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ABSTRACT

A review of the factors regulating peripheral blood flow is
presenteq and the importance of the autonomic nervous system discussed.
The purpose of thié project was to extend the animal studies on
vagcu;ar innervation to human tissues and in this way attempﬁ to
determine some of the constraints operating in the control of blood
“flow in particular vascular beds,

A number of techniques designed to identify autonomic
subpopulations were employed., Adrenergic nerves were demonstrated by
the'Fo?maldehyde—induced fluorescence and glyoxylic acid fluoreacence
techniques, whilst possible cholinergic nerves were shown by
acetylcholinesterase staining. The electron microscope was also
used to aid identification of autonomic subpopulations through an
examination of vesicle populations in nerve endings.

Extensive ultrastructural studies were undertaken on non-
lactatihg human breast and no periarteriolar axon profiles were observed.
Ultra-violet Fluoféscenca microscopy and acetylcholinesterase
staining also gave negative results indicating that blood flow
through the non-lactating human breast is not controlled by autonomic

nerves supplying the vesssls. Studies on lactating rat mammary gland

revealed a rich periarteriolar adrenergic innervation and the
possibility remains that such an innervation may be present in the

human gland when lactating. No acetylcholinesterase stained fibres were

observed around the vessels but the arteriolar walls themselves

stained strongly.

Human axillary lymph nodes were examined in the electron

microscope and periarteriolar adrenergic nerves demonstrated.




Application of thevhistochemica} and ultrastructural
techniques to vessels in the human skin indicated that adrenergic
innervation is both sparse and restricted to vessels in the lower dermis,
No acetylcholinesterase-positive fibres were observed around blood

vessels but the sweat glands were richly innervated,

For all experiments, the techniques were verified by studies
'on the rat submandibuiar gland, a tissue which shows dual innervation
by both adrenergic and cholinergic nerves,

In the light of these results and those from other authors,

discussions on the possible mechanisms controlling blood flow through

the tissues are presented.
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Chapter 1,

THE CONTROL OF BLOOD FLOW -~ A REVIEW,

INTRODUCTION

The study of the heart, circulatory system and blood flow
in man and higher animals is not hard to justify, Mortality figures
for England and Wales in recent years, reveal that over 25% of deaths
were due to ischaemic heart dissase alone, and if those attributed to
cerebrovascular disease (stroke) and conditions related to
circulatory malfunction and high blood pressure (hypertension) are
included then this rises to over 50% (World Health Statistics Annual,
1979), Diseases of the circulatory system, therefore, account for
more deaths than the combined total of all other causes. At the
present time, the mortality rate from coronary heart disease for the
west of Scotland is the highest in the world. As a result of the
extensive studies on the circulation now taking place it is hoped
that these figures will be significantly reduced in the coming years.

As well as being the major cause of death, vascular disease
also produces serious economic and familial effects. In Great Britain
in 1974, for example, over 27 million days were lost from work owing
to hypertensive and ischaemic heart disease (Department of Health
.and Social Security Statistics, 1980). The conseguences of this
health problem are all too obvious.

In studying vascular disease many different approaches are
being employed. tpidemiological studies are being undertaken to
identify people and populations at risk, for example, Jews have

been shown to be excessively prone to ischdemic heart diseases




(valker, Segal, Gilat & Horowitz, 1980). The people of North Karelia
iq Finland have also been found to be at risk and an attempt is
being made to reduce the incidence of cardiovascular diseases in

the population by reducing the recognised major risk factors of
smoking, high blood pressure and high serum cholesterol. Initial
results are encouraging (Puska, Tuomilehto, Salonen, Neittaanm;ki,
Maki, Virtamo, Nissinen, Koskela & Takalo, 1979). Other approaches
to téckling the problem come from techniques in transplantation and
post-operative care of patients, advances in microvascular surgery
‘and drug therapy together with biochaﬁical and physiological studies
on the blood vessels themselves.

In this thesis, the role of the autonomic nervous

system in the control of blood flow is being examined as advances

in this field should lead to the further development of drugs to

relieve angina and hypertension.

THE AUTONCMIC NERVOUS SYSTEM

The autonomic nervous system is involved in processes
normally outside the control of the will, including the regulation
of heart rate and contractility, the contraction and dilatation of
the pupils, bronchi and blood vessels, the movements of the
stomach, gut and bladder and the secretion from a number of
" endocrine and exocrine glands. Autonomic functions,however,
should not be considered as totally separate from the control of the
will as some people have a remarkable ability to use the will to

regulate the heart rate, constrict the pupil of the eye and control

intestinal movements.



The autonomic nervous system ié divided into two main
components; the sympathetic and parasympathetic nervous systems, The
original separation of these was based upon differences in anatomy,
though they are also distinguished by their distribution, function

and chemistry.

Anatomy

The anatomical differentiation of the two components of the
autonomic nervous system is based upon their origin and the relative
positions of the ganglia, Both systems originaie from the central
nervous system, the sympathetic nervous system emerging from the
thoraco-lumbar region and the parasympathsetic from the cranial and
sacral regions. Apart from the splanchnic nerve going to the adrenal
gland, autonomic nerves are interrupted at ganglia on their way to
the target tissue, forming essentially a two nerve system, the
pre-ganglionic neuron emerging from the central nervous system and
" synapsing with the ganglion cell body, and the post-ganglionic
neuron extending from the ganglion cell to the target site. In the
sympathetic nervous system, the ganglia tend to be close to the
vertegbral column or approximately midway between the column and the
peripheral target site, thus being called vertebral or intermediate
ganglia respectively. Parasympathetic ganglia, however, mostly
occupy intermediate or peripheral positions. Synapses at the ganglia

are not usually simple but demonstrate varying degrees of complexity.

Function

Distinct differences are seen between the functions of the
two nervous systems in terms of the animal's welfare and adaptation

to its environment. In general, the sympathetic nervous system



is concerned with emergency situations, certainAreFlexes and the
maintenance of symﬁathetic tone, whereas the parasympathetic
nervous system is predomihantly concerned with the day-to-day
runhing of the body, particularly digestion.

Adaptive responses, seen in an animal under stress, and
mediated by sympathetic fibres, clearly illustrate the vascular
functions of the sympathetic nervous system. Serious disturbances
such as asphyxia, haemorrhage and pain produce stress, as do
confrontation with another animal and exposure to extreme
environmental conditions., 1In preparation for conflict the animal
produces a fierce appearance by the bristling of body hairs along

the back and tail, The visual capacity of the animal may be increased

by dilatation of the pupils and bulging of the eyes. Relaxation of

the bronchial smooth muscle dilates the bronchial tubes, thus
making breathing easier. Sympathetic firing also inhibits movement
of the gut, the sphincters contract and glucose is hobilised from
the liver to meet the greater energy demands, .Najor vascular
changes also occur in response to sympathetic discharge, Both

heart rate and cardiac contractile force are increased and

redistribution of the blood supply occurs, with blood being

diverted from the skin and splanchnic areas to the skeletal muscles
where more oxygen and nutriment are needed for fight and flight
situations. This diversion is brought about by vasocenstriction

in the peripheral tissues and vasodilatation in the skeletal muscle,
1f a severe haemorrhage should occur, then generalised
vasoconstriction takes place so the tissues can adapt to the
lowered blood volume. The sympathetic nervous system is therefore
able to coordinate extensive physiological changes-throughout the
body. This is due to the branching of the nerves at the vertebral

or intermediate Qanglia, enabling a more widespread distribution of



the impulse. C(lose association between sympathetic nerves and
secretion of the adrenal gland also enhances the coordination as
some of the released hormones augment sympathetic responses.

Not'only is the sympathetic ngrvous system involved in
emergency situations but it makes up the effafent pathuway for
reflex responses involving blood vessels, sweat glands and hair
muscles. In the regulation of heat loss by the skin, the
peripheral blood vessels dilate and there is increased
evaporation of sweat, both being coordinated through a sympathetic
mechanism,

Some tissues, for example heart muscle, blood vessels and
smooth muscle of the eye are kept in a constant state of contraction
or sympathetic tone. If the sympathetic nerves are sectioned, the
muscles relax.

Unlike the sympathetic nervous system, many parasympathetic
ganglia are situsted close to, or even within the‘tissue itself, thus
they tend to exert more localised effects, In the case of blood flouw,
redistributions are generally confined to particular areas. The
parasympathetic nervous system is also involved in the control of the
heart, parasympathetic stimulation reducing both rate and
contractility. The resultant heart rate when both systems are intact
is therefore a combination of the sympathetic excitatory and
parasympathetic.inhibitory mechanisms, Parasympathetic vasodilator
fibres from the cranial region are known to innervate the tongue and

salivary glands, and fibres from the sacral region supply the

external genitaiia. However, parasympathetic vasodilator mechanisms

have been observed in the coronary (Feigl, 1969), cerebral (D'Alecy &

- Rose, 1977) and hepatic (Koo & Liang, 1979a) circulations and the

list continues to grow.




Together with its vascular effects the parasympathstic
nervous system has a prime function in controlling digestion where
it mediates salivary, gastric and intestinal secretions, accelerates
the flow of bile, increases muscular activity of the stomach and
intestinal walls, and relaxes the sphincters. Reflex lacrimation and

bladder activity are also under parasympathetic control.

Chemistrx

One of the most obvious differences between the sympathetic
and parasympathetic nervous systems is the identity of the
neurotransmitter released at the tissue site. In the two nerve
system previously described, neurotransmitter is released from the
first nerve to act on the second at the ganglion, and released from
the second to act on the target site. 1In the parasympathetic
system this neurotransmitter is the same, namely acetylcholine, and
therefore both pre- and post—-ganglionic nerves are cholinergic,
However, in the sympathetic case, although acetylcholines is the
pre-ganglionic neurotransmitter, the catecholamine noradrenaline
is released at the target site, thus making the post-ganglionic
nerve édrenergic. Many other substances have been proposed as
neurotransmitters in the autonomic nervous system and these are

discussed later,

_Receptors

The site of action of the neurotransmitter released
from the autonomic nerves consists of specific receptors situated on

the target tissue, which may be muscle, gland or nerve, Or on the

pre-junctional nerve itself mediating a feed-back mechanism whereby

the neurotransmitter may regulate its own release.



The sympathetic component of the autonomic nervous system
can be subdivided by the concept of alpha and beta adrencceptors.
This was proposed by Ahlquist (1948) based on the.relatiue potencies
for the biological effects of agonists. He examined the ability of
six sympathomimetic amines to stimulate a number of physiological
processes and although many different responses were examined, only
two major series of potency were seen indicating the presence of
two general types of receptors. Alpha adrenﬁcepfors mediated mainly
excitatory functions, namely vasoconstriction, excitation of the
uterus and ureters, contraction of the nictitaﬁing membrane,
dilatation of the pupil, and also the iphibition of the gut. Beta
adrenoceptors mediated mainly inhibitory responses, namely
vasodilatation, bronchodilatation, and uterine relaxation and also
an excitatory response, cardiac stimulation, having both positive
chronotropic and inotropic effects. With the later discovery of
spacific alpha and beta adrenergic antagonists or blockers, the .
concept of alpha and beta adrenoceptors became more firmly established.
Specific alpha blockers include phentolamine, tolazoline and
phenoxybenzamine and examples of beta blockers are pronethalol,
propranolol and practolol.

Nickerson (1977) suggested that alpha and beta adrenoceptors
rather than being two distinct entities, represent two configufations
of the same structure, interconvertible by temperature in the
~ amphibian and mammalian heart. At low temperatures, alpha
characteristics predominate whersas at higher temperature beta~type

responses are seen., He used phenoxybenzamine to block irreversibly

£he alpha response at low temperatures and after an increase of

temperature, no beta response was obtained. Thus he concluded that

the alkylated alpha adrenoceptors were not converted into beta

adrenoceptors at the higher temperature. Benfey (1979) disputes



this conclusion saying that the concentration of phenoxybenzamine
used was too high to have a specific effect and that a non-specific
inhibition of the drug was taking place. Benfay used BHC, also
an irreversible alpha adrenoceptor blocker on the frog and rat
heart, and a beta response was obtained at high temperature, thus
contradicting the interconversion hypothesis.

The alpha and beta receptor concept has proved useful in
“the study of closely related substances, for example noradrenaline,
adrenaline and isoprenaline., UWhen these gybstances are examined
for their effect on blood pressurs, noradrenal;nevacts mainly on
alpha adrenoceptors, adrenaling equally on alpha and beta
adrenoceptors and isoprenaline on beta adrenoceptors alone. Thus
in the case of an asthmatic attack where bronchodilatation should be
encouraged, noradrenaline would be of little use whereas
isoprenaline would have a significant effect., These catecholamines
are also important in the subclassification of beta adrenoceptors
by Lands, Arnold, McAuliff, Luduena & Brown (1967). Noradrenaline
and adrenaline exercise similarities in potency at beta1 adrenoceptors
which are present mostly in cardiac and adipose tissue. In contrast,
beta adrenoceptors in smooth muscle appear to have a greater affinity
for adrenaline than noradrenaline. These are called beta2 adrenoceptors,
and are also found in the liver and in human white blood cells.
The development of beta adrenoceptor blocking drugs gave further
support to the subclassification. Drugs like propranolol block

both beta1 and beta, adrenoceptors, practolol and metaprolol

2

preferentially block beta1 adrenoceptors, whereas butoxamine is

"
selective for blocking beta2 adrenoceptors (see also Ariens, 1981;

Daly, 1981).



Rlpha adrenergic receptors have also been shown to consist
of tuomajdr subtypes, namely alpha1 and alpha2 (revieus, Dréw, 1981;
McGrath, 1981), Presynaptic alpha adrenoceptors havé been found to be
present in noradrenergic nerve endings (for references see Langer, Briley
& Dubocovich, 1980) where they are involved in a negative feed-back
mechanism whereby the transmitter, noradrenaline, can modulate its own
;elease. Pharmacological differences were seen to exist between the
post-synaptic alpha adrenoceptors mediating target tissue response
(review, Furchgott, 1976) and the pre-synaptic alpha adrenoceptors
regulating noradrenaline release during nerve stimulation (Drew &

Sullivan, AQBU). Differences of order of potency of agonists and
antagonists were again used to define alpha1 and alpha2 adrenoceptors,

Other adrenergic receptors have been identified which do not fit into the
classical alpha and beta classification, for example the gamma adrenoceptors
on the rat basilar artery (Hirst, Neild & Silverberg, 1982). The recent
development of radioligand binding techniques (see Lefkowitz, 1980) bhas
permitted the direct analysis of interaction of drugs with the ad;energic
receptors and thus gives new insight into the biochemistry and physioclogy

of the receptor structures and the various receptor subtypes.

Cholinergic receptors have also been subdivided into two main
types, muscarinic and nicotinic, Muscarinic receptors are present in the
parasympathetic nervous system only and are situatéd at the tissue site.
Muscarinic receptors are blocked by atropine, Nicotinic receptors are
present at the ganglia of both the sympathetic and parasympathetic
nervous systems and responses mediated here are qlocked by hexamethonium,

Many other specific receptors are present to varying extents in
different species and tissues, on both the effector organ and the pre-
These include receptors for purine compounds, histamine,

synaptic nerve.

dopamine, serotonin, peptides, enkephalin and Prostaglandin £ and will

be considered in more detail later.



. AUTONOMIC INVOLVEMENT IN THE CONTROL OF ARTERIAL B8LOOD PRESSURE

Arterial blood pressure is strictly regulated to maiﬁtain
perfusiqn of tissues at an acceptable level in a wide variety of
physiological conaitions. Therefore changes in body position,
muscular activity and circulating blood volume are possible without
significant changes in blood pressure. This control is brought
about by two mechanisms, the first consisting of rapidly acting
vascular reflexes and the second consisting. of slowar mechanisms
that adjust the volume of fluid in thé body and are thus involved in
the long term regulation of cardiac output. The more rapidly acting
systems will be discussed hers.

Measurement of the arterial blood pressure either directly
by inserting a catheter into an artery and connecting it to a
transducer or indirectly by means of a blood pressure cuff, produces
a pressure pulse where the highest pressure, at the peak of the pulse,
is the systolic pressure and the lowest pressure is the diastolic
pressure. .The mean pressure is the average pressure existing in the
aorta and major branches during the cardiac cycle. Integration of the
pressure pulse provides the true mean pressure but an approximate

value can be ‘obtained by applying the following formula :
mean pressure = diastolic pressure + %+ pulse pressure

where the pulsé pressure is the difference between the diastolic

and systolic pressurses.



The level of mean arterial pressure is determined by two
variables 1) the cardiac output and 2) the peripheral resistance
(see Navaratnam, 1975; Little, 1981) as given by frank's formula

(see Pickering, 1974).

Mean Pressure (mmHg)

= Cardiac Output (ml per sec) X Peripheral Resistance (dynes em”> sec)

1,330

If one of these factors is altered then a compensatory change occurs
in the other., For example, in muscular exercise a fall in peripheral
resistance is offset by an increase in cardiac output, Cardiac
output can be altered by a change in heart rate, stroke volume, or
both. An increase in arterial pressure will result if an increase in
either the cardiac output or the peripheral resistance is not
compensated for.

From the earlier description of the autonomic nervous
system it can be seen that both sympathetic and parasympathetic
components will affect cardiac output and peripheral resistance.

It must be clearly stated, however, that many other environmental

and physiological factors also affect these parameters, some being
independent of the autonomic nervous system. Mean arterial pressure is
the resultant of these interacting factors., This is seen for exampls,
in the work of Bevan, Honour & Stott (1969) where marked changes in
pressure, seen in a healthy volunteer, correlated with particular

events, for example, during coitus, waking and falling asleep, and

on receipt of a painful stimulus.,



' The recent advances in the breeding of spontaneously
hypertensive rats (SHR) have been very useful for the study of high
blood pressure. In the Okamoto strain of SHR 6veractivity of the
sympathetic nervous system is thought to be involved in the
hypertension. Sympathetic activity is certainly enhanced in SHR
compared to the normotensive Wistar control rats of comparable
ages (see Judy, Watanabe, Henry, Besch, Murphy & Hockel, 1976;
Henrich & Eder, 1979; Buccafusco & Spector, 1980; Takeda & Buﬁag, 1980)
and ablation of ﬁﬁe sympathetic component has produced greater
reductions in blood pressure in the hypertensive strain (Folkow,
Hallbgck, Lundgren & Weiss, 19723 Yamori, Yamabe, De Jong,

Lovenberg & Sjoerdsma, 1972; Sinaiko, Cooper & Mirkin, 1980).
Prolonged administration of propranolol which reduces sympathetic
vasomotor tone also prevented the development of spontaneous
hypertension in the rats (Takeda & Bufag, 1980). Increased

central cholinergic activity has also been thought to be involved

in the development of the hypertensive state in young S5HR
(Buccafusco & Spector, 1980). A problem in working with the SHR

has been one of finding a suitable control, The Kyoto Wistar
normotensive rat has proved to be adequate for this purpose although
it could be argued that differences other than blood pressure in

the rats could be due to genetic variability rather than factors
involved in the hypertension. This has been partially overcome by
Judy et al (1976) who used SHR as its own control and measured

blood pressure and sympathetic nerve activity over a range of ages
and thus throughout the development of the hypertension, Both
parameters correlated well at varying ages. Ffurthermore, back-crossed

SHR which were genetically selected for normal blood pressure have

shown nerve activity identical to the Wistar control rats,

12



Hypertensive patients also demonstrate increased
sympathetic activity compared with age, sex and race related
normotensive controls, high plasma catecholamine correlating
significantly with mean arterial blood pressure (De Champlain,
Cousineau & Lapointe, 19783 fFitzgerald, 1979; Bertel, B:hler, Kiowski
& Lutold, 19803 Buhler, 1980; Hong Tai Eng, Huber-Smith & McCann, 1980).
The increased noradrenaline content, acting on the post-synaptic
alpha adrenoceptors mediating vasoconstriction and thus leading to
increased blood pressure, could be brought about by a number of factors,
In some patients with essential hypertension there may be a defective
neuronal uptake of noradrenaline, thus exposing the adrenergic
receptors to high local concentration of transmitter (Esler, Leonard,
Kelleher, Jackman, Bobik, Skews, Jennings & Korner, 1980) even though
the rate of transmitter release is normal (Fitzgerald, 1979). Beta
blockers have been extensively used to relieve hypertension and their
action is thought to be at pre-synaptic beta adrenoceptors. These
receptors are involved in a positive feedback mechanism which is
activated by low noradrenaline concentrations in the synaptic cleft
and wﬁich potentiates the release of noradrenaline, thereby increasing
the sympathetic response. Bseta blockade of these»receptors would
decrease the release of noradrenaline at the sympathetic nerve
endings (De Champlain et al, 1978).

A further factor in the development of hypertension may be
decreased post—syﬁaptic beta adrenoceptor sensitivity or reactivity.
Bertel et al (1980) showed that an increase in the patient's blood
pressure with age is associated with a reduction in beta adrenoceptor-

mediated responses. The reduction in the beta dilator effects would

allow the alpha 6onstrictor effects to predominate, thus increasing

"
the periphéral resistance (Buhler, 1980).

13




When hyperteﬁsion becomes established, there is an increass
in resistance associated with a general narrowing of arterioles in the
resting state, These are, however, still capable of being dilated by
vagsoactive agents and therefore control tissue perfusion despite the
raised pressure. Hypertension and atherosclerosis appear to be related.
In patients with atherosclerosis or medial sclerosis, the large and
medium sized arteries can become rigid, losing elasticity and
responsiveness to vasodilators, Although this can enhance the hypertensive
condition, it is not the primary cause, as atherosclerosis can be present
in patients with normal blood pressure.- Hypertension, however, can
aggravate the atherosclerotic condition (Siedel, 1981).

In essential hypertension, the cardiac ouput is usually

normal and it is the total peripheral resistance that is elevated
(Pickering, 1974; thler, 1980), It is important to ascertain the
causes of this increase, how to overcome it and how to prevent it.
It is necessary to recognise those parts of the vasculature
providing the greatest resistance to flow and then to study the neural

and humoral mechanisms affecting the calibre ef such vessels,

Organisation of the Vasculature

The circulation consists of a system of tubes of differing
structure and diaﬁter, usually divided into three components, arterial,
capillary and venous. Throughout the entire cardiovascular system,
however, the lining of vessels is made up of a continuous single cell
endothelial layer. In capillaries, this lining constitutes the entire
vessel wall but in the larger vessels it is supported by varying
degrees of smooth muscle and fibrous tissue.

The arterial system can be subdivided into large elastic
arteries, muscular arteries and arteriocles. Blood is pumppd from

the ventricles under high pressure into the larger arteries. Thesse



have a considerable amount of elastic tissue arranged in many
concentric layers interleaved by smooth muscle, and the elasticity
of the walls together with the wide lumina help to transform the
pulsatile flow from the heart into a more continuous stream. The
branches of the elastic arteries are individually narrower but
collectively wider than the parent vessel and this is seen througﬁ
the continued branching down to capillary level with the result that
blood flow slows down,

With continued branching there is a gradual transition
from elastic arteries to muscular arteries, with less elastic and
more muscle being seen in the vessel walls, The actual thickness of
the vessel wall also increasés in proportion to the lumen with the
decreasing vessel size, Muscular arteries regulate blood flow to
part;cular regions by constriction and dilatation.

Arterioles are the smallest arterial vessels, having an
external diameter of 100Pm or less, over half of which consists of
a very thick muscular wall and the lumen is very narrow. These
vessels are the principal points of resistance in the circulation
and any remaining pulsatile flow in the blood stream is completely
damped by passing through the arterioles. The muscle contracts to
varying degrees and exerts a large influence on the volume and
pressure of blood by controlling the outflow of the arterial system.

The smallest arterioles, diameter 10-20ym, are called
metarterioles and these often provide a channel connecting to a nearby
venule. Off each metarteriole and larger arterioles come many
branches of capillaries which provide a wider pathway in total than
the through-channel. At the branch point of each capillary from the
metarteriole is a muscular cuff called the pre-capillary sphincter

which regulates the amount of blood entering the capillary network,
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Although sach capillary is smaller than its parent vessel, the

large number of branches off one arteriole means that there is an
enormous increase in the total cross-sectional area in the capillary
bed. 'In fact, the total cross=-sectional area of sYstemic capillaries
is about 1000 times that of the aorta although each capillary is 10-7
of its size, The widening of the circuit slows down the blood
stream and this, together with the single cell layer of the
capillary wall, snables the exchange of material between the tissue
and the blood.

On leaving the capillaries, blood flows through venules to
veins and finally back to the heart, The venous vessels increase in
size but as on the arterial side, thes total cross-sectional area
decreases towardslthe heart. Therefore the blood flow increases
through the veins but is never as fast as that in the comparative
arterial level because the combined cross-section of the largest
veins excesds that of the aorta. Venules and veins have thinner
walls, containing less muscle and elastic than their arterial
equivalents, thus enabling them to distend more easily. These

capaciténce vessels add little resistance in the circulation.

Arteriolar Resistance

The factors involved in the laminar flow of Newtonian
fluids through a rigid cylindrical tube can be expressed by

Poiseuille's law.

4
Q =x(p1 - pD) r

8 ql



wherse | Q@ = rate of volume flow
P, - P = pressure difference between the two ends
of the tube
r = radius of the tube
n = viscosity of the fluid

1l - length of the channel

This cannot be directly applied to blood flow for a number
of reasons, Firstly, blood is not a Newtonian fluid,sscondly the
flow is not steady but pulsatile and not always streamlined but may
be turbulent and thirdly, the blood vessels are not rigid.
Nevertheless, although the expression cannot be applied mathematically,
it does express principles true for blood flow.

Flow resistance can be treated as analogous to a direct

current circuit where

resistance (R) = voltage gradient (Ohm's Law R=V )

current flow 1
For blood flow
- 8
R = pressure gradient = P1 pO = ql
4
volume of flow Q xr

At a given flow, the largest resistance is operative

where the greatest drop in pressure occurs, i.e. at the arteriolar

level.

From the above equation it can be seen that the principal
factors of resistance to blood flow are the calibre and length of

the individual vessels and the viscosity of the blood. Since it is

17



unlikely that the length of vessels and the blood viscosity will
alter in normal circumstances then it must be the alterations in

the radius of the arteriole lumen that determines resistance

For individual resistances (R1, R.,s eesees) arranged in series, the

2’

total resistance equals the sum of the individual resistances.

For resistances arranged in parallel then the reciprocals are added

together.,

+ ..’I..i

If a parent artery ( radius r) gives off several arterioles of
radius r/2 than the cross-sectional area of each arteriocle would
be a quarter of the parent vessél whereas the resistance would
be 16 times as great. If more than 4 branches were present then the
summated cross-sectional area would be larger than the parent vesssl
but the resistance would be far greater. This explains how
arteriolar resistance can be so great even though the total
cross-sectional area is enlarging too.

From this it can be seen that the arteriolar level of the
circulation, by virtue of the muscular walls and narrow lumen

produces a level of very high resistance to blood flow. The calibre
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of the vessels is the most important factor involved in the
determination of peripheral pressure therefore it is not surprising
that these resistance vessels are generally highly innervated for
neural control of the vessel size and are also extremely sensitive

‘to circulating hormones and locally released metabolites,

FACTORS INVOLVED IN VASCULAR CONTROL

The factors influencing arieriolar calibre and therefore
tissue blood flow can be divided into two main categories, those that
are requlated remotely from the vascular bed and those that are
controlled in situ. The former group includes the neural control,
which is more important in some organs of the body than in others,
and the effect of circulating hormones. Included in the secand
group is the effect—of local changgs in the environment as a result of

metabolic activity, and also the passive mechanical responses of

the resistance vessels to varying degrees of stretch,.

Pagsive Mechanical Responses

Fundamental to these mechanical responses is the fact
that the smooth muscle of the resistance vessel walls is usually in
a state of partial contraction and thus exhibits a resting tone,
maintained mostly by the contraction of the outer smooth muscle layers.
The resting tone can be demonstrated by removal of all neuroconstrictor
influences. Application of vasodilatory drugs to these preperations

increases blood flow further indicating that resistance is still

'presént after nerve ablation (see Little, 1981).



It has been suggested that myogenically active ﬁacemakar
cells are present in the arteriolar muscle layers and the rate of
discharge of these is related to the pressure within the vessel
(Little, 1981). Studies on segments of isolated arterioles and
their response to changes in transmural pressurs, show that a small
reduction in pressure results in elastiq recoil of the musculature
leading to abrupt obliteration of the lumen. When perfusion pressures
increase then the arterioles can be passively distended (Navaratnam,
1975). 1In arterioles, several pacemakers may act independently,
at least some of the fibres being constricted at any one time and
producing thé muscular resistance, The discharge rate of the
pacemaker cells is affected by various factors including vasomotor
nerves, circulating vasoactive agents and local feedback systems
(Little, 1981).

Organs which require a high blood flow rate during high
activity, for example the myocardium and skeletal muscle, have a
high resting arteriolar tone, Blood flow can be rapidly increased
to these tissues by reducing this resting level of muscular tension.
In organs where a constant supply of blood is necessary, for example
the kidney, there is no need for rapia vasodilatation and they do

not possess a high basal tone.

Local Environmental Factors

The metabolic activity of a tissue greatly affects the
calibre of the arterioles. When tissues are active, for example

skeletal muscle during exercise, then the blood flow increases and

vascular resistance falls. This increase in the volume of blood

in the tissue has been thought to be due to the vasodilator

activity of end-product metabolites released by the tissue as a result

2(



of increased metabolism, These factors accumulate in the
environment of the vessels and produce vasodilatation (Pittman, 1981;
Watts & Johnson, 1981).

Many yasoactive substances have been considered to be
involved in this dilatation including high carbon dioxide and low
oxygen pressUres, lactic acid, pH, histamine, bradykinin, polypeptides,
prostaglandins and adenine nucleotides. The action of these is
shown by the examples in table 1.

| The metabolic control of local blood flow produces an
autoregulation system within the tissue which maintains a supply of
blood necessary for the activity of the tissue. This is especially
importent for organs such as the brain (Thomas & Bannister, 1980)
where blood flow needs to be maintained over varying systemic
blood pressures.

Autoregulation acts by the following mechanism. If the
blood flow to the tissue is insufficient for the level of
metabolic activity taking place, the partial pressure of oxyger in
the blood and interstitial fluid falls due to the lack of supply,
and the partial pressure of carbon dioxide together with the
concentration of other metabolites will rise because they are not
beiﬁg removed. These increased concentrations will produce vasodilatation
of the resistance vessels and subsequently an increase in blood flow.
The increased flow supplies more oxygen to the tissues and washes
out the vasoactive metabolites from the vascular bed, with a

consequent vasoconstriction,
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Neural Control of Blood Flow

Local metabolites, together with the mechanical
responses of vessels, have important effects in regulating the
calibre of resistance vessels and controlling blood flow through
the tissue. The nervous system, however, is able to produce a
rapid and coordinated control of blood flow throughout the body,
and to synchronize these adjustments with heart rate and strokse
volume,

Studies of the neural control of blooa flow fall into
two main categories - 1) physiological studies of blood flow
through tissues, and 2) anatomical and histochemical studies of
nerQes likely to influence blood vessels. 1Isolated blood vessels in
organ baths have alsoc been examined to ascertain their responsiveness
to autonomic stimuli and vasocactive agents and the.subsequent
metabolic changes in the vascular muscle. Results of some of these
studies are listed in tables 1 and 2, This work, however, is naturally

limited to larger vessels because of practical considerations,

1) The Physiological Study of Blood Flow

The responsiveness of vascular beds to neural and chemical
stimuli has been investigated for over a century, mostly in larger
animals such as dog and cat and on readily accessible organs, for
example the salivary glands., Improvements in microsurgical techniques
have enabled similar studies to be performed on smaller animals

such as the rat (for example Thulin, 1976).



Sympathetic vasoconstrictor fibres innervate resistance
vessels throughout the body, though thes density Af innervation variss
from tissue to tissue and between spscies. All vasoconstrictor
fibres are noradrenergic, releasing noradrenaline at the neuroeffector
site and acting at alpha adrenoceptors. Vasodilator fibres are not
as widespread as constrictor fibres but they are essential in
certain tissues for blood flow control. Vasodilator fibres are
generally cholinergic but can be either sympathetic or parasympathetic,
the former being found around the arterioles in skeletal muscle, and
the latter innervating the vessels of the brain, external genitalia,
salivary glands, tongue, pancreas and possibly the heart, lung,
kidney, bladder and rectum (Burnstock, 1980).

Selective stimulation of these nerves produces changes in
blood flow in the tissue and these can be measured accurately,

Table 2 gives examples of the responses to sympathetic-and
parasympathetic stimulation of various tissues and vessels in
different species. Parasympathetic stimulation tends to result in
vasodilatation whereas sympathetic stimulation can have both
constrictor and dilator componesnts., Some results are very easily and
adequately explained whilst others have stimulated intense research
to produce satisfactory explanations. This has been the case with
work on the salivary glands ( see Chapter 3 for further details).

Nerve stimulation coupled with infusion of specific
agonists and antagonists has shown that a complex interaction of factors
is involved in the neural control of blood flow and the picture
is far from simple.

An important finding is the presence of atropine-resistant
‘vasodilatation demonstrated initially by Heidenhain (1872) in the

submandibular gland of the dog, and subsequently in the cat



(3ubmandibular gland, Darke & Smaje, 1972) and rat ( submandibular
gland, Tﬁulin, 19763 major sublingual gland, Templeton & Thulin, 1978).
although the response is atropine-sensitive in the submandibular gland
of the rabbit (Morley, Schachter & Smaje, 1966). Atropine-resistance
has also begn demonstrated for a number of other nerve-mediated
responses, including relaxation of the internal anal sphincter in

the cat (Garfett, Howard & Jones, 1974), the excitation of urinary
bladder in the toad (Burnstock, 0'Shea & Wood, 1963) and guinea~-pig
(Burnstock, Dumsday & Smythe, 1972), the secretion of tracheal

mucin in goose (Phipps, Richardsen, Corfield, Gallagher, Jeffery,

Kent & Passatore, 1977) and the release of pancreatic bicarbonate-rich
juice in pig (Hickson, 1970).

Two major explanations are being considered to account
for this phenomenon, either that rogue fibres, running with the main
nerve, are being stimulated, or that a second neurotransmitter in
addition to acetylcholine, is released from parasympathetic nerve endings.

Sympathetic nerves would be a likely candidate in the
search for rogue fibres, especially where the atropine-resistant
vasodilatation is similar to that mediated sympathetically via beta
adrenoceptors. The atropine-resitant response, however, still
remained after anti-adrenergic drug treatment, for example with
reserpine (Schachter & Beilenson, 1968), which indicates a
non-adrenergic mechanism.

In addition to studies of atropine-resistance, it was also
demonstrated in work with guinea-pig taenia coli that transmural
stimulation would produce relaxation in the absence of adrenergic
fibres (see Burnstock, 1972,1975a), These unexplained phenomena
generated much research and have led to the formulation of two

" hypotheses proposing novel components of the autonomic nervous system.
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1) Burnstock (1972,1975a,1979)has proposed a purinergic
nervous system, the principal neurotransmitter being ATP. It has
been suggested that purinergic nerves innervate the lung, bladder,
trachea, eye, oesophagus, retractor penis, seminal vesicles and
the gastrointestinal trac£ together with blood vessels, the latter
having shown a high sensitivity to adenine nucleotides and nucleosides.

2) Polak & Bloom (1978) have proposed a peptidergic
system, with a number of peptides acting as possible neurotransmitters.,
Current evidence suggests that vasoactive intestinal polypeptide
(ViP) is the principal transmitter involved., Blood vessels are
known to be sensitive to a number of peptides ( for examples see
Table 1 ) and VIP-immunoreactive fibres have been observed in close
apposition to vascular smooth muscle in several tissues including
skeletal muscle, genito-urinary tract, gastrointestinal tract,
upper respiratory tract (in cat, Uddman, Alumets, Edvinsson,

Hakanson & Sundler, 1981), cerebral artéry (in cat, Duckles, 1981)
and in salivary glands (in cat, rat and human, Wharton, Polak, Bryant,
Van Noorden, Bloom & Pearse, 1979).

Physiological studies have also given insight into the
regulation of neurotransmitter release and action at the nerve

_terminal and effector site. Sympathetic nerves mediate both
vasoconstriction and vasodilatation via alpha and beta adrenoceptors
respectively. buring a stimulus period when high concentrations
of neurotransmitter are released then the alpha response dominates.
When the stimulus is removed the neurotransmittef concentration
falls and beta adrenoceptors are activated mediating beta
vasodilatation., This differential sensitivity of the recsptors to

neurotransmitter concentrations is seen in the control of

neurotransmitter release from the nerve (Langer, Enero, Adler-Graschinsky,
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Dubocoviéh & Giorgi, 1976; Martinez & Adler-Graschinsky, 1980;
Medgett, McCulloch, Rand & Story, 1980; Rand, Majewski, Medgett,
McCulloch & Story, 1980; Westfall, 1980), It is proposed that at
the beginning of the stimulation period there are low concentrations
of noradrenaline present in the synaptic cleft. This will feed back
onto beta adrenoceptors on the nerve ending and enhance the amount
of neurotransmitter released. As the noradrenaline concentration at
the synapse increases then alpha2 adrenoceptors will be activated to
produce a negative feedback, which dominates the positive bets-
mediated feedback, and thus decreases the amount of noradrenaline
released, The sympathetic nervous system is therefore not solely

a vasoconstrictor system, but has vasodilator properties, but owing
to the dominance of alpha adrenoceptor responses these are often only
apparent after alpha blockade (for example, in the human forearm,
‘Brick, Hutchinson & Roddie, 1967).

It has been recently shown that many hormonal and neural
substances are involved in the regulation of neurotransmitter releass
by their action on presynaptic receptors, and they thereby influence
the concentration of neurotransmitter at the neuroceffector junction
(for discussion see Westfall, 1980). The following substances are

‘reported to decrease adrenergic neurotransmission: alpha adrenoceptor
agonists, including noradrenaline; purine compounds, such as ATP

and adengsine; prostaglandins of the E series; ACh via muscarinic
receptors; dopamine via dopaminergic receptors; histamine; serotonin;
amd morphine and opioid peptides. Substances facilitating adrenergic
neurotransmission include beta-adrenergic agonists, ACh via nicotinic
receptors, angiotensin, and maybe prostaglandins of the F series
together with thromboxanes. These substances can also regulate
vascular tone by acting directly on vascular smooth muscle and/or

influencing the activity of other vasoactive substances.
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Purine Compounds

Adenosine, ATP, ADP and AMP inhibit the release of
noradrenaline from nerve ending in a vériety of vascular tissues
(Su, 1978; reviews, Weiner, 1980; Westfall, 1980) ana thus may be
involved in the modulation of adrenergic neuroﬁransmission, though
the physiological role is as yet unclear. The purine compounds
could be released from the adrenergic nerve itself, postjunctional
vascular smooth muscle or from purinergic ﬁerveé (Wwestfall, 1980).
Considerable data suggest the adrenergic neuron as the source of
ATP and adenosine release. In the case of vascular smooth muscle
adenosine may be released by an action of noradrenaline of
postjunctional sites, and purinergic nerves running close to adrenergic
nervés at neuroeffector sites, could release purine compounds |
which wﬁuld act on specific receptors on the adrenergic nerve

terminal (for references see Westfall, 1980). .

Prostaglandins E1 and E2

Prostaglandins of the E series, added exogenously, inhibit
neurotransmission in many adrenergically innervated tissues (revieus,
Hedqvist, 1977; Westfall,1980). The effect is species and tissue
dependent. Inhibition of prostaglandin synthesis facilitates
adrenergic neurotransmission (Wweiner, 1980) and increases the
vascular response to stimulation (Westfall, 1980). These observations
have'pointed to the possibility that andogenous prostaglandins of
the E series contribute to the regulation of véscular tone by acting
on adrenergic neurotransmission at some neuroeffector sites. This
is thought to occur principally in those tissue where there is

considerable production of prostaglandins (Weiner, 1980)., Nerve

stimulation releases significant amounts of protaglandin E2 in



adrenergically innervated tissues, and the site of this release

“is tﬁought to be mainly extraneuronal (Hedqvist, 1977). Stimulation,
therefore, causes the local release of prostaglandins which then
feed back onto the adrenergic nerves inhibiting further transmitter
release. The physiological importance of this effect is still to be

clarified,

Dopamine

Dopamine can act directly through specific vasodilator
receptors on vascular smooth muscle, for example in the canine
famorél bed (Bell, Conway, Lang & Padanyi, 1975).and has also been
shown to decrease noradrenaline release by an action at specific
pre-synaptic receptors (Starke, 1977; Hope, Majewski, McCulloch, Rand &
Story, 19803 Weiner, 1980; Westfall, 1980). Dopamine-blocking
agents, however, fail to enhance transmitter release during nerve
stimulation, except when dopamine levels are high, suggesting that
under normél conditions dopamine receptors are not involved in a
feedback regulatory mechanism affecting adrenergic neurotransmission
(Langer et al, 1976; Weiner, 1980). Raised levels of dopamine
can be seen in patients treated with L-dopa or dopamine or in some
cases of chronic congestive heart failure (lLanger et al, 1976).

When there is a high concentration of dopamine present in the
adrenergic transmitter stores then dopamine is released on nerve
stimulation and acts on presynaptic dopamine receptors to inhibit
transmitter release (Weiner, 1980; fredholm, 1981). It has been

| suggested that the physiological function of this feedback loop is

to conserve transmitter during prolonged stimulation periods

(Hope et al, 1980).
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Acstylcholine

Acetylcholine inhibits the stimulation-induced release
of noradrenaline from adrenergically innervated tissues, and this
response is mediated by muscarinic receptors, the inhibitory effect
being prevented by atropine (Starke, 1977; Westfall, 1977,1980;
Weiner, 1980). As with dopamine, exposure to the blocking agent
did not increase transmitter release, indicating that ACh inhibition
does not necessarily imply endogenously mediated feedback regulation
(Langer ef al, 1976). Yet it is possible that cholinergic nerves
have a physiological role in modulating noradrenaline release from
blood vessels receiving a dual innervatibn, ACh released by nerve
stimulation inhibiting sympathetic neurotransmission by activating
muscarinic receptors on adrenergic nerve endings ( Weiner, 1980;
Westfall, 1980 ). Perivascular cholinergic nerves have certainly
been seen in close apposition to adrenergic nerves ( for example,

Iwayama, Furness & Burnstock, 1970; Jones, in_press).

Histamine
Recent studies have demonstrated an inhibitory action of

histamine on adrenergic neurotransmission, mediated by H2 histamine
recéptofs (Powell, 1979; Weiner, 1980; Westfall, 1980). H1 receptor
antagonists had ﬁo effect on the inhibition (Weiner, 1980). A
physiological role in modifying the transmission has not been established,
although histamine is present in blood vessel walls, nearby mast
cells and has also been demonstrated .in sympathetic nerves

(for references see Westfall, 1980).

26



Sérotonin
Serotonin (5-Hydroxytryptamine) inhibits the vascular smooth

muscle response to nerve stimulation and decreases the concentration
of noradrenaline released in some adrenergically~innervated tissues
(NcGrath, 1977). The effect is not blocked by muscarinic, histamine,
alpha adrenoceptor or beta adrenoceptpr antagonists or following
prostaglandin inhibition. It is unlikely to act at presynaptic
serotoninergic receptors which appear to be different from the

postjunctional ones (see Westfall, 1980).

Angiotensin

Angiotensin enhances the release of noradrenaline from
some nerve endings upon stimulation, and thereby increases the
vascular responses to the nerve stimulation (Starke, 1977; Westfall,
1977,1980; Weiner, 1980). This facilitation appears to be due to
the action on angiotensin receptors on the nerve terminal, mediating
both an increase in transmitter synthesis and increased release of
noradrenaline per impulse, rather than a blockade of the reuptake
mechanism, It also seems likely to play a physiblbgical role,
as angiotensin is formed in the blood vessels in concentrations
which have been shown to enhancs the release of noradrenaline en
nerve stimulation (Westfall, 1977). The increase in vascular response
to angiotensin may alsoc be due to its direct action on the smooth.

muscle cells, making them more sensitive to noradrenaline (Starke, 1977).

Prostaglandin F and Thromboxane A2 and 82

Prostaglandins of the F series are formed in.blood vessels

and have been shown to enhance the tissue response to nerve

stimulation, though enhancement of noradrenaline release has not been



demonstrated at physiological concentrations (Hedguist, 1977;
Starke, 1977; Uestfall, 1977,1980). Thromboxans A2 and B2 may also

modulate the vascular response to adrenergic stimuli (Westfall, 1980).

2) The Anatomical and Histochemical Study of Nerves Likely -

to Influence Blood Flow

The early microscopical work on the innervation of blood
vessels was limited by the available techniques of silver and
methylene blue staining (Grigor'sva, 1962). These methods demonstrate
nerve fibres but cannot distinguish differeﬁt autonomic nerve
populations or clearly reveal the relationship of the individual
fibres to the effector sites. With the development of specific
histochemical techniques, such as catecholamine fluorescence, to
stain for adrenergic nerves ( for further details see Chapter 3 ),
and acetylcholinesterase as a possible stain for chelinergic nerves
(for further details and its limitations see Chapter.S ), together
with ths greater resolution provided by electron microscopy, a fuller

understending of vessel innervation is being obtained, New

techniques enabling more specific identification of nerves are currently

being developed, for example the use of immunocytochemistry where

ant ibodies are applied to locate specific proteins within the nerves.
All of these ultrastructural and histochemical techniques are
complementary and the combined results from these studies should

give a clearer picture of innervation than seen by any one

technique alone. Control denervations are often used in conjunction
with these procedures, either through experiments were the nerves are

cut and allowed to die back, or through chemical denervations, for

example the use of 6-hydroxydopamine to destroy sympathetic nerves.
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Neuroeffector Sites

Using histochemical procedures to stain for noradrenaline
it has been demonstrated that functional adrenergic fibres are gensrally
confined to the adventitia-medial junction of blood vessels, although
medial penetration by nerves has been reported in a number of large
elastic and muscular arteries in animals such as dog, pig, sheep, cow,
seal and man, but rarely in the largest vessels of small animals
chh as mouse, rat, guinea-pig and rabbit (for references see
Burnstock, Chamley & Campbell, 1980). At the adventitia-medial
junction the nerves branch to form a network of fibres surrounding
the vessel, The autonomic neuromuscular junction differs from the
synapse formed between voluntary nerves and skeletal muscle in that
autonomic fibres do not have a distinct nerve ending synapsing
closely with the effector tissue, but instead have a number of
bulbous swellings or varicosities at intervals along the nerve
terminals, Electron microscopy has shown this arrangement to be the
case for all autonomic nerves, as'well as elucidating the finer
structure of these varicosities. Sucﬁ studies reveal numerous
transmitter-containing vesicles together with many mitochondria.

The autonomic nerves are non-myelinated and contained in a Schwann
cell investment except at some varicosities where the investment is
partially removed. Neurotransmitter is thought to be relsased,

'in response to an impulse passing along the nervé, at these sites
where the investment is removed and the exposed surface of the axon
is close to the target tissue (Burnstock, 1970; Burnstock & lwayama,
1971).

The effector site for the neurotransmitter is thought to
be a muscle bundle rather than a single smooth muscle csll, the

individual cells being joined by low-resistance pathways which




enable the electrotonic spread of activity within the bundle.
Genérélly, only some of the cells are directly-innervated-and the
potential is passed to coupled cells via the low-resistance
pathways, The depolarization of the effector bundle cells initiates
an all-or-none action potential which propogates throughout the
tissue affecting the indirectly-coupled cells. Low resistance
pathways have besen thought to take the form of nexuses or gap
junctions where the plasma membranes of adjacent cells are in close
apposition ( for further details see Burnstock et al, 1980; Gabella, 1981),
There is a wide variation in the density of innervation of smooth
muscle, for example all the muscles of the vas deferens are directly-
innervated whereas this is true only for a few muscle cells of the
uterus, ureter and blood vessels (Burnstock, 1977,1980).

The distance between the varicosities and the smooth
muscle also differs greatly, ranging from 15 --20nm in densely-
innervated tissues such as the vas deferans, to 2,000nm in large
elastic arteries such as the rabbit pulmonary artery (Bevan & Su, 1974).
Arterioles, being fairly heavily innervated, tend to have smaller
neuromuscular junctions (80 - 120nm). As the vesssls increase in

size so do the junctional clefts (Bevan & Su, 1974).

Variations in Innervation Patterns

The density of the adrenergic ground plexus within the
effector tissue also varies between tissues, along the same vessel
and between species. The pattern of innervation of the smooth muscle
greatly affects the response to nerve impulses, the modification

of transmission by drugs and circulating factors, and the sensitivity

of the muscle to agonists.
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Noradrenaline releaseﬁ from sympathetic nerves is largely
inactivated after its effect on receptors by re-uptake into the nerve
terminals. In tissues where there.is dense adrenergic innervation
then circulating catechclamines have little effect, as they are
rapidly taken up into the nerve plexus. The adrenergic nerve fibres
therefore not only mediate nervous control of the smooth muscle, but
protect the organ from effects of circulating catecholamines
(Burnstock et al, 1980). Sparsely-innervated tissues, on the other
hand, are very sensitive to these humoral agents.

Blood vessels are involved in the homeostatic responses
elicited by the sympatho-adrenal system. The pattern of innservation
of the vessels, whereby the nerves are confined to the adventitia,
makes the vessels available for control by both adrenergic nerves
and circulating catecholamines., Stimulation of the adrenergic
nerves produces a rapid vasomotor response, spread throughout the
tissue by the low resistance pathways between the cells. Most of
the cells‘of the media, however, are not innervated and are
therefore lacking in catecholamine uptake siﬁes, making these
muscle cells more sensitive to circulating catecholamines (Burnstock
et al, 1980). |

The pattern and density of innervation of different
vessels varies according to their physiologigal role in controlling
blood flow to the particular tissue they supply, but some general
aspects of blood vessel structure and innervation can be shown ( see
Burnstock et al, 1980; Figure 1).

Large elastic arteries are not generally well supplied with'

nerves, though there is variation betwsen species, for example few
adrenergic nerves are seen in the rat aorta, moderate innervation is

present in the cat, dog, calf, pig and monkey, while the guinea-pig



aorta has a dense nerve supply (Burnstock et al, 1980)., Nerve
terminals are usually some distance away from the muscle cells
(up to 2,000nm) and responses of these vessels to nerve stimulation
are slow and weak. These larger vessels are therefore thought to be
mainly under humoral control from circulating catecholamines.
Muscular arteries are generally more heavily innervated
than elastic arteries and nerve-muscle separation is less, usually
200-500nm in ;arge and medium vessels and as low as 80nm in small
vessaels (Bevan & Su, 1974). In extracerebral arteriss, a rich supply
of both adrenergic and cholinergic nerves has been seen in close
apposition both to each other and to the smooth muscle (Iwayama et al,
1970) suggesting the possibility of physiological interactions
between the two nervs types. This close dual innervation has also been
‘demonstrated by Jones (in press) in rat submandibular gland,

Intimal cushions or thickenings have been seen at the

branch points of a number of vessels including coronary, cerebral,
renal, thyroid and ciliary arteries (for references see Burnstock
et al, 1980). These cushions are often highly inmnervated.

Arterioles and pre-capillary sphincters show variation

in innervation pattern. Large arterioles, being the major resistance
vessels in the circulation, are usually richlyAinnervated, the
junctional cleft is small, and the vessels respond rapidly to nsrve
stimulation by changing the diameter of the lumen, The density

of innervation of the small arterioles varies considerably from a

sparse nerve supply in the cerebral circulation (Dahl, 1973) to

a relatively rich supply in the mesenteric circulation (Furness, 1973).

Pre-capillary sphincters also range in innervation density from
rich in the coronary circulation (Burnstock et al, 1980) to absent

in the rat mesentery (Furness, 1973). The latter are probably

controlled by circulating hormones.
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The cepillaries consist of a simple tube of endothelial
cells and the absence of smooth muscle in their walls implies the
absence of a nerve supply but this is still not clear, as nerve
fibres have been observed ih close apposition to capillaries, for
example in the cat pancreas (Lever, Spriggs & Graham, 1968), rat
brain (Itakura, Yamamoto, Tohyama & Shimizu, 1977) and cat
submandibular gland (Garrett & Kemplay, 1977). However, these fibres
may be merely in transit, running in the same space as the capillaries
and therefore may not necessarily be representing a functional

innervation.

Venules and veins, although showing considerable variation

in their density of innervation, are less well innervated than their
equivalent arteries. Muscular veins such as the portal-mesenteric
or renal veins tend to be richly supplied with nerves whereas the
collécting venules and small veins are sparsely innervated (for
references see Burnstock et al, 1980).

Table 3 gives examples of the types of vascular innervation
present in various organs of different species, identified by the

use of a number of specific histochemical and anatomical procedures.

General Comments on Table 3

Adrénergic fibres have been repbrted apouﬁd blood vessels
in almost all the tissues listed, though differences are seen
betwesen species, for example the intrapulmonary artery and arterioles
in the cat (Fisher, 1965; Hebb, 1969), rabbit, sheep, dog (Hebb, 1969;
Lee & Rajagopalan, 1981) and pig (Hebb, 1969) are innervated
adrenergically whilst in the rat (Hebb, 1969; Fisher, 1965) this is
not so. In the case of the carotid artery, adrenergic innervation

is found in the guinea-pig, cat and pig but not in the rat (Stanton
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& Hinrichsen, 1980).

Cholinergic fibres do not appear to be as widespread in
their distribution as their adrenergic counterparts, and .again
there are species differences, for example the arteries in cattle
skin (Jenkinson, Sengupta & Blackburn, 1966) possess a cholinergic
innervation whilst those in rabbit skin do not (Hebb & Linzell, 1970).

Within a tissue, different classes of blood vessels may be
innervated differently, for example in rat mesentery the arteries,
arterioles and veins are supplied with adrenergic nerves whilst the
capillaries and venules are not (Furness, 1973).

It is clear therefore that generalisations cannot be made
across species of within circulations and so there is no substitute

for detailed investigation of individual vascular networks.

Identification of Different Types of Autonomic Nerves

There are two standard histochemical technigues in use for
the identification of adrenergic and cholinergic nerves, namely
catecholamine fluorescence and acetylcholinesterase staining
" respectively. Although the former technique has proved reliablse,
the latter has produced complications in interpretation owing to the
findihg of positive enzyme staining in adrenergic fibres (for example
Barajas & Wang, 1975). More recently it has been shown that purified
prepérétions of acetylcholinesterase can also act on substance P
and, inlsome tissues, a correlation may exist between the distribution
of the enzyme and the peptiae (Chubb, Hodgson & White, 1980). These
problems are discussed further in Chapter 3, Cholinergic somatic
motor nerves and central cholinergic nerves have been identified

through the histochemical localisation of choline acetyltransferase

(Kasa, Mann & Hebb, 1970; Higgins & Barrnett, 1971) but it remains



to be demonstrated whether this method is sensitive enough to
identify autonomic nerves.

Advances in the search for possible non-adrenergic,
non-cholinergic transmitters are being made by the use of
immunocytochemical techniques which can be applied both in the light
(Polak & Bloom, 1978) and electron (Polak, Buchan, Probert, Tapia,

De Mey & Bloom, 1981) microscopes. Antibodies, raised to specific
peptides, are applied to fixed tissue slices, and sﬁbsequently
visualised by the application of a second antibody which carries a
marker, for example a fluorescent tag for light microscopy and a

gold tag for electron microscopy. Fluorescent compounds are also
being used directly, for example quinacrine has been suggested to
bind purines, though its specificity has not been clearly est;blishad
(01son, R1lund & Norberg, 1976). After sympathecﬁomy, nerve cells and
networks;deﬁonstrated by this method, persist in thes intestine,
‘bladder and portal vein,preperations considered by physioldgtcél
experiments to be innervated by purinergic nerves (see Burnstock, 1980).

The identification of the nerve types is not easy in the
electron microscope either. The basis of the differentiation is
according‘to the types of vesicles found within the‘terminal

varicosities of the nerves ( see Figure 2 ).

a) Adrenergic Nerves

Nerves Fontaining noradrenaline are characterised by
the presence of small granular vesicles (30-60nm) with a dense core
(Burnstock & Costa, 1975). These vesicles are usually visualised by
the use of special histochemical techniques, for example the
cﬁromaffin procedure or pre~treatment with 5-hydroxydopamine
(see Jones, 1979a),where the cores of adrenergic vesicles become

densely osmiophilic. Different fixation procedures in different



tissues affect the preservation of the granules, therefore care
must be taken in the interpretation. Large granular vesicles
(60-120nm) are also present which are capable of'taking up
catecholamines (Burnstock & Costa, 1975) but are fairly resistant
to depletion by reserpine. Prior treatment with reserpine does,
however, remove the granular.cores from the small granular vesicle
population and this procedure together with that of chemical
sympathectomy by 6-hydroxydopamine, can be used as controls for
the staining method (Jones, 1979a). Some small agranular vesicles
are present in adrenergic nerve terminals and these probably

represent empty vesicles.

b) Cholinergic Nerves

It is generally accepted that a predominance of small
agranular vesicles (35-60nm) identifies a cholinergic axon profile
(Burnstock & Iwayama, 1971; Burnstock & Costa, 1975)., Large
granular vesicles (60-120nm) are also present but thess do not
take up catecholamines or 5- or 6-hydroxydopamine. uofk on
cat exocrine glands using the peroxidase-antiperoxidase method
and elsctron microscopy has shown that electron-dense precipitates
representing VIP-like immunoreactivity were seen in large grénulaf
vesicles in varicosities also containing small agranular vesicles.
These varicosities are typically cholinergic (Johansson & Lundberg,
1981). Subcellular fractionation techniques coupled with sucrose
density gradients and ultrastructural analysis have shown that

VIP is preferentially found in a fraction containing large dense-

core vesicles (Lundberg, 1981).
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c) Non-adrenergic, non-cholinergic Nerves

Non-adrenergic, non-cholinergic nerves have been observed
around arterioles in tissues such as the rat majbr sublingual gland
(Jones, 1980) where atropine-resistant vasodilatation has been shown
(Templeton & Thulin, 1978) and fibres containing VIP-like
immunoreactivity are seen (Wharton et al, 1979). The major
characteristic of the non-adrensrgic, non-cholinargic fibres
is the predominance of large opaque vesicles (Burnstock, 1975a).
These are larger (100-200nm) than the large granular vesicles seen
in adrenergic and cholinergic profiles, have a less granular core
and a less prominent halo between the core and the vesicle membrane.

They are ynaffected by treatment with 6-hydroxydopamine or reserpine.

d) Othef Nerve Profiles

The above;descriptions of axon profiles and the relationship
betwsen vesicle types and transmitters is very simplistic and the
reality is far more complex., For example, over 16 putative
transmitters have been proposed in the autonomic nervous system of
the gut, namely ACh, NA, A%ﬁ, 5-HT, GABA, dopamine, and the
follpﬁing peptides, enkephalin, VIP, substance P, bombesin,
somatostatin, neurotensin, LHRH, cholecystokinin/gastrin,
bradykinin, angiotensin and adrenocorticotrophic hormone. It is
also likeiy that more than one transmitter is released from a single
nerve upon stimulation (see Burnstock, 1981). More than 9
Qltrastructurally distinct nerve profiles have beeﬁ observed in the
gut. These are discussed in detail by Burnstock (1981) who
'characterises nerve profiles containing a predominance of a) small

graﬁular vesicles, b) small agranular vesicles, c) small flattened

vesicles, d) large granular vesicles, e) large opaque vesicles,




f) heterogensous granular vesicles, g) small mitochondrie,

h) pleomorphic vesicles, together with other nerve profiles
probably representing stages of development or degensration

(Figure 3).

Procedures are presently being developed that will produce
clear electron-microscopical identification of profile types
following specific cytochemical reactions for putative transmitters
or enzymes associated with them, and results from these should aid
the correlation between transmitter and vesicle type, and thus
clarify the identification of chemicals involved in the neural

control of blood flow in particular tissues,

Humoral Control of Blood Flow

Although many endocrine substances are able to influence
the calibre of vessels it is unlikely that they piay a major role
in the overall control of the circulation of an organism. The
adrenal catecholamines are probably the most important
physiologically but even these have far less effect on vessel
calibre than the sympathstic innervation. However, dus to the
presence of adrenergic nerves on only the adventitial side of the
vessel wall, the circulating catecholamines are able to act on the
inner léyefs of smooth muscle without immediate inactivation by
uptake into the sympathetic nerve fibres. Vessels which are

sparsely innervated are certainly more sensitive to the action

of circulating hormones.
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Upon stimulation, the adrenal medulla of the human adult

produces both adrenaline and noradrenaline, though the former

predominates, and they have different vasomotor effects., Noradrenaline
has a vasoconstrictor action mediated by alpha-adrenoceptors on
the vascular smooth muscle. Adrenaline, on the other hand, has a dual

affect on vascular resistance by activating both alpha_ adrenoceptors

1
mediating vasoconstriction and found on all vascular muscle walls,
and beta2 adrenoceptors mediating vasodilatation and present on
the membranes of coronary and skeletal muscle blood vessels and
the vasculature of the liver. The binding of adrenaline produces
alpha-mediated vasoconstriction and beta-mediated dilatation which
is the same as that produced by noradrenaline and acetylcholine,
respectively.

Stimulation of the adrenal medulla producés a blood level

of adrenaline that activates beta, adrenoceptors to produce

2
vasodilatation. ‘When adrenaline levels are ingreased,beyond this,
alpha adrenoceptors are activated to produce vasoconstriction, Upon
syhpathetic stimulation, a high concentration of noradrenaline is
formed in the junction, activating alpha-adrenoceptors and producing
vasoconstriction, the concentration of noradrenaline overshadowing
that of circulating adrenaline. Howevsr, in‘vascular beds possessing
beta2 receptors the dilating effect of adrenaline is more pronounced,
therefore the errall constriction produced on nerve stimulation

is louer.than in beds with no beta2 adrenoceptors. Because of the
greafer reduction in flow to beds with no beta2 adrenoceptors, there
is a redistribution of flow towards those beds with both alpha-

and beta-adrenoceptors, for example skeletal muscle, liver and

myocardium ( Little, 1981; review, Lundvall, Hillman & Gustafsson,

1981).




Serotonin has been shown both to constrict.and dilate
vessels (see Table 1 for examples),though its action is usually
seen in constriction of small vessels. Under normal circumstances
it is present only in blood platelets. Its vasomotor effect probably
only comes into play when there is tissue damage, platelets are broken
down and the subsequent release of serotonin causes vasoconstriction.

Histamine also can effect both vasoconstriction and
vasodilatation (Table 1) and is probably involved in the
vasodilatation accompanying inflammation,

Acetylcholine perfusion produces vasodilatation in most

vascular beds even where cholinergic innervation is sparse or absent.

Its possible mode of action is discussed by Furchgott & Zawadzki (1980),

Furchgott (1981) and Furchgott, Zawadzki & Cherry (1981) (also see
Chapter 4 ).

After release of the enzyme renin from the kidney, under
circumstances of reduced blood flow, a series of chemical reactions
takes place resulting in the release of angiotensin, a very
powerful vasoconstrictor (see Table 1). It may haQé important
functions in the control of vascular resistance within the kidney
and be involved in acute renal hypertension though it is unlikely
to achieve concentrations in the blood sufficient to bring about
changes in flow in the whole organism, Its primary function appears
to be in the regulation of aldosterone production.

Vagopressin is another vasoactive hormone, secreted by the

neurohypophysis, which modifies vascular tone indirectly by affecting
vascular smooth muscle reactivity (Lundvall et al, 1981), but under
physiological conditions it is unlikely to reach concentrations

sufficient to produce direct vasoconstriction in the intact animal

(Little, 1981).
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Bradxkinin is a powerful vasodilator (see Table 1) which
is thought to be involved in the regulation of blood flow in sweat
and salivary glands (see Chapters 3 and 6 ).

| There are many circulating and locally released substances

which are vasoactive. Some of these have direct éffect on the vascular
smooth muscle and therefore act upon tissues that are not innervated,
but where there are appropriate vascular smooth muscle receptors.
Other substances exert their effects by modifying blood flow by
inhibiting or increasing the action of other humoral vasoactive agents,
examples are glucocorticoids and oestrogens. Many substances also
influence vessel calibre by regqulating the release of neurotransmitter
from nerve terminals, Table 1 gives examples of.the action of
various endocrine and locally produced chemicals and their effect
on different vessels and vascular beds. Some vasoactive agents
produce only one type of response in all vessels and species listed,
for example VIP produces vasodilatation and angiﬁtensin vasoconstriction
(Table 1). Many substances, houever,.have both vasodilator anc!
vasocbnstrictor properties and the observed response will depend
upon the interaction of a number of factors. These may include
differences in receptor density and kinetic proge:ties and in the

generation and utilisation of competing factors.
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SUMMARY

The development of drugs to aleviate hyperténsion is of
extreme importancé. An increased understanding of the role of the
autonomic nervous system in the maintenance of blood pressure
through the control of peripheral vascular resistance, and the
action on vascular smooth muscle of neurotransmitters, hormones
and other vasoactive agents present in the body, should aid in
this development, FfFurthermore, this knowledge should result
in drugs with a greater specificity of action and reduced side-effects,

Much of this work and the perfecting of techniquses has
been rightly performed on animals, but if useful results in terms
of drug development are to be obtained then.it is necessary to
apply it to clinical material. Many physiological experiments cannot
be performed oniman for obvious moral reasons, therefore careful
extrapolations have to be made from animal studies. However, where
safe non-invasive technigues or procedures using ;issue removed
during operations or post mortem can be employed then these should
be applied to man. This is now being extensively undertaken,

The following experiments show the application of specific
histochemical and ultrastructural techniques to identify the nervés
likely to influence blood flow in animal tissues and these procedures

are then extended to the study of selective human vascular beds.




Table 1 Examples of the Vascular Responses to \aspactive Agents.,

FACTOR SPECIES TISSUE/VESSEL RESPONSE REFERENCE
Acetylcholine Human Forearm D 80

Human Brain »} 88
Dog Femoral artery D 15
Dog Saphenous vein c 75
Dog Tongue D 296
Dog Mesentery D 294
Sheep(fetal) Lungs D 59, 60
Cow Mesenteric vein C 158
Cow Hepatic vein c 158
Guinea~-pig Uterus (B 13
Guinea-pig Coronary artery c 196
Cat Heart D 38
Cat Submandibular gland D 303
Rat Liver 0] 125,198,199
Rabbit Submandibular gland D 243
Rabbit Ear D 159
Rabbit Marrow D 235

Adrenaline Human Forearm C 83

' Human Brain C 88
Rat Portal vein c 227
Rat Liver C 125,128
Rat Mammary gland c 326
Cat Mammary gland c 143
Cat Skeletal muscle D 108
Dog Mammary gland c 143
Goat Mammary gland C 143
Rabbit Liver c 128
Rabbit Renal artery c 280
Sheep Coronary artery D 36
Mouse Spleen c 275,276,277

Phenylephrine Human Brain c 88
Human Brachial artery C

97




Table 1 (continued)

L

FACTOR SPECIES TISSUE/VESSEL RESPONSE REFERENCE 4}

Phenylephrine Human Pulmonary artery C 97
Rat Mammary gland c 326

Noradrenaline Human Forearm c/o 35,65,83
Human Cutansous hand vein c 65
Human Finger _ (o 345
Human Brachial artery c 17
Human Brain c 88
Dog Lung C 184
Dog Renal artery,vein c 301
Dog Saphenous vein c 75
Dog Skeletal muscle c 271
Dog Hindpaw skin c 271
Dog Bone c 132
Dog Marrow c 13é
Dog Tongue c 296
Dog Mesentery c 204
Cat Intestine c 217
Cat Heart D '38
Rabbit Hindlimb c 336
Rabbit Saphsnous vein c 75
Rabbit Hindquarters c 126
Rabbit Marrow c 235
Rabbit Ear c 159,336
Rabbit Mesentery C 336
Rabbit Liver (o 128
Rabbit Portal vein c 309
Rabbit Renal artery C 280
Rat Mammary gland c 326
Rat Brain c 87
Rat Liver c 128
Duck Leg Cc 236
Cow Mesenteric vein c 158
Cow Hepatic vein [ 158

A
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Table 1 (conﬁinued)

FACTOR SPECIES TISSUE/VESSEL RESPONSE REFERENCE
Noradrenaline Cow Cersbral artery (5 298
i Guinea-pig Uterus c 13
! Sheep Coronary artery c/o 36 "
. Mouse Spleen c 275,276,277
Isoprenaline Human Brain C 88
Dag Femoral artery D 15
Dog Mesentery 0 295
Sheep(fetal) Lungs D 59,60
Sheep Coronary artery D 36
Cow Mesenteric vein D 158
Cow Hepatic vein D 158
Cat Submandibular gland D 180,303
Mouse Spleen D 275,276,277
Rat Jugular vein D 64
Rabbit Saphenous vein - 75
Serotonin Human Brain c 88
Human Umbilical vessels c 152
Human Placental vesssls c 152
Dog Femoral artery 0 15
Dog Saphenous vein c 230
Dog Tibial artery c 230
Dog Carotid vessels c/D 234
Dog Cerebral artery c 85
Couw Mesenteric vein c . 158
Couw Hepatic vein c 158
Couw Cerebral artery c 298
Rat Jugular vein C 64
Cat Brain c/o 226
Rabbit Portal vein c 309
Guinea-pig Uterus c 13
i Mouse Spleen C 275,276,277
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Table 1 {continued)

|

i FACTOR SPECIES TISSUE/VESSEL RESPONSE REFERENCE
Dopamine Dog Femoral artery D 15
Cow Mesenteric vein c 158
Cow Hepatic vein c 158
Cat Brain . c 229
Histamine Human fForearm D 80
: Human Hand D 80
Human Brain c/o 88,292
Dog Femoral artery D 15
Dog Skeletal muscle D 271
Dog Skin D 271
- Dog Brain c/o 292
Dog Ltungs c 129
Dog Mesentery D 294
Sheep(fetal) Lungs D 59,60
Cow Mesenteric artery,vein c 158
Cat Brain D 201
Cat ) Skeletal muscle D 108
Guinea-pig Uterus C 13
Rabbit Ear D 159
Rat Hindquarters D 272
Mouse Spleen c 275,276,277
GABA Human Cerebral artery D - B85
Rabbit Cerebral artary D 238
Dog Cerebral artery D 85,114,238
Cat Brain D 85,86,238
Adenosine Cat ; Pial artery (] 130
Cat i Submandibular gland D 181
Mouse i Spleen D 275,276,277
Baboon Brain O 110
CAMP Cat ' Submandibular gland D 179,180,181
Baboon i Brain - 110

14



Table 1 (continued)

FACTOR

SPECIES

TISSUE/VESSEL

RESPONSE REFERENCE

ATP Human Forearm D 81
Rabbit Saphenous vein D 309
Rabbit Portal vein D 309
Rabbit tar artery D 309
Rabbit Pulmonary artery D 309
Cat Brain D 110
Cat Submandibular gland D 181
Baboon Brain 0 110

VIP Goat Brain D 206
Rabbit Myometrium D 259
Cat Lingual artery 9] 323
Cat Brachial artery D 323
Cat Renal artery D 323
Cat Mesenteric artery D 323
Cat Femoral artery D 3273

Substance P Human Skin D 90,220
Human Skeletal muscle 0 90,220
Pig Mesentery D 291
Cat Skin D 41
Cat Skeletal..muscle o 41
Cat Small intestine D 41
Guinea-pig Heart - 41
Rabbit Heart - 41
Dog Skin D 41
Dog Heart 0 41,222
Oog Skeletal muscle D 41,263
Dog Small intestine D 41
Dog Adipose tissue D 2673
Dog Kidney -

135




Table 1 (continued)

FACTOR SPECIES TISSUE/VESSEL RESPONSE REFERENCE
Bradykinin Human Portal vein D 7
Dog Femoral artery 3] 15
Dog Lung D 129
Dog Tongue D 286
Dog Mesentery D 294
Sheep(fetal) Lung D 59,60
Cat Submandibular gland D 303
Mouse Spleen c 275,276,277
Angiotensin Cat Intestine c 217
Rat Portal vein €. 227
Rat Mammary gland c 326
Dog Mesenteric artery c 58
Dog Mesantery c 37,294
Dog Femoral artery c 58
Dog Renal artery c 58
Dog Kidney c 134,221
Rabbit Hindquarters c 126
Prostaglandin Human Forearm arterial bed D 281
AR, and A2 Human Superficial hand vein D 281
1 Rabbit Renal artery C 260
PG B Human Forearm arterial bed D 281
1 Human Superficial hand vein D 281
PG D Oog Renal artery, vein C 301
PG E, and E Human Forearm arterial bed D 21,281
1 2 Human Superficial hand vein D 281
Human Brachial artery D 17
Human Skin D 21
Human Brain 0 256
Human limbilical vessels c/D 152
Human Placental vessels C/D 152
Goat(perinatal) Lungs ‘D 61
Rat Carotid artery D 260,261
Pig Lung c

185




Table 1 (continued)

FACTOR SPECIES TISSUE/VESSEL RESPONSE REFERENCE

PG E1 and E, Sheep(fetal) Umbilical vessels C 285,320
Sheep(fetal) Placental vesssls C 285,320
Sheep(fetal) ‘Skeletal muscle D 285,320
Sheep(fatal) Skin D 285,320
Sheep(fetal) Gut D 285,320
Sheep(fetal) -Brain = - 285,320
Sheep(fetal) Kidney - 285,320
Sheep(fetal) Myocardium D 285,320
Sheep(fetal) Lungs D 285,320
Sheep(fetal) Adrenal vessels D 285,320
L.amb Lung c 185
Rabbit Hindlimb c 336
Rabbit Hindquarters D 126
Rabbit Mesentery c/D 6,336
Rabbit Ear D 336
Rabbit Renal artery c 280
Hamster Cheek pouch D 182
Dog Renal artery,vein c 301
Dog Mesentery D 294
Dog Lung c 185
Cat Intestine D 218
Cat Kidney D 218
Cat Hindquarters D 218
Mouse Spleen c 275,276,277

PG F Human Forsarm arterial bed D 281

2alpha Human Superficial hand vein c 281

Human Umbilical vessels . C 152
Human Placental vessals c 152
Human Brain c 85
Cat Lingual artery c 227
Cat Brachial artery C 323
Cat Renal artery c

323




Table 1 (continued)

FACTOR SPECIES TISSUE/VESSEL RESPONSE REFERENCE
PG F Cat Mesenteric artery c 323
: 2alpha Cat Femoral artery c 323
Rabbit Renal artery _ c 280
Dog Submandibular gland D 313
Dog Tongue 0 296
Dog Mesentery c 294
Mouse Spleen c 275,276,277
PG 12’ Human Saphenous vein - 212
Rat Carotid artery 0 260,261
Rat Portal vein c 212
Rat Vena cava c 212
Dog Femoral artery, vein D 106
Dog Renal artery, vein D 301
Cat Intestine D 218
Cat Kidney D 218
Cat Hindquarters D 218
Rabbit Hindquarters D 126
Sheep(maternal) Adrenal D 265
Sheep(fetal) Adrenal D 265
Glucocorticoid Dog Kidney D 134
PTH Hen ~ Thyroid C 29
Hen Adrenal D 29
: Hen Bone . c/o 29
Nitroglycerin Rat Jugular vain D 64
Rat Aorta D 64
Dog Coronary artery D 288
Lactic acid Mouse Spleen c 275,276,277
Oxygen Guinea-pig Ductus arteriosus C 101
Carbon dioxide Cat Pial artery D 130
KC1 Rat Jugular vein c 64
Rabbit tEar c 187
Rabbit Aorta C 187
Pig Coronary artery c 187
K+ Dog Saphenous vein c 325

—
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Table 2

Examples of the Vascular Responses to Nerve Stimulation,

TISSUE/VESSEL SPECIES NERVE RESPONSE REFERENCE
Lung Dog 5 c 184
Pulmonary artery Rabbit S € 309,310
Ear Rabbit .S c/b 159
tar artery Rabbit S C 310
Brain Human S c 88
Brain Rat S c 87
Brain Cat S D 321
Skeletal muscle Dog S c 271
Skelstal muscle Cat S c/o 108
Saphenous vein Dog S [ 75,325
Saphenous vein Rabbit S c 75,309,310
Brachial artery Rabbit S c 310
Skin Dog S c 271
Hindquarters Rabbit 5 c 126
Heart Cat S D 38
Coronary artery Sheep S D 36
Bone Cat 3 c 132,335
Bone Dog S c 335
Kidney Dog S c 221
Lobar artery Rabbit S c 309,310
Spleen Mouse S c 275,276,277
Liver Rat PS D 198,199
Portal vein Rabbit S Cc 309

S



Table 2 (continued)

TISSUE/VESSEL SPECIES NERVE RESPONSE REFERENCE
Tongue Cat S c/o 95
Tongue Dog S c 296
Tongue _ DOog PS D 296
Submandibular gland Cat PS 0 179,180,303
Submandibular gland Cat S c/o 179,180
Submandibular gland Dog PS D 313
Submandibular gland Rabbit PS D 243
Submandibular gland Rabbit S c/o 243
Intestine Cat S c 217
Mesenteric artery Rabbit S (5 310
Mesenteric vein Rahbit S C 6
Mesentery Rat S c 147
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Table 3

Examples of Perivascular Nerves Dsmonstreted by Histoche

mical Technigues.

TISSUE SPECIES VESSEL TECHNIGQUES NERVES REFERENCE
Bone ‘ Rabbit Vessels FIF,EM Ad 82
Skeletal muscle Cat A IH Pept 323
Cat ALAL FIF,AChE Ad,Ch 32
Dog A,Al FIF,AChE Ad,Ch 32
Human A Al FIF,AChE Ad,no Ch 32
Monkay A,Al FIF,AChE Ad,no Ch 32
Dog Femoral artery GAF,AChE Ad,Ch 4
Dog Femoral vein GAF,AChE Adyno Ch 4
Rat Femoral vessels FIF,EM Ad 318
Rat Sephenous vassals FIF,EM Ad 718
Rat Main tail artery FIF,EM Ad 218
Skin Rabbit A AL FIF,AChE Ad,no Ch 144
Cattls A,V MAO,AChE Ad,Ch 168
Human Al GAF4AChE,EM Adyno Ch 193
Human Vessels AChE no Ch 162
Human AVA AChE Ch 162
Sheep AVA GAF,EM Ad 239
Brain Human Vessels FIf,AChE Ad,Ch 88
Human A AChE Ch 244
Human A Al FIF Ad 254
Dog A,Al Em Ad 290
Dog Pial A,Al AChE Ch 79
Dog Circle of Willis A AChE Ch 34
Rat Al,Cap GAF,EM Ad,Ch 164
Rat Pial A,Al AChE,EM Ad,Ch 79
Rat Cerebral Artery FIF,EM Ad,Ch 165
Cat Pial A,Al AChE,EM Ad,Ch 79
Cat Cerebral artery IH Pept 79
Cattle Cerebral artery F1F Ad 298
Guinea=-pig Pial A,Al AChE Ch 79
Hamster Pial A,Al AChE Ch 79
Rabbit Pial A, AChE,EM Ch 79
Mouse Pial A,Al AChE Ch 79
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Table 3 (continued)

L“.TISSUEZ SPECIES VESSEL TECHNIQUES NERVES REFERENCE
8rain Domestic fowl A,Al,Cap FIF,AChE Ad,Ch 311
Turtle Cerebral artery FI1F,AChE Ad,Ch 163
Turtle Al,Cap FIF,AChE Ad,Ch 163
Carp Cerebral artery FIF,AChE Ad,Ch 330
Carp Pial artery FIF,AChE Ad,Ch 330
Carp ARl,Cap FIF,AChE Ad,Ch 330
Bull-frog Cerebral artery FIF Ad 312
Bull-frog Extraparenchymal artery AChE no Ch 312
Bull-frog Parenchymal Al,Cap FIF,AChE Ad,Ch 312
Breast Rabbit A A1 FIF,AChE ARd,no Ch 144
Rat(lactating) Al FIF,AChE Ad,noCh 192, 193
Human A,Al M8 nerves 237
Human Al FI1F,AChE,EM no nerves 178,192,193
Umbilical cord Human Umbilical artery EM no Ad,no Ch 245
Genito-urinary tract Cat A IH pept 323
Uterus Guinea-pig Main artery AChE Ch 13,14
Guinea-pig Main artery FIF,AChE Ad,Ch 13
Guinea-pig 2nd artery FIF,AChE Ad, no Ch 13
Prostate Human Vessals FIF Ad 324
Bladder Human Vessels FIF Ad 252
Human A,Al FIF Ad 251
Kidney Rat Al FIF,AChE,EM Ad 9,11
Rat Glomerular Al &em Ad 10
Cat Vessels IH no pept 323
Pancreas Cat Vessels FIF Ad 207
Cat A,Al,Cap FIF,EM Ad 211
Cat v FIF,EM No ngrvas 211
Domestic fowl Vessels EM Ad,Ch 331
Spleen Mouse A,ALl FIF,AChE, EM Ad,no Ch 278,279
Mouse Red pulp V,Vl FIF,AChE no Ad,no Ch 278
Cat Vessels IH no pept 323
Liver Cat Vessels IH no pept 323




Table 3 (continued)

TISSUE SPECIES VESSEL TECHNIQUES NERVES REFERENCE
Nasal respiratory mucosa | Human AVA EM Ad,Ch 62
Human v M no .nerves 62
Dental pulp Human Vessels FIF,AChE Ad,Ch 200
Tongue Human A,Al ACht Ch g2
Human A,Al M Ad,Ch 133
Submandibular gland Rat Al,Cap EM Ad,Ch 172,173
Rat v EM No nerves 172
Rat Vessels FIF,GAF Ad 8,322
Rat Al FIF,AChE,EM Ad,Ch 30,250,305
Rat A AChE Ch 304
Rat V1 FIF Ad 257
Cat A,Al FIF,AChE,EM Ad,Ch 124,191
Cat Cap FIF,EM Ad 124
Mouse Vesssels FIF Ad 257
Cow ALAl FIF,AChE,EM Ad,Ch 3
Guinea-pig A,A1 FIF,AChE,EM Ad,Ch 3
Hamster A AL FIF,AChE,EM Ad,Ch 3
Sublingual gland Rat A ACht Ch 304
Rat Al AChE Ch 305
Rat Al,vl FIF Ad 250
Rat Vassels AChE,EM Ch 231
Rat A,Al IH pept 339
Mouse Vessels FIF Ad 257
Guinea-pig A,A1 FIF,AChE,EM Ad,Ch 3
Hamster A Al FIF,AChE,EM Ad,Ch 3
Human Vessels FIF,AChE Ad,Ch 283
Cat A Al IH pept 339
pParotid gland Rat Vess AChE, EM Ch 31
Rat Al,v1 F1F Ad 250
Human R,Al FIF,AChE,EM Ad,Ch 12?2
Mouse Vessels FIF Ad 257

—
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Table 3 (continued)

TISSUE SPECIES VESSEL TECHNIQUES NERVES REFERENCE
Gastro-intestinal tract| Cat A IH pept 323
Small intestine Cat ‘Vessels FIF,EM Ad 102
Mesentery Rat A,V,A1 FIF,AChE Ad,no Ch 119
' Rat Cap, Vvl FIF,AChE no Adyno Ch 119
Guinea-pigqg Mesenteric artery,vein FIF Ad 66
Rat Superficial epigastric GAF,AChE Ad 318
Pericardium,pleursa Dog,cat A FIF,AChE Ad,Ch 194
& peritoneum Al,V1,V FIF,AChE Ad,no Ch 194
Cap FIF,AChE no Ad,no Ch 194
Thyroid Human Vessels FIF Ad 233
8th nerve & inner ear Human Al,Cap FIF,EM no Ad 3472
Heart Cat Coronary artery IH no pept 323
Rat Coronary A,Al AChE Ch 248
Atrial myocardium , Human Vesseals FIF,GAF,EM Ad,Ch 202
Upper respiratory tract Cat A IH pept 323
- Guinsa-pig Abdominal aorta GAF Ad 66
- Guinea-pig Carotid artery GAF Ad 66
- Cat Carotid sinus,artery F1F Ad 307
- Pig Carotid sinus,artery FIF Ad 307
- Guinea-pig Carotid sinus,artery FIF Ad 307
- Rat Carotid sinus,artery FIF no Ad 307
Axillary lymph node Human Al m Ad 193
Lung Monkey Extrapulmonary A AChE Ch 104
Intrapulmonary A,Al AChE Ch 104
Cap AChE no Ch 104
Cat Extrapulmonary A FIF,AChE Ad,Ch 104,142,208

Intrapulmonary A,Al FIF,AChE Ad,Ch 104,142
Cap AChE no Ch 104
v ' FIF Ad 142
Guinea-pig Extrapulmonary A AChE Ch 104

Intrapulmonary A,Al AChE Ch 104,142
Cap AChE no Ch 104

Rat Extrapulmonary A FIF,AChE Ad,Ch 104,142

Intrapulmonary A,Al FIF,AChE no Ad, Ch 104,142

S



TJable 3 {continued)

TISSUE SPECIES VESSEL TECHNIQUES NERVES REFERENCE

Lung Rat v FI1F Ad 142
Cap AChE no Ch 104
Human Pulmonary artery,vein MB nerves 306
Bronchial artery,vein mMB nerves 306

Rabbit Extrapulmonary A FIF,AChE Ad,Ch 142,208

Intrapulmonary A FIF,AChE Ad,Ch 142,208
'} FIF Ad 142

Sheep Extrapulmonary A FIF,AChE Ad,Ch 142,208

Intrapulmonary A FIF,AChE Ad,Ch 142,208
V,Al FIF Ad 142

Dog Extrapulmonary A FIF,AChE,EM Ad,Ch 142,208

Intrapulmonary A FIF,AChE,EM Ad,Ch 142,208
Pulmonary V AChE,EM Ad, no Ch 142
Calf A FIF,AChE Ad,Ch 142
v FIF Ad 142
Pig Extrapulmonary A FIF,AChE Ad,Ch 142
Intrapulmonary A FIF,AChE Ad,Ch 142
Al AChE no Ch 142
v FIF Ad 142
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Figure 1

Diagrammatic representation of innervation density
in different regions of the vascular system .

(reproduced, with permission, from Burnstock, 1975b).
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Figure 2 Diagrammatic representations of sections through
the terminal varicosities of_ autonomic nerves
(reproduced, with permission, from Burnstock et al,

1980).
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Diagrammatic representation of the ultrastructure of the
main nerve profiles in the gastrointestinal tract. The .
name given to each profile is based on the characteristic
structure of the predominant vesicle type within that
profile. Mitochondria are drawn in every profile.

(reproduced with permission, from Burnstock, 1981).




Chapter 2,

ASPECTS OF THE HISTOLOGY AND ULTRASTRUCTURE OF NORMAL AND

MALIGNANT HUMAN BREAST

Introduction

Tissues from laboratory animals are readily available
for study with expense being a major limiting factor in the research.
The age and condition of the animals can beascertained and the
appropriate level chosen for any particular study. When work is
extended to human tissues, the availablity of fresh material
becomes limiting and suitable controls may be difficult to obtain,
Human breast tissue was studied initially because of its
availability on removal for biopsy examination and after
mastectomy operations., In all cases, the most normal-looking
tissue was examined though it must be remembered that a number
of variables do exist between patients, for example age and

medical history, which may influence the results.

Method

Biopsy material for frozen section analysis (Cases 1,2,4,5,6
and 7), and tissue obtained from the periphery of a mastectomy
specimen (Case 9), wasg cut into 1--2mm3 blocks anﬁ immersed in
fixative solution at 4°C to await collection from the Department
of Histopathology at Dryburn Hospital, Durham. On arrival at the
University, specimens were cut into smaller pieces under fixative

and stored in fresh fixative at 4°C for up to 5 days.
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The fixative was decanted and the samples quickly rinsed

twice in 100mM sodium cacodylate, pH 742/743 (hereafter, cacodylate

buffer) before being immersed in fresh cacodylate buffer for 2X10 minutes

at 0°C with swirling. The buffer was decanted and the samples
quickly rinsed twice with osmium tetroxide in cacodylate buffer
before post-fixing in the same solution:iat room temperature for

3 hours. After further rinsing in cacodylate buffer for 2X10 minutes
with swirling, the samples were dehydrated in ethanol (70% - 2X15
minutes, 95% - 2X15 minutes, absolute - 2X15 minutes).

After dehydration, the tissue was cleared in absolute
alcohol/epoxypropane (1:1 v/v) for 2X30 minutes and then infiltrated
with epoxypropane (2X30 minutes). The tissue was immersed in
epoxypropane/resin (1:1 v/v) at 45°C for 30 minutes and then in
absolute resin at 45°C for 30 minutes before arranging the tissue

pieces in fresh resin in foil dishes placed at 45°C for 3 hours, then

at 60°C for at least 16 hours.

Fixatives :~ Cases 1,2,4,5,6 and 9

2+5% glutaraldehyde in cacodylate buffer

Case 7

Modified Karnovsky Fixative - prepared by mixing

together the following two solutions.

Selution 1 Solution 2

Paraformaldehyde 1g 25% glutaraldehyde Sml
O°?N sodium cacodylate S0ml

Distilled water 45ml_
(pH 7°2/7+3)

1N NaDH 2-6 drops :
CaCl2 50mg
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Post fixatives :- Cases 1,2,4,5 and 6
2% osmium tetroxide in cacodylate buffar

Cases 7 and 9

1% osmium tetroxide in cacodylate buffer

Resins :- - Cases 1,2,4 and 5

Epon - prepared by taking

Epikote 812 47g
DDSA 21g
MNA 32g
DMP 30 | 1.4ml

(all £M Scope reagents) and stirring the
resulting mixture for 10 minutes at room
temperaturae.
Cases 6,7 and 9
Araldite Mixture - prepared by stirring together

Araldite M (CY212) 10ml

ODSA 10ml
Dibutyl phthalate iml
boMP 30 0+ 5Sml

(all EM Scope reagents).

Once embedded, blocks were selected, semi-thin (approximately
ZPm'thick) sections cut and then stained with 1% toluidine blue
before being examined in the light microscope. |

Suitable arterioles were blocked down for further analysis
and thin séctions cut and stained (uranyl acetate - 10 minutes,
lead citrate - 10 minutes) prior to examination in the Philips 400

electron microscope. The structure of the vessel walls and the

surrounding adventitia receiived special attention,
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Results

Light Microscopy

Cases 1,2,4,5,6 and 7
All the material examined in this experiment came from

patients, age 57,44,58,63,51 and 34 respectively, with invasive
ductal carcinoma and so normal tissue features were obscured, Initial
impressions were of histological chaos characterisedAby tissue
degenseration, elastosis and the presence of multiple malignant nests.
Abundant fibrous tissue was present throughout the material, exhibiting
elongate cells with dense-staining nuclei (plate 1), Elastotic
fibres were variable in sizej thin elastosis tended to be periductal
whereas thicker fibres were found in areas of dense fibrous tissue
(plate 2). Malignant cells were characterised by the presence of
pleimorphic nuclei often containing several nucleoli some of which
were guite large. Atypical mitotic figures were occasionally seen.
The tumour cells, heterogeneous in size, shape and density were observed
either free, in small clusters or, more usually, in malignant nests,
some of the latter showing encapsulation by a layer'of flattened cells
with dark-staining nuclei (plate 2). Encapsulation was independant
of nest size. In gome instances, an immune response was apparent,
with areas of lymphocytic infiltration often close to well-defined
blood vessels (plate 3). Plasma cells and mast cells were also

abundant in localized regions.

In invasive ductal cancer, much of the ductal structure
had been.destroyéd by the disease and so the normal vascular pattern
in relationship to the ducts was obscured. UWhile the larger vessels,
those to be examined by electron microscopy, could be readily
differentiated and a function proposed,this became progresgively more
difficult for the smaller vessels whose structure was disparate and

whose populations probably included tumour—induced vessels (Jones, 1979b).




Case 9

Case 9 material was obtained from the peribhery of a
mastectomy specimen removed from a patient, age 52 years, suffering
from invasive ductal carcinoma, Very few of the characteristic
features of the disease were seen, indicating that the tissue was
near normal. The only evidence to suggest neoplastic activity was
gslight anaplasia of the columnar epithelium of a single duct,
Abundant fibrous tissue, showing no sign of digorder or degeneration
(plate 4) was present, together with normal lobules (plate 5), ducts
and aufew well-defined blood vessels. Occasional lymphocytes,

plasma cells and mast cells were also observed,

Electron Microscopy

21 arterioles from 7 patients have been examined in the
glectron microscope and both normal and malignant material has been
studied and no differences seen. Characteristic features of the
endothelium, smooth muscle and adventitia were observed (Jones &
Kendali, 1980).

| Endothelial cells, often linked by inferdigitations and
showing occasional paramembranous densities along the cell junction,
were found to possess a rich and varied cytoplasm (plates 6 & 7).
In addition to mitochondria, vesicles and free and bound ribosomes,
dense nets of microfibrils were observed, the latter possibly
cantributing to cell structure and affording a means of intracytoplasmic
compartmentation. Golgi complexes were also presént, suggesting the

cells were manufacturing certain proteins for export. Large endothelial

cell inclusions were also seen (plate 8). In the endothelial cell

nuclei, the nucleoplasm was surrounded by a characteristic dense band

immediately within the nuclear membrane,




An unusual cell, probably a macrophage, was observed,
seeming to penetrate the endothelial layer (plate 7). This cell had
a number of cytoplasmic processes and an increased denéity compared
with the adjacent endothelial cells,

Smooth muscle cells were preéent in distinct layers in the
larger vessels, separatesd from each other by material appearing to be
continuous with the basement membrane. In the smaller vessels, however,
the muscle often formed discontinuous layers exposing part of the
endothelium to the adventitia, The muscle cells thémselves showed a
characteristically rich cytoplasm, consisting partly of densely-packed
myofibrils lying parallel to the long axis of the cell. Mitochondria
and ribosomes were also present, many of the latter bound to the
endoplasmic reticulum, Micropinocytotic vesicles were observed in
abundance at the'plasma membrane, mostly at the abluminal surface
(plate 9). These vesicles, or caveolas, were measured from photographs
to the nearest 10nm, and were found to have mean dimensions of 46+1nm X
64+6nm, with standard errors of 1¢1 and O<6nm respectively (sample size
= 106)., The caveolae appeér to be smaller than those measuring 70 X
120nm reported by Gabella (1981) in the smooth muscle cells of the
gastro-intestinal tract. Some large granular vesicles were also
occasionally present in the vascular smooth muscle cytoplasm.

The basement membrane surrounding the muscle layers varied
in thickness from vessel to vessel and within the same vessel.

Within the adventitia there was as abundance of fibroblasts,
their long thin processes extending around the vessel., Sections
through the fibroblast cell bodies revealed the characteristic
cytoplasm containing golgi structures, many bound ribosomes and free

pol&somes, mitochondria and numerous cellular inclusions. Ves;cles

were seen fusing with the cell ‘membrane. In areas of high fibroblast

density around the vessel, there was also abundant collagen and this,
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together with the presence of the golgi, ribosomes and mitochondria
within the fibroblasts, suggests that the cells are highly active,
Scanning ﬁhe adventitia at high magnifications (90,000X) failed to
reveal any periarteriolar axon profiles (see plate 8) in all the

vessels examined (Jones & Kendall, 1981),

Discussion

No obvious differences were observed between the vessels
studied in the normal tissue from case 9 and the vessels in the
carcinoma tissue from the other cases., 1t can therefore be assumed
that the well-defined vessels from the pathological cases are near
normal, |

The absence of periarteriolar nerve fibres in all 21
vessels studied from 7 patiénts indicates that blood flow through
the breast in the age range 34-63 years, is not controlled by autonomic
nerves running along the vessel length., The possibility remains
however, that axons supply the vessels at discrete sites such as
sphincters, branch points or arteriovenous anastomoses.

1t was therefore necessary to undertake a gross examination
of the tissue using histochemiéal techniques to identify specific
nerve populations. These techniques were initially performed on the
rat.submandibular gland, the innervation of which has been previously

reported (Jones, 1979a), before being extended to human tissues.

























Chapter 3

A STUDY OF THE HISTOLOGICAL FEATURES OF THE RAT SALIVARY GLANDS

WITH PARTICULAR REFERENCE TO INNERVATION.

1. A Histological Study of Features of the Rat Major Sublingual Gland.

Introduction

The salivary glands, for example in cat, dog and rat, have
been shown by histologibal and physiological techniques to be innervated
by both adrenergic and cholinergic autonomic nerves. As such they
are useful in verifying histochemical techniques before these are

‘applied to human tissues.

Initially a brief study was performed to identify features

of the rat major sublingual gland, especially blood vessels and their

innervation,

Method

Major sublingual glands were removed from freshly-killed
rats and subjected to the modified chromaffin procedure of Tranzer
and Richards (1976) with the clarifications described by Jones (1979a)
to facilitate the distinction between autonomic subpopulations in
the electron microscope.

The excised glands were immersed in fixative solution
(0°1M sodium chromate/potassium dichromate, pH 72, containing
1% glutaraldehyde and 0+4% formaldehyde) where they were cut into

fine pieces before being transferred to fresh fixative and swirled

at UOC until the total time spent in fixative was 15 minutes.
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Following this, the tissue was rinsed twice with storage solution
(0*2M sodium chromate/potassium dichromate, pH 6+0) before

immersing in this solution for 17-18 hours at 4°c, The following
morning, the storage sclution was decanted and the specimens
post-fixed in 2% osmium tetroxide in 0+1M sodium chromate/potassium
dichromate, pH 722 for 1 hour at 0°C. The material was then rinsed

3 times in 0+1M sodium chromata/potassium dichromate, pH 7+2 before
dehydrating in ethanol (70% - 2X5 minutes, 95% - 10 minutes, absolute -
2X30 minutes) and infiltrating with epoxypropane (2X10 minutes).
After this, Epon*/epoxypropane (121 v/v) was added and the samples
left for 20-21 hours. The next day, the specimens were suspended

in Epon mixture for 6 hours before being transferred to fresh Epon
mixture in tinfoil dishes and placed in the oven at 60°C for at least
16 hours,

Once embedded, suitable blocks were selected, semi-thin
(approximately 2Fm thick) sections cut'and then stained using 1%
tduidine blue. A number of features of the tissue were recordad.

| Suitable arterioles were blocked down for further analysis
and thin sections cut and stained (uranyl acetate - 10 minutes,

lead citrate - 10 minutes) prior to examination in the Philips
400 electron microscops.

Results

Light Microscopy

The blood vessel types were differentiated according to wall

structure.l Larger vessels were readily identified but capillaries

¥ For details of preparation see page 66 .
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-and small venules were more difficult to distinguish,  Many of the
larger vessels were found in close apposition to ducts (plate 10)
whilst capillaries penetrated the inter-acinar spaces. Some mast
cells were also observed, especially around arteriocles (plate 11).
Myoepithelial cell processes encompassed the acini, Attempts were
made to distinguish different duct types and both striated ducts

(piate.10) and intercalated ducts (plate 12) were observed.

Electron Microscopy

The ultrastructural study of the periarteriolar nerves
produced results similar to those of Jones (1979a) for the rat
submandibular gland, in that arterioles had a denser innervation than
venules. Capillaries had an occasional nerve fibre accompanying them
which may have been functional or en route to another site. Basically,
two nerve types were revealed, both containing large dense-corad
vesicles but one possessing small vesicles with densely stained
cores and the other showing small unstained vesicles. These were
presumed to représent adrenergic and cholinergic nerves respectively
as desribed by Burnstock (19755). All the fibres were unmyelinated
and surrounded by a Schwann cell investment. Areas where this

investment was partly removed were thoughtto be neuroeffector sites.
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2, A _Histochemical Study of Catecholamines in the Autonomic Nerves

of the Rat Submandibular and Major Sublingual Giands.

8. Formaldehyde-induced fluorescence technigue (FIF)

Introduction

A modification of the formaldehyde-induced fluorescence
technique (Falck, 1962; Falck, Hillarp, Thieme & Torp, 196Z; Falck &
Owman, 19653 Er;nkg, 1967) was used to identify adrenergic nerves
in the rat submandibular gland. It is well aestablished that reserpine
depletes biogenic amines (Jonason, 1969) therefore pre-treatment of

animals with ressrpine distinguishes the fluorescence due to stored

catecholamines from the autofluorescence of the tissue,

Method

Groups 1 and 2

Four male rats (group 2) were injected with 0+5mg/kg
reserpine in sodium acetate buffer, pH 4,5 daily for 7 days and
3 rats (group1) were injected with the buffer alone.

The submandibular glands were quickly removed from the
animals and immersed for a few minutes in isopentans cooled over
liquid nitrogen, before being stored at f70°C.
| The tissue was dried over fresh phosphorous pentoxide in
a desiccator, the latter being placed in a 70% alcohol bath at -30°C
and connected to a vacuum pump. A vacuum of é X 10-4mmHg was
maintained'during the 5 day fraeze-drying procaés. After this time

the freezer was switched off but kept closed, bringing the temperature




to -20°C for 24 hours, and then opened to allow the desiccator to
return to room temperature overnight. Finally the desiccator
was placed in a 7D°C water bath for 1 hour, A high vacuum was
maintained throughout these temperature changes.,
The formaldehyde gas reaction takes place in two stagss,
If the formaldehyde humidity is over 70% then strong fluorescence
is produced but there is diffusion of the catecholamines. If under
50% humidity is present, there is no diffusion, but the fiuorescence
is weak (M,Saito, personal communication). Therefore the tissue was
treated initially with 50% humidity for 1 hour and then with 70% for
2 hours, both steps taking place in an incubator at BOOC. The 50%
and 70% formaldehyde humidities are produced by placing
paraformaldehyde over 43% and 34% HZSOa respectively, in strong
bottles and leaving them to equilibrate in the dark for 1 week, and in
the 80°C oven for at least 1 hour prior to the addition of the tissue.
Following the formaldehyde reaction, the tissue was
embedded in paraffin wax under high vacuum for 1+5 hours at 70°C.
20Pm sections were cut and collected on slides, and the wax removed
by xylene. The slides were mounted in fluoromount and examined

under the fluorescence microscope, Suitable areas were selected for

photography.

Group 3

The submandibular glands of 2 rats were rapidly removed
and frozen in isopentane cooled over liquid nitrogen before being
stored at -70°C. Tissue was processed as previously described for

. groups 1 and 2 but with a reduced freeze-drying period of 1 day at

-30°C, before switching off the freezer.



Group 4

The submandibular gland was quickly ramovedAfrom a rat
and frozen in isopentane, coeled over liquid nitrogen; the latter also
being used for the storage of the tissue. 10vm sections were cut
on a cryostat at -30°C and then dried at room temperature, 35°C and
45°C for 20 minutes. Slides dried at each temperature were then
subjected to the two stép formaldehyde vapour reaction for 10, 20
and 60 minutes at 50% relative humidity and 20, 40 and 120 minutes
respectively at 70%. Mounting in fluoromount and examination in

the fluorescence microscope was as before,
Results

Group 1 (control rats)

‘ R dark green background autofluorescence was observed in
the acinar célls, interspersed by bright yellow-green fluorescent
fibres (plates 13, 14, 15 and 16). The ducts autofluorssced more
strongly than the acini, as did the walls of the blood vessels.
Differentiation between the vessel types was on the basis of the wall
structure, relative diameter size and luminal contents., Oucts showed
columnar epithelial cells and unstained lumina whereas venules
and some arterioles had brown staining material in the lumen,

Venules also tended to be larger and have thinner walls than the
accempanying arterioles., Vessel identification was verified by
reference to tbe previous work on rat salivary glands stained with
toluidine blue. Fibres were Observed around the arterioles (plate 16)

but venules were sparsely innervated, No fluorescent fibres were

seen around the ducts (plate 17).
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Group 2 (reserpinized rats)
The’autofluorescence of the acini, ducts and vessels was
similar to that in the controls but no yellow-green fibres were

observed around the blood vessels or among the acini (plates 18 and 19).

Group 3 (short freeze-drying period)

Examination in the fluorescence microscope revealed less
autofluorescence of the ducts and acini but greater fluorescence of the
arteriolar elastic lamina, than in the 6 day freeze-drying procedure,

No yellow-green fibres were seen among the acini although they wers !
clearly visible in the adventitia of arterioles. Many mast cells,

- containing highly fluorescent granules, were present near blood vessels

and ducts,‘this position being as previously described in toluidine

blue stained sections of rat salivary gland.

Group 4 (no freeze-drying peried)

The autofluorescence increased in intensity with increased
formaldehyde vépour treatment. No nerve fibres were observed during
the shorter time periods, but with the longer reaction time faint
yellow-green fibres could be seen among the acini. The bright

autofluorescence, however, made detailed examination impossible.

b. Glyoxylic acid fluorescence technigue (GAF)

Introduction

The formaldehyde-induced fluorescence techqique, although
demonétrating.specific catecholamine fluorescence, has several

drawbacks which are overcome by the glyoxylic acid fluorescence
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technique (Axelsson, Bigrklund, Falck, Lindvall & Svensson, 1973;
Lindvall & nggklund, 1974). Ffirstly, the FIF techhique requires

0
several dgys freeze~drying of the tissue to produce optimal results;
attempts at shorter freeze-drying times have not produced sufficient
contrast between specific- and auto-fluorescence. The GAF technigue,
however, consists of a simple and quick procedure, producing 4-6
times the specific fluorescent yield of FIF and low background
fluorescence (Lindvall & ngrklund, 1974; Cowen & Burnstock, 1980)
thus producing a greater contrast between specific and background
fluorescence. This makes the GAF technique moere sensitive for areas
of low catecholamine concentration such as axons and their terminals
(Axelsson et al, 1973; Kygsola et al, 1976; Kirby, ﬁcKenzie &
Weidman, 1980). GAF is also more stable and less sensitive to humidity
than FIF where the outcome of the technigque is dependent on the
amount of water present (Lindvall & ngrklund, 1974), The use of
noxious formaldehyde vapour is also avoided with GAF., Ffor these reasons
the GAF procedure as modified by Kgnig (1979) was used to identify

adrenergic nerves in the rat submandibular and major sublingual

glands.

Method

Thé submandibular glands from 3 rats were rapidly removed
and frozen in isopentane codled over liquid nitrogen, before being
immersed in liquid nitrogen itself. For longer tepm storage the
tissue was placed in a deep freeze at -70°C.

1% glyoxylic acid solution containing glyoxylic acid

monohydrate (Sigma) in 0°236M KH,PO, buffer and 0*2M sucrose

(the solution being adjusted to pH 7¢4 with a substantial volume of



2M NaOH) yas prepared. 20rm Cryostat sections were collected on slides
and immersed in 1% glyoxylic acid solution for 30, 4S or 60 seconds

at either room temperature or 0°c. The slides wsre blotted dry

with filter paper and dried for a further 5 minutes with cold air

from a hairdryer, then in an oven at 80°C for 5 minutes, before

being mounted in fluoromount. They wers then placed on a heating plate
at 70°c for 3 minutes and examined under ultravioletAlight in a

Zgiss Ultraphot Photomicroscope., Suitable arsas were selected for
pﬁotography.

The autofluorescence of the acini and ducts was enhanced
with increased time in glyoxylic acid. Temperature had no effect
within the range studied., With 45 seconds immersion, the
autofluorescence was optimal to aid identification of ducts and blood
vessels, and to maintain good contrast between the dull green
autofluorescence and the yellow-green fluorescence of the nervss.
Therefore, glands removed subsequently were processed according to
this technique with 45 seconds immersion in glyoxylic acid at room
temperature.

In an attempt to differentiate betwesn the specific
fluorescence due to catecholamine and the autofluorescence of the
tissue, animals were pretreated with reserpine to deplete biogenic
amines,

3 male rats weighing approximately ZOOg each, were injected
peritoneally with Smg/kg reserpine in glacial acetic acid, pH 3°§.

2 control rats were injected with the acid only. 24 hours later, the
animals were sacrificed and the capsule containing both the submandibular
aﬁd the major sublingual glands was removed and rapidly frozen as

before. 20um cryostat sections were cut and processed by the

glyoxylic acid technique previously described.
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Results

The untreated rats and the control rats showsd a similar
pattern of innervation. Throughout the acinar tissue of both the
submandibular and major sublingual glands, strongly yellow=-green
fluorescent nerve fibres wers observed, many showing a beaded
appearance. The major sublingual gland had a sparser parenchymal
innervation than the submandibular gland and this is demonstrated
clearly in plate 20 which shows the junction between the two glands.
In addition, a large number of small orange-yellow fluorescent
granuies were seen in the major sublingual gland. Thess may be
lipofuscin granules (Garrett, 1963) containing waste products of
metabolism,

Dense nerve plexuses were seen around thé blood vessels,
both along their length and at bifurcations (plates 21 and 22),

There appeared to be no change in the density of innervation at the
branch points. The nerves run both longitudinally and
circumferentially around the vessels, appearing as fluorescent points
and fibres respectively, when the vessels were examined in transverse
section (plate 23). The pale yellow autofluorescent elastic lamina
of arterioles is greatly folded in places and is easily distinguished
from the brightly yellow-gresn fluorescent nerves situated in the
adventitia, Nerves have not been observed penetrating into the
vessel wall. Venules have less innervation than arterioles and no
fluorescent fibres have bseen seen around ducts. Mast cells do not
fluoresce with‘@his tachniéua.

| Rats pretreated with reserpine showed 2 complete absence of
fluorescent fibres among the acini and around the blopd yessels. The
autofluorescent elastic lamina, however, remained unchanged (plate 24).

These results confirm that the nerves observed using GAF technique

contain biogenic. amines,



Ce Routine histological staining technigues.

To verify the anatomical detail of the tissue examined for
adrenergic nerves, the following histological staining procedures

were performed on adjacent sections to those used for the GAF procedure.

Haematoxylin - Eosin

20pm sections were cut on the cryostat at —SOOC. Fixation
took place in buffered formalin for 10 minutes at room temperature.
The slides were then placed under ruhning tap water for 3 minutes,
stained in Mayer's haematoxylin for 3 minutes and rinsed in
distilled water, before being placed under running tap water for a
further 3 minutes, The slides were dipped into eosin for a few
seconds and subsequently rinsed in 95% ethanol for a few seconds, and
dehydrated in three changes of butan-1-ol for at least 5 minutes
each. The tissue was then cleared in two changes of xylene, for at

least 5 minutes each time before mounting in hystomount,

Hagmatoxylin - Van Giason

20 pm sections were cut on the cryostat at -30°C, Fixation
took place in buffered formalin for 10 minutes at room temperature.
The slides were then placed under running tap water for 3 minutes,
washed for 1 minute in distilled water before being étained in Mayer's
haematoxylin for 10 minutes. UWashing was continuéd in running tap
water for & further 3 minutes and in distilled water for 1 minute. The
tissue was then stained in Van Gieson for 3 minutes before rinsing in
95% ethanol for a few seconds and dehydrating in three changes of

butan-1-0l for at least 5 minutes sach., Two changss of xylene for

at least 5 minutes each cleared the tissue prior to mounting in hystomount.

Ducts, blood vessels and acinar tissue were identified as

shown by plates 25 and 26.
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3. A Histochemical Study of Acetylcholinesterase-Positive Nerves

in the Rat Submandibular and Major Sublingual Glands.

Introduction

Adrenergic nerves are easily identified using the histochemical
techniques previously described where the neurotransmitter
noradrenaline treated with either formaldehyde vapour or glyoxylic
acid, fluoresces under ultra-vielet light. Cholinergic nerves,
however, cannot be stained directly as at present there is no known
stain for acétylcholine (ACh), the cholinergic neu:btransmitter.
Acetylcholinesterase (AChE), the enzyme involved in the breakdown
of ACh, is present in large quantities in cholinergic neurons and is
aésily stained.

Many authors have simply accepted the staining of AChE as
being sufficient to demonstrate cholinergic nerves (for example,

Hebb, 1969; Borodulya & Pletchkova, 1973,1976; Reilly, McCuskey &
Meineke, 1976; Tagawa, Ando & Wasano, 1979; Tagawa, Ando, Wasano &
Iijima, 1979; Wasano & Iijima, 1979; Kemplay, 1980; Vaalasti &
Hervonen, 1980). Other éuthors have been more cautious, As

Lehmann and Fibiger (1979) have noted 'high AChE activity is a
necessary but not sufficient characteristic for identifying cholinergic
AChE activity has been found in a number of seemingly

neurons. '
non—choliﬁergic elements, Barajas and Wang (1975) performed both

the FIF and the AChE techniques on rat renal nerves. 6-hydroxycdopamine
was used to selectively destroy the adrensrgic populatien. Not only
did this treatment remove the catecholamine fluorescence, but the

AChE-positive fibres were no longer observed, indicating a

correlation between the presence of adrenergic fibres and ACht
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staininé. Ultrastructural studies by Barajas, Wang and De Santis (1976)
confirmed this be demonstrating extracellular AChE~-positive stain
around axons and varicosities. All the axons present contained

small dense-cored vgsicles, typically adrenergic., No cholinergic

axons were observed,

Bogart (1970,1971) and Jacobowitz and Koelle (1965) howsver,
have demonstrated adrenergic nerves possessing no AChE activity,

Many other authors have demonstrated marked differences in nerve
plexuses seen in tissues stained consecutively or simulataneously
for catecholamines and AChE, thus indicating two separate nerve
pbpulations, namely adrenergic and chelinergic, even though they
frequently run close to one another (Fisher, 1965; Jacobowitz &
Koelle, 1965; Ehiﬁger & Falck, 1966; Garrett, 1967; Kukletové,
Zahradka & Lukég; 1968; Bolme & Fuxe, 1970; Edvinsson, Owman &
sjgbefg, 1976; Iijima, 1977; Amenta, Porcelli & Ferrante, 1979;
Rossoni, Machado & Machado, 1979).

Adrenergic nerves, therefore, seem to show differing
degrees of AChE activity depending on the species and the tissue
studied (Garrett, 1967; Burnstock, 1980). Garrett (1967), Khaisman
(1975), Iijima (1977) and Rossoni et ai (1979) all comment that '
adrenergic and sensory nerves tend to have a lower AChE activity than
cholinergic nerves and therefore the more strongly stained nerves
;an‘be éssumed to be cholinergic, but care must be taken over the
identification of the lesser stained fibres,

Chubb et al (1980) have recently shown that a purified
preperation of AChE hydrolyzes substance P, and a good correlation
is demonstrated between the distribution of substance P-like
immunoreactivity and AChE staining in the dorsal horn of chick

spinal cord. This correlation suggests that AChE may be present




in nerves containing substance P, Positively staining fibres processed
by the AChE technique may also have a peptidergic function.

Selective denervations are helpful in thé identification of
cholinergic nerves in animals, but this is obviously unsuitable
treatment for human tissues.

Bearing these problems in mind, a modification of the
staining procedure for AChE of El-Badawi & Schenk (1967) was used to

demonstrate possible cholinergic nerves,
Method

The technique produces a granular reddish-brown prec ipitate
at the Sites of AChE activity, the colour coming from the reduction
of ferrocyanide, with the subsequent precipitation of Cu++ as cupric
ferrocyanide, A brief fixation period in ice cold formalin prevented
the loss of AChE activity and an incubation time of 15 hours was
the optimal time for staining enzyme sites without the occurrence
of excess diffusion. The counterstaining was also modified to give
optimal results. Ethopropazine was included in the incubation medium
as a selective irreversible inhibitor of BuChE, ensuring the
specificity of the method for AChE (Naik, 1963; Navaratnam &

Palkama, 1965; Jenkinmson, Sengupta & Blackburn, 1966; Hebb, 1969;
Hebb & Linzell, 1970; Flumerfelt, Lewis & Gwyn, 1973; Silver, 1974).

Subﬁandibular capsules, each containing the submandibular
and major sublingual glands, were excised from 4 freshly-killed rats
and rapidly frozen by immersion in isopentane cooled over liquid
for

nitrogen before being transferred to liquid nitrogen itself.

. ' o]
long-term storage, the tissue was kept in a deep freeze at -70 C.
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ZOPm sections were cut on a cyrostat at -30°C, collected on
slides and éir dried at room temperature forA3 minutes using a
hairdryer. The specimens were fixed in ice cold h% neutral formalin
for 20-25 minutaes before being washed theroughly in two changes of
distilled water, 1 minute each time.

Incubation took place at 37°C for 1+5 hours using a sglution

prepared by adding the following constituents in the order shoun,

Acetylthiocholine iodide 25mg
60mM (0°82%) Sodium acetate 31+6ml
100mM (0+6%) Acetic acid 1+0ml
100mM (2+94%) Sodium citrate 2,4ml
30mM (0°+75%) Cupric sulphate S5+0ml
1mM (00035%) Ethopropazine 1+0ml
smM (0+165%) Potassium ferricyanide S5+0ml
Distilled water 4+0ml

The incubation medium must be used within 30 minutes of
being prepared.

After incubation, the sections were rinsed in distilled
water before being counterstained in Mayer's haematoxylin for 1
minute. The sections were then washed in distilled water for 1
minute béfore they were 'blued' under r?nning tap water for 3 minutes.
Followihg this, the tissue was dehydrated in 3 changes of butan-1-ol
for at least 5 minutes sach, and cleared in 2 changes of xylene, also
for at least 5 minutes each,

The sections were then mounted in hystemount and observed

in the light microscopse. Photographs were taken on the Zeiss

Ultraphot and Nikon Optiphot photomicroscopes.
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. The above method was also applied omitting either the

substrate,'acetylthiocholine iodids, of the inhibitor, ethopropazine.
To establish the cholinergic nature of the AChE-positive

‘ fibrgs,'ﬁarasympathectomy of the glands was attempted by thé
following treatmants‘on anaesthetized rats :- 1) disturbance of the
ganglionic complex, 2) clearance of the coﬁnective sheafh of the
. duct 2mm north of the point'of entry into the gland and 3) a
.combination of these two treatments. Sham operations were also
performed in the first two caées; The submandibular and major
sublinéual glands were removed 7 and 21 days after the operation and
processed as above. These operations were performed by Dr. C.J. Jones

with Home Office permission,
Results

The rad—broﬁn staining of the nerves by the thiocholine
_techﬁique'uas claariy demonstrated. AChE-positive staining of red
blood cells was als§ observed, mainly in venules wheré red cells

were ébundant (plate 27) but this did not obécure the staining of the
nervous tissue, Densely stained nerve trunks occurred in thg
connective tissue, often passing near to large arterioles (plate 27)
and ducts (plate 31) but not necessarily in close association.w;th
them. A rich network of AChE-positive fibres was seen amongst the
-acinar tissue of the submandibular gland, in marked contrast to the
éparaa innervation of the majorsublingual gland (plgte 29). The
width of these fibres differed greatly within the same tissue; varying
from larger bundles pbviouély ;ontaining a number of aions, to very
thin threads where possibly a single axon is running within the:

Schwann cell. The ducts and venules are sparsely innervated (plates
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30 and 31)'cqmpéred'to the dense piexus of fine AChE-positive nerve
fibres sufrounding the arterioles (plates 27,28,30 and 31).

| whén acetylcholine iodide was absent from the incubation
medium, no positive stgining of nerves was observed. On omitting
ethopropazine from the incubation medium instead, the density of
parenchymal ChE-positive fibres increased, indicating the presence
of BuChE activity in the tissue. A marked increase in stained
fibres was also observed around the ducts. It is obviously necessary
to inhibit tﬁe BuCht enzyme to demonstrate AChE activity alone.

Glands from the operated animals showed no difference in the

'dénsity of innenvation from that described either in sham controls
or in unéparétéd animals,'indicating that the attempts at
paragympathectomy had been unsuccessful or that the nerves needed
longer than 21 days to degenerate. The cholinergic nature of the

AChE—positive nerves has therefore not been verified.
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4, Discussion on the Control of Blood Flow through Salivery Glands.

The results obtained from these techniques employed to
identify adrensergic and possible cholinergic nerves in rat salivary -
glands compare favourably with those of other aﬁthors. —

A denser parenchymal innervation by yellow-green fluorescent
fibres was seen in the rat submandibular 9land compared to the major
sublingual gland, confirming the previous observations of Norberg and
Olson (1965), Comparative studies of the submandibular and sublingual
glands in other species, namely mouse (Olson, 1967), guineé—pig
(Alm, Bloom & Carlsg;, 1973), and human (Rossoni et al, 1979) also
demonstrate a similar difference in innervation. This ié not the
case, however, in the hamster sublingual gland where there is an
exﬁensive.paranchymal adrenergic network (Alm et al, 1973). The
st}iated ducts of the hamster sublingual gland also show an innervation
by fluorescent fibres, in contrast to those of the guinea-pig (Alm
et al, 1973), mouse (Dlson, 1967) and rat (Norberg & Olson, 1965;

Tuch & Matthiesen, 1980) where no fibres have been observed. There
ig also species variation in the inﬁervation of the ducts of the
submandibular gland., Commonly, they are devoid of fibres but some
fluorescant nerves have been seen in close apposition to thé striated
' ducts in the cat (Garrett & Kembiay, 1977) and human (Garrett, 1967;
Rossoni et al, 1979) submandibular glands. In the present study on
rat salivary glands no ductal adrenergic innervation was observed.

The dense adrenergic innervation of the mugcular blood
vessels is in accordance with previous work .on the rat salivary
glands using both lightAmicroscopy (Norberg & 0;§on, 19§5; Tgch &

Matthiesen, 1980) and electron microscapy (Jones, 19793, 1980).,



Formaldehyde-induced fluorescence of mast cells has also
been reported bath in salivary glands (Norberg & Olson; 1965; Alm et al,
1973) and in other tissues (for example Enarb;ck & H;ggendal, 1970;
Iijima, 1977; Todd, 1980).
| Comparative studies between the submandibular andAmajor
sublingual glénds, using the AChE technique, have also shown fewer
AChE-positive fipres in the parenchyma of the major sublingual gland,
but this differsnce in innervation density is not as marked as with
the adrenergic component., These findings are in agreement with the
work of Snell and Garrett (1957), Snell (1958) and Bogart (1970,1971).
Also, in the quinea-pig, hamster (Alm et al, 1973) and human (Rossoni
et al, 1979) sublingﬁal glands, the parenchymal cholinergic innervation
is greater than its adrenergic counterpart. Taking into account
that some of the AChE-positive nerves may be adrenergic, the difference
in the number of nerves observed by these two techniques, indicates
that a more extensive cholinergic than adrenergic population is being
stained (Garrstt, 1967).

The lack of positive staining obtained when the substrate
was omitted from the incubation medium, and the increase in staining
on omitting the inhibitor, verifies the specificity of the technique
to AChE.

Red blood cells ﬁave also been shown to be AChE-positive
by other authors ( for example, Snell & Garrett, 1957; Garrett, 1967).

In both glands, nerve trunks are sesn in the connective
tissue and coursiﬁg through the parenchyma, commonly adjacent to
ducts and blood vessels. Fine fibres have been observed leading
from these trunks and forming close associations with the acini,
ducts and blood vessels especially the small muscular arterioles

around which they form a plexus similar to that of adrenergic nerves,



Electroh‘microscopical studies on the nerves (Bogart, 1970, 1971)
demonstrate AChE activity at the axon=Schwann cell interface. UWhers
more than one cholinergic axon is enclosed in a Schﬁann cell, the
whole bundle would stain positively, thuslgiving rise to the
variation in the 'fibre' size from large bundies to.singla threads,
The staining of the axon=Schwann cell interface by fhe AChE technique
accounts for the lack of beaded fibres or varicosities observed, in
comparison to the GAF technique were the axon itself is stained.

The diffafence in innervation patterns of the two glands
reflects differing autonomic involvement in secretion, the
submandibﬁlar being influenced by both the sympathetic‘and
parasympathetic nervous systems, and the sublingual predominantly by
the latter, Blood flow in the two glands would appear to be
controlled by both adrenergic and cholinergic nerves which supply
the muscular blood vessels. This is true, not only for the rat, as
shown by this present study and by other authors (Snell,.1958;
Norberg & Olson, 1965; Bdgart, 1970,1971; Jones, 1879a, 1980; Tuch &
Matthiesen, 1980) but for other species too (for example, mice -
Olson, 1967; cow, guinea-pig and hamster - Alm et al, 1973; cat -
Garrett & Kemplay, 19773 Human - Garrett, 1976; Rosgoni et al, 1979).
However,differences can be seen in vascular innervation betwsen the
ratAsubmaﬁdibular gland and major sublingual gland, the latter having
a higher adrenergic to cholinergic axon ﬁrofile ratio. Non-adrenergic,
non—cholinefgic axons have also occasionally been seen in the ﬁajor
sublingual gland but-have not yet been demonstrated in the submandibular
gland (Jones, 1980)., These findings suggest major differences in
vascular contro; between the two glands.

Saliva is secrsted by the rat (Thulin, 1976), cat and dog

(Burgen & Emmelin, 1961) submandibular glands as a result of both



sympathetic and parasympathetic stimulation, .Blood flow changes

also accompany the salivation. Sympathetic stimulation produces a
marked vasoﬁohstriction during the stimulus period followed by an
after-dilatation once the stimulation has ended. The vasoconstriction
is abolished by alpha adrenoceptér blockade, and the after-dilatation
by beta bleckade, Parasympathetic stimulation also produces
vasoailatation which appears during the’stimulus_period. This
vasodilatation is either wholly or partly atropine—fesistant;
depending upon species,although the accompanying secretion is blocked
(Burgén &‘Emmelin, 1961). Further investigation of the mediator of A
this vascular dilatation therefore needed to be undertaken,

Hilton & Lewis (1955a, 1955b, 1956) suggested that the
hyperaemia associated with secretion resulted from the release
of a stable vasodilator substance, kallikrein, produced by the active
Vgland,and that no special vasodilator nerve fibres were involved in
the vascular respoﬁse. In.contrast, Bhoola, Morley, Schachter and
Smaje (1965) and Morley, Schachter and Smaje (1966) suggested that
kallikfein does not mediate parasympathetic vasodilatation, and the
atropine-resistant response of the cat and dog compared to the
atropine-sensitive response of the rabbit is a variation in the
sensitivity of cholinergic receptors to atropins,

In the case of the sympathetic afterdi;atation, beta
adrenoceptors are thought to be activated as the resbonse is blocked
by propranolol'(morley et al, 1966). ‘Skinner and Webster (1968a)
demonstrated ihat tha-parasympatheiic vasodilatation remaining after

_atropine treatment was also reduced or abolished by.large dqses of
prOpranoloi, and suggested that beta adrenoceptofs were triggered in.
the parasympathetic responsse in the same manner as the sympathetiq.

afterdilatation. Schachter and Beilenson (1968) howsver, showed

9




that propranolol could act in a8 non-specific manner by reducing the
vasodilétation resulting from close-arterial injection of ACh, and in
addition demonstrated that the parasympathetic vasodilatation was
unaffected by treatment with reserpins. |

Other explanations for the atropine-resistance, and other
hon—adrenergic, non-cholinergic responses, include the release of
ATP from 'purinergiq' nerves (Burnstock, 1972,19758) and the rélease ‘
of peptides from 'peptidergic' nerves (Bloom & Polak, 1978).

ATP and ADP are certainly potent wvasodilators in the
submandibular gland. Jones, Mann and Smaje (1980) investigated the
role of cyclic nucleotides and a number of other purines in
nerve-mediated vasodilatation., ' Cyclic nucleotide phosphodiesterase
inhibitors were seen to potentiate both the sympathetic and
parasympathetic vasodilatation, and exogenously added cyclic nucleoctides
mimicked'the response to nerve stimulation, thus indicating that
sympathetic and parasympathetic vasodilatation is mediated, at least

in part, by pathways involving cyclic nucleotides. The sympathetic

~ after-dilatation is very likely to be mediated by cAMP. cGMP may be

involved in the chorda vasodilatation but this has not been satisfactorily

‘gstablished,

Fibres containing VIP immunoreactivity have besen found
around blood vessels in some salivary glands ( Bloom, Bryant,{Polak,
Van Noorden & Wharton, 19793 Wharton, Polak, Bryant, Van Noordsn,
Bloom & Pearse, 1979). More recent work by Bloom and Edwards. (1980)
on cat submandibular gland has shown that on parasympathetic stimulation
£here is an abrupt rise in the output of VIP from the gland in the
:férasence or absence of athpine. This conéentratiqn of VIP when infused
intra-arte;ially produceslatropine;resistant vasodilatatidn similar to

‘.that produced by chorda stimulation. The authors suggest;that VIP is
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released from post-ganglionicparasympathetic neurones and acts as a
transmitter to cause atropine-resistant vasodilatation.

The control of the nerve-mediated vascular responses
in saiivary glands is obviously very complex and probably involved a
number of interrelated factors. The present histochemical studies
demonstrate ﬁha presence of nerveé containing high catecholamine and
high AChE levels likely to influence the vasculatufe and thersfore

to be an important factor in the overall control of blood flow

through the glands,
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Chapter 4

A _HISTOLOGICAL STUDY OF ARTERIOLES IN HUMAN BREAST AND LACTATING

RAT MAMMARY GLAND WITH SPECIAL REFERENCE TO INNERVATION,

1. The Use of Histochemical Technigues to Search for Periarteriolar

Nerves in Human Breast Tissue.

Introduction

Examination in the electron microscope of 21 arterioles

_in breast material from 7 patients aged 34-63 years failed to reveal
any surrounding autonomic fibres, indicating that flow was not
mediated by ne£ves running along the vessel length (Jones & Kendall,
1981). The possibiliy remained,however, that autonomic fibres mighi
influence the vessels at aiscrete sites, for example branch points,
and so were not observed‘in those inevitably restricted regions
examined by electron microscopy. Histochemical techniques to identify
adrenergic and cholinergic nerves, coupled with light microscopy

were therefore applied to the problem.

Methods

Biopsy specimens of breast tissue.from cases 10 and 11
were rapidly frozen in liquid nitrogen and stored in a deep freeze
below -30°C to await collection from Dryburn Hospital, Ourham and
the Royal Victoria Infirmary, Newcastle-upon-Tyne, respectively.
On arrival at the University, having been transported in liquid

) . .
nitrogen, the specimens were stored at =70 C until required.
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The élyoxylic acid fluorescence procedure_modified by
K8nig (1979) was used to identify adrenergic nerves. ‘ZUym cryostat
serial sections were collected on slides and processed as previouély
described (see page 85 ). Examination was under ultra-violet light
in a.ieisé Ultraphot Photomicroscope and suitable vessels were
selected for photography. In every experiment, the histochemical
procedure was verifigd using an internal control from the rat
submandibular salivary gland which possess a rich adrenérgic
innervation. Previous trials with reserpine to deplete biogenic
amines ablated catecholamine fluorescence in this tissue,

To test for the presence of cholinergic fibres, the
acetylcholinesterase procadﬁre was employed (modified from
El—Badawi & Schenk, 1967). ZOPm cryostat sections were cut and
processed as before (see page 91 ). The Nikon Optiphot
Photomicroscope was used for examination and photography. An internal
control from rat submgndibular gland was again included in every
experiment to verify the procedure. This tissue has been shown to
possess a rich cholinergic innervation, the results being in
agreement with those‘of other authors (for example: Bogart, 1971).

Serial sections, adjacent to those examined for either
GAF or AChE staining,were stained by the routine haematoxylin -

eosin procedure previously described (see page 88 ).

Results

In both cases 10 and 11, the connective tissue of the
breast showed a dull green autofluorescence when observed in the
rultra-violét. This was sspecially prominent in case 11, 8 39 year

old woman with non-malignant fibroadenomatous hyperplésia. Arterioles



were readily identified by the presence of elastic fibres in the
vessel walls, similar to those seen in the rat submandibular gland.,
No fluoresdent adrenergic nerves were observed around arterioles in
~human breast (plates 32 & 33), the vessels bearing more
resemblance to those seen in reserpinized rats (plate 24), Serial
sections of 3 arterioles from case 10, covering lengths of 280Pm,
360Fm and AOOFm respecfively, failed to reveal any periarteriolar
axons. In case 11, serial sections of 5 vessels, -covering a total
lengthAof 10,28qu also gave negative results. Branch points were
included in both studies. This work has been reported by

Kendall & Jones ( 1982 ),

No AChE-positive fibres were obgerved in the breast tissue
examined,which included both ducts and blood vessels (plates 34 & 35).
Dccasionally some positive staining was ssen in red blood cells in
the lumina of vessels,

The standard histochemical staining by haematoxylin and

eosin confirmed the identification of vessels and ducts as shown in

plate 36.

2. A Histochemical Study of Nerves in tLactating Rat Mammary Gland.

Introductian

 The previous studies on human breast material have failed

to reveal any perivascular nerves. It is possible that the autonomic

nervous control of blood flow in the breast only appears when the gland
is actively secreting. To investigate this possibility, histochemical

techniques were applied to rat mammary gland tissue, removed at

various stages of lactation.
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Methods

6 female albino Wistar rats were sacrificed on days 1,3,21,23,

31 and 38 after the commencement of lactation, Those used on days
1 and 3 were in early lactation, and days 21 and 23 in late
lacﬁation, the litter having been weaned on day 21. The stimulus to
lactation was therefore removed at this point and on this basis the
rats taken on days 31 and 38 were assumed to be in post-lactation,
although the time where lactation actually ceased was difficult to
aséess.

Tﬁe subcutaneous mammary tissue was removed and quickly
Frozen‘in isopentane cooled over liquid nitrogen before being
immerséd in liquid nitrogen itsélf. For longer storage, the tissue
was transferred to a deep freeze at -70°C,

ZOPm cryostat sections were cut at —SDOC and stained
according to the glyoxylic acid fluorescence technique. The tissue
was immersed in 1% glyoxylic acid solution (see page 895 ) for 45-60

seconds at room temperature, air dried for at least 5 minutes with

cold air froma hairdryer, and placed in an oven at BOOC for 10 minutes.

Following tHis, the sections were mounted in fluoromount before
being placed on a hot plate at 70°C for 15 minutes., These time
modifications of the technique gave optimal results for this tissue,

The tissue was examined under ultra-violet light on the Zeiss

Ultraphot Photomicroscope.

Further sectionsbwere cut and stained for acetylcholinesterase

(see page 91 ) and routine staining by haematoxylin-ecsin and

haematoxylih—Van Gieson was also undertaken (see page 88 ).
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Resqlts

The tissue in each of the three stages of lactation has
characteristic features illustrated by routine histological
staining, Early lactation material demonstrated large lobules
ensheéthed by narrow connective tissue trécts, each lobule consisting
of a number of dilated alveoli. Ducts anq blood vessels in the stroma
were easily identifiéd by light microscopy. The ducts showed
regularly arranged cells in the wall butvappeared to be less comp lex
iﬁ structure than those observed in the rat salivary gland or human
breast., Rat mammary tissue is resorbed after lactation, and the
relatively simple form of the ducts may be a reflection of the
impermanency of a greater part of the tissue., Most of the arterioles
were small, yet showed the qharacteristic thick muscular wall,

Venules wers very thin walled vessels, |

Laﬁe lactation tissue showedsmaller and more ordered
lobules, the acinar cells béing more compact and the alveoli less
dilated. Milk production is highest on the 2nd day of laciation then
falls off towards late lactation, tﬁerefore.the sﬁaller lobule size
is probably associated with reduced milk storage requirements.

Again the smaller vessels were more abundant, only an occasional
larger vessel being observed.

By the post-lactation period, very few alveoli were to be seen
and fhe acinar tissue was more dense and surrounded by a network of
connective tissue. A greater number of large arterioles was observed,
either because the tissue was more compact so moré vessels would be
véeen'iﬁ a given area, OT because the tissue removed was not homogeneous
but contained large vessels supplying other tissqes.' This latter
suggestion could be the case, as resorption had already begun before

the animals were killed, resulting in the gland having the appearance



of a flattened sheet, therefore being difficult to dissect out
than glands taken during lactation-itself, This difficulty may have
led to other‘tissues being removed with the glana. It is
improbable that vessels supplying the gland would be increasing in
size and number whiist resorption was taking place,

The acinar tissue displayed a green autofluorescence
when examined under ultra-violet light. The simple ductal structures
were not easily seen but the arterioles could be identified by the
muscular wall and the convoluted autofluorescent elastic lamina.
Throughout the three stages of lactation studied,'the-same pattern
of vessel innervation emerged, with the smaller vessels being highly
innervated by a rich network of fluorescent adrenérgic fibres
(plaﬂes 37 & 38). The larger vessels, however, had a sparser
innervation (plate 39) and many were completely devoid of fibres
(plate 40). The parenchyma also latked innervation (plates 37 & 38).

Staining by the acetylcholinesterase procedure failed to
reveal any positive fibres, either around blood vessels or throughout
‘the gland., Red-brown AChE-positive staining was observed, however,
within the walls of some arterioles (plate dﬁ) and also in other
structures as yet unidentified (plate 42) but these are unlikely to
be neural, When the inhibitor, ethopropazine, was omitted from the
incubation medium, the connective tissue also stained positively,

demonstrating sites of butyrylcholinesterase activity.

These results have been reported by Kendall and Jones (in press).
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3. Discussion on the Control of Blood flow through Mammary Tissue.

Physiological Changes in Blood Flow,

The prime thction of the mammary gland is the
production of milk required by the suckling young; All of the milk
pPresursors must be obtained from the circulatioa, and to maintain an
adequate supply of oxygen, glucose, fatty acids, amino acids and water
there is a gradual increase in blood flow through the mammary gland
during pregnancy and a marked increase at term. A dramatic rise in
flow is seeh in the cow udder at calving (Linzell, 1974), in the rat at
parturition (Hanwell & Linzell, 1973a; Hanwell & Peaker, 1977) &nd also
in the goat.(Linzell, 1974) where mammary blood flow, oxygen
consumption and glucose uptake all increase markedly 2-0+5 days
pre-partum, reaching a maximum at 1=1¢5 days post-partum (Davis, Fleet,
Goode, Hamon, Maule Walker & Peakef, 1979).4 In the human, an increase
in mammary blood flow, interstitial water and electrolytes is observed
by the 4th week of gestation, corresponding to the increasing
develop ment of ducts and lobuleé within the glahd._ By term, the
mammary blood flow is-dodble that of the non-pregnant state and the

subcutanwous Qeins are greatly dilated and prominent (Vvorherr, 1978).

‘Neural Influences on Blood flow,

The mechanismg involved in the regulation of blood flow appear

to be complex. The search for vascular innervation in the human breast

has shown an absence of both adrenergic and cholinergic nerves, therefore
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it seems that blood flow in non-lactating tissue is controlled by circulating
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or locally-released factors and not by autonomic nerves. The

need for major changes in bleood flow through the non—lactafing gland
is obviously very small, the tissue being in a low metabolic state.
The possibility that innervation develops in the human glands during
pregnancy to meet the demands for changes in blood flow during
lactation, still remains.

In contrast to the situation observed in non-lactating human
breast, lactating rat maﬁmary gland arterioles, especially the small
resistance vessels, are highly innervated by fluorescent nerves.
Unfortunately, non-lactating rat mammary gland cannot be obtained for
a control as the gland only forms during pregnancy and is resorbed after
lactation. An adrenergic sympathetic innervation of arterioles has
also been reported in the mammary glands of the rabbit (Hebb & Linzell,
1970), dog, cat, goat, sheep and cow ( see Linzell, 1974), suggesting
that autonomic stimuli are important in the control of mammary blood
flow in these species. The adrenergic nerve population is likely to
influencg the vasculature by triggering alpha-mediated vasoconstriction
(vorherr, 1971). No periarteriolar cholinergic nerves have been observed
in both rat and huﬁan breast and this supporté the generally accepted
view, reported by Vorhgrr (1974), that no parasympathetic vasodilator
fibres are preéent in the mammary tissue. He suggests that
parasympathetic nerves are not necessary in the gland to mediate
vasodilatation and myoepithelial'contraction'because these functions
are performed by the stimulation of vascular beta adrenoceptors
and the effects of oxytocin, respectively. Vascular beta adrenoceptors
have not, however, been:identified.

In accordance with the work of other authors (Hebb & Linzell,
1970; Vorherr, 1974; Weiss & Greep; 1977; Cowie, Forsyth & Hart, 1980)
no nerves were observed innervating the myoepithelial cells of the

epithelium., This implias'that the secretory activities of the
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epithelium are probably independent of nervous control and that beta
adrenoceptors identified on the mycepithelial cells (Bisset, Clark
& Lemis, 1967; Vorherr, 1971, 1974) are triggered by circulating

hormones rather than neurotransmitter released at the myoepithelium.

Other Factors Influehcigg Blood Flow

Changes in blood flow can occur, induced not only by
stimulation of autonomic nerves, but also by circulating vasoactive
agents. These are likely to be very important in tissues where

innervation is sparse or absent, as in human breast.

Catecholamines

Early perfusion experiments by Hebb and Linzell (1951)
in the mammary glands-of the dog,-.cat and goat have shown a high
sensitivity of the blood vessels to adrenaline,leading to vasoconstriction.
This has also been demonstrated in the lactating rat and guinea-pig-
by Bisset et.al (1967) whilst studxing the catecholamine inhibition
of the milk-ejection response to oxytocin. Emctional stress, fear
and pain can lead to impaired nursing or the complete suppression of
milk-ejection. Injection of oxytocin corrects this problem whereas
the response to the sxogenous addition of édrenaline.mimics the
inhibition. Vorherr (1971) studied the effects of various
sympathomimetic agents on the oxytocin-induced response in rats
and, with the use of alpha and beta blockers, came to the conclusion
that the sites of action of the catecholamines were myoepithelial
beta adrenoceptors (mediating mycepithelial relaxation) and vascular
alpha adrenoceptors (mediating vasoconstriction). Catecholamine
inhibition of oxytocin-induced milk ejection is also seen in women,

therefore vascular alpha adrenoceptors appear to be present in



human mammary ve#sels too (Vorherr, 1978),

Differential activation of inner and outerbsmooth muscle
cells has been reported by Kalsner (1972) who found that noradrenaline
perfused through the lumen of the rabbit ear artery produced more
contraction than neradrenaline applied to the outside of the vessel,
even in the presence of cocaine which reduces the uptake of
noradrenaline by nerves. This indicates that the inner muscle layer
is more sensitive to constrictor agents than the outer layers.
Keatinge and Harman (1980) note that most of a vessel's response to
circulating vasoactivevagents comes by contraction of the inner
muscle layer. The outer muscle is too insensitive to the low concentrations
of circulating constrictor agents and can only contract when noradrenaline
is released from adrenergic endings when a high local concentration '
is generated. Vasodilator agents, on the other hand, seem to have an

equal effect on both inner and outer muscle layers.

Cther Vasoconstrictors

Oxytocin and the diuretic hormone, vasopressin, in large
doses both cause vasoconstriction in perfused cow's udders
(Peteréen, 1942) and in conscious goats (Hardwick & Linzell, 1960;
Peaker & Linzell, 1973)_but such high levels are unlikely to be present
in normal physiblogical conditions. Serotonin (S-hydpoxytryptamine)
is another powerful mammary vasoconstrictor (Linzell, 1974), 1t is
released from platelets on contact with foreign materials and
causes a contraction of the vessel walls, reducing the blood flouw,

‘L'this effect being enhanced by the aggregation of the platelets

themselves within the small vessels. It is not known whether

these effects are physiologically significant. Prostaglandins released

from the mammary gland may also serve as vasoconstrictors.
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Acetylcholine

Dense AChE positive staining has been observed in the
arteriolar walls of the rat mammary gland, in contrast to arterioles
studied in the human breast where staining was absent, and the rat
salivary gland where staining was confined to fibres in the adventitia,
This demonstrated that arterioles in different tissues and species
are biochemically distinct and this may in turn reflect differing
control mechanisms of blood flow through the vessels. The tunica media
of the aorta and the pulmonary trunk of rats and rabbits have been shdwn
to contain large amounts of diffusely distributed butyrylcholinesterases
(BuChE), contrasting with the coronary arteries from the same animals
where no BuChE activity is demonstrated in the wall and AChE is
restricted to nerve fibres accompanying the vessel (Navaratnam &
Palkama, 1965). A difference in vascular cholinesterase distribution
is also seen in the rat brain, where most of the vessels demonstrate
BuChE in their walls; some capillaries having both BuChE and AChE.
Vessels in structures outside the blood/brain barrier are completely |
devoid of ChE activity (Flumerfelt, Lewis & Gwyn, 1973).. Small pial
and parenchymal vessels in other species have demonstrated heavy
AChE staining (Hardebé, Edvinsson, falck, Lindvall, Owman, Rosengren
& Svéngaard, 1976; Tagawa, Ando & Wasano, 1979; Tagawa, Ando, Wasano
& Iijima, 19%9; Wasano & 1ijima, 1979). Such a hiéh level of AChE
activity in the vessel wall suggests it is a site of major ACh
breakdown and seeing as ACh has been shown to cause mammary vaso-—
dilatation in dogs and cats (Linzell, 1950) it is probable that ACh
has a physiological action on these vessels, Circulating ACh is
rapialy broken down therefore this vasodilator must be released

“locally, perhaps from the vessel itself, the wall acting as both a

source and a sink,
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Vascular smooth muscle responds to ACh by relaxation .
whereassmooth muscle from other sources responds>by contraction,
This apparént paradox may be explained by the work of Furchgott
and Zawadzk; (1980). They showed that application of ACh to isolated
mreparations Of rabbit thoracic aorta and to other blood vessels,
produced relaxation only when the endothelium was intact, If the
endothelium was damaged either by rubbing or by collagenase
treatment, no ACh-induced vasodilatation was observea, but a concentration-
dependant contraction of the muscle did occur., The authors therefére
suggested that ACh acts on atropine-sensitive muscarinic receptors
of the endothelial cells, stimulating release of a substance which
causes rélaxaﬁion of the vascular smooth muscle. This may be one -
of the principal mechanisms of ACh-induced vasodilatation in vivo.
Ltater work indicated that the substance in question could possibly
be a labile hydroperoxide or free radical which activates guanylate
cyclése in the smooth muécle (Furchgott, 1981; furchgott & Zawadzki,

1981).

Histamine
1t has been shown in human and rabbit breast that
oestrogenic substances can stimulate histamine release (Zeppa, 1969).
Oestrogen and oestradiol-17beta increase throughout pregnancy
reaching a peak at parturition (Davis et al, 1979; Cowie et al, 1980),
and this may be sufficient to induce release of the amine. Histamine
causes vasodilatation in the mammary glands of dogs and cats (Linzell,

1950) and could therefore be involved in the increasing mammary

‘blood flow in pregnancy.



Bradykinin

Bradykinin has been-shown to cause vasodilatation in
goat mammary glands in vivo but vasoconstriction in vitro
(Linzell, Fleet, flepham & Peaker, 1972; Linzell, 1974). This
appears to be similar to the results obtained from the work of
Furchgott and Zawadzki (1980) on vascular responses to ACh, These
authors have also shown that bradykinin requires‘an-intact

epithelium to produce the dilatory response.

Prostaglandins

Prostaglandins are derived from fatty acids and so it is
not surprising that mammary glands which synthesize high quantities
of fatty acids should also produce prostazglandins. The presence of

PG has been demonstrated and its levels shown to rise

F2alpha
markedly at parturition (Davis et al, 1979; Cowie et al, 1980).
pGFZalpha is a vasoactive agent capable of producing both vasodilator
and vasoconstrictor responses in the same animal (Hillier & Karim, 1968;
Shehadeh, Price & Jacobson, 1969; Robinson, Collier, Karim & Somers,
1973;Taira, Narimatsu & Satoh, 1975; Reilly & McCuskey, 1977a, 1977b;

Shimizu & Taira, 1978). It may be a possible vasodilator in the

mammary gland at parturition.

Other Hormones

During pregnancy and at parturition there is a continuing
change in the hormone prbfile of the circulating mammary blood.
Further to those substances previously mentioned, serum progesterone
f rises during pregnancy but falls rapidly at parturition (Davis et al,
1979; Cowie et al, 1980) as does the human placental lactogen;

(Cowie et al, 1980). Adrenal corticoids continue toc increase from
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late pregnanc} through parturition (Cowie et al, 1980). Oxytocin,
the hormone concerned with milk ejection, rises rapidly at
parturition and'on suckling (Uorherr, 1978; Cowie et al, 1980).

None of these hormones have demonstrated any vasodilator properties.
Oxytocin, however, is known to increase peripheral levels of VIP,
released from the gut (Bitar, Said, Weir, Saffouri & Makhlouf, 1980)
and this peptide is a.known vasodilator (for example, Larsen, Boeck

& Ottesen, 1981; Ottesen & Fahrenkrug, 1981).

ﬁrolactin

The hormone, prolactin, thét stimulates milk secrétion,
also increases in concentration in the blood throughout pregnancy,
reaching a peak just after parturition (Davis et al, 1979; Cowie et
al, 1980). During lactation, its level is slightly lower but increases
on suckling (Vorherr, 1978). Hanwell and Linzell (1973b) removed
the young from lactating rats, resulting in the glands filling with
milk and the mammary blood flow falling., The latter was a
reflection of both a fall in cardiac output and a fall in the
proportioﬁ of the cardiac output distributed to the mammary glands.
If.the young were allowed to continue suckling but the teat ducts
were blocked, milk collected in the gland but the blood flow remained
uncHanges. The flow was the same after suckling in the empty gland
and in the full gland where the ducts were sealed, This indicates that
the flow of blood through the gland in the short-term is not restricted
by the accumulation of milk and that blood flow and milk secretion
areAdependant on a suckling stimulus,

On sﬁckling, the cardiac output and the prolactin levels

both increase. The relationship of the two has been further investigated

in virgin rats where administration of prolactin or growth hormone
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increased the cardiac output (Hanwell & Linzell, 1972)., Hanwell

and Linzell (1973a) also measured the cardiac output in lactating rats
and showed that between days 1-5 of lactation there were sharp rises
in the cardiac output and in blood flow to most organs, including the
mammary gland. from days 5-15 the cardiac output remained steady, but
blood flow was proportionately increased in the tissues involved .

in lactation, both directly (mammary gland) and indirectly

(liver and gastrointestinal tract), and away from other organs, A
further rise in cardiac output and blood flow to most organs occurred
between déys 15—22.. This increase in cardiac output at parturition
may be the major factor increasing blood flow to the mammary éland

of the rat at the beginning of lactation. This may also hold true for

other species,

A clear picture of the mechanisms involved in blood flow
controlvin the mammary gland is not yet available, The rate of
mammary blood flow is closely related to the rate of milk secretion,
1t would seem likely that in normal physiologicai conditions the
active gland produces metabolites which act as local vasodilators.
Hanweil & Peaker (1977) suggest that a positive feedback system in
in operation whereby an increase in blood flow increases the supply
of fluid and substrates to the gland, so more milk is produced and
more vasodilator metabolites released to further_increase blood flow.
The system could be limited by the milk producing capacity of the
secretory cells, Vasoconstriction is likely to be brought about

by the action of sympathetic neurotransmitter in adrenergically

innervated tissues, and by circulating and locally-released factors.





















Chapter 5

AN ULTRASTRUCTURAL STUDY OF PERIARTERIOLAR NERVES IN

THE HUMAN AXILLARY LYMPH NODE.

Introduction

The lymphatic vessels of the mammary gland empty mainly
into the axillary lymph nodes and the parasternal.nodes. About
75% of the breast lymph drains into tﬁe axillary nodes which act
as a filter to trap particulate matter, bacteria and other
micro-organisms. Clusters of caﬁcer cells can be spread from
an affecteﬁ gite by the lymph vessels and often in cases of breast
cancer the axillary lymph nodes become enlarged and infected as a

result of filtering out malignant cells from the lymph., These

nodes are therefore often removed in mastectomy to enhance the possibility

of ridding the body of potential infected areas, The protective

action of the lymph nodes is continual, in comparison to the activity

of the breast, therefore a study of the innervation of the
vasculature was undertaken to ascertain whether any differences in
blood flow control might exist between the axillary lymph nodes and

the breast tissue in which they are embedded.

' Method

In two of the patients from whom breast material was

examined, namely cases 9 and 14, axillary lymph nodes were also

removed. Case 9 lymph node material was processed according to the

schedule described for case 9 breast tissue (see page 64 ). Case
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14 lymph node was similarly processed but included a shorter fixation
time of 2 hours abd polymerization of ﬁhe araldite at 45°C for 7 hours
and 60°C fop 48 hours prior to sectioning,

Semi-thin sections were stained with toluidine blue and
the tiésue examined in the light microscope. Suitable arterioles
were blocked down for further anmalysis, thin sections cut and stained
(uranyl acetate - 10 minutes, lead citrate - 10 minutes), and then

examined in the Philips 400 electron microscope.

Results

Sections stained with toluidine blue demonstrated the thick
capsule wall of the lymph node, consisting mainly of dense collagen-
rich connective tissue, but also possessing some muscle fibres
(plate 43). Large fat droplets surrounded the capsule (plate 43).
The cortex of the node was packed with white blood cells of typical,"
thoﬁgh heterogeneous, morphology (plates 43 and 44). Some atypical
cells, however, were seen (plate 44) which were different in size
and shape from'the white cells and also showed nuclear differences.
These cells were possibly malignant, Characteristic arterioles
" were also observed, having an internal elastic lamina and a thick
musctlar wall (plate 45). Lymphocytes were often seen passing

through the walls of these vessels and across the capillary

endothelium.(

7 arterioles from 2 patients were examined in the electron
microscope and typiCal features of the endothelium, smooth muscle and
adventitia were noted, as'previously described (QOnes & Kendall, 1980).

Scanning the adventitia revealed fibroblasts, collagen

and neuronal structures, the latter consisting of a Schwann cell
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enclosing a nuﬁber of axons. The axon profiles bound together in this
way wefe not always simila;, for example a myelinated nerve has been
obéerved running in the same Schwann cell as unmyelinated nerves (plate
46), At places, the Schwann‘cell investment was removed, exposing the
nerve to th adventitia and thus forming potential neurceffector sites.
Generally, thg exposed areas of the axon were adjacent to the vascular
smooth muscle, but possible neuroeffector sites have been sesn where the
axon surface is exposed to a fibroblast or to . a whité blood cell close to
the arteriole (plate 46). This could indicate an aétion of the released
neurotransmitter on receptors situated on cells other than smooth muscle.
The axon profiles seen in effector positions possess both large and small
dahse—cored vasicles. Neésuraments to the nearest 10nm of these vesicls
populations'shoued that they are within the size range of those described
by Burnstock (1975) for ﬁypical adrenergic axon profiles. The large
vesicles were found to have mean dimensions of 59¢5nm X 82¢9 nm with
standard errors of 2¢1 and 4+7nm respectively (sampie size = 21). The
small vesicles were also elipticgl having dimensiong of 333 Z 0e6mm X
4442 b O0+7nm (sample size = 116). Not all the small vesicles were
densely'stained and in many only residual staining was observed, but the
presencé of such staining suggests that these axons were adrenergic and
that some leaching of the osmiophilic neurotransmitter may have taken
place. Leaching is known to occur with long fixation times; therefore in
an attempt to combat this loss of transmitter, a shorter fixation time
was employed in case 14, but this did not saolve the problem. The
potassium permanganate fixation‘technique has been shown to produce

excellent maintenance of the amine precipitate on the vesicles ( ses

n n"
Hokfelt, 1967; Ochi, Konishi, Yoshikaua & Sano, 1968; Kyosola, Partanen,
'Korkala, Nerlkalllo, Penttila & Siltanen, 1976; Itakura et al, 19773
Kanerva, Hervonen & Gronblad, 1980) and this method should be

applied to the present problem to aid nerve identification.
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A Note on Lymph Node Structure and Function,

R lymph node consists of three main regions; the capsule,
the cortex and the medulla., The capsule wall is formed mostly from
dense collagen with a few fibroblasts, slastic fibres and some muscle
cells. Trabeculae, continuous with the capsule wall, project into
the node itself. A fine reticulum is present throughout the node in
the form of a fibrous and cellular meshwork which supports free cells,
blood vessels and lymphatic sinuses. Lymphocytes are the most
conspicuous cells and at the periphery of the node they are tightly
packed together to form the cortex, Within the cortex and reaching
to the hilus is the medulla where the cells are grouped together
into medullafy cords, These regions ars not clearly_defined structures
and there is free movement of cells between them., 1In the cortex
are ovoid follicles which are classed as either primary, consisting
of a uniform population of B lymphocytes, or secondary where there is
a germinal centre. In the latter, B cell differentiation takes place
along with high antibody production. T cells, mainly present in the
cortex, are also found in germinal centres in addition to macrophages.
Medullary cords are rich in plasma cells, macrophages and lymphocytes
(Davies & Davies, 1964§ Abramoff & La Via, 1970; Nossal & Ada, 1971;
Weiss & Greep, 1977).

The arterioles enter the node at the hilus then pass via
the trabecuiae to the cortex where they break into a rich capillary
plexus. These then group. into postcapillary venules; prominent
especially within the cortex, and finally into'larger venules in theA
medulla, the vessels then leaving the capsule at their site of entry,
the hilus (Davies & Davies, 1964; Weiss & Greep, 1977). Unmyelinated

nerves have been reported to enter the node at the hilus and run with



the blood vessels (Weiss & Greep, 1977). The present results confirm
that autonomic nerves accompany arterioles in the human axillary
lymph nodes and‘sﬁégests that this innervation is adrenergic
(Kendall & Jones, in press) though the possiéility remains that other
nerve tybes are also presant,

| The lymph filtration mechanism together.with the trapping of
antigen is Qell deveioped in the lymph node. 1In addition, the node
is also a site of in£ense cell division and differentiation stimulated
by antigens. The lymﬁh reaches the node by the afferent lymphatic
which branches into many lymph vessels distributed-throughout the node
and opening into the medullary sinuses, ‘Most of the lymph flow passes
-through these sinuses, though some enters the subcapsular lymph space,
passes th;qugh‘the permeable node wall and percolates through the
cortéx, paséing over the tightly packed lymphocytes -before reaching‘the
medulla. The lymph leaves the node via an efferent lymphatic

(Abramoff & La Via, 1970; Nossal & Ada, 1971).

Retained antigen is usually held by the medullary macrophages .

and the follicles in the cortex. Upon antigenic stimulation there is a

pfoliferation of plasma cells and:large lymphocytes in the medullary
cords and'aﬁ increase in mast cell content of the medullary sinuses
(Nossal & Ada, 1971). The increased plasma cell formation is initiated
in the follicles from which the plasm; cells migrate to the medulla.
Increased B cell differentiation and antibody formaﬁion also occurs |
within the follicle (Ueiss & Greep, 1977).

The l?mph node is therefore a highly active tissue with a
continual metabolic demand, which is especially high when the body
is fighting disease and much cell division and ant;body production

is occurring. - There is therefore a need for a continual control of
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blood wifh the possibility of mediating sudden chanéés in flow if
necessary when the tissua has a higﬁ metaboliC'demand. This
would account for the presence of an autonomic innervation of the
vasculature of the pdde compared to the apparent lack of such

an innervation in the human breast which has a low metabolic

demand except during lactation.
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other tiséuas becausé of the presence of densely ihnérvated
arteriovenous anastomoeses which aré especially abundant in the hands,
feet, sars, nose and lips of man, though reports of their distribution
in other.areas of the.skin-are conflicting. Usually, blood flows
froh,latge arteries to arterioles, through capillaries to venules and
thus into veins. Skin, however; possesses this unusual shunting
mechanism through anastomoses enabling the blood to pass directly

from arteries and arterioles to the equivalent veins and venuies.
Although the major role of arteriovenous anastomoses is assumed to

be in temperature regulation, these shunts have been obssrved
frequently in the stomach and mesentery where they are obviously not
involved in the regulation of temperature, but open automatically

wﬁan £hera.is a sudden closing of the capillary bed due to tﬁe action
of a local stimulus or circulating vasoconstrictor agent. Burton (1959)
suggested tﬁat a sudden rise of blood pressure brought about by
vasoconstrictibn in any part of the body would raise the pressure in
the lumina of the shunts, resulting in their opening and thus
combatting the pressurse rise.- The anastomoses of'the skin could
therefore act in a similar way in pressure regulation.

The arterioles of the skin can undergo substeqtial changes
in calibre and this is under the control of both neural and extra-
neural factors, though the neural mechanism is dominant., This is
esﬁacially true in temperature regulation where the response to
temperature change is 8 generalised changes in blood flow throughout
the whole organism, indicating the involvement of neural co—ordination.
During normal temperatures at rest there is vgsoconst;icbor tone
ﬁrasent in the skin vessels (Navaratnam, 1975; Bini,_Hagbarth, Hynninen
& Wallin, 1980; Ludbrook, 1980) which is abolished upon denervation

uhén flow increases almost to its maximal value (Navaratnam, 1975).



Bini et al (1980) confirmed the presence of a spontaneous
vasoconstrictor activity of the nerves in human hands and feet, which |
is increased on cooling and_decreased on warming. Cooling of the bodyf
causes general cutaneous vasoconstriction which initially affects the E
arteriovenous anastomoses but then spreads to involve other vessels. g
In this way the skin becomes cold but the core temperature of the bodyj
is maintained. This response occurs by én increased vasoconstrictor i
éympéthetic stimulus mediated both’reflexly by stimulation of the
temperature receptors of the skineand’by the cooled Slood acting on
the hypothalamic temperature regulating centre. - The reépbnse is also
brought about by a direct effect on the cutaneous vessels which is not
abolished by sympathectomy (Navaratnam, 1975). Exposure to heat
produces cutaneous vasodilatation both locally by direct effect and
generally by reflex and other neural mechanisms. Again the arteriovenous
anastomoses are brought to maximal dilatation followed by the arterioles.
|
In areas of skin where there are no arteriovenous anastomoses, humoral
agents often play a greater role alongside neural mechanisms in the
vascular responses.

Skin resistance vessels and, to a lesser extent, venules are
widely reported to show an adrenergic vasoconstrictor innervation
(Eckstein & Hamilton, 1957; Collier, Nachev & Robinson, 1972; Sinclair,
1973; Navaratnam, 1975; Bini et al, 1980; Demey & Vanhoutte, i980).
Arteriovenous anastomoses show both an intense cho}inergic ( Hurley &
Mescon, 1956) and adrenergic (Molyneux & Hales, 198?) innervation and

are thereforse able to respond to changes in temperature and pressure.

Vasodilator fibres are still the subject of much controversy, but there

is svidence of a dilator innervation consisting of axonAbranches from

sensory neurons. These may be the basis of the very complex vasomotor

reflexes that exist in the skin, triggered by a wide variety of stimuli
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ranging from pain and Qudden noise to temperature changes (Sinclair,
1973; Navaratnam, 1975; Johnson & Park, 197;).

The aim of the'present study is to elucidate histologically
the typss of nefvaé likely to influence the vessels in the human skin
and thus mediate the rapid changes in blood flow cbserved during

temperature and pressure regulation.

Methods

Normal overlying ékin was removed from mastectomy specimens
of Cases 9 and 14, fixed and processed for light and electron microscopy
abcording to the schedules previously described (see Chapter 5).
Semi-thin ééctions of resin-embedded material were stained with
tolﬁidine blue and examined in thé light microscope. Thin sections
~of suitable arterioles were then cut and stained before examination in
~ the electron microscope. Further pieces of skin were removed from
Cass 14, rapidly frozeﬁ and stored in liquid nitrogen, prior to
sectioning_and subsequent treatment with the GAF procedure or
staining for AChE. Positive control slides from the rat submandibular
gland were included in every gxperiment. Routine staining by

hasmatoxylin ‘and eosin on cryostat cut sections was also performed.

Results

Toluidine Blue and Haematoxylin-Eosin (Hx-E)

The sectibns clearly demonstrated typical features ( see
Montagna & Parakkal, 1975; Ryan, 1973a; Weiss & Greep, 1977). Three
main areas df the skin were observed; the epidermis, the dermis‘and the
fatty subcutaneous aresolar layer. The epidérmis stained very‘strongly

with haematoxylin (plate 52) and the actual form of the epidermal cells



was very éleafly seen in the semi-thin toluidine blue stained
sections (plate 48). A horny layer protects the skin surface and
the underlying polyhedral cells forming the depth of the epidermis.
These are tightly packed cells which flatten out into layers towards
'the skin surface. A single row of basal cells forms the deepest
layer of the epidermis.

The dermis stained very strongly with eosin indicating the
presence of connective tissue within which are held the skin
appendagss, glands,'blood vessels énd lymphatics, Two distinct layers
‘were seen within the dermis itself, the upper papillary layer, and the
lower retiéulaf layer.; In the papillary layer the collagen fibres were
arranged in thin bundles in a loose network orientated roughly parallel
to the sepidermis, fhe collagen fibres in the reticular layer however
were thicker and had less spaces between them (plates 48 and 49).
Elastic fibres were prqsent throughout the dermis and appearsd to
be coarser in the reticular layer (plate 49).

Most of the cells within the dermis were present in the
papillary layer, As expected, fibroblasts were numerous as these are
responsible for the formation of collagen, elastic and the ground
substance. Nacrobhagee were also abundant, serving an essential role
* in wound healing and in;combatting infections, Numercus mast cells
were observed, mostly around blood vessels.

Both eccrine bueat glands and sebaceous glands were
demonstrated in the breast skin, the sebaceous glands normally being
asgociated with hair follicles (plate 50). |

Blood vessels'uere characteristically stained by toluidine
blue and Hx-E (plates 49 and 51). Large afferioles with a thick
muscular Qail Qere mainly obsarged at the border between the lower

dermis and the fatty areolar tissue. Arterioles of the upper dermis
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wqré much smaller but-still possessed é prominent muscular coat,
Venules also demonstrated a size diffarence_beiween the upper and
lowser dermis, though in general they were larger than arterioles

in the corresponding layer and appearaed to have a larger number of
more prominent endothelial celis. A bed of capillaries supplied

the papillae though no blood vessels actually entered the epidermis.
Arteriovenous anastmoses were not readily identified. The cutaneous
appendages and glands were richly supplied with blood vessels. Lymph

vessels of varying sizes wers also distributed throughout the dermis,

Glyoxylic Acid Fluorescence.

. The connective tissue of the dermis displayed an intense
aqtofluorescence which made nerve identification difficult though not
impossible. In the papillary layer, elastic fibres were seen to
autofluoresce but no nerve fibres were observed, sither throughout
the tissue or around the small arterioles and capillary loops
(plate 53). Sweat glands were easily identified by the brightly

yellow-orange fluorescent fat droplets within them. No adrenergic

innervation of the glands or their vasculature was observed (plate 54).

Innervation was also ladking from the hair follicles and sebaceous
Qlands (plate 55). In these glands, the lipid present in the
éecretion had either beeﬁ extracted during processing or did not
fluoresce with glyoxylic acid, fhe latter being more liksely. An
extensive examination of the larger vessels of the desp cutaneous
plexus revealed a very éparse adrenergic innervation (Kendall & Jones,
in press). Many arterioles were devoid of fibres but occasionally

fluorescent beaded nerves were observed in the walls of the larger

arterioles (plates 56 and 57).
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Acetylcholinesterase Staining

Many positive red-brown stained fibreé were observed
around the secretory portions of the sweat glands (plate 58), The
rest of the tissue, however, was devoid of fibres. No staining was
observed around the sebaceous glands (plate 59)-orAsqrpounding‘blood
vessels of the papillary (plate 60) or reticular (plate 61) layers
(andall_& Jones, in préss). When the specifiq inhibitor
ethopropazine was omitted from the incubation medium the connective
tisgge gave a faint positive reaction especially around the hair
follicles. The density of fibres around'sweat glands increased and
occasional fibres were seen close to blood vessels. These structures

were thought to be demonstrating BuChE activity.

Electron Microscopy

18 vessels from the 2 patients were examined in the electron
microscope All of these vessels ware.situated in the reticular dermis
or between the reticular dermis and the areolar tissue, and showed
the characteristic features of arterioles previously described by Ryan
(1973a) and Higgins and Eady (1981) in the skin, and Jones and Kendall
(1980) in the human breast. Both large and small arterioles were
sfudied and nerve trunks observed passing close to some of tﬁe larger
ones. Potential neuroeffector sites were seen in only S vessels. Hers,

the axon profiles possessed largé-dense-cored vesicles and small

vesicles (for dimensions ses page 149 ) some of which contained residual .

stain (plates 62 and 63). Shorter fixation times did not affect the
size of the cores in thé small vesicles. Tﬁe.presence of such stain,
however, suggests that the axons are adrenergic and leaching of the
neurotransmitter has occurred, The presence of othag hqpve”types cannot

be ascertained until gfeater differentiation between granular’and"

agranular vesicles. is obtained.
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Discussion_on_the Cantrol of Blood Flow through Sk;g;'

Defailed deecriptions of the structure 'and pattern of the
yasculabure bf*theiskin have been made byAveriDUS'authors ( see
Ryan? 1973a; Meiss,é Greep, 19773 Montagna & Parakkal, 1974; Higgins
& Ead;,'1981). The basic form of the;vascular tree is as folloue.
~Large vessels enter the Sklﬂ from the subcutaneous fatty layer-and
branch in the lower dermis to form a deep anastomosxng netuork
called the cutaneous plexus. From thls plexus; veesels ‘TUN vertlcally
‘and obllquely to the upper dermls where they branch ageln to form the
subpaplllary'plexus. The arterloles are very much smaller at this
stage. Arisiné from this plexus are the terminal caplllarles which
ufdrnivertical loops supplying the papillae though neone enter the
Htepinermis itself. Vessels from the subpapillary ple%us also supply
the superficial parbs:of bhe\cutaneous appendages uhilst.the vessels
of the cutaneous plexus supply the fat lobules, sweat glands,
eebaceous glands and nair bulbs. Drainage of tne skin blood takes -
place tbrougb tub veneue anastomosing networks situated in the
euperficial and louerjdermis. The dermis also possesses a lymphatic
drainage eystem which;is arranged inAe double plexusllike'that of the’
vasculature and transports lymph to the regional lymph nodes.

The classificatian of vessels in the present work is based
ubon thieAgenerally accepted structure of the vaeculature'taking intn-
account the diameter and position of the vessel within the skin. |
Light microscopic studies have revealed a lack of innervation by_
both adrenerglc and chollnerglc nerves of the vessels of the
superficial plexus and capillary loops. Vessels. supplying the

appendages and glands are also lacking in innerveﬁion;_ An,occesional

ascending arteriole uaevinnervated with -adrenergic fibres, as were-a




few arterioles of the cutanebus plexus. This was confirmed by the
electron mic;osc0pic observations, Cholinergic nerves were not
observed close to blood vessels but were present in a dense plexus
around the sweat gland§ as previously reported by Montagna (1960, 1962)
and Montagna & Parakkal (1974). No innervated arteriovenous
anastomoses were seen,

Early microscopic studies of the cutaneous innarvation of
the human breast were limited by the silver and methylene blue
staining techniques. ﬂiller and Kasahara (1959) for example, used
methylene blue stainiﬁé and noted the innervation of small arteries
and arteriolss in the'hippie and areola by non-myslinated fibres but
more épecific identification of these nerves was not possible. They
also noted however that a sympéthetic ground plexus of fibres
seemed to be absent from the skin of the breast peripheral to the
aregola, a finding which is confirmed by the present results. This
area of skin is said to be essentially simiiar to other hair-covered
skin of the body. The méthylene blue technique was also used in
conjuﬁction with the ;hblinesterass and monoamine oxidase techniques
to étain for cholinergic and adrenergic nerves respectively in the skin
of cattle (Jenkiﬁsbn,‘Sengupta & Bleckburn, 1966), sheep and goats
(Jeﬁkinson & Blackburn, 1967). In all cases, nerves staining for
" monoamine oxidase uefe present in a dense netuork.around the cutaneous
artefiolés of the reéicﬁlar dermis, with occasional AChE-positive
fibres al$o being saén. After sympathectomy the periarteriolar
plexus was lost, Improvement of the AChE staining technique and
the introdﬁction of fluorescence histochemistry and slect:on—microscopy
have increased the pbssibility of identifying such nerves.
-Arteriovenous anastomoses are often ssen to be densely innqrvated by

cholinergic nerves, for example in the human digits (Hurley & Mescon,

1956) and by -adrenergic nerves, for example sheep skin ( Molyneux & Heles,
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1982), but ho innervated arteriovenous anastomoses have been observed
in the present study on the skin of the human‘breast nor in earlier
work on skin covering rabbit breast ( Hebb & Linzell; 1970).

fhere has been no evidence of a parasympathetic branch of
the autonomic nervous system aentering the skin, and the cutaneous
fibres which'supply the sweat glands and smootﬁ muscle of the bload
vessels have all been thought to be sympathetic (Herxheimer, 1960).
Sympathetic stimulation bfoduces eraction of the hairs, secretion of
sweat and constrictioﬁ of the blood vessels, Piloerectioﬁ is duse to
the adrenergic innervétioﬁ of the arrectores pilorum muscle. It has
little fumction in maﬁ but is an important factor in temperature
regulation in animals, The secretion of sweat, however, is very
important'in man, It is mediated sympathetically_through cholinergic
nerves and its importance in blood flow control will be discussed later.

Vasocansﬁriction of blood vessels in the skin is mainly
dus to the.releaae of noradrenaline from adrenergic nerves, and its
subsequént action on alpha adrenopeptors situated on the vascular
smooth musﬁle (Eckstéin & Hamilton, 1957; Collier et al, 1972;
Zubanov, Noshkin, Nalikov & Korobetskii, 1979). This vasoconstriction
is the main influence An blood flow in the hands and feet and any
vasodilatation that occurs is passive, due solely to the release of
conétrictor tone. In the rest of the body a significant active
vasodilatpr‘cqmponent is involved in the regulation of flow (Fox &
Edhoim;,1963). Circ;lating catacholamipes have a purely constrictor
.action on cutaneous;vessals, indicating that no beta adrenoceptor
sites afe present to mediate the vasodilatation (Navaratnam, 1975).

The mechanigm of this dilatation is the basis of much controversy.
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‘Edholm, Fox and MacPherson (1957) showed that at normal
temperatures blocking of the cutaneous nerves did not changes blood
flow in the human forearm, On increasing the temperature, vasodilatation
was seen in the control arm but not in the nerve-blocked arm. Also,
if the nerves were anaesthetized during the increase of blood flow
on heating, then flow fell to that seen at normal temperatures.

The authors concluded from these results that vasodilatation seen on
heating was not due to release of sympathetic vaseoconstrictor tons but
was owing to an active nerve-mediated vasodilator mechanism. Studiss
by Roddie, Shepherd and Whelan (1957) also led to the conclusion that
the increase in flow in the skin of‘the forearm was mediated by
vasodila£br nerves and that the increase in flow through the hand was
due solely to a relsase of vasoconstfictor tone.

R sympathetic vasodilatory mechanism does not necessarily-
imply the pressnce qf vasodilétor fibres in the skin, The éffact
could be brought about by release of a vasodilétor résulting from
.sueat gland activity as suggested by Fox and Hilton (1958), These
" workers dembnstrated that sweat contained the enzyme catalysing the
formétion of bradykinin;.a powerful vasodilating polypeptide, and that
this vasodilator increased in coneentration in the perfusate collected
from subcutaneous tissue on heating. They likened the proposed
relétionship between sweat secretion and blood flow to that bstween
salivary sscretion and vasodilatation in the cat submandibular
gland as proposed by Hilton and Lewis (1955a, 1955b, 1956). Although
studiés by Roddie et al (1957) have shoun tﬁat a graaﬁer part of
forearm skin vasodilatation was abolished by atropine, indicating a
possible inﬁolvement of muécarinic receptors, a small atropine-
resistant component persisted, even though sueating_mas comp;etely

abolished. A parallel could be drawn betwsen this and the partial

!
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atropine-resistant response observed in the cat submandibular gland
(see Bhoola et al, 1965). The fact that a componént of vasodilatation
persistad’when sweating or salivation was blocked suggested that the
vasodilatation is independant of factors contained in the secretion.
However, although saliva secretion is blocked by atropine, kinin
releaéed into the salivary glands was not blocked (Rowell, 1981).
The same could be trge for sweat glands, So vasodilatation mediated
by bradykiniﬁ could occur sven when no sweat secretion is observed,
providing fhe sweat glands are functional., Increasing evidence,
however, suggests that bradykinin does not adequately explain
cutaneous vésodilatation (for further details see Rowell, 1981) but
a functional connectian does exist between sweat gland activity and
active cutaneous vasodilatation., A key to this relationship comes
from studies on patieﬁts with congenital absence of sweat glands, a
condition called anhidrotic ectodermal dysplasia, where thé :
vasculature and innervation appears normal, Here, no active
vasodilatation occurred in response to heating but a small rise in
forearm blood flow was seen which was thought to be due to withdrawal
‘of vasoconstricter actidity. Rowell (1981) states that without sweat
glands, active vasodilétation does not occur. The small rise in blood
flow sesn in hatients, however, could be equivalent to the atropine-
' resistant anodilatation'uhich persisted even when sweating was blocked.
The vasomotor'control of the hand and forearm has been studied
extensively due‘to the convenience of using venous occlusion
plethysmogfaphy. Differing forms of vasomotor control are demonstrated
in these two areas shouing that no uniform means of control is
exerted throughout the whole body and each area of the body must
therefore be examined. The calf, thigh, upper arm, cheeks, forehead,

chin, neck and trunk possess a vasodilator mechanism similar to that
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of the forearm, whereas the lips and pinnae of the ears have
predominantly a vasoconstrictor mechanism like that observed in the
hands and feet., These results would be expected‘if vasodilatation
andvswaéting arae coﬁnected as very few sweat glands are present in
these areas of the lips and ears (Fox & Edholm, 1963), Navaratnam
_(1975) notes that the vasodilator substances released as a result of
sweat secretion promote increases in cutaneous blood flow by the
maximal dilatation of arterioles, especially in areas lacking
arteriovenous anastomoses. It is interesting teo note that in areas
where there are few sweat glands and little evidence of a direct
vasodilator mechanism arteriovenous anastomoses are abundant,

Active reflex vasodilatation is also seen only in animals that sweat
and is absent from the cat and dog (Ryan, 1973b), The present
histolegical studies ghbu the presence of cholinergically innervated
sweétvélanqs in breast skin where no arteriovenous anastomoses -

have been observed. Sympathetically mediated secretion from these glands
could control vasodilétation in this tissue where there is no shunting
mechanism to increase blood flow to the skin,

Bradykinin is not the only substance suggested as a maediator
of,thaAatropine-resis£ant vasodilatation of skin vessels,
préstaglandin E, (Beveghrd & Oro, 1969), Rys Ays Byy Ejand Fpoyorn
(Rébinson ét al, 1973) can produce vasodilatation in the forearm
arﬁérial bﬁd. In contrast, only prostaglandins A1, A2 and Ez induce
. dilatation of the superficial hand veins whilst prostaglandins B1 and

F h produce constriction. These results suggest that there are at
a

[

2alp
least two types of receptors in skin vessels mediating responses to

pfostaglandins (Robinson et al, 1973). Prostaglandins E1 and E2
also produce vasodilatation in the skin of sheep limbs (Rudolph &
Heymann, 19783 Tripp, Heymahn & Rudolph, 1978). Further discussion on

pfostaglandins'and skﬁn vascuiéture is given by Zimmerman, Dunham &

SUgawara.(1982).Dopam£ne is another vasocactive agent which has been
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demonstrated as a vasodilator in skin (Bsll et al, 1975) as have
histamine (Duff, Greenfield, Shepherd & Thompson, 1953; Beck, 1965;
Graham & Lioy, 1973; Bell et al, 1975), isoprenaline, serotonin
and bradykimin (aeli et al, 1975),

Possible mediators of-blﬁod flow control in the salivary gland
that have been extensively studied are adenyl compéunds and peptides
which may be releaséd from nerves, In view of the similarity
between atropine-resistant vasodilatation in the cat submandibular
gland and that obserged in the skin, it would be interesting to
consider the involvement of these substances, and the possibility
of a novel component of the autonomic nervous system, in the control
of skin blood flow.

In the human forearm and hand, ATP especially when coupled
with magnséium, proved to be as powerful a vasodilator as ACh and
histamine (Duff et al, 1953; Duff, Patterson & Shepherd, 1954).
Burnstock (1977) speculates on the possible involvement of purinergic
nerves in the innervation of skin blood vessels and mast cells, where
stimulation would affect the release of the vasodilator histamine.

He also discusses the possibility of a functional link between ATP,
histamine, bradykinin and prostaglandins in cutaneous vasodilatation.
(Fof furtharjinfermatioh on the possibility of purinergic vasodilator
ingervation in skin see Burnstock, 1960). |

VIP has baenldamonstrated in nerves surrounding blood vessels
in certain salivary glands and these may mediate the atropine-resistant
vasodiiatation (Wharton et al, 1979). It would be inﬁeresting to see
if VIP'and/or substance P immunoreactivé nerves were observed
arodhd veséels in human skin, Substance P is known to have a potent
vasﬁdilating effact on resistance vessels in ths human forearm
(L;fstrom, Pernow & wahran, 1965; Eklund, Jogestrand & Pernow, 1977)

: . "
and the hindlimb skin of cat and dog (Burcher, Atterhog, Pernow & Rosell,1977).



m

Improvement of the fixation procedures used in the present
elsctron—microscopical studies should help in the identification of
possible non-adrenergic, non~-cholinergic nerves influenﬁing skin
vessels. Ffurther development of specific antibody binding techniques
to neurotransmitters should also aid in nerve 1d§ntification and
contribute to a greafar knowledge of the vasodilating mechanisms in skin
vessels.

- This work does indicate that periarteriolar‘adrenergic
fibres are present, exerting their probable vasoconstrictor effect
on vessels of the deep cutaneous plexus. No perivascular cholinergic
fibres have yet been damonstratéd but they may be very sparse in number.
The possibility remains that '‘peptidergic' or 'purinergic'.mechanisms

mediating vasodilatafion may also be present,





































Chapter 7

A_COMPARISON OF THE SIZE DISTRIBUTION OF THE ADRENERGICALLY

INNERVATED RESISTANCE VESSELS IN VARIOUS ANIMAL AND HUMAN TISSUES,

Introduction

A preliminary comparison of the vesseis innervated by
 GAF-positive nerve fibres in rat éélivary gland, rat mammary-gland,
human breast and human skin, indicated a distinct difference in the
size of innervated vessels between the tissues. A more detailed

study was therefore performed'to examine for this,.

Metho¢

The material cut and stained by the GAF procedure was

examined for arterioles émuirig fluorescent nerve fibres in the adventitia. -

These vessels were @easured under ultra-violet light using a scale
within the eyepiece of the Zeiss Ultraphot Photomicrescops. The
external diameters of the vessels wers measured, and in cases
where the vessels ubre elliptical, the means of the long and short

distances across the vessels were determined.

Results

The results are as shown in table 4 and presented qraphically
in figure 3. 1In the rat salivary gland, very small vgssels (less than
10pm ) wers not innervatedior were too small to be identified_by this

i

method. -81% of the innervated vaésels measured 10-60Pm in diameter
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and few larger innervaﬁed arterioles were observed,

The'rat mammary gland showed a similar profile. with 66%
of the innervated vessels measuring 10-60ym,,though a greater
number of larger vesséls showing innervation were seen in comparison
with the salivary gland;.

Human skin sﬁbwed a very different profile, Many of the
vessels of all sizes we?e not innervated and those that did possess
fluorescent fibres teqded to_be-60-90vm in diameter or larger, A fairly
large number of vessels over 160ym were seen to pdssess adrenergic
innervation,

No vessels of any size were seen to be innervated in the

human breast,

Discussion

Thesé results show that in different vascular beds and
in different species, the neural control of blood flow is exgrted
at differing levelk of blbdd vessel size., It is generally accepted
that resistance vessels are very important in controlling flow
through the tigsue capiliary bed but control may be exerted at differing
sizes of the resistance vessels. In the rat tissues studied,
vessels of the calibre 15-60Pm diameter appeared to be most
important in the control, whereas in the human skin, vessels of this
size appeared to lack innervation and adrenergic control took place
in larger resistance vessels. The breast tisse showed no neural

cdntrol of blood flow at all the resistance vessel sizes studied.



Table 4 Size Distribution of Adrenergically Innérvated Vessels.

‘ARTERIOLAR
DIAMETER (pm)

NUMBER OF ADRENERGICALLY

INNERVATED VESSELS

10 -
20 =
30 -
40 -
50 -
60 =
70 -
80 -
90 -
100 -
110 -
120 -
130 -
140 -
150 -
160 +

-Gland

1

29

+ 38

Rat Salivary | Rat Mammary Human Skin
Gland

0 0

11 1]

19 0
22 o

10 0

8 0

10 o
4 3

3 &
2 0

2 0

1 0

2 1

5 1

2 0

2 1

3 10

O =2 O O N U O = o o 0t &
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