synthesis (see Introduction). Alternatively, the answer for the
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preservation of NPY in different situation may be found in some 

properties of its gene, rather than in its role. Studies carried out 
in cultures of SCG neurons have shown that NPY and NA synthesis are 
differently regulated, so that when changes of the culture medium 
induce the switching from a noradrenergic to a cholinergic production 
(Iacovitti et al., 1982; Kessler, 1985b), the synthesis of NPY is 
unchanged (Marek and Mains, 1989). Recently, a differential 
regulation of NPY and TH/DBH synthesis in noradrenergic neurons in 
vivo, has also been shown (Schalling et al., 1991)* The NPY gene has 
been sequenced in three species (rat, man, pig) and it shows few 
substitutions (Larhammar et al., 1987); its sequence is compatibile 
with that of a precursor, containing also a COOH terminus which is 
known to be costored and coreleased with NPY, named CPON, that has 
signal sequence for cytoplasmic sorting and processing (Minth et al.,
1984). However, in the structure or in the localization of the NPY 
gene, there are no indications that could suggest reasons for its 
ubiquity and preservation. The question is still open.

In conclusion, in different vessels and experimental conditions, two 

common points have been highlighted by this study : 1) the invariable 
activation of parasympathetic and sensory perivascular nerves, 

following reduction or disappearance of sympathetic nerves; 2) the 

maintainance of NPY-IR nerve density, in spite of the reduction or 
disappearance of sympathetic nerves.
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2 - MECHANISMS, CAUSES AND SIGNIFICANCE OF NEUROTRANSMITTER 
PLASTICITY

This study has stressed the wide occurrence of neurotransmitter 

plasticity in perivascular neurons of adult animals in vivo. We are 
now beginning to understand the mechanisms that regulate the 
expression of neurotransmitter genes, while the signals triggering 
these mechanisms are still poorly understood.

In this section the molecular basis for plasticity of 
neurotransmitter expression will be reviewed and applied to the 
findings reported in the present study.

2.1. Intracellular mechanisms regulating the expression of 
neurotransmitter genes

It is clear that all the neurons carry the genes for all the 
neuropeptides and for the enzymes that synthetize the classical low 
molecular weight neurotransmitters. Some of these gene are silenced 
in certain subpopulations of neurons. Silencing of genes, that are 
"inappropriate" to a given differentiated neuron, is obtained with an 
"active" control mechanism; this results in a neurotransmitter(s) 
choice, that is neither pre-committed nor stable, but is continously 
influenced by environmental conditions.

How is the expression of neurotransmitter genes regulated 
intracellularly ?

Similarly to many types of eukaryotic cells, neurons use signal
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transduction pathways which are common to membrane receptors and 
involve proteine phosphorylation. Signals received at the cell 

surface are transduced through G-protein coupled receptors to 
regulate the production of a second messenger, such as cAMP and 
diacylglycerol. These second messengers activate protein kinases, 
which in turn phosphorylate a regulative protein (regulator or trans
acting factor) that binds to a specific region of DNA and regulates 
transcription. The discovery that the products of many oncogenes are, 
in reality, regulative proteins (see Adamson, 1987 for review) and 
the continuous characterization of new regulators, allow a better 
understanding of their mechanism of action.
Some of these regulative proteins have been shown to be able to cause 
a complete phenotypic conversion, as for the regulator MyoD, which 
was shown to activate several muscular silenced genes in fibroblasts 
and other cell lines, converting them in myoblasts, stably and 

inheritably (Davis et al., 1987).
Some of the general properties of regulative proteins highlight 

their mechanism of action. For example, it is known that many of 

them, including the signal transducer c-jun (Angel et al., 1988) and 

the helix-loop-helix family of MyoD (Thayer et al., 1989) can 
regulate their own transcription. In this way, autoregulation 
provides stability and limits the number of regulative proteins 

required. Moreover, it is known that many regulators exist in the 
form of families, with overlapping functions, that can activate each 

others' expression (Olson, 1990). A second general property is that 
regulators act in combination (like in the case of heterodimers of 

jun(s) and c-fos to form leucine zippers, Landschulz et al., 1989)
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which ensures a greater specificity of action and a finer control of 
their activation.

Neurotransmitter genes, similarly to many other genes transcribed 
by Pol II, contain sequences that regulate their own transcription. 

These elements include a promoter, located 25-30 base pairs upstream 
from the transcriptional starting point, other regulatory elements, 
and the enhancer, which may be located in any position or orientation 
within the transcriptional element (Dyman and Tjian, 1985; Maniatis 
et al., 1987). Promoters usually consist of AT-rich segments (the 
TATA box, Breathnach and Chambon, 1981). The regulative elements are 
usually part of the promoter and include fixed sequences, as the CAAT 
box and the GC box (McKnight and Tjian, 1986) for bindind a number of 
regulative factors. Enhancers too, may provide a binding site for 
regulatory proteins, through a sequence of 8-10 base pairs, located 
within 150 base upstream of the coding region. This region have been 
considered as confering cAMP responsiveness to the gene, until the 
discovery of trans-acting factors, the majority of which needs 
phosphorylation, often mediated by protein kinase A (cAMP-dependent), 

to bind to the enhancer sequence. Such sequences have been identified 
for a number of neurotransmitter genes : rat somatostatin (Montminy 

et al., 1986); human proenkephalin (Comb et al., 1986); rat tyrosine 

hydroxylase (Lewis et al., 1987); human VIP (Tsukada et al., 1987) 
inter alia. In many case, also the regulative protein (or the 

constellation of proteins) and their active and inactive forms have 
been determined : at least for somatostatin, proenkephalin and VIP 
genes, they include the heterodimers jun(s)/c-fos. The ability of c- 
jun to stimulate its own transcription (Angel et al., 1988) and the

289



participation of c-fos in the regulative function provide several 
potential mechanisms for amplifying and terminating signals from cell 
surface receptors. The initial step is the phosphorylation of pre
existing jun(s) (or changes in the association with c-fos) by protein 

kinase C (Lee et al., 1987; Angel et al., 1987) Activated jun(s) may 
then induce expression of the c-jun gene with self-sustained increase 

of transcription, while the association of c-jun and c-fos can also 
down-regulate c-fos gene expression (Schontal et al., 1988; Sassone- 
Corsi et al., 1988) thus terminating the signal transduced by the two 
associated regulators.

Studies to demonstrate the involvement of regulators (such c-fos 
and c-jun) during the activation of neurotransmitter genes are now 
continously emerging.

2.2 Extracellular mechanisms activating/silencing gene expression

Neuronal gene expression can be modulated by membrane electrical 

activity, neurotransmitters, neurotrophic factors, hormones and many 
other mechanisms, and it is likely to play an important role both in 

the development and adaptative plasticity of the nervous system. Gene 
regulation is responsible for neuronal sprouting, synaptic density, 
expression of neurotransmitters, receptors and ion channels.

i. Membrane electrical activity.

The ability of membrane depolarization of regulating the 

expression of neurotransmitters was suggested by Kessler et al.,
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1981, who showed that membrane depolarization through presynaptic 
nerve activity in vivo, and through veratridine treatment in vitro, 
downregulated the expression of SP-IR in neurons of rat SCG. However, 
it was known since earlier studies (reviewed by Costa et al., 197*0 
that electrical stimulation caused an increase of TH activity in 
adrenal gland and SCG. The delayed, long-lasting portion of increased 
activity of the enzyme was shown to be due to an increase of mRNA 
levels, thus probably to increased expression (Faucon Biguet et al., 
1989). Recently, short, peroperative electrical stimulation of human 
sympathetic ganglia has shown to induce the increase of the mRNAs for 
TH, DBH and NPY (Schalling et al., 1989)♦ while it is known since 
1986 that activation of somatic or visceral nociceptive sensory 
afferents by thermal, chemical, mechanical or electrical stimuli 
increase the expression of proenkephalin, prodynorphin and 
protachikinin A (reviewed by Narajo et al., 1991) in the external 
and mediodorsolateral layers of the dorsal horn. The mechanisms 
involved in the regulation of gene expression through membrane 
depolarization are attributed to the opening of voltage-sensitive 
Ca++ channels (Greenberg et al., 1986; Morgan and Curran, 1986; Sheng 
et al., 1988). Ca++, acting as a second messenger, induces a 

Ca/calmodulin regulating kinase to phosphorylate a trans-acting 

factor, that, for being also a substrate of cAMP-sensitive, protein 
kinase A, has been named CREB (cAMP responsive element binder, 
Gonzales and Montminy, 1989)• Phosphorylated CREBs form homodimers 
via a leucin-zipper domain (Dwarki et al., 1990) and bind the 
consensus elements (CRE) in a number of neurotransmitter genes, 

including somatostatin (Montminy et al., 1986), VIP (Tsukada et al.,
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1987). proenkephalin (Comb et al., 1986) and in immediate early genes 
(Christy et al., 1988; Changelion et al., 1989)• It is of interest to 
note firstly that two different second messenger patways (the 
Ca/calmodulin kinase and the cAMP/phosphokinase A) converge on the 
same trans-acting factor, suggesting a dual control (by membrane 
depolarization and cAMP-related receptor activation) of the same 
elements in a number of genes, and secondly, that both systems also 
activate the expression of immediate early genes (including c-fos, 
nur/77, zip/268) with consequent amplification and specialization of 
the response.

In addition, K+ depolarization, as well as the occupation by the 
agonist of many neurotransmitter receptors, are known to stimulate 
phosphatidylinositol turnover (Audigier et al., 1988), another second 
messenger pathway utilizing phosphokinase C to activate a different 
set of trans-acting factors (see following section).

ii. Neurotransmitters.
Several neurotransmitters are known to activate gene expression or 

enzyme activities in neurons through specific receptors and/or 
membrane depolarization. Thus, Ach and VIP, released by preganglionic 
nerves following different patterns of stimulation, are shown to 

increase TH activity in SCG neurons (Ip and Zigmond, 1984; Ip et al.,

1985) and target organs (Schwarzschild and Zigmond, 1989); VIP also 
regulates mitoses, differentiation and survival of sympathetic 
neuroblasts (Pincus et al., 1990). The blockage of opioid receptors 
in neuronal cultures regulates both TH and ChAT activities 
(Varnadakis and Kentroti, 1990), while stimulation of beta-adrenergic
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receptors, induces NGF gene expression in glial cells (Schwarz and 
Mishler, 1990; Furukawa and Furukawa, 1990). Studies on the effects 
of neurotransmitters on gene expression are in their infancy, but it 
is easy to speculate that a neverending list of effects will be 
uncovered soon. This convincement is based on : a) the large number 
of studies on the effects of removing presynaptic inputs (e.g. 
presynaptic neurotransmitters) on structural (Purves and Hume, 1981, 
Hadley, 1990) and functional (Smith et al., 1987 and for changes in 
neurotransmitter expression, Landis et al., 1987; Landis, 1991) 
properties of neurons; 2) the coupling of neurotransmitter receptors 
to second messenger pathways, that have been shown to link 
extracellular signals to the regulation of gene expresssion; 3) the 
wide demonstration of the ability of neurotransmitters to regulate 
not only their own synthesis and uptake, but also the synthesis, 
uptake, receptors and degrading mechanisms for different 
neurotransmitters in the same or in other neurons. The molecular 
basis for mechanisms like ”autoregulationM and "neuromodulation" will 

be soon uncovered and possibly attributed to specific intracellular 
signals, including protein phosphorylation, immediate early gene 
expression and long-term transcription of new genes.

An interesting aspect of the regulation of gene expression by 

neurotransmitters is that exerted by agonists on receptors and 

membrane tranporters. Recent studies have highlighted some 
peculiarities of the interaction between neurotransmitters and their 

receptors. One of these concerns the down regulation of receptor 
expression by the agonist (both at transcriptional and post- 
transcriptional levels, see Hadcock and Malbon, 1991). a feature
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common to different classes of receptors. Another aspect is the 
expression of "immature" receptors in target organs, preceedind the 
arrival of nerve fibres. These receptors are irresponsive to the 
agonist, but rapidly acquire sensitivity, including the ability to 
mediate the intracellular effects, with the establishement of the 
innervation of the organ (Large et al., 1985; Schleifer et al., 1989; 
Feng et al., 1989). It is speculated that the development of 
sensitivity of these receptors (beta-adrenergic receptors in the 
liver, Schlefer et al., 1989. and parotid gland, Lunford and Talamo, 
1983; muscarinic receptors in the heart, Galper et al., 1984; Feng et 
al., 1989) is correlated with the appearance of a G-protein, 
functionally related to the mature receptor (see Grant and Landis, 
1991. for review). Its synthesis and/or incorporation in the receptor 
already present in the plasma membrane could probably be stimulated 
by the availability of the agonist, released by the nerve fibres, or 
by other unknown factors.

iii. Trophic factors.
Enviromental conditions are known to influence neurotransmitter 

choice : factors produced by target organs or by non-neuronal 
elements are able not only to support growth and differentiation of 

neuronal cells, but also to influence their phenotype. Earlier 
studies were carried out in cultures (see Patterson, 1978, for 
review), but elegant experiments have been conducted in vivo, for 

instance those by Landis and collegues (reviewed in Landis, 1991) on 

the innervation of sweat glands. Some of the best characterized 

trophic factors are listed below.

294



NGF - The recent discovery of the high affinity NGF receptor as a 
membrane complex including the proto-oncogene tyrosin kinase (a 
trans-acting factor, Hempstead et al., 1991) led to the initial 
understanding of the intracellular mechanisms of action of NGF. At 
least three different trophic factors, with over 50% homologies in 
their primary structures, are known : nerve growth factor (NGF); 
brain derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) 
(Leibrock et al., 1989; Maisonpierre et al., 1991)* These protein are 
regarded as members of a gene family, and bind with different 
affinities to the NGF receptor (Rodriguez-Tebar et al., 1990; Ernfors 
et al., 1990), but the requirements of developing neurons, the 
developmental regulation and the sites of synthesis for these three 

factors are quite distinct (Maisonpierre et al., 1991)*
The roles of NGF as a neurotrophic factor, promoting survival, 

differentiation and growth of sympathetic neurons, subpopulations of 
sensory neurons and cholinergic neurons of the basal forebrain (Buck 

et al., 1987) are well documented (Levi-Montalcini, 1987; Rohrer,
1991 for review). On the rat pheochromocytoma cell line, PC-12, NGF 
induces neuronal tranformation (reviewed in Greene and Tischler,
1982) and expression of several genes (induction of : pre-pro-NPY 
expression, Sabol and Higuchi, 1990; increase of dynamin levels, 

Schaife and Margolis, 1990; specific recognition sites for 5“HT3 

agonists, Gordon et al., 1990). Both c-fos and c-myc are activated in 
PC-12 cells after NGF treatment (Greenberg et al., 1985; Bartel et 
al., 1989). thus indicating that the expression of these immediate 
early genes mediates some of the responses to NGF.
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On neuronal cells, NGF has been shown to : stimulate TH activity in 

embryonic neuroblasts of the gut, Kessler et al., 1979; increase SP-, 
CCK- and VIP-IR in primary neurons of newborn rats, Otten and Lorez, 
1982; prevent the loss of SP-IR in dorsal root ganglia of capsaicin- 
treated guinea pigs, Miller et al., 1982, and in axotomized rat 
sensory neurons, Wong and Oblinger, 1991; induce target 
hyperinnervation, Kessler, 1985a; Hill et al., 1988; Saffran et al., 

1989; Isaacson et al., 1990; increase the transcription of mRNAs for 
SP- and CGRP-precursors in rat dorsal root ganglion neurons, Lindsay 
and Harmar, 1989; stabilize mRNA transcripts for TH, Raynaud et al., 
1988; upregulate the expression of NGF receptors in both sensory 
neurons, Wyatt et al., 1990; and sympathetic neurons, Miller et al., 

1991.

Cholinergic differentiating factors - Using cultured peripheral 
neurons, a number of instructive factors, have been identified and 
characterized. These include : a) ciliary neurotrophic factor (CNF, 
Adler et al., 1979; Lin et al., 1989). originally identified for its 
ability to support ciliary neurons in culture, has been found to 

induce ChAT-, and decrease TH-activity in cultured rat sympathetic 
neurons (Saadat et al., 1989) and to cause VIP-expression in chick 

sympathetic neurons (Ernsberg et al., 1989)- It is found in extract 
of CNS and various target organs (Saadat et al., 1989); b) heart cell 
conditioned medium (HCCM), which induces the expression of several 
neuropeptides (SP, SOM, VIP, CCK, ENK and ChAT in cultured 

sympathetic neurons (Nawa and Sah, 1990). At least three factors with 
different specificity are present in it (Nawa and Patterson, 1990).
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One of them appear to be identical to a hemopojetic differentiating 
factor, the leukemia inhibitory factor (Gering et al., 1987) and to 
increase c-fos and jun B transcript in sympathetic neurons (Yamamori 
et al., 1990); c) membrane-associate neurotransmitter stimulating 
factor (MANSF), that has been solubilized and partially purified from 

rat spinal cord as a 29 KD membrane protein (Wong and Kessler, 1987; 
Adler et al., 1989). MANSF causes reduction of TH activity, and 
increase of SP, ChAT and SOM expression in cultured sympathetic 
neurons.

Target-derived factors - The most throughly studied and partially 
characterized is the sweat gland-derived cholinergic factor from 
developing rats (Rao and Landis, 1990), inducing ChAT-activity and 
VIP-IR and reducing TH-activity and NPY-IR in cultured sympathetic 
neurons, mimicking the shift from catecholaminergic to cholinergic 
phenotype that occurs in vivo.
A choroid-layer derived 10 KD factor, that stimulate SOM expression 
in cultured ciliary ganglion neurons has been recently described 
(Coulombe and Nishi, 1991)* Other target derived factors are 

considered to be responsible for : the change of SP-IR expression in 
sensory nerves resulting from cross-innervation of inappropriate 

tissue (MaMahon and Gibson, 1986); the increase of TH-IR in petrosal 
ganglion neurons after ligature of the carotid sinus nerve (Katz and 
Black, 1986); the differential expression of CGRP mRNA in axotomized 
motor and sensory neurons during regeneration (Dumoulin et al.,

1991)•
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iv. Hormones
Glucocorticoids are known to stimulate the transcription of TH- 

gene in PC-12 cells (Lewis et al., 1987). However, the consensus 
sequence responsive to glucocorticoid activation has not been 
identified. In previous studies (McLennan et al., 1980), 
glucocorticoids were seen influencing neurotransmitter choice (NA) in 

cultured sympathetic neurons.
In the uterus of pregnant guinea pigs, progesterone is considered 

to inhibit TH-activity, by comparison with the effects of an 
implanted wax pellet slowly releasing progesterone in the uterus or 
other tissue of virgin animals, that causes a reduction of TH- 
activity similar to that seen in the pregnant uterus (Malcolm, 1986).

Recently, the mechanism of action of some hormones and vitamins 
has been elucidated by the discovery of the supergene family of 
steroid receptors, that works at the nuclear level (see Hadcock and 
Malbon, 1991. for review). This family includes receptors for sex 
steroids, glucocorticoids, thyroid hormones and retinoic acid.
Steroid receptors, bound to their agonists, act as trans-acting 
factors, enhancing or repressing gene transcription by binding 
specific hormone-sensitive DNA-sequences. Interestingly, the complex 

steroid receptor/agonist, in the form of a homodimer, usually replace 
another trans-acting factor stably bound to the hormone-sensitive DNA 
sequence (probably with an opposite effect on gene expression), that 

belongs to the family of heat-shock proteins (see Hadcock and Malbon, 

1991. for review).
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v ♦ Immunoregulators
In addition to the homology between one of the HCCM factors with 

LIF (see above), some immunomodulators (i.e. the cytokines, 

glycoproteins stimulating immune responses) showed an interesting 

relation with SP (Reusch et al., 1988; Kimball, 1990). Cytokines have 
been shown to modulate SP levels under inflammatory conditions 

(O’Birne et al., 1990) and to increase the level of SP expression in 
dissociated cultures of rat SCG (Freidin and Kessler, 1991)*
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2.3 How the mechanisms and causes described above apply to the 

findings of this study

Several lines of evidence seem to indicate that the changes of 
neurotransmitter levels detected in the course of this study are due 
to modification of the expression of neurotransmitter genes. However, 
post-transcriptional and post-translational mechanisms are also able 

to influence both quality and quantity of the immunoreactive 
neuropeptides. Dysfunctions occuring during production and packaging 

of neuropeptides (see Russell, 1987* Andrews et al., 1987; Sossin et 
al., 1989. for excellent reviews) can alter their immunoreactivity, 
hence their detectability with immunocytochemical methods. In the 
case of the disappearance of a neurotransmitter from perivascular 
nerves, once both death or degeneration of cell bodies and decrease 
of gene expression are ruled out, an explanation could be that of a 
rapid relocation of the immunoreactive neuropetide from soma to axons 
followed by fast and continous release (see the effects of reserpine 
on NPY-IR in sympathetic nerves, Lundberg et al.,1985; 1986;
Schalling et al., 1991)* A similar mechanism has been suggested to 
explain the reduced detectability of enkephalin-IR in SCG neurons and 
nerve fibres in the submandibulary gland of 8 week-old rats, despite 
no detectable reduction of the expression of mRNA for pre-pro
enkephalin and levels of ENK-IR similar to 3 week-old rats were 
obtained using colchicine to block axonal transport (Watanabe et al., 
1991)* In the present study, the reduction of SP- and CGRP- 
immunoreactive neurons in sensory ganglia, that follows 

sympathectomy induced by guanethidine treatment and is accompanied by
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an increase of the density of sensory fibres in target organs 

(Chapter four), has been interpreted as due to the same mechanism.

In all the other experiments of the present work, either the 
appearance and/or the increase of neuropeptide-IR was described. To 
explain these findings in terms of post-traslational modifications, 

the presence of stores of non-immunoreactive precursors for the 
neuropeptides, should be hypothesized, with the sudden activation of 
post-traslational mechanisms leading to the production of IR- 
peptides, as a response to experimental conditions, which seems 
unlikely. The type of the neurotransmitter can be determined during 
the transcription, for alternate DNA splicing, providing that the 
peptide products originate from the same gene (see pre-protachikynin 
A and B gene, Nawa et al., 1983; 1984; VIP and PHI/PHM, Itoh et al 
1983; Bodner et al., 1985). whereas this study deals with the 
expression of peptides encoded by different genes (see NPY/VIP in 
Chapter three; SP/CGRP in Chapter four). The stability of the mRNAs 
could, however be modified post-trascriptionally, leading to an 
increase of its product (see TH expression by NGF, Raynaud et al., 

1988).
Either upregulation of gene expression or post-traslational 

modification of the cocaine-sensitive noradrenaline transporter may 

be responsible for its incorporation into the plasma membrane of 

sensory nerve fibres in uterine artery of late pregnant guinea pigs 

(Chapters six and seven). In fact, very little is known about this 

protein, the gene encoding for which has been recently sequenced and 

cloned, leading to the production and correct incorporation of an 

active transporter transfected in HeLa cells (Pacholczyk et al.,
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1991)• It appears to belong to a class of Na+/amino acid transporters, 
that includes the GABA transporter (Guastella et al., 1990; Nelson et 

al., 1990), and shows numerous amino acid homologies, including the 
domain related with the Na+/Cl- pump used to accumulate 
neurotrasmitter molecules against their gradient. Other possible 

member of this family include the transporter for glutamate and 

dopamine (Blakely et al., 1991)* The cloned cocaine-sensitive 
NA/transporter also showed a strong ability to accumulate 6-0HDA, 
thus suggesting that 5"0HDA loaded vesicles, described in Chapter 
six, also represent sites of NA-uptake.
However, the transporters responsible for intravescicular 
accumulation of amino acid transmitters are different to those 
associated with the plasma membrane (De Camilli and Jahn, 1990; 

Sternbach et al., 1990). Carriers for NA, dopamine, glutamate, GABA 
etc. have been characterized as belonging to the class of vacuolar 
proton-pumps, the V-ATPase (see Stone et al., 1989. for review), 
active transporters generating proton gradients in separate cellular 
compartments by ATP hydrolysis (Maycox et al., 1990). Thus, the 

uptake of ^H-NA and 5"0HDA occuring in sensory nerves in late 

pregnancy, implies the activation of at least two different 
mechanisms. Although there is no experimental evidence to exclude the 
new expression of the two (or more) genes encoding for these 

transporters in sensory neurons, this event should be integrated by 
the transport of the newly synthesized proteins along the axon and by 
their incorporation in the plasma and vescicular membranes. 
Alternatively, inactive transporters for NA could be present in the 
plasma and/or vescicular membranes of all nerves and acquire the
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ability to take up NA and related compound through an unknown 

mechanism, perhaps by binding an energy-generating subunit to the 

complex (for analogy with the incorporation of G-proteins to inactive 

receptors, see Grant and Landis, 1991)* Both the increase of sex 

hormones and decrease of NA concentration in the uterine artery of 

late pregnant guinea pigs could represent competent signals for gene 

expression and/or "integration” of an activating factor.

The age-related changes of subpopulations of nerve fibres in rat 
cerebral vessels reported in Chapter one, are also attributable to 
changes in expression of neurotransmitter and synthetic enzyme genes. 
Rules governing the developmental regulation of gene expression are 
likely to play a role also in age-related changes. Firstly, the 
modifications of the target requirements during aging : both the 
mechanics and structural composition of cerebral arterioles have been 
found greatly altered in old rats (Hajdu et al., 1990), while 
responses of cerebral blood flow to electrical sympathetic 
stimulation are well maintained in aged rats (Hervonen et al., 1990). 
Thus, a reduced elasticity and distensibility (due also to a 
reduction of smooth muscle cell mass) of cerebral vessels, induce an 
impairment of vasoconstrictor mechanisms (reduced availability of NA 
and 5-HT, Chapter one) in order to protect the brain and the arteries 

themselves, against the mechanical difficulty in evoking and 
sustaining vasodilation after contraction. In addition, the increase 

of vasodilatory neurotransmitters (Chapter one), may reflect the 
necessity to potentiate neurogenic vasodilation. An important finding 

is that of Suhonen et al., 1991. who showed that sympathetic neurons 
from both young and old rats exhibited a similar ability to survive,
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synthetize cathecholamines and innervate the host tissue, when 
allotransplanted into the submandibular gland of young rats. Thus both 
morphological and functional age-related alterations of sympathetic 
neurons "in situ" (Hervonen et al., 1978; Santer et al., 1980) are 
overcome by the substitution of their "aged" target with a younger 

one!
Studies on gene expression for neurotransmitters and their related 

enzymes during aging have not yet been carried out in the ANS.
However, it has been reported that long-term potentiation is reduced 
in the SCG of old rats (Wu et al., 1991). indicating an impairment of 
responses mediated by gene expression (Goelet et al., 1986).

In the CNS, several intraneuronal second messenger pathways have 
been found impaired in aged animals (see Magnoni et al., 1991); these 
changes have been held responsible for the reduction of receptor 
responsiveness, of neurotransmitter expression, of synaptic 
plasticity and memory.
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3. IS PEPTIDE IMMUNOCYTOCHEMISTRY A SUITABLE TECHNIQUE TO DETECT 
PLASTICITY OF PERIVASCULAR NERVES?

The availaibility of techniques derived from molecular biology, 
has greatly enlarged the field of investigation for anatomists. In 

particular, "in situ" hybridization techniques have allowed the 
visualization of signals of nucletide sequences encoding for known 
proteins and peptides (see Penschow et al., 1987. for review) in 
neuronal cell bodies. Recent studies on neuropeptide expression 
frequently compare the results obtained with both "in situ" 
hybridization and immunocytochemistry. Almost invariably, when a 
long-lasting change of expression of a neurotransmitter was found, 
this was detectable by both techniques ( Noguchi et al., 1989; 
Faucon-Biguet et al., 1989; Henken et al., 1990; Baetge et al., 1990; 
Watanabe et al., 1991; Schalling et al., 1991; Wong and Oblinger, 
1991)* Usually the change(s) detected by immunocytochemistry were 
preceeded by a similar alteration of the signals generated by the 
hybridized nucleotides, with an interval of about 2b hrs (Noguchi et 

al., 1989; Schalling et al., 1991; Watanabe et al., 1991). compatible 
with protein synthesis and posttraslational cleavage, apart for a 
report (Henken et al., 1990) where the results obained with 
immunocytochemistry (number of SP-IR neurons in DRG after sciatic 
nerve transection) matched those obtained with "in situ" 
hybridization for pre-protachikinin A mRNA after two weeks. All these 

studies are relevant to neuropeptide expression in cell bodies, while 

"in situ" hybridization is unsuitable to study neuronal processes 

(axon and dendrites) where only the synthetized and carried
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neuropeptide can be detected. Similarly, the immunocytochemistry of 
trans-acting factors has to be confined to cell bodies, for the 
immediate nuclear migration of these factors (see Johnson and 

McKnight, 1989t for review).
Thus, immunocytochemistry will continue as a suitable technique to 

study qualitative changes of neurotransmitters in perivasculr 
nerves, while the increase or decrease of neurotransmitter expression 
within a fixed number of fibres, needs to be confirmed by biochemical 
studies and modifications of the number of nerve fibres expressing a 
certain neurotransmitter have to be assessed by quantitative 
analysis, possibly using high resolution light or electron 
microscopy.
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4. FUTURE DIRECTIONS

Evidence of neurotransmitter plasticity in perivascular nerves 
brings about a major question about the components mediating these 

events. In some cases (cerebral vessels in aged rats and uterine 
arteries in pregnant guinea pigs) morphological changes of the target 
(either the whole vessel or the single smooth muscle cell) were 

reported (Hajdu et al., 1990* Moll et al., 1971; Mione and Gabella, 
1991)* However, in both sympathetic and sensory denervated cerebral 
vessels, no major alterations of the size and structure of the 
targets were noted (Chapters two, three and four), although an in 
depth examination of the different components of the vessel wall was 
not carried out. Other authors (Dimitriadou et al., 1988) have 
reported some changes in smooth muscle cells of sympathetically 
denervated cerebral arteries in rabbits.
Vascular smooth muscle cells are the common targets of different 
subpopulations of perivascular nerves. It is possible that they 
transduce messages from one nerve fibre to another, thus exerting a 
primary role in the regulation of neurotransmitter expression.

Several features of smooth muscle cells need to be investigated to 
reveal their ability to mediate trans-neuronal communication. Are 

selective denervation procedures able to induce cellular responses 
leading to the production of releaseable or membrane-bound 
neurotrophic factors? The production of neuroactive substances 
(including NGF) that stimulate axonal sprouting and neurotransmitter 

expression in sensory or sympathetic denervated vessels should be 
investigated, as well as the intracellular signals usually preceeding
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the expression of their genes (e.g. c-fos, Hengerer et al., 1990). It 
is known that stretching mediates axonal growth in culture (Bray, 
1984). This mechanism may be relevant in vivo, during vascular 
hypertrophy (see uterine artery during pregnancy, Mione and Gabella, 
1991 and present study). However, the signal(s) mediating axonal 
growth during stretching are not known and should be 

investigated.
Alternatively, or in addition to the target-mediated interneuronal 

communication, axons lying within the same nerve bundle, could 
influence each other directly. Morphological correlates, like 
interaxonal junctions or varicosity-related specializations, have 
been sought by several authors and not found, partly in an effort to 
explain well known mechanisms like prejunctional neuromodulation. 
However, interaxonal communication cannot be ruled out because of the 
absence of morphological specializations, this being a primary 
feature of the neuromuscular junction in the ANS (Burnstock, 1970; 
but see Luff et al., 1987). However, varicosities of different axons 
often concentrate in a limited length (personal observation) and the 

vesicles congregate so to face other axons, more frequently than 
smooth muscle cells. In addition, relation between varicosities may 

be temporary, being the varicosities of perivascular nerves 

interpreted as axonal swellings, where several organelles, mainly 
mitochondria and vesicles are concentrated because of a local slowing 
down of the intraaxonal flow (see Greenberg et al., 1990)* This 
temporary relation may represent a morphological correlate for 

interaxonal exchanges of information, providing that a substance is 
released and a receptor is activated in adjacent axons.
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However, the most important question arising from these and other 

studies on neurotransmitter plasticity remains that on how these 

changes are related to the effector mechanisms. All the studies on 

perivascular nerve plasticity need to be integrated by investigations 

on the expression and function of neurotransmitter receptors. The 

most interesting insight about the regulation of neurotransmitter 

receptors is the active role played by agonists (see Hadcock and 

Malbon, 1991* for review).

Neurotransmitters control the expression of their own receptors, 

hence the responsiveness of the target in several different ways, 

even if their initial presence is programmed by the target tissue 

itself. For example, during development of chick ciliary ganglion 

neurons, the synthesis and incorporation into the plasmamembrane of 

nicotinic cholinergic receptor, is triggered by the establishment of 

synapses with central cholinergic neurons (Jacob, 1991)* In striated 
muscles, release of agrin (a protein that binds to membrane heparan 

sulphate, Wallace, 1990) from the developing motor axon terminals has 
been shown to be responsible for AChR phosphorylation (Qu et al.,

1990; Wallace et al., 1991). with consequent lateral migration of the 
receptors along the plasmamembrane and formation of the typical AChR 

aggregations (reviewed by Schultze and Role, 1987). Beta-adrenergic 
receptors in the developing heart (Chen et al., 1979) and parotid 
glands (Lunford and Talamo, 1980) and cardiac muscarinic receptors 
(Galpert et al., 1977) are present on the plasmamembrane prior to the 

onset of innervation. However, they are unresponsive to the agonists, 

because they are uncoupled to the G-protein that mediates their 

transduction pathway. The arrival of nerve fibres suddenly activates
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this coupling, making the receptor complex functional (Lunford and 

Talamo, 1983; Galpert et al., 1984; Feng et al., 1989). The 
expression of NGF receptors in developing sensory neurons of the 

mouse trigeminal ganglion is upregulated by the availability of NGF 

molecules, and develops in parallel with the target field innervation 

(Wyatt et al., 1990). In rat sweat glands, ACh released from 

cholinergic sympathetic neurons, triggers the development of 

secretory responsiveness, through the activation of muscarinic 

receptors (Stevens and Landis, 1987). Also in this case, muscarinic 
binding sites in sweat glands are present before the onset of the 

innervation, as well as in non-innervated or denervated glands 

(Stevens and Landis, 1988; Grant and Landis, 1988; 1989). However 
these glands are not responsive to ACh. The explanation for this non

responsiveness proposed by Grant and Landis, 1991. is that of an 
agonist-mediated expression of a specific molecular subtype of the 

muscarinic receptor, which is more efficiently coupled to 

intracellular transducers. At the present time, five different 

subtypes of muscarinic receptors encoded by different genes have been 

described ( Bonner et al., 1987; 1988). This mechanism also resembles 
the effects of motor innervation on the molecular forms of the 

nicotinic AChR at the neuromuscular junction (Mishina et al., 1986;

Gu and Hall, 1988). In the latter case, motor nerve activity and/or 

ACh release causes the shift from the foetal to the mature form of 

AChR, by replacing the e subunit with the fast channel-opener y 
subunit.

Agonist regulation of transmitter expression and function not only
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occurs during development. The most throughly studied effect of 

agonists on their receptors is desensitization. Prolonged exposure to 
the agonist diminishes the responsivity of the effector cells. This 
has been studied at depth for the p-adrenergic receptor (see Collins 
et al., 1991. for review). Three processes appear to be associated 
with the development of desensitization: 1) uncoupling of the
receptor from the effector units (G-protein), which occurs after 
seconds to minutes of exposure and is mediated by phosphorylation; 2) 
temporary sequestration of the receptor from the cell surface, 

mediated by an unkown conformational change of the receptor molecule 
and occurs for a more prolonged exposure to the agonist; 3) down 
regulation of receptor gene expression, that takes place after hours 
of exposure to the agonist, and results in a decrease of the number 
of receptors. Recently, down regulation of -adrenergic receptor 
mRNA in rabbit aortic smooth muscle cells has been shown to be 
mediated by similar mechanisms (Izzo et al., 1990). In contrast to 
the |$-adrenergic receptor and others, the superfamily of growth 
factor receptors (including those for epidermal growth factor, NGF, 

BDNF and NT3) appears to be upregulated by the presence of the 
agonist (Clark et al., 1985). Expression and activity of 
neurotransmitter receptors can also be regulated by neurotransmitters 
other than the agonist. The classical example is the upregulation of 

AChR expression at the neuromuscular junction induced by CGRP (New 

and Mudge, 1986), a cotransmitter in motor nerve fibres.

From this brief overview, it is clear that neurotransmitters can 

influence the responsiveness of their effector organs by directly
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changing both number and activity of their own, and other 
neurotransmitter receptors. These new insights also suggest that 
changes in the expression of neurotransmitters are likely to be 
accompanied by profound modifications of the populations of membrane 
receptors and of the effects of nerve activity and neurotransmitter 

release on the target organs.
Studies relating plasticity of neurotransmitter expression to 

subsequent changes in receptor expression are much needed to advance 
this field not only in terms of an understanding of the basic 
mechanisms, but also if plasticity in ageing and pathological 
conditions is to be recognized in the clinical context and considered 
in the development of therapeutic strategies.
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