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SUT4MARY

I The present study was undertaken to define some of the factors

which influence the diffusion of noradrenaline (NA) in the wall of

the rabbit ear artery. It was prompted by earlier observations in

this laboratory that the artery wall constituted a barrier to the

unrestricted diffusion of exogenous NA" $lhen the work for this

thesis commenced it had been shown that Èhe uptake of NA in the

neurônal plexus lirnited the diffusion of the amine, and it appeared

that the diffusion of NA might be restricted in the tunica media

as r¿ell.

The study co¡runenced wíth a histochemical investigation of the

diffusion of exogenous NA. The results confírmed that neuronal

uptake of NA occurred in the rabbit ear artery, and indicated that

the uptake of NA by the smooth muscle cells and O-methylation of

the amine following its uptake by theSe cells restricted the

diffusion of NA from the lumen to the nerve plexus surrounding the

tunica media. Isotopic techniques were used mainly to investigate

these and other factors influencing the diffusion of NA in the

artery wall.

The neuronal uptake of NA was found to be the single most important

factor liniting the diffusion of transmittel altay from its site of

release, and in limiting the diffusion of exogenous NA from the

adventitial surface of Èhe artery to the lumen. The results of

these studÍes implied that nearly 80ts of the released transmitter

was taken up by the nerves; approximately two-thirds of it were

2
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retained, and one-third was deaminated by intraneuronal monoamine

oxidase (MAO) and sequesÈered' mainty as 3,4-dihydroxyphenylglycol

(DOPEG). O-methyl-ation did not aPpear to occur intra¡reuronally.

At least 9OB of the NA and its metabolites which effh::<ed from

the neuronal plexus diffused through the tunica adventitia and

only 108 through the tr:nica media.

Approximately 40å of the NA which diffused through the tunica

media was taken up by the smooth muscle celts, where it was

O-methylated and sequestered as normetanephrine (u¡a¡). This

study did not indicate whether some of the NA which diffused

across the tunica media was also taken up by the snpoth muscle

cells, but effluxed frorn them unchanged. It was concluded that

the retention of NA in these cells did not restrict Èhe

diffusion of NA across the artery wall.

The main metabolic pathways for NA in the rabbit ear artery

were fo¡nd to be deamination by intraneuronal rnonoamine oxidase

(MAO), and O-methylat,ion by extraneuronal catechol-O-methyl

transferase (COI\ff) . CoMf did not appear to be present ín the

nerves, and although l4AO is known to exist in the smooth muscle

cells extraneuronal tr{AO did noÈ appear to deaminate NA under

the conditions of the present study.

At the frequency (5 uz) nrost conrionly used to stimulate the

sympathetic nerves in the experiments reported, modulation of

the release of NA by presynaptic alpha receptors appeared to

influence the magnitude of the overflow of NA and its

metabolites less than the effects of vasoconstricÈion-

5
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As the release studies v¡ere complicated by the postulated

presynaptic alpha adrenoreceptor inhibition of transmitter

release, the diffusion of exogenous NA ín the artery wall was

examined under conditions which mimicked the release studies.

These experiments confirmed that neurQnal uptake was the

single most important factor influencing the diffusion of NA,

and that approximately one-quarter of the NA which was taken

up by the nerves was deaminated. The significance of the

extraneuronal uptake of NA and of o-methylation were also

confirmed. ín these studies.

In ear arteries in which the neuronal uptake of NA and the

smooth muscle uptake of NA were inhibited it was apparent that

the diffusion of exogenous NA from the adventitial surface to

the lumen was restricted by vasoconstriction. This diffusion

was enhanced when the post-synaptic alpha receptors were

inhibited by phentolamine, or when the concentration of NA

applied to the artery did not elicit a marked constrictor

response. Thus, it is suggested that vasoconstriction is a

furÈher factor limiting the diffusion of NA in the ra.bbit ear

artery.

Included in this thesis are studies relating to:

a. the purity of tritiated NA,

b. some attempts to visualize, by fluorescent means, the

diffusion of endogenous NA following its release by

, nerve stimulation,
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c the effects of some inhibiÈors of the smooth muscle uptake

and the metabolism of NA on the vasoconstrictor responses

to sympathetic nerve stimulation, and on the overflow of NA

from the artery following stimulation,

the inhibitory actions of cocaine on the neuronal uptake

of NA and on the release of transmitter.

d
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CHAPTER 7

GENERAL INTRODUCTION

FACTORS INFLUENCING THE RELEASE, DTFFUSION

AND OVERFLOW OF NORADRENALINE IN THE

RABBIT EAR ARTERY



CHAPTER ]-

During the course of the twentieth century, man's understanding

of the mechanisms of neurohumoral transmission in the sympaÈhetic

nervous system has advancêd considerabty. In the early part of this

century physiologists, Iike Barger and Dale, suggested that chemical

substances, such as amines, might be involved in the transmission of

excitation from nerve terminals to effector cells,, In the middle of

the century von Euler proposed that the transmitter involved in the

posÈ-ganglionic sympathetic nervous system was predominantly

noradrenaline (NA), and later demonstrated that this NA was firmly

bound to small sr¡bcellular particles or granules in the sympatheÈic

neurones (Euler, L954¡ Euler and Hillarp, L956¡ Euler' 1958). These

storage granules, although present in other regions of the nerves,

are concentrated in swellings or nodes in the terminal portion of

t,he axons. Hence, the nodes are sometimes referred to as nerve

terminals even though they do not constitute Èhe ends of the axons.

In the last two decades many of the mechanisms involved in the

formation of the transmitter and in its storage' mode of release,

interaction with effector cel-ls and inactivation have been

investigated" Several- of these mechanisms influence both the

quantity and the nature of the transmitter as it diffuses away from

its site of release.

It is the purpose of this introduction to outline the major

features of the release process, and to Summarize some properties

of the mechanisms responsible for the termination of the response
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of the effector cells. Sr:bsequently, some properties of the ra-l¡bit

ear artery, which was used almost exclusively in the experiments for

this thesis, will be discussed. Finally, the aims of the study

undertaken wiII be enunciated.

l. Re Iease of noradrenaline

Historically, several methods have been used to investigate the

release of NA in sympathetically innervated tissues and the factors

which terminate the action of the released transmitter. The two

most commonly used methods involved either direct assay of the amount

of transmitter which overflos¡ed from the tissue concerned, or

quantitation of the nature and magnitude of the responses of the

effector cells during and following the release of transmitter by

nerve stímulation. Although the latter technigue does not permit

direct quantitation of the amount of NA released, it has been used

extensively to study the release mechanisms. Hence, it is known that

the responses of sympathetically innervated tíssues are maximal at

relatively low rates of stimulaÈion, usually between 10 and 20 Hz

(Folkow, Lg52), and that the rate of change in response is maximal

with frequencies between I and 10 Hz (Häggendal et aI, 1970). By

comparing the magrnitudes of the responses of rat¡bit ear arteries to

exogenous NA and to NA released by nerve stimulation, Waterson (1973)

was able to estimate the concentration of endogenous NA at the

receptors on the smooth muscle cellS closest to the nerve terminals'

similarly, by comparíng the mechanical responses of rabbit ear

arteries to nerve stinulation and exogenous NA, Bevan and $laterson

(1971) postulated that the contractile process involved two

mechanisms, namely direct excítation and myogenic propagaÈion of
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excitation (page I.30). Other pharmacological studies, which have

provided considerable information about the fate of NA following its

release, will be discussed later in this chapter-

several reports have appeared in the literature, in which the

amounts of endogenous NA which overflo$red* fto* sympathetically

innervated tissues in response to nerve stimulation $iere assayed. In

some of these the magnitudes of the responses of the effector cells

were also related to the amount of transmitter which overflowed.

In their classical study, Brown and Gillespie (1957) demonstraÈed

that a substance was released from the cat spleen following nerve

stimulation which, when injected into a pithed rat, caused its blood

pressure to rise" Chromatographic a¡alysis indicated that the

sr¡bstance was probably NA. ln these experiments, as the frequency of

stimulation increased alrove LO Hz the output of NA per stimulus

increased to reach a maximum at abouÈ 30 Hz. At higher frequencies

this output declined.

Vogt (1973) summarized the results of a number of studies in

which the amount of endogenous NA released from a variety of

phenoxybenzamine-treated tissues was measured. Phenoxybenzamine (PBZ)

was used to inhibit the uptake of NA by neuronal and extraneuronal

tissues and its sr:bsequent metabolism (page L.L2). VogÈ compared

the amount of NA released refative to the total tissue content, and

It is important to distinguish between the overffow of NA' that is
the anpunt of ttansmitter which efffuxed ftom the tissue into the
bathing or perfusion medium, and the anpunt of NA tel-eased trom the
sgmpathetic nerves. Äs djscussed latet (page f.8), a nuniber of
factors are thought to reduce the anount of NA in the exttacefl-ufar
space foTlowing jts rel.ease and, hence, the amount of NA which
ovetfl-ows from a tjssue can onlg teptesent the amount rel-eased when

those factors have been eLiminated.

,î
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demonstrated thaÈ for small isolated tissues the fractions released

per impulse v¡ere compara.ble. She suggested that the apparently lower

yíelds of NA from larger organs might be caused by the slovter diffusion

of the transmitÈer through the bulky tissues.

As described in Chapter 6, attempts were made in the present

study to assay the overflow of endogenous NA from isolated rabbit ear

arteries. In most of these experiments the anrcunt of NA which reached

the medium bathing the artery was too small to permit detection by

biological assay.

subsequent to the findings that tritiated NA (3HNA) was taken up

by sympaÈhetic nerves (page I.9) and. released by nerve stimulation

(Hertting and Axelrod, 196f ) ' nì-merous studies have been reported in

which this isotopic technique 1^las used to study the release and

overflow of transmitter. fn many of these studies the nature of the

tritiated material in the overflow was characterized by separation

into NA a¡rd its various metabolites (for example, Su and Bevan, I97O¡

Langer, L97O¡ Tarlov and Langer, 1971).

Häggendat et aI (1970) used an isotopic technique Èo examine

transmitter release in the isolated portal vein as a function of

stimulation frequency, and found that the amount of NA released per

impulse did not change markedly when the nerves vtere sÈimulated at

f:requencies between 2 and L6 Hz. In accord with the earlier

findings of Brown and Gillespie (1957), the output of NA per pulse

declined at higher freguencies.

Since the work for this thesis conmenced, a number of substances

including NA, dopamine, some prostaglandins and acetyl choline, have
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been shown to inhibit the release of transmitter by mechanisms which

arcklelievedtobepresynaptic.ofÈhesetheinteractionofNAwith

presynaptic alpha adrenorecepÈors appears to have the greatest

physiological significance (Langer, Lg74). This inhibitory feedback

mechanism \¡ras postulated to explain the actions of alpha adrenoreceptor

antagonists on the overflow of transmitter from tissues following

nervestimulation.ForexamplerFarneboandHamberger(I97r)

demonstrated Èhat PBZ enhanced the stirnulation-induced overflow of

transmitter in isolated rat irides more than another ß-haloalkylamine

(cD I31) which, Iike PBZ, inhibited neuronal and extraneuronal uptake

of NA but which, unlike PBz' lvas only a weak inhibítor of the

alpha ad.renoreceptors- PBZ and another alpha adrenoreceptor

antagonist'phentolamine,increasedtheoverflowoftransmitterat

concentrations which did not btock neuronal and extraneuronal uptake

of NA (Starke et al, L97L¡ Farnebo and Hambergert L97L) and'

furthermore, enhanced the overflow in tissues in which t'he post-

junctional receptors were predominantly of the beta type (Starke

et aI, L}TL; McCulloch et aI, L972) '

Thisinhibitoryfeedbackhypothesis!üaSsÈrengthenedbythe

findings that alpha receptor agonists, including NA' inhibited

transmitter release (Starke ' Lg72; McCulloch et aI' L973' L974' L975) '

and tr¡at the effectiveness of pBZ in increasing the overfrow of NA

during nerve stimulation \i/as almost compleÈely lost when endogenous

NA sÈores were depleted by reserpine (Enero and Langer, 1973).

ThesefindingsofEneroandco-workersl,{erecompaÈiblewiththe

hypothesis that a threshold concentration was required to trigger the

inhil¡itory mechanism. Also in support of this threshold concept were
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the findings of Rand et al (1973) who shovted that, during stimulation

of guinea pig atria at a frequency of I Hz, the efflux of NA per

impulse declined with increasing nuÍibers of pulses, so that the efflux

following 16 pulses was 14å of the efflux with I puIse. This decline

was largely prevented by PBZ. However, these r^Iorkers were r¡nable to

demonstrate a similar decline in the efflux per pulse in the rabbit

ear artery which suggested that, in this tissue and at a frequency of

L Hz, the transmitter did not accumulate in sufficient concentration

to exert an inhibitory effect on release (Rarrd eÈ al, L975) -

Dopam-ine also inhibited the release of Èransmitter during nerve

stimulation in a nt¡riber of tissues, including the rabbit ear artery'

but appeared to act on different presynaptic inhibitory recePtors to

NA (I{cCulloch et al, L973i Langer, L974). IÈ is not clear yeÈ whether

the concept of a dopaminergic inhibitory mechanism has a physiological

function in the regulation of endogenous transmitter release-

Several studies have indicated that acetylcholine inhibited the

stirnulation-induced release of NA in the rabbit heart (Löffelholz and

Muscho}l, 1969) a¡rd in the rabbit ear artery (Rand and Varma, I97O¡

Hume et a1, L972¡ Steinsland et aI, I973a). Although it was concluded

that this action of acetylcholine was mediated by muscarinic receptors

at or near the adrenergic nerve terminals, the influence of this

mechanism on the release of Èransmitter has not be defined-

Hedqvist (1970) proposed that locally formed prostaglandins (PGs)

of the E series modutated the release of NA. The evidence for this

was firstly, that PGs \^Iere produced in tissues following sympathetic

nerve stinulation or Èhe application of exogenous NA' and secondly'
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that exposure of these tissues to exogenous PGE depressed the rel-ease

of NA, whereas drugs which inhibiÈed PGE synthesis enhanced the

neuronally evoked reLease of NA. This mechanism, which appeared to

be independent of the regulatory mechanism mediated through the

presynaptic atpha receptors (Stjärne, 1973, SÈarke and Montel' 1973i

Hedqvist, Lg74), produced only a very small increase in Èransmitter

release relative to the increase observed when these presynaptic

receptors hreïe inhibited (starke and Montel, 1973). In fact,

stjärne (1973) found that the PGE-mediated system appeared to be

operative only at low frequencies in the guinea pig vas deferens'

and de Ia Lande et al (1975) demonstrated that at least part of the

inhibitory action of PGE2 on Èhe vasoconstrictíon produced by

sympathetic nerve stjmulation in the rabbit ear artery was caused by

depressing the response to NA. De Ia Lande and co-\^Torkers concluded

that, although there was evidence for an active prostaglandin-

synthesisS-ng system in the ear artery, there \das no evidence of a

functional role for this system. It seems likely that the putative

inhibitory feedback mechanism mediated by endogenous PGs does not

have an important function in the modulaÈion of neuro-transmission

(Langer" L974, 1975).

In srfiu.nary, it has been demonstrated that NA is the principal

transmitter at the sympathetic neuro-effector jgnction in peripheral

tissues and that it can be released by nerve stimulation. The amount

of endogenous NA which overflo$ls from the sympathetic tissues is

usually very small- and isotopic techniques have been developed which

are generally accepted as being valid indicators of transmitter

release (Langer, I97Oi Langer and Vogt , L97l). Four mechanisms have
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been discussed which play a greater or lesser role in modulating the

release of transmitter. Of these, the interaction of NA with the

presynaptic alpha adrenoreceptor inhibitory mechanism appears to

have greatest physiological significance-

2. Factors influen cing the concentration of released noradrenaline

A number of mechanisms are believed to reduce the concentration of

NA in the extracellular space following its release from the nerve

terminals and, hence, terminate the response of the effector cells'

These mechanisms are:

i. uptake into the sympathetic nerve terminals - neuronal uptake,

ii. uptake inÈo the effector cells - extraneuronal uptake'

iii. intracellular metabolism by monoamine oxidase (MAO) and,/or

catechol-O-methyl transferase (COMT),

iv. diffusion of NA through the surrounding tissues,

v. non-specific binding to extraneuronal structures other than

the effector cells.

j. Neuronaf uptake

The active transport of NA across the neuronal membrane from the

extracellular fluid to the axoplasm of the sympathetic nerves -

referred to aS neuronal uptake - has been investigated extensively in

the past two decades.

According to Iversen (1973) the idea that catecholamines might

be bound in tissues h/as suggested by Burn in 1932, although it was
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another thirty years before the significance of the uptake mecha¡¡isms

was appreciated.

Vühritby et aI (1961) demonstrated Èhat intravenously administered

tritiun-Iabelted noradrenalíne l3UWa) r¡ras removed from the circulation

and accumulated mainly in tissues containing a rich sympathetic

innervation. Histochemical and autoradiographic techniques have

confirmed that this accumulation occurred in the sympathetíc nerves

(Gillespie and Kirpekar, L966; Malmfors, 1965), and Èhat the subcellular

distríbution of 3"*O .Io=ely paralleled that of endogenous NA. That

is, the catecholamine was st-ored in the dense-cored vesicles or granules

within the nerves (!'lolfe et aI , L962; Potter and Axelrod, 1963) -

Iversen (1963, 1965) demonstrated that Èhis neuronal uptake

process was saturable and obeyed Michaelis-Menten kinetics. Burgen

and lversen (1965) demonstrated that the high affinity of this uptake

for NA \^/as decreased by O-methylation, so that normetanephrine (N¡'tr{)

had a low affinity for the uptake siÈe. In some tissues aÈ least, the

uptake process is stereochemically selective. For example, in rat

heart the affinity of the naturally occurring laevo (I) isomer of NA

was five times greater than the dextro (d) isomer (Iversen, 1967).

In the isolated ra-bbit ear artery Allen et aI (L972) demonstrated that

both the 1- and d-isomers of NA accumulated following incubation of

the tissues in 1-3UNA and a-l4CUe respectively. However, it was not

possible from these experiments to determine whether the affinity of

the neuronal uptake system for d-NA and l-NA in the rabbit ear

artery resembled that in the rat heart.
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Trendelenburg and Draskóczy demonstrated that the net neuronal

uptake of NA depended not only on the extracellular concentration

of NA, but also on iÈs axoplasmic concentration. The axoplasmic

concentration was influenced by the ability of the granular vesicles

to store NA and of the enzyme, monamine oxidase (MAo), to deaminate

it (Draskóczy and Trendelenburg, 1968, Trendelenburg and Draskóczy,

I97O) - The evidence for this was derived from experiments in which

they perfused isolaÈed rabbit hearts wiÈh d-NA or t-NA and noted

that eqUal amounts of the two isomers \Á¡eÏe removed from the perfusion

media when the concentration of NA was low (o.12 umol t-l), but that

significantly more 1-NA than d-NA was removed when the concentration

\¡¡as increased to r.2 umor r-1. At this higher concentration,

inhibitíon of l4AO did noÈ alter the amounts of the two isomers which

\^rere removed from the perfusion media, but when the binding of NA to

the granular vesicles was impaired, the net removal of I-NA, but not

d-NA, was decreased. when MAo and vesicular binding were inhibited

simultaneously, the net uptake of both the laevo and' dexÈro

isomers hras very small. These results can be explained by the

evidence of stjärne and Euler (1965) that the vesicular retention of

NA was stereospecific for I-NA, and that of Giachetti and Shore (1966)

that the stereospecificity of I4AO was not very pronounced' Hence'

although at the lower concentration (0.12 Umol 1-I) the intraneuronal

mechanisms ldere able to prevent the axoplasmic accumulation of either

isomer of NA from reaching a concentration which impaired the net

neuronal influx, at the higher concentratíon, these mechanisms l^¡ere

r.lnal¡Ie to prevent the accumulation of the dextro isomer and the

resultant decrease in the neÈ influx of d-NA'
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The importance of vesicular binding to the process of uptake and

accumulation of NA in neuronal- tissues has been demonstrated by other

workers (for exarnple, Iversen, 1965).

In the rabbit ear artery, de Ia Lande and Jellett (L9721 found

that inhibition of [4AO produced a secondary constrictor response to

extraluminal NA (that is, NA applied to Èhe adventitial surface of the

artery) and delayed the recovery from this response. This phenomenon

\^7as termed "secondary sensitization" by Furchgott and Sanchez Garcia

(1968). pre-treatment of these laAO-inhibited arteries with reserpine,

to impair the binding of NA to the granular vesicles, accentuated the

secondary sensitization. Such results are in accord with the above

evidence of Trendelenburg and co-workers that NA which accumulates in

the axoplasm is normally deaminated by l4AO or bourrd in storage

granules.

In the studies und.ertaken for this thesis, cocaine and PBZ were

used to inhibit the neuronal uptake of NA. Iversen (1967) revie\nted

the actions of cocaine in sympatheÈicatly innervated tissues and

concluded that it acted "fairly selectively on adrenergic

Èransrnission". Although Kalsner and Nickerson (1969) and Bevan and

verity (1967) suggested that cocaine had a post-synaptic action in

aortic strips, de Ia Lande et aI (L967a and b) demonstrated

pharmacologically that the major effect of cocaine on the response

of the rabbit ear artery to exogenous NA \'\¡as the result of

inhibition of neuronal uptake. Another action of cocaine, namely its

Iocal anaesthetic effect, produced some complications during the work

for this thesis and are reported in Chapter I0.
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PBZ has been used extensively to inhibit the neuronal uptake of

exogenous NA (Iversen and Langer, 1969) and to inhibit re-uptake of

NA following its release by sympatheÈic nerve stimulaÈion (for example'

Su and Bevan, 1970; Langer, 1970) ' Ho\¡\¡ever, it is well recognized

that pBz also inhibits the post-synapÈic alpha adrenoreceptors,

extraneuronal uptake of NA and more recenÈly it has been shown to

inhibit the preslmaptic inhj¡itory feedback mechanism (Brown and

Gillespie, L95.7¡ lversen and Langer, L969¡ Lightman and lversen,

L969¡ Starke et al, L}TL) " Presumably because of its action on the

uptake processes t PF¡z also inhibits the metabolism of released

transmitter in a variety of tissues (Langer, L97O¡ Su and Bevan,

L97O¡ Tarlov and Langer' 1971) '

Although cocaine is known to ínhibit the neuronal uptake of

exogenous NA and potentiate the responses of various tissues to

exogenous NA and sympathetic nerve stimulation (de la Lande and

waù,erson, Lg67¡ Nedergaard and Bevan, L97l¡ Bevan and verity' 1967),

its effect on the stimulation-induced overfl0w of NA has been

variable. Hughes $9721 demonstrated that cocaine increased the

arþunt of NA which overflowed from the vas deferens and portal vein

of the rabbit following nerve sÈimulation, and Langer (1970) found

that cocaine increased the efflux of transmitter from the caÈ

nictitating membrane at low frequencies of sÈimulation (4 Hz) but

not at higher frequencies (25 Hz). Farnebo and Malmfors (1971)

were unable to derrcnstrate a greater overflow of transmitter as a

result of stimulation in the mouse vas deferens, when neuronal

uptake was blocked by desipramine, although the contractile response

was potentiated.
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The effect of neuronal uptake on the diffusion and overflow of

transmitter in the rabbit ear artery will be reported in this thesis'

ii. Exttaneuronal uPtake

The process of transfer of NA from the extracellular medium onto

or into a cell, other than a neurone, is known as extraneuronal

uptake. Gillespie (1973) distinguished between this process of

transfer a¡rd Èhe accumulatíon of NA in a tissuei accumulation only

occurred when the rate of inward transport (uptake) exceeded the rate

of loss by metabolism and sequestration.

Anden et aI (1963) and later Fischer et at (1965) noted that

extraneuronal binding of catecholamines occurred in the salivary

gtand of the rat after intravenous administration of 3HUe.

sr:bsequenÈIy it was shown Èhat a variety of non-neuronal cells

accumulated NA, for example, cardiac muscle (clarke et al, L969') ,

smooth muscle (Do1e¿el , Lg66; GillesPie and Hamilton , L966r, collagen

and elastin (Avakian and Gillespie, 1968) '

Avakian and Gillespie (1968) described the binding of NA to

smooth muscl-e cells in the rabbit ear artery and found that, although

some of the amine accumul-ated on the membranes of the cells, most was

distributed throughout the cytoplasm. As this intracellular NA

concentrated preferentially on the nucleus (Gillespie et al, L97O;

Burnstock et aI, ]-,g/l), Gillespie (1973) suggested that at least part

of the NA in the smooth muscle cells was bound. Considerable

differences in the ability of smooth muscle cells in various organs

and species to retain NA were descriòed by Gillespie and Muir (1970) '
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In studies in which he perfused the isolated rat heart with NA

or adrenaline (A), Iversen (l-965) noted a dramatic increase in the

uptake of the amines at concentrations which had previously been shown

to saturate neuronal uptake. Iversen showed that this process, which

he termed. uptake2, operated at catecholamine concentrations of

-15 Umol I-' and above, exhibited a low affinity but high capacity for

binding of the arnine, vras not stereoselecÈive or sensitive to cocaine

and r¡/as inhibited by the O-methylated metabolites of NA and A'

normetanephrine (NMN) and metanephrine (14{). AlÈhough lversen

proposed that this second uptake process was mediated neuronally'

hísÈochemical studies have since demonstrated that the uptake occurred

into extraneuronal tissue, principally into cardiac muscle cells

(Clarke et aI, 1969) " Subsequently, Lightman and rversen (1969)

provided evidence which indicated that extraneuronal uptake occurred

at very much lower concentrations than previously described by

Iversen and that it might occur at all- concentrations- Their

findings indicated that the failure of tow concentrations of NA

to accumulate extraneuronally was the result of exÈraneuronal

metabolism by [4AO and COMI and was not related Èo a threshold

phenomenon.

This relationship between the meta.bolizing enzymes and

extraneuronal uptake has been investigated using specific uptake

inhibítors. Kalsner (I969a and h) demonstrated that steroids inhibited

the extraneuronal uptake of NA and postulated that they exerted their

influence by inhibiting extraneuronal COMT. Sr:bsequently' lversen

and SaIt (f970) found that, although steroids depressed the

extraneuronal formation of metabolites, the accumulation of unchanged
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amine decreased to the same extent. As these steroids also prevented

NA accünulation, even when meta.bolism \^¡as prevenÈed by inhibition of

MAO and COMT, they concluded that the steroids functioned by

inhibiting the access of the substrate to the enz)¡mes-

one of these steroids, deoxycorticosterone acetate (DocA) has

been used exÈensively in this present study to inhibit selectively the

uptake of NA by smooth muscle cells.

Avakian and Gillespie (1968) described the binding of NA to

collagen, elastin and smooth muscle cells in the ra-bbit ear artery and

suggested that the concentration of amine required for uptake to occur

was high (60 UmoI f-1). Since then the findings reported in this

thesis and elsewhere (de la Lande et aI , L974), ang those of

Burnstock et al (1971), indicate that the apparent failure of NA to

accumulate in smooth muscle cells (at low concentrations) is related

to extraneuronal metabolism and not to a threshold phenomenon. Although

the affinity of the smooth muscle uptake system for NA is much less

than that of the neuronal uptake system' the guantity of amine which

can be retained is high because of the anpunÈ of tissue available

(Gillespie and Towart, 1973).

The movement of NA across the membranes of smooth muscle cells is

not unidírectional (Avakian and Gillespie, 1968), however the efflux

of the amine fotlowing uptake can be inhibited by PBz and NMN

(Gillespie et al , L97O). It \Á¡as suggested that the efflux of

unchanged NA from extraneuronal stores enhanced the concentraÈion of

NA in the synaptic cLeft and created a shift in NA storage from an

extraneuronal to an intraneuronal site (Draskóczy and Trendelenburg,
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L97O¡ Trendelenburg, Ig72'). Trendelenburg (I974) examined the effect

of extraneuronal efflux on the relaxation of rabbit aortic strips

following exposure Èo exogenous NA, and found that inhibition of

coMT detayed the recovery from the contractile response- He concluded

that this effect was the result of prolonged efflux of NA from the

extraneuronaf stores consequent Upon an enhanced accumulation of

unchanged NA. This study also indicated thaÈ, despite the presence of

MAO in the smooth muscle celts, inhibition of MAO did not alter the

efflux, and therefore presumably the accumulation, of NA'

Trendelenburg suggested that this was due to COMI activity masking the

effect of MAo, or alternatively, that NA was a poor substrate for

extraneuronal MAO.

Recently evidence has been presented which suggested that, in the

cat nictitating membrane, two extraneuronal O-methylating systems

eîisted, only one of which was sensitive to hydrocortisone (Graefe and

Trendelenburg, Lg74). The hydrocortisone-resistant compartment had a

Iow affinity, but high capacity, for catecholamines, whereas the

hydrocortisone sensitive compartment had a high affinity, but low

capacity. V,lhether this also occurs in the ral¡bit ear artery has not

been determined, áIthough Johnson (1975) demonstrated that the artery

possessed a readily satura.ble o-meÈhylating extraneuronal mechanism

in addition to Èhe low affinity, high capacity accumulation described

by Avakian and Giltespíe (1968). De Ia Lande and Johnson (L972) also

found tbat extraneuronal l4Ao played an important role in the

inactivation of high concentraÈions of NA, but not low concentrations

(Johnson, Lg75), following uptake into smooth muscle cells'
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Thesignifícanceofextraneuronaluptaketotheinactivationof

endogenous NA has been investigated directly by estimaÈing the overfLow

of NA and its metabolites from tissues following sympathetic nerve

stimulation. Hughes (Lg72) found that inhibition of exÈraneuronal

uptake with corticosterone caused a I.4-fo1d increase in the overflow

of NA from rabbit vas deferens and that this was increased considerably

when neuronal uptake was inhibited as well. Hughes suggested that

slightly more than 90% of the transmitter which was released by nerve

stimulation was inacÈivated by these two uptake processes. on the

otherhand,BellandVogt(197r)reportedthatNMN(whichwasusedto

inhibit extraneuronal uptake of NA) did not increase the overflow of

endogenous NA from the uterine artery of the guinea pig' in which

neuronai uptake had been inhibited, and Farnebo and Hamberger (197I)

found that inhíbition of extraneuronal uptake in the rat iris did not

increase the overftow of tritiated products following field stimulation

of irides which had been previously loaded with 3tlue. rn fact, at a

concentration of I0 Umot I-1, NItr! caused a slight decrease in the

overflow.

The influence of extraneuronal uptake on the diffusion of NA

across the waII of the rabbit ear artery vtas investigated in this study'

iii- lúetabofism

a. Monoamine oxidase

The monoamine oxidases are a group of enzymes which catalyse the

oxidative deamination of catecholamines to their corresponding

aldehyde derivatives. subsequently, these aldehydes are either

oxidized to their acid derivatives or reduced to the corresponding
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glycol. It is believed that this oxidation is catalysed by an

aldehyde dehydrogenase (Erwin and Deítrich, 1966) and the reduction

by an aldehyde reductase (Tabakoff and Ervrin , L97O). The metabolites

so formed include:

3,4-dihydroxyphenylglycol (DOPEG), and

3,4-dihydroxymand.elic acid (DOMA) .

DOPEG and DOl,lA are substrates for catechol-O-methyt transferase (CO¡m)

and can be O-methylated to form:

4-hydroxy,3-methoxlphenylglycol (MOPEG), and

4-hydroxy, 3-methoxlmandelic acid (VMA)'

Similarly, NMN, the O-methylated metabolite of, NA is a sr:bstrate for

MAO and can be metabolized to MOPEG or VIt'tA. The metabolic pathways

for NA are outlined ín Figure 1.I.

There is now evidence that different forms of Ir4AO exist in some

tissues and that the different forms might be associated with

specific celt types. In a number of studies it has been shown that

the I,IAO associated with sympathetic nerves is different to Èhat

associated wiÈh the extraneuronal tissues, (for example, pineal gland,

Goridis and Neff, LITI; rat vas deferens, JarroÈÈ. 1971a; mesenteric

artery, C,oridis and Neff, Lg73). NA was found to be a substrate for

neuronal I{AO (Type A), but not for extraneuronal (Type B) (Neff

et aI, L973) .

In the rabbit ear arterY, de la Lande et al (1970) demonstrated

extraneuronal MAO by histochemical techniques, but could not identify

neuronal MAO. However, subsequent studies by de Ia Lande and JeIIett
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(Lg72') indicated that not only was MAO present inÈraneuronally but

that it was physiologically more important that that sited

extraneuronally. This evidence was derived from pharmacological

studies in which exogenous NA was applied to the adventitial surface

of the artery. Inhibition of MAO caused a slow secondary response

and a marked delay in recovery from vasoconstrictíon following

washout of the NA. As these changes ldere prevented by cocaine or

chronic denervation, and only occurred when NA was administered

extraluminally, it appeared that they were neuronal in origin.

Further evidence that l4AO was present intraneuronally in the rabbit

ear artery rÀras provided by Head et al (1974) ' !ì7ho found that the MAO

content of these arteries feII by 9t following chronic denervation-

The importance of intraneuronal MAO to the neuronal uptake system

and to the efflux of NA from the nerves following uptake has been

discussed previously (page 1. I0) .

De Ia La¡rde and Johnson (L972) demonstraÈed that extraneuronal

¡rpnoamine oxidase played an important role in the inactivation of high

concentrations of exogenous NA (118 unrol 1-1) in the rabbit ear artery.

WheÈt¡er this finding (and that of de la Lande and Jellett discussed

above) indicates the presence of two types of [4AO in the ear artery is

not clear. It might, in fact, simply reflect the different locations

of the same form of MAO; inactívation by the neuronal enzyme being

apparent because of the higher concentration of NA normally achieved

in the neurone sr:bsequent Èo uptake (de la Lande, L975) '

In the rabbit aorta, the neuronal tissues (situated in the

tuníca adventitia) can be separated from the snpoth muscle cells
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(forming the bulk of the tunica media) and, hence, it is possible to

examine uptake and metabolism in nerve-free and nerve-rich tissues.

Levin (L974) used this procedure and found that DOPEG was Èhe major

metabolite formed in the adventitia during incubation in NA, whereas

NMN was the major metabolite arising from the medial tissues. Vùhen

intact aortic strips were incubated in NA' approximately equal

amounts of O-methylated and deaminated metabolites \itere formed.

Levin suggested that the O-methylation which occurred in the

adventitial strips was probably extraneuronal in origin and resulted

from the uptake of NA into the few fibroblasts and smooth muscle cells

which were found aÈtached to the adventitial layer. This suggestion

r,rras supported b1t the finding that the level of O-methylation lvas not

decreased by cocaine.

Recently, Head (1976) investigated the metabolism of exogenous

NA in the rabbit ear artery and concluded that there were striking

resemblances in the metabolism of NA in this artery and in the

rabbit aorta. Head's findings will be discussed further in

Chapter 8.

Several workers have examined the effects of metabolism on the

overflow of NA from tissues during and prior to sympathetic.,'herve

stimulation. BetI arld Vogt (1971) found that inhibition of l4AO had

no consistent effect on the overflow of endogenous NA in the

guinea pig uterine artery; they did not assay the overflow of

meta.bolites. Other studies revealed that the deaminated metabolites

of NA were present in the overflow prior to and following

sympathetíc nerve stimulation in a variety of tissues, and that
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inhibition of MAO usually produced a shift in the metabolism from

deamínation to O-methytation (Langer, L97O¡ Tarlov and Langer, L97I¡

Langer et al, 1972) .

Although phannacological evidence pointed to the influence of

intraneuronal MAO in the termination of the response of the rabbit

ear artery to sympathetic nerve stimulation and exogenous NA (de la

Lande and Jellett, Lg72), biochemical evidence was absent. While it

\Âras noÈ the intention of the present study to investigate this

specifically, some evidence accumulated which supported the concept

that deamination of NA occurred mainly, if not entirely, within the

nerves and o-methylation within the smooth muscle cells.

b. CatechoT-O-methgJ transferase

Catechol-O-methyl transferase (COMI) is an intracellular enzlzme

which 3-O-methylates catecholamines in the presence of the methyl

donor S-adenosyl meÈhionine (S-AMe). Following its discovery by

Axelrod (1957), coMT has been investigated extensively and its

properties and functions have been reviewed recently by Guldberg

and Marsden (f975).

The influence of COIIIT on the meÈa-bolism of NA is summarized in

Figure 1.1. It can be seen that coMI o-methylates NA to NMN and the

deaminated catechols, DOPEG and ttOMA, t'o MOPEG and VMA respectively'

The cellular distrj-bution of coMI appears to be both tissue and

species dependent, although the lack of an adequate histochemical

procedure has so far prevented visualization of the enzlzme. only

a small fraction of COIvIT appears to be firmly bound to membranes
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within the cell, however, it is not clear whether the remainder is

free in the cytoplasm or loosely bound to membranes. coMT d'oes not

appear to be stereochemically specific and possesses símilar

affinities for the t- and d-isomers of NA (Axelrod and Tomchick,

1958). Although there is evidence that multiple forms of the

enzyme might exist, Èhe biological function and significance of this

multiplicity is not certain (Gu1dberg and Marsden, 1975) '

Several inhibitors of COMT have been used in biochemical and

pharmacological studíes and included 3,4-dihydroxy-2-methyl

propiophenone (UO521), pyrogallol and tropolone. UO521 has been

used exclusively in this present study in inhilcit COMT. A]-though

PF;Z, cocaine and several steroids are apparently without direct

effect on COI4T activity (Eisenfeld et al, L967¡ Holtz et aI, 1960¡

Hapke and Green, L}TO), they possess an indirect effect by

preventing access of NA to the cytoplasm of neuronal and

extraneuronal ceIIs.

The distribution of COIufI in sympathetically innervated tissues

has not been completely defined, despite an earlier assumption that

it was predominantly extraneuronal. The evidence in support of thís

assumption included the findings that:

a. COMT activity persisted following chronic denervation of

I tissues (Verity et aI, L972; Head et aI' L974) ,

b. o-methylation of exogenous NA was increased, not decreased,

by inhibition of neuronal uptake or denervation in the

re¡bbit ear artery (Head et al , L975) ,
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c little or no O-methylation occurred in strips of adventiÈia1

tissue fròm the rabbit aorta following incubation in NA,

whereas o-methylated metal¡olites were formed in segrments of

nerve-free medial tissue (Levin, L974) ,

O-methylation of NA and iÈs deaminated metabolites $¡as

prevented in the isolated, resting cat spleen following

inhibition of extraneuronal uptake (Cr,¡beddu et aI , 1974) .

However, other studies have indicated that in some tissues COMT

activity appeared to be intraneuronal as well. Crout and Cooper (1962)

demonstrated that COMT actívity in the cat heart decreased after

chronic denervation, and Jarrott (1971b) showed a similar decline in

the cat nictiÈating membrane and in the vas deferens of the rat and

rabbít. The studies of Langer (1970) and Langer et aI (L972), in

which O-methylation of 3**O o".rrred extraneuronally¡ as weII as

int,raneuronally, in the caÈ nictitating membrane are in accord with

the observations of Jarrott and Langer (197I) that COMT was present

in both sites in homogenates of these meribranes. In their

experiments Langer et al (L972) demonstrated that the NMN which

effluxed from the resting nictitating membrane \,\las formed.

intraneuronally and that which overflowed as a result of stimulation

\,\ras formed extraneuronally. They also suggested that O-methylation

of the deaminated metabolites probably occurred intraneuronally

following nerve stimulation.

In a comprehensive study of the metabolism of 3HNe released by

nerve stimulation langer (f97O) found Èhat inhibition of COMT had

Iittle effect on the magnitude of the overflow of tritium-Iabelled

material in the isolated medial muscle of the cat nictitating

d
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membrane, but eliminated the overflow of NMN in both the resting and

stimulated preparation. Concurrently, the overflow of NA and its

deaminated catechol metabolites was increased.

iv. Diffusion

In the preceding sections of this introduction it was suggested

that the concentration of NA in the synaptic cleft, following its

release from slzmpathetically innervated tissues, was influenced by

a number of factors including neuronal and extraneuronal uptake,

metabolism subsequent to uptake by either of these processes and the

putative inhibitory feedback mechanisms. Similarly, the diffusion

of transmitter away from its site of release might influence the

concentrations of NA in the synapse and have' in addition, im¡nrtant

inplications for the release, uptake and metabolic processes.

Conversely, these processes are likely to influence the

characteristics of the diffusion of NA through a tissue. In fact'

it has been suggested that the diffusion of transmitter through the

tunica media determined part of the vasoconstrictor response of the

rabbit ear artery to exogenous NA and to sympathetic nerve stimulatíon

(Bevan and Vtaterson, L97L). These workers proposed that the second

more slowly developing phase of the constrictor response was the

result of penetration of NA through the tunica media, and its contact

with smooth muscle cells remote from its site of release (page 1.30)-

Gerová et al (1967') attempted to visuatize the diffusion of NA

in the wall of the dog dorsal pedal artery using a fluorescent

technique similar to that described by Fatck (L962). They noted that,

following slmpathetíc nerve stimulation of COtr4T and [4AO-inhibited
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arteries, the tunica media was infiLtrated with fluorescent materiaf

which they attributed to NA. These results support the hypothesis

that NA released by nerve stimulation diffuses from the nerve

endings to smooth muscle layers remote from the nerve terminals.

Subsequently, this study hras extended to include the rat femoral and

rabbit saphenous arteries and the hisÈochemical observations were

confirmed by autoradiography. In this thesis, the fluorescent

histochemical Èechnique was used to visualize the diffusion of NA

across the tunica media fotlowing its release, but did not provide a

sensitive or reliable indication of diffusion (Chapter 5).

In a number of studies, Bevan and co-workers have investigated

several aspects of neuromuscular transmission in vascular tissues.

One aspect of these studies related to the concentration of

transmitter in and around the synaptic cleft following its release.

Bevan and Su (1973) calculated the peak concentration of NA within

the synapse (intrasynaptic) and the mean concentration in the

extracellular space within the media-adventitia border (extrasynaptic)

during sustained nerve stimulaÈion in three vessel-s of known cleft

width, namely, the pulmonary artery, the ear artery and the portal

vein of the rabbit. They demonstraÈed that, as the width of the cleft

decreased, the transmitter tended to be confined to the synapse, so

that the intrasynaptic concentration increased and the concentration

gradient between intra- and extrasynaptic NA was greaÈer. The density

and thickness of the neuronal plexus also appeared to restrict the

diffusion of NA away from its site of release. Thus, in the rabbit

ear artery, although the thickness of the plexus and the number of nodes

per unit of surface area were considerably greater than in the rabbit
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aortê, the net release of transmitter was not increased proportionally

because of this node crowding effect (Bevan et al, 1972).

Bevan and Su (1973) proposed that once the NA emerged from the

confines of the synaptic cleft, its concentration was influenced by

the diffusion coefficient of the tunica involved. In the rabbit

aorta, where the diffusion coeffícient in the tr:¡rica media

-'t 1 -1(7.3 x 10 ' cmo sec ^) was much lower than that in the tunica

adventitia (4 x 10-6 
"*2 =..-1), it rnras suggested that the lower

medial coefficient probably reflected a smaller extracellular space

and the presence of extracellular diffusion barriers. Török et aI
1L(f97I) used *-C-inulin to investigate the extracellular space in the

rabbit aorta, and for:nd that the inulin space occupied 408 of the

media and 608 of the adventitia. The greater coefficient of

diffusion in the adventitia partly explained the findings of Su and

Bevan (1971) that considerably more NA overflowed from the adventitial

than the medial surface of the rabbit pulmonary artery following

nerve stimulation.

Other studies by Bevan a¡rd co-workers indicated that the diffusion

of NA across the wall of elastic arteries \itas not uniform. In one

investigat,ion, Bevan and Osher (1970) examined the distribution of

tritium-Iabelled material in the wall of the rabbit aorta following

stimulation of the nerves which had been pre-Ioaded with 3"*O. 
lrlhen

compared with paired non-stimulated arteries, the amount of tritiated

materiat associated with the nerve plexus was reduced and the amount

of Èritium in the media was increased. The distribution of tritiated

material in the media vras not uniform; the greatest increase occurred
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close to the media-adventitia border, and the lowest at the intimal

surface. Further evidence that Èhe diffusion of NA across the wall

of an artery was not uniform was provided by the studies of Török and

Bevan (L97L'), in which they examined the diffusion characterisÈics of

tritiated material across stríps of rabbit aorta following exposure

of the adventitial or intimal surface to 3fme. When the NA was

applied to the adventitial surface, they for¡nd a rapid and uniform

diffusion of tritium-tabe1led material across the tunica adventitia

which was consistent with the large inulin space described previously.

As only 508 of this space was saturated after 60 seconds of exposure,

they suggested that the large conununicating channels were filled

rapidly and that the slower saturation of the rest might reflect the

saturation of small interstices. In cocaine-treated arteries,

tritium-labelIed materials were concentrated in the outer layers of

the tunica media when the 3rrNo r"" applied to the adventitial surface,

and in the inner layers of the media when the NA was applíed to the

intima.

V Non-spncific binding

The binding of NA to connective tissue elements in the rabbit ear

artery was described by Avakian and Gillespie (1968) and Powis (1973).

Avakian and Gillespie used a fluorescent technique to examine the

binding of NA to collagen and elastin and found that both tissues

showed a concentration-d.ependent binding of NA with a threshold of
' 

-lapproximately 60 ymol I -. The binding of NA to these tissues

differed from that in smooth muscle cells, in that the amine was

less firmly bound and was PBZ-insensitive.
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powis (1973) investigated the effects of changes in Èhe ionic

composition and pH of the incubation medium on the binding of NA to

bovine collagen and elastin. As this binding was relatively resistant

to changes in the composition and pH of the bathing medium. Powis

suggested that it was largely hydrophobic in nature. On the basis of

kinetic analyses, iÈ was suggested that both collagen and elastin

possessed high affinity-Iow capacity and low affinity-high capacity

binding sites" Binding of NA to these connective tissues was

insensitive to PBZ, phentolamine, NMN and cocaine. but was inhibited

-lby oxytetracycline. At a concentration of lOO pmol 1 -, oxytetracycline

inhibited the binding of l-NA 1O.O pmol 1-I) to bovine collagen by 68å.

Although collagen showed no specificity in the binding of I- and d-NA

-1(0.6 U¡noI 1 -), in elastin, the binding of l-NA vrras two-fold greater

than d-NA.

The physiological importance of Èhe binding of NA to these

connective tíssues was investigated by examining the influence of

oxytetracycline on the responses of the isolated ra-bbit ear artery to

exogenous NA and sympathetic nerve stimulation. Powis (1973) found

that oxytetracycline potentiated the responses of the artery to NA and'

nerve stimulation. As these effects were not further potentiated by

inhibition of the neuronal and smooth muscle uptake systems and were

greater than those produced in the presence of neuronal and smooth

muscle uptake inhibitors, Powis proposed that the removal of NA by

connective tissue binding might be the major factor responsible for

terminating the i¡runediate constrictor response of the Èíssue. In

support of this hypothesis, Powis found that I'ÍAO and COMT activity
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in the rabbit liver was not suppressed by oxytetracycline and that the

neuronal and smooth muscle uptake of NA in rabbit ear artery strips was

not inhibited bY the drug.

3. Structure and properties of the ral¡biÈ ear arterY

The rabbit ear artery, which was used almost exclusively for the

experiments described in this thesis, is a small muscular artery which

has been used extensively for in vitto and,, to a lesser extent, fot in

sjÈu studies. Since de Ia Lande and Rand (1965) described the use of

this artery in vitto, it has been used for pharmacological and

histological studies, for biological assay (as either a donor or a

test artery) and, nore recently, for isotOpic and biochemical studies'

The structure of the artery has been described and conforns to

the morphology of other small arteries in that the intimal lining is

surrounded by 6-1-0 layers of smooth muscle cells, which in turn are

enveloped by a dense plexus of sympathetic nerves situated in the inner

aspect of the tunica adventitia (Waterson and Smale , l-967 i lrtaterson and

de Ia Lande, Lg67\. The plexus at the base of the ear artery, and in

that portion used for the studies reported in this thesis, comprised

the terminal axons of post-ganglionic nerves whích arose in the

superior cervical ganglion (de Ia Lande et aI, L967b'). Bevan et al

(Lg72) reported that the nerve plexus was 12 microns thick and

contained approximatety 21 x lO7 nodes-

The fluorescence characteristics of the rabbit ear artery vüere

demgnstrated by !{aterson and Sma1e (}967), (Figure l-'2) ' They

suggested that the fluorescence adjacent to the lumen was

non-specific and corresponded to the autofluorescence of the inÈíma



FTGURE ]-.2 Transverse section of the rabbit ear artery,
treated by the fluorescent histochemical method
for demonstration of noradrenergic structures'

The location of Èhe sympathetic nerve terminals
at the media-adventitia border is indicated by
the dense noradrenergic fluorescence in this
region. Non-specific autofluorescence is also
seen at the intima.
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previously described by Fuxe and sedvall (1965) and Norberg and

Hamberger (1964) in other blood vessels. The intense green

fluorescence at the media-adventitia border corresponded to the

position of the sympathetic nerve plexus, and provided evidence that

ttre fluorescence was produced by NA containing nodes. Previously'

de ]a Lande and Head (1967) had derpnstrated that the predominant'

if not the onty, catecholamine in the rabbit ear artery was NA. In

accord with evidence in many other small arteries, t{aterson and Smale

(L967) were unable to denpnstrate fluorescent structures in the

smooth muscle layers of the rabbiÈ ear artery, which suggested that

NA was liberated onty at the media-adventitia jr:nction. Hence,

although the outermost smooth muscle cells came into close contact

with the nerves (0.5 micronsi Hume, L973) the inner cells were

somewhat removed. It r^ras assumed by !{aterson and de la Lande (1967)

that excitation of the inner cells resulted eiÈher by diffusion of

the transmitter across the artery waII or by propagation of

excitaÈion from the outer smooth muscle cells. Support for the

latter suggestion was provided by the electron rnicroscopic analysis of

small arteries by Rhodin (1967), in which he demonstrated that intimate

meÍibrane contacts were found between some of the smooth muscle cells-

Bevan and !{aterson (f971) investigated the biphasíc responses of

arteries to NA and sympathetic nerve stimulation and inferred that the

two phases of constriction hrere associated with the Èwo tnechanisms of

excitatlon described above. Bevan et aI (1973) provided further

evidence to support the hypothesis that the initial phase of

vasoconstriction (Phase A) was caused by excitation of the outer

Iayers of smooth muscle ce]Is and myogenic propogation of this



t. 3t

excitation to deeper layers, and that the second phase (Phase B)

resulted from the penetration of NA through the vessel wall.

Steinsland et aI (I973b) proposed that the fast Phase A constriction

d.epended. on the release of calcium from an intracellular pool, and

that the slow Phase B depended on the influx of extracellular or

membrane-bor:nd calcium. Bevan et al (1973) also provided evidence

that was compatiJcle with the concept that two pools of calcium \^tere

involved in the biphasic response-

Much of the information about the rabbit ear artery has been

derived from pharmacological studies of isolated arteries. De Ia

Lande and Rand (1965) demonstrated Èhat the artery could be readily

cannulated and kept in physiological solution in an organ bath for

several hours wiÈhout apparent loss of sensitivity to sympathetic

nerve stimulation or to vasoactive drugs. In this preparation

solutions were perfused through the lumen, and the responses of the

tissue to various procedures were monitored by change in the perfusion

pressure. other techniques have been used to measure the responses

of artery segments to various procedures. For example, Kalsner (1972)

maintained the perfusion pressure at a constant level and noted the

changes in the flow rate through the artery, while Gillespie and Rae

(Lg72) measured Èhe stiffness or compliance of the artery wall.

The constrictor response Èo NA is mediated by alpha receptors

(de l.a Lande and Rand, 1965) and, as noted previously' the response to

sustained applications of NA or to sympathetic nerve stimulation is

usually biphasic. Hence, as some procedures which evoke a response in

the artery are of short duration it is probalrle that they reflect only

the transient component of the biphasic response (de la Lande, L975) '
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Responsestudieshaveprovidedusefulinformationregardingthe

role of the artery walt in terminating the action of NA. For example'

de la Lande et aI (1966) found that the ear artery l¡¡as less sensitive

to extraluminal than to intraluminal NA. As cocaine and denervation

reduced or abolished this difference in sensitivity, it was proposed

that neuronar uptake prevented much of the extraruminarly appried NA

from reaching the atpha receptors on the smooth muscle ceIls, whereas

intraluminally applied NA had r¡r¡inhibited diffusion across the tr:nica

media to the nerve terminals (de Ia Lande et aI, L967a and b) (Figure

I.3). At the tine that the work for this thesis commenced, this

simplistic model was being questioned as a result of the findings of

de Ia Lande and Jellett (Ig72l. These workers demonstrated that

inhibiting intraneuronal MAO caused secondary sensitization to

extraluminal NA and delayed the recovery of the artery from

vasoconstriction following the withdrawal of the amine (page 1'19) '

As these effects were not apparent when NA was applied intraluminally,

itwassuggestedthattheaccessofNAtothenerveterminalswas

limited. The histochemical studies described in chapter 5 were

undertaken to clarify this problem and indicated that Èhe diffusion

of NA from the lumen to the nerve terminals was impeded by the smooth

muscle cells.

The aim of the project described in this thesis was to examlne

some of the factors which influence the diffusion of NA across the

waIl of the rabbit ear artery. The importance of Èhe neuronal and

extraneurona} uptake processes, Èhe metabolizing enzlrmes and

vasoconsÈricÈion on the overflow of transmitter released by
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Diagrarnmatic representation of the influence of
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sympathetic nerve stimutation, and on the diffusion of exogenous NA

across the artery wall, have been investigated-

Inltially, the diffusion of exogenous NA was studied using a

histochemical approach, but as this did not permit quantitation

isotopic techniques vüere developed. The histochemical technique also

proved to be unsuccessful when used to visualize the movement of

released transmitter through the artery waL1- Similarly, the

overflow of NA following sympathetic nerve stÍmulation could not be

detected by biological assay and, hence, more sensitive isotopic

technÍques vrere used in rrcst experiments.
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GENERAL METHODS: NON-ISOTOPIC



CHAPTER 2

Tlvo methodology chapters are included in this thesis. In this

chapter, the conunonly used non-isotopic techniques are described, and

in Èhe second, those methods in which radio-isotopes \^¡ere used are

outlined. Less corunonly used techniques or modifications to the

methods described here are indicated in the relevant chapters under

the heading "Methods".

A list of the drugs used in this study and their method of

preparation is included in Appendíx 2.

1. Prepara tion of arteries for Ín vitro experimentation

Semi-Iop-eared rabbits, bred in the Central Animal House of the

University of Adelaide, \¡vere used almost exclusively in this study.

For one series of experiments (Chapter I0), it was necessary to use

short-eared rabbits, bred in the Animal House of the Institute of

Medical and Veterinary Science, Adelaide because of a severe shortage

of the semi-lop variety. Animals of both sexes, ranging in weight

from 1.5-2.5 kg, were used.

unless otherwise stated, rabbits were stunned by a blow to the

cervical vertebrae and bled from the right carotid artery. One ear

was moistened, with Krebs' solution (see Appendix 2), and the

cartilaginous notch at the base of the superior surface of the ear

was palpated. The skin r¡/as removed from the area over the central

ear artery, from below the cartilaginous notch to above the
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bifurcation of the central vein, and the artery r4¡as exposed by careful

excision of fascial layers, ad.ipose tissue, muscle br:ndles and excess

supportinE connective tissue (Figure 2.L). The preparation was kept

moist with Krebs¡ solution which had been gassed with a mixture of

952 02:58 CO, and warmed to 37"C.

A cannula, drawn from No. I Sterivac tubing, was inserted into

the proximal end of the exposed artery and ligated. Usually a second

cannula with a slightly finer tip was inserted and tied into the

distal portion of the artery, approximately 3 cm above the first tie

(for some experiments No. 2 Sterivac tubing was used). The distance

between the two ties was measured before the artery r¡ras dissected from

the ear. The paired artery, that is the artery from the opposite ear,

was cannulated and removed in a similar manner.

These arteries were placed in organ baths or in superfusion

holders and were equilibrated for a minimum of 60 minutes prior to

experimentation.

Organ bath

Those arteries whích were placed in small organ baths

(approximately 1.5 cm3 capacity) were held at their jn situ

length with their distal ends towards the bases of the organ

baths as shown in Figure 2.2. The arteries were bathed in

Krebsr solution (37 t 0.5oc), gassed with a 952 c^2:58 Co,

mixture and perfused with Krebs' solutíon at a rate of

4.5 + 0.5 cm3 *irr-I" The perfusion system, as shown in

Figure 2.3, was símil-ar to that descri-bed by de Ia Lande et aI

(1966). Note that the artery was clamped at a fíxed length
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Diagram of the rabbit ear showing the great auricular
nerve, the central vein and the central artery' The

diagram represents the left ear held erect and viewed
from the right side of the animal- The section of the
artery which was cannulated for use in the experimenÈs
in this study is indicated.
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Diagrams of the apparatus used to perfuse the isolated
rabbit ear artery. The perfusion system in the upper
diagram was used in conjunction with a small organ bath
or a superfusion holder (Figures 2-2 and 2-4). Vlhen

the small organ bath was used only one perfusion line
was required.
The perfusion system in the lower diagram was used in
conjunction with a large organ bath, in which a

double-cannulated artery, held at a tension of I g.
was perfused from below.
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and not held at I g tension, and was perfused from a-bove to

facilitate collection of the perfusate. Changes in vascular

resistance were monitored on a paper chart recorder* via a

pressure transducer.f

In other experiments, single or dor.¡ble-cannulated arteries

were placed in larger organ baths (L2 - 20 cm3 capacity) according

to tne method of de Ia Lande and Rand (1965) and de la Lande et

aI (1966) and were perfused from below (figure 2-3) - Those

arteries which were double cannulated were held at a constant

tension of I g and not at their in sjtu length. Pressure changes

in the perfusion system were monitored on a smoked klmograph

paper by means of a mercury nanometer r.JÍth a floating pointer'

or on a paper chart recorder via a Pressure transducer as

described above- completed kymograph traces l^tere preserved with

shellac.

Superfusion appatatus

In some experiments, the dor¡ble-cannulated arteries were

clamped at their in situ length in polystyrene holders between

parallel plaÈinum electrodes (Figure 2-4). The outside of each

arteqr was superfused at a flow rate of 3.5 I o-5 cm3 *it-l 
"o

that a continuous fii-m of warmed, gassed Krebs' solution

existed between the transmural electrodes and the artery. The

intratuminal flow rate was 3.5 I 0.5 cm3 *it-l and the perfusion

* 8-240 dual pen tecotdet, Rikadenki Koggo Compang, Tokgo' Japan' ot
polggraph ModeL 5D pen recorder, Grass Instrunent Cornpang, Quincg,
I(ass., U.S.A.

t Statham P23 AC, Hato Reg, Puerto Rico.
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pïessure r^tas nþnitored as described above- Superfusion and

perfusion fluids could be collected separately.

In the dor¡ble-cannulated preparations described, drugs could be

applied intratuminally (that is, to the luminal surface of the artery)

by infusion or injection' or exÈra1uminally (that is' Èo the

adventitial surface) bY addition to the bath or perfusate. Details

of drug application and modifications to the perfusion rates will be

given in the relevant chaPters.

changes in tone in the arteries !ìrere recorded as changes in

perfusion pressure, so thaÈ contraction of smooth muscle cells

produced an increased. resistance in the vêscular segrment and a

corresponding rise in the perfusion pressure.

2. Stimulation of sympathetic nerves

The sympathetic nervês in the artery segrments were stimulated by

square wave pulses delivered through 25 gauge platinum wire electrodes

from a stimulator.* Ttre platinum electrodes vrere arïanged in various

ways as indicated díagramrnatically in Fígures 2.4 and 2.5'

FieTd electrodes

AIl but the terminal 2.5 mm of each platinum electrode was

shielded by a polypropylene cover. The electrodes vrere

positioned on either side of the artery with the top electrode

near the proximal end of the artery and the second elecÈrode

near its distal end.

* Models 54 ot 544, Gtass InsÊru¡¡rent Comçnng, QuincA, Mass', U'S'A'
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Transmutal eLecttodes

unshielded, paraltel electrodes were placed in the same plane

as the artery and approximately I mm away from it.

Inte tnai -extetnal electtodes

This arrangement of the electrodes vras devised to permit

electrical stímulation of arteries bathed in liquid paraffin. As

the upper periarterial electrode was contacting the moist artery

current flow between this and the second electrode was possible.

The latter electrode was inserted into the cannula to a leve1

approximately I ¡run below its tip. Such an arrangement was suited

also to those experiments in which the overflow of NA and its

metabolites vtas to be chromatographed, as it minimized the risk

of electrolytic destruction of NA and its O-methylated metabolites

(see Chapter 7).

For each of the elecÈrode arrangements described, the appropriate

stimulation parameters were determined experimentally. To ensure

selective stimulation of the maximum number of neurones in the artery

wall, a voltage was chosen which produced maximum constriction, and a

pulse duration was selected which did not stimulate the smooth muscle

cells directly. The voltage required to produce this maximal response

in the artery was determined by increasing the applied voltage during

repetitive sti:nulêtion with low frequency, short duration pulses.

v,lhen possible, the voltage selected for experimentation was

approximately twice that which evoked this maximal response. Using

this supramaximal voltage and low frequency pulses, the pulse duration

was increased until the constrictor effects of nerve stimulation were
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not blocked by tetrodotoxin or guanethidíne. The pulse duration

selected was below that which evoked d.irect muscle stimulation.

The frequency of stimulation most commonly used with all

electrode types was 5 Hz, as this was within Èhe physiological range

and produced a marked constrictor response in the arteries tested.

The npst commonly used stimulation parameters were:

Electrode type

Frequency

(Hz)

DuraÈion

(msec)

Voltage
(mv)

Field

Transmural

Organ Bath

Superfusion

Internal-external

5 0.5 - 1.0

0.5

0.3 - 0.s

0.5

80 - 120

40

12-20

70

5

5

5

3. Fluorescent histochemistry

The fluorescent technique used for the demonsÈratíon of NA in

arteries was based on the modification of the classical Falck technique

(Falck, L962) described by !{aterson and Smale (L967).

Artery segments were frozen in an acetone-dry ice míxture and

transferred tô a chilled aluminium holder in a vacuum flask containing

dry ice (Waterson and Hume, 1973). Irlhen all segments had been frozen,

the holder was placed in a vacuum freeze-drying chamber and maintained

at -45 f 5oC at a pressure of 2-6.5 Nm-2 for L6-2O hours.

Subsequently, the specimens were transferred to a one litre glass jar
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containins 5 g of paraformaldehyde powder which had been stored over

sulphuric acid (34% V/V) for at least 7 days. The sealed jar was

placed in an oven at 80oC for 60 minutes. The formaldehyde-treated

tissues were vacuum infiltrated with paraffin wax at a temperature of

60"C for 30 minutes and embedded in paraffin wax.

Tissue sections were cut at 7 microns, mounted on glass slides

in an Ente1lan (lttlerck) and xylol mixture and examined using a Leitz

microscope with a dark field condenser.

Fluorescence was produced by an HBO 200 w mercury vapour lamp

using a I.5 nm Schott BG 12 excitation filter and a 530 nm barrier

filter. Photographs were taken using a (r,eitz) orthomat camera back

with microscope attachment and Kodak photoflure negative film. The

film was developed in ID 2 (Ilford) and prints were produced on llford

Grade 5, single weight, glossy paper (developer: Ilford ID 20) -

4. Descending paper chromatography

Chromatography of NA and its metabolites \^ras carried out using

strips of !{hatman PBI cellulose phosphate ion exchange paper

(approximately 3 x 57 cm) according to the method of Roberts (1962) -

Usually 10 - 20 UI of the sample and 0.1 Umol of pure compound were

applied at Èhe origin. The pure compor:nd was added to act as a

marker and to minimize variations due to the concentration of salt in

the sample. Papers were air dried and equitibrated in an atmosphere

of the developing solvent, isopropanol :artflionium acetate
't

(2OO Umol I'; pH 6.5) (2:I) before being developed for a distance

of approximately 46 cm (12-L6 hours; ambient temperature). Papers

were allowed to dry in the air at room temperature before
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visualization of the spots in ultraviolet light or after spraying with

diazo-p-nitroar¡iline reagent. A pencil tracing was taken of the

chromatogram, ¿urd rf values were calculated when required.

¡4ost papers were cut into I cm lengths and were agitated at room

temperature for a minimum of 16 hours in either:

a. 1 ..3 of saline (0.16 mol l-I, pH 5.5) containing

-Iascorbic acid (0.6 ¡mnol I ), or

3 -1b. Icm of HCI (300 - 500 mrncl I

The NA content of the eluates obtained was assayed biologically

or fluororetrically (page 2.9, .

5. Assay of catecholamines

i. BioTogìcaL

Bioassay of catecholamines (CAs) was performed using a technique

similar to that described by de la Lande and Harvey (1965). A dot¡ble-

cannulated artery was perfused with Krebs' solution containing

S-hydroxytrlptamine (5HT) (I2 - 85 x 1o-3 ¡rmot I-1) and cocaine

-,t(3 UmoI I *). 5HT and cocaine were also added to the extraluminal

Krebsr solution, and increased the sensitivity of the artery to

injections of NA. Injections (0.05-0.3 cm3) of the solutíons to be

assayed were made into the perfusate stream at a uniform distance

from the artery (Figure 2.3). The rises in perfusion pressure produced

by injection of the unknown solutions were matched against the rises

prod,uced by known CA standards.
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ii. Fluoronetric

The trihydroxyindole (THI) method, first descrilced by Ehrlen

in 1948and later adapted for automatic analysis (Merrills' 1963) was

¡nodified by Head (L9761 and used in this form to assay the

catecholamine (cA) content of various samples- This procedufe

involved:

a. the automated sampling of the test solution in HCI

-I) or standard solutions of CAs ín HCt

-r) at a sample rate of 20 ht-I,*

neutralization of the solution to pH 5-8 by NaOH

(1 mot f-l¡ and phosphate buffer (1 ¡rpl I-1),

oxidatíon of the CA with potassium ferricyanide

-1(300 nnol I ') buffered with sodium phosphate

-'l(2OO mmol I -), and

Iutine formation with alkaline ascorbate ll¡aou

(2.5 mol t-I); ascorbic acid (I7 m¡nol r-I)l-

The lutines were estimated fluorometrically at the following

wavelengths:

b

c

d

(500 nunol I

(500 mmol I

activation:

emission:

395 nm (interference filter)

495 nm (lùratten No. I sharp cut filter)

The output of the fluorometer I¡Ias monitored continuously on a Paper

Ichart recorder.

* A Techrtiaon I'IodeL IT Autoanalgset train (Teclnicon AustraLia Ptg '
Ltd.) was used for this assav. The manifold artangenent js
represented diagratwnaticaTTg in Figute 2.6.

f Mod.el 8-767, Rikadenki Koggo Compang, Tokgo' Japan'
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K3Fe(CN)5
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mol l-l
(0.5)

(0.2)
(0.3)

(1.0)

(1{)

(2.5)

(0.017)

DMC sMc

Recorder Fluorometer

FIGURE 2.6

sMc
ËË

U sMc

Waste

l------¡

Pump

Ftow diagram for the automatic analysis of
catecholamines using the Technicon Autoanalyser-
The reagents used, their concentrations and flow
rates ane indicated. Samples in HCI (5OO mmol 1-1)
were processed at a rate oL 20 per hour.

SMC and DMC refer to single and dor-lble mixing
coils respectively.
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The CA content of the test solutions was determined by reference

to the leve1 of fluorescence produced by Èhe standard solutions

following lutine formation.

6. Determination of artery weighÈs

At the conclusion of each experiment, arteries were rernoved

from the organ baths or superfusíon holders and severed at the tip of

each cannula. The segment obtained was blotted on moist filter paper

and weighed, usually in a sealed, disposable tube.

7. Tests of sicrnificance

Paired or unpaired students' t-tests were used to indicate the

significance of groups of data. Differences between these groups

were considered to be significant when the probability was below the

58 level. For convenience, the differences between observations are

described in the text as either "sígnificant" (that is, p < 0.05) or

"not significant" (ttrat is, p > 0.05). The tests used a¡¡d the

leve1s of sígnificance for the data appear in the relevant tables

or figures.

(



CHAPTER 3

THE PURITY OF TRITIATED-NORADRENALTNE



CHAPTER 3

In view of the failure of a number of early experiments to produce

an overflow of tritium fortowing stimulation of sympathetic nerves

which had been pre-loaded wiÈh tritium-labeIled noradrenaline (3Hl¡e),

the question was raised as to whether the íncr:bate medium contained NA

or a proportion of impurities. Biological and fluorometric assay

revealed that the concentration of NA in these samples of 3Hua was less

than that quoted by the manufacturer. SuJrsequently, all batches of

3"*O r"". assayed on arrival, usually by the fluorometric method, but

occasionally by bioassay as well (see page 2.9). The purity of each

sample of NA was calculated as the ratio of the concentration of NA in

the sample (determíned by assay) relative to the concentration quoted

by the manufacturer. This ratio h/as expressed as a percentage.

As indicated in Ta-ble 3.1, the purity of those samples, which

arrived. as aqueous solutions at ambient temperature in glass vials,

ranged between 58 and 68È. This discrepancy was investigated by Head

(1976) " who showed that:

a. the tritium contents of all samples analysed approximated

those quoted by the manufacturer,

b. there \,{as no obvious correlation between the quoted specific

activities of either dr-3H¡lA or 1-3HNA and the purity of the

solution,

c. when the stock solutions !'rere analysed chromatographically,

tlrro tritiated fractions were fo'nd in addiÈion to 3"*o,



*
Specific Activity

-'l(Ci mmol -) (mci cm-3)

Purity
Fluorometric

Assay

+(t)'
BioJ.ogical

Assay

3" *
content

Sample

ar-3uue

1-

1

2

3

4

5

6

7

I

12.o

7.7

13. O

L2.O

6.1

11. 6

9-6

L2.2

4.L

8.1

ro. 3

8.8

8.9

1.0
1.0

1.0
1.0

2.O

1.0

1.0

1.0

L2

I1
42

15

53

20

5s

40

9

9

36

I

3"*e

I
2

3

4

5

1.0

1.O

1.0
0.9

1.0

5 6

65

65

68

60

¿c Values quoted bg manufacturet.

t Anpunt of NA Ín the stock soJ,utions as determined bg assag relative
to that quoted bg the manufacturer and expressed as a percentage.

TABIJE 3 -I Purit'y of aqueous stock solutions of 3nue which arrived

from the ¡nanufacturer in glass vials and at ambient

temperatures.
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nevertheless, the amount of tritium associated with these two

fractions was insufficient to account for the discrepancy in

purity'

d. there was evidence of a tritiated impurity which

co-chromatographed with l{A in paper systems, but which did

not exhibit the THI fluorescence characteristics of

authentic NA,

e. the impurities formed more slowly ín polypropylene Èhan in

glass containers.

In an attempt to improve the purity of the IrlA samples when they

arrived in these laboratories, the manufacturer \¡tas requested to

despatch the isotopes in pol]æropylene containers, acidified with

hydrocholic acid (1OO mmol 1-I), and eittrer fy;oze1- or at ambient

temperature. Although delivery under these conditions appeared to

increase the puríty of the samples on arrival, there was still a

substa¡rtial discrepancy between the stated concentrations of NA and

that deter¡nined. by fluorometric or biological assay-

a
As the -HNA stock solutions contained impurities, it was

important to determine whether such ímpurities might influence the

isotopíc experiments envisaged in this study. Consequently, it was

decided to investigate the possible accumulation of these impurities

in sympathetically innervated tissues. E:çeriments were carried ouÈ'

in conjunction with R.J. Head, in which the neuronal uptake of NA was

studied in rabbit ear arteries and in rat vas deferens. These

preparations were treated with nialamide a¡rd UO52I to inhiJcit l{AO and

coMT, a¡rd with DocA to inhibit the smooth muscle uptake of NA.
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}&TIIODS

Serni-Iop-eared rabbits and albino !{istar raÈs were injected with

reserpine (L.64 ¡rmol kg-lr IP) 16 hours prior to the removal of the

central ear arteries (rabbits) or the vas deferens (rats) (Waterson

and. Smale , L967). The effectiveness of the reserpine pre-treatment

in depleting endogenous NA in these tissues was assessed by:

a. processing a small segment of the appropriate tissue by

the fluorescent histochemical method described previously

(Page 2.6) , or

b. extracting the remainÍng endogenous NA from tissue segTments

in hydrochloric acid (page 4.15), and estimating the NA

content by fluorometríc assay (page 2.9).

Segrments of ear artery and vas deferens from non-reserpinized

control animals were included, for comparison.

The remaining segments from the reserpinized animals were

equilibrated in Krebs' solution and then treated with nialamide

-'l -1(340 UncI 1 ') for 45 minutes, followed by UO521 (55 UmoI 1 t) for

15 mínutes. ïn most experiments, DOCA (27 Umol 1-I¡ was added to

the UO521 for a further 15 minutes prior to incr¡.bation. Sr:bsequently,

a. each artery segment hras inctrbated in I cm3 of Krebs'

solution containing UO521 and DOCA (above concentrations),

ascorbic acid (3OO umot t-1) and dl-3gNA (0.6 u¡nol I-r)*

for 60 minutes; at the end of the incubation period each

* For these experímenÈs J-iVå was not added to the incubate tnedium.
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artery was washed in l(rebs' solution for 60 seconds, blotted,

weighed and the catecholamine content extracted in HCI,

b. four vas deferens were incubated in 10 cm3 of the at-3¡rua

incubate described above. After 45 minutes these tissues

ü¡ere removed and a second Eroup of 4 vas deferens was placed

in the incubate for a further 45 minutes. Both groups of

vas deferens were washed in Krebsr solution for 60 seconds,

blotted and weighed a¡rd the catecholamines were extracted

in HCl.

Samples of the incubate solutions collected after O, 45 and 90

minutes of tissue incr:bation and, the acid extracts of the tissues

$tere:

a. chromatographed by descending paper chromatography

(page 2.71 ,

b. assayed for NA content by the fluorometric method (page 2.91,

c. counted for radioactivity Ín Bray's scintillant (page 4.L2).

RESULTS

The effectiveness of the reserpine pre-Èreatment procedure in

depleting the stores of endogenous NA hTas confirmed histochemically in

the arteries by the absence of specific noradrenergic fluorescence'

and in the vas deferens by the reduced NA content of the tissues

- 't -'l(7.1 nmol g ' cf. 44.4 nmol g ' for non-reserpinized control

segrments).
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1. Rabbit ear artery

Chromatographic separation of the incubate solutions (at 0, 45

and 90 minutes of incubation), indicated that the tritiated material

separated into three peaks with approximate rf values of O.2¡ 0.5 and

0.8. One of these peaks co-chromatographed with non-labelled NA.

Separation of the artery extracts produced a single peak which also

co-chro¡natographed with non-Iabelled NA.

The chromatographic profiles obtained from a typical experiment

are illustrated in Figure 3.I. The specific activity of the 3tllte

extracted from these arteries (25,5 Ci nmot-l) was much closer to

the specific activity of the stock solution of 3m¡e quoted by the

manufacturer (L2.2 Ci nuriol-l) than that deternined experimentally

(55.5 ci mmot t-I) (that is, on the basis of the 3tfNA content

determined by fluorometric assay and the 3H conterrt determined by

scintillation spectrometry) .

2. Rat vas deferens

The results of the chromatographic analyses were similar to

those for the ear arterY, in that the tritiated material in the

incr¡bate solutions separated into three peaks, one of which

co-chromatographed with non-labelled NA (Figure 3.2). However,

the tritiaÈed material from the tissue extracts now separated into

two distinct peaks, or¡e of which co-chromatographed with authentic

NA and the other (rf 0.8) with one of the peaks produced by the

incr:bation solutions. The tritium content of this second peak was

equivalent to approximateJ-y 58 of the tritium content of the NA

peak.
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The acíd extracts from the two groups of vas deferens were pooJ-ed

and the specific activity was found to be 5.8 ci mmol-I. This figure

was less than that quoted by the manufacturer (20 Ci m*ol-I) and that

determined experimentally (86 Ci mmol-l).

DISCUSSION

The results of these experiments indicateél that little or none of

the inpurity present in the incubation medium accumulated in either

the ear arteries or the vas deferens. The small amount of tritium-

labelled material not associated $rith NA which was detected in the vas

deferens, but not in the rabbit ear arteries, might indicate a tissue

or species difference, but could also be a manifestation of the larger

mass of tissue used (I9O mg of vas deferens cf. 7 mg of ear artery).

The possibility that these tissues accumulated the tritiated

"impurity" that seemingly co-chromatographed with 3uua cannot be

excluded, although the finding that the Specific activity of the 3I+la

in the tissue extracts was less than that in the stock solution might

indicate that such an impurity was not taken up by neuronal tissues.

Although the data presented here showed that the trítiated

impurities present in incubate solutions srere proba.bly not retained

in the neuronal t.íssues, it must be remembered that smooth muscle

uptake of NA was blocked ar¡d the metabolizing enZymes were inhibited.

The results of other experiments, in which it was shown that cocaine

inhibited neuronal uptake of tritiated material from "impure"

incrrbate solutions, and that, following this incr:bation period'

tritiated-materíal was noÈ released from these arteries as a result
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of sympathetic nerve stimulation (Figure 8.5) ' provided further

evidence that the impurities present in the stock solutions were
t

probably not interfering with the uptake of 'HNA from the incubate.



CHAPTER 4

GENERAL METHODS: lSOTOPIC



CHAPTER 4

Isotopíc techniques were used extensively in this study of the

factors influencing the release of NA and iÈs diffusion across the,

artery wa]l. The purpose of thiS chapter is to describe these

isotopic techniques and to provide some experimental evidence

supporting their use.

The radio-isotopes used throughout this study \¡rrere:

(dI)-noradrenaline-Z-3n-rtyarochloride (at-3u¡¡e) and

(I) -noradrenaline-7-3n-acetate (t-3uNa)

ar¡d were purchased from:

The nadiochemical Centre, Amersham, United Kingdom.

1. Purity and storaq" of 3HNA

Experimental evidence, discussed in the preceding chapter,

indicated that the concentratíon of NA in the 3true stock solutions

was less than the figure quoted by the manufacturer, and that

impurities could be detected by paper chromatography. It appeared'

that these impurities were not taken up by the neuronal stores in

the rabbit ear artery, and hence, in most of the experiments which

were designed to evaluate the overflow of tritium-Ia-belled material

following the release of 3"*O by sympathetic nerve stimutation, the

incr¡bation medium was not purified prior to use. However, for the

exogenous diffusion studies (Chapter 1I) the stock solution was

usually purified by Dowex 50 (Na+) chromatography as described
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later (page 4.I1) ' Stock solutions of 3uue were stored at 4oc in

polypropylene containers to which HCI was added; lOO rnmol 1-1 befote

despatch, or 10 mmol I-I on arrival in these laboratories.

Samples which had been purífied on Dowex 50 ion-exchange resin

were treld in HCI (sOo rurpt 1-1) aÈ 4oC r¡ntil required for use, when

the appropriate aÍìour¡t was Èransferred to a freeze-drying tube'

frozen in a mixture of alcohol or acetone and dry-ice and lyopholysed

to dryness. the 3trua was reconstituted in Krebs' solution containing

ascorbic acid.

2; Preparation of 3HNA

I OverfTow studies

Incr¡lcation solutions qtere prepared by adding the requisite

volume of 3HNA* and non-labelled l-NA to warmed, gassed Krebs'

solutiont which contained ascorbic acid (3OO umol f-I).

The concentrations used for these experiments were:

at-3HtcA incubates

¿t-3nwa (0.6 u¡r¡cl t-1)
plus
I-NA (o.a ¡rmot 1-I)

to províde a final I-NA concentration of 0.6 ¡rmol 1-I

* The concent¡;atìon of 3r*o in the stock solution was determìned.
bg fluotonettic assag and not from the na.nufacturer's quoted
vaTue -

t The ¡rhrase "warÍed, gassed Ktebs' solution" is used to denote
Krebs' solution whìch was wamad to 37oC and gassed wìth
95% 02:5% CO2.
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1-3*o incr-rbates

1-3nna (0. g umot I't)
plus
I-NA (0.3 umot t-1)

ii. Exogenous diffusion studies

In most of the diffusion experi-rnents, purified stock solutions

were lyopholysed and reconstituted in warmed, gassed Krebs' solution

-1containing ascorbic acid (300 UmoI I '). Non-labelled l-NA was

added as indicated.

The concentrations used for the diffusion experiments were:

2
dI--HNA diffusion

al-3¡n¡e (o.rg umot t-r)
plus

1-!{A (0.09 umol I -I )

1 diffusion

I-3rnue (o-09 pnrot 1-1)

plus
l-NA (0.09 pmot I-l)

Occasionally other concentrations of NA were used, but they

will be referred to in the appropriate chapters.

3. Duration of incubation

In the isotopic overflow studies und,ertaken in this thesis, the

sympathetic nerves in the artery seg¡nents $tere Pre-loaded with 3H¡¡a

for 60 minutes. llltis parameter was selected on the basis of

experiments undertaken to determine the effect of the duration of
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incubation on the neuronal accumulation of 3*o, and on the magnitude

of the overflow of tritium-labelled material from artery segments

prior to and as a result of nerve stimulation"

i. Neuronal accumufation

Seven ear artery segments, tied at one end with pieces of cotton,

were removed from each rabbit and eguilibrated in glass vials

containing warmed, gassed Krebs' solution. Sgbsequently' six of the

seven segments lvere inmersed in Krebs' solution which contained

at-3Hue (page 4.2) and ascorbic acid (¡OO umol 1-1) for periods of

I to 120 minutes. One segrnent vras placed in NA-free Krebs' solution

for L2O minutes. After incr:bation, each segnnent was washed in three

changes of Krebs' solution for a total of 60 hinutes. Arteries were

blotted, weighed and digested in sofu:bilizer (page 4-L5r- 10 c*3 of

toluene scintilla¡rt was added to each vial and the tritium content

of the digested arteries was determined by liquid scintillation

spectrometry (page 4"f2) .

As indicaÈed in Figure 4.I, the amounts of tritium retained by

these artery segûìenÈs after incubation in dI-3HNA increased linearly

with incubation periods of up to 60 minutes" There was no significant

difference in the anor¡ìt of tritium retained in those arteries which

were incr¡bated for 60, 90 or 120 minutes.

AJ-though the ratio of 3HUa Lo endogenous NA was not analysed in

the present experiments, it was shown subsequently that approximately

L2* of the total NA in the artery was 3n*O fotlo-vring 60 minutes

incubation in dI-3HNA and 60 minutes washout in Krebs' solution.
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ii- OverfTow studies

Doub1e-cannulated artery segments were placed in sma1l organ

baths (page 2.2) and after equilibration were incr:bated in al-3HUa

-l(0.9 U¡noI I *)i one of each pair of arteries was incubated for

30 minutes and the other for 60 minutes. The flow of Krebs'

solution through the lumen was stopped during the incubation period

and was restarted at the beginníng of the washing period. Vtashi:rg

continued for 60 minuÈes during which the extraluminal bathing

medium was replaced every l0 minutes. At tt¡e end of this washing

period, the extraluminal ltebsr solution was replaced with liquid

paraffin and Èhe intraluminal flow rate was reduced to 0.23 cm3 *ir-l

(for discussion of the paraffin technigue see Chápter 9).

Ten minutes after the application of liquid paraffin, the

intraluminal perfusate was collected ín vials containing Brayrs

scintiÌIant (page 4.L21 at intervals of 2 or 4 minutes. The

syrmpathetic nerves in each artery were sti¡mrlated three times by

square wave pulses delivered through the internal-external electrode

arrangement (page 2.5). The collection and stimulation times are

indicated in Figure 4.2. At the end of the e:çeriment both arteries

were weighed, and the tritium content of each aliquot of perfusate

collected was determined by liquid scintillation spectrometry

(page 4.L2) .

The mean overflow of tritium-labeIled material into the luminal

perfusate for each collection period is shown in Figure 4.2. A

more detaíled discussion of the magnitude ar¡d kinetics of this
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overflow will be given in Chapter 9. However, it was apparent from

this figure that for the first stimulation period:

a" the prestimulation overflow of tritiated material was

greater (508) from those arteries incr¡bated for 60 minutes

than those incr¡bated for 30 minutes '

b. the overflow of tritium increased and reached a peak

within I minutes of the onset of nerve stimulation and

subsequently declined to the prestimulation level,

c. the stimulatÍon-induced overflow (Sr-overflow)* was ITOB

greater in those arteries incubated for 60 minutes than

in those incr¡bated for 30 minutes.

During the sr:bsequent two sÈimulation periods the overflow of

tritium was qualitatively sj¡rilar to that described above, although

the magnitudes of the overflows sr:bsequent to the onseÈ of

stimulation declined.

iii. Connents on the uptake and overfTow studies

It was evident from these studies that the uptake and overflow

of tritiated material was greater in those arteries incr¡bated in NA

for 60 minutes than in those incubated for 30 minutes. Incr:batíon

of the arteries for longer periods than 60 minutes did not further

increase the amount of tritíated material retained by the arteries.

Stimul.atjon-induced overfTow lepresents the difference in the
ovetfTow of ttitium which occurred as a resul-t of netve stimulation,
and the overflow which would haye resufted from the resting attetg
during the same petiod. This testing overfLow was caTculated bg
exttaçnlation of the prestimulatíon overffow.

*
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The present uptake studies are in accord with the findings of

Nedergaard and Bevan (1971) who showed that the amount of 3gNe retained

in aortic rings íncreased rapidly for the first 45 minutes of
2 -lincr¡bation in "HNA (1.0 Umol 1-) and sr¡bsequentJ-y remained constant.

Nedergaard and Bevan also showed that when the NA concentration was

decreased to IO nmol I-1, the amount of 3u taken up by the aortic

rings was greater, but that the accumulation of tritium continued to

increase for the duration of the incubaÈion period (180 minutes).

On the basis of the experiments described above it was decided

that, for the concentration of NA selected, an incubation time of

60 minutes followed by a washíng period of 60 minutes was suitable

for the present study.

4. Separation of NA a¡rd its metabolites

i. Dowex 50 chromatographg

The technique of Taytor and Laverty (1969), as modified by Head

(L976), was adapted for use in those experiments in which NA, NMN and

the deaminated metabolites (DoPEG, DoMA, MoPEG' vl'lA) were separated-

In this fractionation, the amines, but not the deaminated metabolites,

were adsorbed onto a column of cation exchange resin [Dowex 50 (l¡a+) ].

The adsorbed Ue and NIvIN were eluted differentially from the column

with HCI to complete the separation.

In those experiments in which the tritium overflo\^t was

fractionated, a portion of the Krebs' solution containing the

tritiated materíals was added to standard amounts of NA, NMN and each
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of the deaminated metabolites . Following acidification, the pH was

adjusÈed to approximately 6.4 and the solution was Ioaded onto a

Dowex column (60 mm x 4 mm) by means of a continuous flow pumpl at a

rate of 0.5 cm3 *ir,-l. NÀ and its metabolites were added in order

that the recovery of the 3* 
"o*po*rds could be estimated

colourometrically (page 4.10) .

Each column was perfused with distilled water and the effluent

was collected in two 10 
"m3 

fractions; the first fraction contained

the deaminated metabolites. The NA fractíon was eluted in

HCI (5OO mmot I-1) and the NMN in HCI (I.5 mol f-1). The usual

collection periods were !

EIuent

Fraction
Number

Volume

(.*3) Eluate

Distilled water

HCl

(soo mmol 1-1)

HCl

(1.5 mol I I

1

2

3

4

5

6

7

I

IO

IO

13

10

5

3

I
3

Deaminated metabolites

NMN

NA

* Tgpìca7 voTunes used were.'

Ktebs' solution containing ascorbic acid (ZOa ynpl 7-I) - l-.5 cm3

NA, NMN (72 nnol l-1) - 700 ttl of each

DOzEG, NtrA, MOIEG, VruA ¡lZ wa7 t-7) - 50 p7 of each

Hcr (700 rrnol l-7 ) - 270 pJ

phosphate buffer (200 rwal I-l; pIt 6.4) - 450 uL.

+ Technicon peristaltic pump; Teclnicon Austrafia PtV. Ltd.
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When the deaminated metabolites were to be further separated by

adsorption onto alumina (see below), sodium metabisufphite (630 runol),

EDTA (320 nmol) and glacial acetic acid (I00 Ul) were added to the

collection vials to minimize loss by oxidation.

UsuaIIy I c*3 of each of the eluate fractions was transferred to

15 cm3 of toluene-triton scintirlant (Appendix 2) and the tritium

activity was determined as described elsewhere (page 4-1-2). The

fractions were assayed by the colourometric procedure (page 4.10).

By this means, it was possible to compensate for the loss of tritiated

material during the fractionation procedure.

prior to re-use the Dowex 50 was regenerated to the Na+ form by

perfusing each column with the following solutions for 60 minutes at

a rate of 0.5 cm3 *in-I,

NaOH (2 mol I -t
-1distilted water lcontaining EtIlA (26 ¡nmol I

HcI 1z mot 1-1)

)1

distilled water (EDTA)

(200 runol I -1 pH 6.4) .phosphate buffer

jj. Batch al-umi-na chromatographg

In some experiments the fraction which contained, the deaminated

metabolites following Dowex 50 chromatography was further fractionated

by adsorption of the two catechol metabolites onto 41203, and their

differential elution. The O-meÈhylaÈed metabolites (l¿OpnC and üaA)

were not adsorbed and were removed in the effluent-
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The procedure used was as follows:

a
a. 5 cm' of the effluent from the Dowex column were added to

a tube containing 41203 (4 mol), EDTA (3.2 nol) and sodium

metabisulphite (525 mmol) '
.I

b the pH was adjusted to 8.4 with Na2CO3 (2-0 mol I

maintained at this level for 4 minutes,

) and

c. the effluent (which contained MoPEG and vl4A) was removed,

d. the alumina was washed in two volumes 1zo cm3) of distilled

water, one volume (5 cm3) of acetic acid (toO mmol 1-1) and

two volumes of acetic acid (300 mmol f-1). The first

volume of acetic acid (100 mmot t-1) contained DOPEG,

e. DoltA was eluted in 6 cm3 of HCI (5OO mmol f-1).

Each of the solutions obtained was nass assayed by the

colourometric procedure, and its tritium activity determined in

toluene-trition scintillant.

5. Colourometric assaY

The para-nitroanitine method used for the visualization of

catechols a¡rd 3-O-methylated catechols on chromatography media was

adapted by Head (1976) for use on the Technicon Autoanalyser.

samples of catecholamines or their meÈabolites prepared in

HCl (3OO - SOO mrnol I-I) were introduced into the manifold of the

Autoanalyser a¡¡d mixed with K2CO3 (1.45 mol I-1), para-nitroaniline

-1 - |

(7.2 rünol l-') and NaNo2 (290 mmol r-1). The coloured d,erivate

formed lvas passed through the flow cuvette of the colourometer and
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changes in optical density (O.D. 505) were recofded on a paper chart

recorder. The nanÍfold desigrn and the flow rates of the various

reagents are shown in Figure 4.3 The optical density changes

produced by Èhe test solutions were equaÈed to the changes produced

by known concentrations of NA and its metabolites.

6. Purification of 3"*o

stock solutions of 3gue which required purification prior to

use were added to phosphate buffer (2OO runo1 1-1; pH 6.4) and

ascorbic acid (600 UmoI I-1) 
* 

and loaded onto Dowex 50 (l¡a+) columns.

The columns were washed with water (4 collections of 5 cm3) and the

NA eluted in HCl (5OO mmol f-1). Approximately twenty-five aliquots

of HCr (: cm3¡ were corrected. o.or or o.o2 cm3 of each cotrection

was added to toluene-triton scintillant and the tritium activity

determined. The NA content of each aliquot was determined by

fluorometric assay (page 2.9). Figure 4.4, which is a profile of the

NA contents and tritium activiÈies of these aliquots, indicates that

most of the tritiuJn activity occurred in those atiquots containing

NA.

Usually the three aliquots containing Èhe greatest concentration

of NA were combined and assayed by the fluorometric method. The

tritium acÈivity was determined by liquid scintillaÈion spectrometry.

The resultant purified stock solution \Âtas held at 4"C until required

for use.

Tqpical voJ-unes used were:
3 r*o

phosphate buffer
ascorbic acid

0.5 cm3

2.0 cm3

0.7 cm3

*



Flow rate
cm3min-1

-t
I
I
I
I
¡

mmol l'1

K2CO3 (14s0)

Sample

Air

NaNO2 (290)

pNA (7'21

(t
E

o
E

Waste

FTGURE 4.3

Waste

r--- ---J

Recorder Colourometer Pump

Schematic representation of the colourometric assay of
noradrenaline and its 3-methoxy meta-bolites.

The reagents used, their concentrations and flow rates
are indicated. Samples, in HCl (3OO or 5OO mmol I-1),
were introduced into the manifold of the Autoanalyser.

MC refers to the mixing coils and
pNA to para-nitroaniline.



Ê
o.
tt

(0crF\/
o
(!

E

o
(q

E
U
L
o
ct

.ÈJ

Fo

T
6â

10

0.5 g

õ̂
E

\J

o
G'

õ
rÈ
o

(Ð

E(,
L

g
o

oo

z

.01

r--t

I
I
I
¡

5

FTGURE 4.4

I
I

750

HCt

I
15 30 45 60

Volume of eluate (cms )

Typical profiles of triÈium activity and NA content
obtained from Dowex 50 chromatographic purification
of l-NA. The elutíon and collection procedures are
outlined in the text.
NA was eluted from the column with HCI (500 mnol 1-
as indicated (arrow).

The broken l-ines represent the NA content p.t .*3,

I

and the continuous lines the tritium activity per cm

in each aliquot of eluate collecÈed.

3
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7. Liquid scintillation spectrometry

i. ScintiLlants

The dioxane-based cocktail described by Bray (1960)

nþst experiments. 15 cm3 of the scintillator, described

scintillant, provided saÈisfactory counting efficiencies

of tritium-Iabelled materials contained in up to I.5 "*3
solution. This scintillant was prepared in 10 1 batches

to the formulation and method outlined in Appendíx 2-

was used in

as Brayts

for samples

of Krebs'

according

In some experiments, the radioactivity in samples was determined
?

using 10 - 15 cm" of toluene-based scintillants. For descriptive

purposes, Èhese cocktails have been desigmated as toluene or

toluene-triton scintilla¡rts (see Appendix 2).

ii. Counting procedures

The radioactivity present in solutions containing tritium-

labelled compounds !{as measured by liquid scintillation spectrometry

using a Packard À,lodel 3310 Liquid Scintillation Spect,rometer. Count

rates were determined for periods of 5 or l0 minutes (usually

10 minutes), and the background count rates were sqbtracted prior

to quench and cor¡nting efficiency corrections. In early experiments'

the background count rate for each vial containinq scintillant was

determined prior to the addition of the unknown tritiated sample'

but this became impractical and mean background rates were

determined and used.

As the channels ratio method of guench correction lvas used for

satnples counted in Bray's scintíllanÈ, standard. curves, relating
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counting efficiency to the ratio of the net count rates in two

different channels of the spectrometer, were prepared for each batch

of scintillator. Duplicate curves 1arere determined according to the

following procedure:

a. tritiated toluene of knovtn activity (aç) was added to

8 vials containing 15 cm3 of scintillant, and the

counting rate (r1) in channel 1* was determined for each'

b. the mean cor.mting rate (MCR) vras calcutated and vials

with counting rates of more than + I0% were replaced'

c. 7 of the I vials vrere quenched with different volumes of

I(rebs' solution and the counÈíng rates (,) in all
*

I vials were re-determined using channels I and 2 ,

d. the counting efficiency, expressed as a percentage (E),

and the channels ratio (R) were determined according to

the following formulae :

McRxPxIOO
11 aK

E

R= 12 (channel I),
12 (channel 2)

sta¡¡dard curves were determined by plotting E agairrst f,.

Hence, Íror each unknown sample, E was determined and the

counting rate corrected for efficiency and guenching. Because of

The parateters fot the two channels weret

channeTT - 50%gain
50 - 7000

50% gain
50 - 250

*

channel 2
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the large number of samples involved, a programme was derived for use

with an Olivetti Progranma I01, which calculated E for each sample,

corrected the counting rate for quenching and efficiency of counting

and divided by the mass of the artery segment used for the particular

experiment. In some experiments, other correction factors were added

to the progranne (for example, in Chapter 10, the tritium activity

which effluxed into the lumen was standardized against a consÈant

activity in the extraluminal bathing mediuin) "

In this thesis, tritium activity, rather than the amor¡¡rt of NA

and its metabolites which this represented, has been used as the

standard unit, as there was dor¡bt about the specific activity of the

stock solutions provided by the manufacturer (see Chapter 3) -

The internal star¡dardization procedure used to correct for

quenching and efficiency of corr¡rting wittr the toluene-based

scintíltants involved determination of the counting rate (r1) for the

unknown sample, followed by a second determination (r2l after the

addition of 3u toluene of known activity (aç).

Hence, the counting efficiency (E) was deiived from:

In Tr
I

E
aK

and the activity (A) in the test sample from:

A=

8. Extraction of tritium-Iabet1ed material from tissues

In those experiments in which the amount of NA and its metabolites

remaining within the tissues l¡tas determined, the Èissues were:

rl
E
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a agitated in 0.5 .*3 of NCS soh-lbilizer (Nuclear Chicago)

at 36oC for at least 16 hoursr or

3 -1b, iru-nefsed in 1.0 cm of ItCl (1O0 nmol I ) containing EDTA

(22 urnct t-I) at Aoc for a minimum of 16 hours (Head, 11976l.

The latter method was preferred as it enabled the NA to be

extracted into a supernatent relatively free from protein. !{hen

reguired, the tritiu¡n âctivity of the supernatent was detennined in

the toluene-triton scíntillant, and the amount of NA was assayed

fluorometrically or by bioassaY.
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CHAPTER 5

The studies descríbed in this thesis commenced in 1970 v/ith an

analysis of some of the factors which influence the diffusion of

exogenous NA across the artery wall, and continued with a histochemica'l

investigation of the diffusion of endogenous NA following its release

by sympathetic nerve stimulation. The chapter is divided into two

parts; part A relates to the exogenous studies and part B to the

endogenous studies.

PART A DIFFUSION OF EXOGENOUS NORADRENALINE ACROSS THE ARTERY VüALL

This study rôlas prompted by the findings of de Ia Lande and

Jellett (L972), who showed that although inhibition of MAO augmented

the constrictor response of the rabbit ear artery Èo extraluminal NA

and prolonged the relaxation of the artery from Èhis response, these

effects were not observed when the NA was applied intraluminally-

This difference was explained in terms of the failure of the

intraluminal NA to diffuse across the artery wa1l to the sympathetic

nerve terminals"

The work described in this part of Chapter 5 was gndertaken, in

collaboration with l,trs" M.A" Lazner, to determine whether smooth

muscle uptake and metabolism by COMT influenced the diffusion of NA

across the artery waIl, and hence its concentration in Èhe region

of the sympathetic rlerves. An indirect technique, namely the abitity
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of NA to restore monoamine fluorescence in nerve Èerminals which had

been depleted of NA by reserpine, was used to assess the influence of

these factors.

Metanephrine (¡,il{) , an inhibitor of smooÈh muscle uptake, and

3,4-dihydroxy-2-methyl propiophenone (UO521), an inhiJcitor of the

enzyme COMT, were employed to examine the influence of smooth muscle

uptake and metabolism by COMT on the diffusion of intraluminal NA

across the artery wall"

METHODS

Semí-lop-eared rabbits wer.e injected wiÈh reserpine

-l(L.64 ¡rmo1 kg '; IP) (lfaterson and Smale , L967) 24 hours before being

anaesthetized with urethane (I9.7 mol kg-I; fP). Artery segments,

cannulated at the proxÍmal end or at the distal end as well, were

placed in organ baths and equilibrated for 60 minutes as described

previously (page 2.3) " The perfusion pressure r,{as monitored on

smoked kymograph papers. In addition, at least one seg¡nent was

removed from each animal and immediately ftozen in an acetone/dry ice

mixture. Such sections were included to verify the effectiveness of

the reserpine treatment in depleting the nerves of their specific

monoamine fluorescence.

At the end of the equilíbration period nialamide

was added to the intral-uminal and extraluminal Krebs'

(340 Umol 1
-1

60 minutes, after which the arteries were washed in nialamide-free

Krebsr solution for a further 10 minutes. Evidence that this

procedure inhibited I4Ao was presented by de Ia Lande et aI (1970).

solution for
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-I
In each experiment Krebs' solution containing NA (3.0 umot I ) and

ascorbic acid (3OO Umol f-l) t.= perfused through one artery segrment

(intraluminal) and bathed the outside of a second segment (extraluminal)

*
for 30 mínutes. Other segments were treated with either UO52I

-l -1(55 ¡mol l-r) or MN (2.5- 5.0 UmoI 1') for 15 minutes prior to and

for the duration of the application of intraluminal NA'

At the end of the period of exposure to NA the arteries were

washed in drug-free Krebs' soluÈion for 10 minutes. For the duration

of this washing period the intraluminat flow rate was 5 .*3 *i,,-1.

subsequently, each segment was rapidly ftozen in an acetone/dry ice

mixture and processed according to the fluorescent histochemical

technique descriJced earlier (page 2-6').

control segments, treated only with nialamide' uo521, MN or

ascorbic acid, were included to determine whether these agents

restored fluorescence in the absence of added NA'

In a sr¡bsequent series of experiments the artery segments were

not treated with nialamide prior to the administration of UO52I' MN

and NA (Îable 5.2). Note that in two experiments segments of

nialamide-treated arteries. which had been exposed to extraluminal

NA, \¡¡ere included to confirm that NA restored fluorescence in

¡aAO-inhibited arteries.

In those experiments in which NA was added intraluminaTlg the
arterg segments wete cannufated. at both ends to ptevent the NA ftom
nixing with the externaT bathing nedium. Futther, since an

eTevated petfusion pressuïe might have caused the intraLuminaf
tTuid to Teak ínto this bathing medium, the fTow r¿te was teduced
to l-.0 cm3 min-7 during the appTication of intraluminaT NA, and was

stopped duting exposure to extraluminaT NA.

*
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Sections from each artery segment \Átere examined independently by

at least two observers who were unaware of the particular treatment

given to the segments.

The intensity of specific fluorescence aÈ the media-adventitia

border was classified on a scale ranging from:

0 - absent'

+ - presenÈ but sparse compared with that found in a

normal" artery (i.e. freshly excised artery from

an untreated rabbit),

++ - comparable with that observed Ín a "normal" artery,

+++ - greater than ttrat in a "normal" artery-

RESULTS

Those segments of freshly excised arteries included to verify

the effectiveness of reserpíne pre-treatment showed that the drug

had depleted monoamine fluorescence in the region of the

media-adventitia border in all arteries.

1. ResÈoration of monoamine fluorescence

i. Nialamide'tteated arteties

-I
Those níalamide-treated arteries in which NA (3 Umol I ) was

applíed extraluminatly displayed intense monoamine fluorescence at

the media-adventitia border. However, this fluorescence was not

restored when NA was perfused through the lumen of the arteries,

that is applied intraluminally, unless the arteries were treated
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with MN or UO521 as r¡¡ell (Table 5.1).

included in Table 5"1, extraluminal NA

intense fluorescence (rated as +++).

In one artery segment, not

(0.: umol t-1) restored

ii. Non-nialamide-treated arteries

In the Èhree experiments in which nialamide treatment was omitted,

monoamine fluorescence was not observed at the media-adventitia border

in arteries following exposure to either extraluminal or intraluminal

NA. Furthermore, fluorescence \izas not restored in UO52t or MN-treated

arteries following the application of intraluminal NA (Tabte 5.2).

iii. Conttol arteries

Fluorescence r¡¡as not restored in artery segments treated hTith

nialamide alone, nor in nialamid.e-treated segments which were exposed

to eiÈher MN or UO521 as we]l. Similarly, arteries treated with MN

alone or UO521 al-one did not show evídence of monoamine fluorescence

at the media-adventitia border.

The precaution was taken of testing whether ascorbic acid

itsei-f caused restoration of fluorescence, since ascorbic acid was

alvrays present in solutions containing NA. There was no evidence that

ascorbic acid alone restored fluorescence.

2" Relaxation of arterv segments following washout of NA

The rates of relaxation of the artery segments from the

constriction caused by NA \^rere recorded during the 10 minutes' washout

period. The results are summarized in Figure 5.1. It will be noted

that in nialamide-treated arteries this rate of recovery from



Experiment
Number Ext. NA InI. NA

Tnt. NA
+

uo52l

InI. NA
+

MN

1

2

3

4

5

6

7

I

+++

+++ (++)

+++ (++)

+++

++

+

+++

+++

0

L2

0

+?

+?

0

+2

0

+

++

++ (+)

++

++ (+)

++

++

++

++

++ (+)

++ (+)

++

TABLE 5.7 Restoration of monoamine fluorescence by NA at the

media-adventitia border of ear artery segments followíng

depletion of the NA stores by reserpine. All arteries

were perfused jn vitro with nialamide to inh:i_bit MAO

activity. ¡4¡,r- (2.5 - S,O ¡rnol t-1) and Uo52l (55 Umof f-I)

q¡ere present throughout the application of NA.

-1NA (3 UmoI L -) was applied intraluminally (Int. NA) to

some segments and extraluminally (Ext. NA) to others.

Fluorescence hras rated 0 to +++ (see text). +? refers

to equivocal fluorescence, rated at < + by both observers

and not readily distinguishable from non-specific

fluorescence" lrlhere estimates of fluorescence differed

between observers, the lower value is shown in brackets.
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I

I

I

I

Experiment
Number Ext. NA Int. NA UO521

Int. NA
+

MN

NAInt
+

ExÈ. NÀ
+

Niatamide

+++(++)

+++

0

0

0

0

0

0

o

0

0

o

0

0

t
2

3

tABLE 5.2 Failure of NA to restore monoamine fluorescence ät the

rnedia-adventitia border of ear arteiy segTnents following

depletion of the NA stores by reserpine.

-'t -lMN (2.5- 5.0 umol 1") and Uo52I (55 umol I') were

present throughout the application of NA.

-lNA (3.0 UnpI I ^) was applied intraluminally (Int. NA)

or extraluminally (sxt. !0e) . Fl-uorescence vras restored

by extraluminal NA only in ttre two segments pre-treated

with nialamide. !ùhere estimates of fluorescehce

differed between observers, the lower value is shown

in brackets.
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Time (min)

n - reptesents the number of atterìes used

Relaxation of nialamide-treated and reserpine

pre-treated artery segments from vasoconstrictor

responses to NA' following the washout of the amine'

NA \^ras applied intratuminally to r:ntreated ( a 

- 
a ) '

UO52I (o-r) andMN (¡-l) treatedarteries,

and extraluminally to untreated ('-') arteries'

Ord,inate: increase in perfusion pressure above that

in the resting artery
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extraluminal NA !úas very much slower than that following intraluminaL

NA" Furthermore, the rate of recovery following intraluminal NA in

those arteries treated with nialamide and Uo521 r¡Ias slower than in

nialamide and MN-treated arteries. Both MN and UO521 reduced the rate

of recovery in nialamide-treated arteries.

DISCUSSTON

The reappqarance of fluorescence at the media-adventiÈia border

of reserpine and nialamide-treated arteries following exposure to

extraluminal NA was considered to be the result of accumulation of NA

in synpathetíc nerves" The evidence for this included the findings

of:

a. other workers that NA was taken uP bY, and stored in,

sympathetíc nerves (page 1.9) '

b. Èhis study, in which the fluorescence reappeared following

the application of NA in the sarne location as, and with a

similar appearance to, that produced by endogenous NA,

c" de Ia Lande êt a1 (L974) who showed that cocaine, which is

ä potent inhibitor of neuronal uptake prevented the

reappearance of fluorescence in reserpine-depleted nerve

terminals when extraluminal NA \^tas applied to

nialamide-treated arteries.

Hence, the reappearance of fluorescence at the media-adventitia

border in the present studies appeared to be a valid indication that

NA had accumulated in the sympathetic nerves in sufficient quantity

for it to be detected histochemically.
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The failure of intraluminal NA to restore fluorescence in

nialamide-treated arteries suggested that, at the concentration used,

NA did not reach a sufficienÈIy high concentration in the vicinity of

the nerve terminals for its uptake to be demonstrated histochemically.

This failure cguld be atÈributed to:

a" a physical barrier in the artery wall between the lumen

and the nerve termínals t ot

b. i-oss of NA as it diffused across the artery walI.

That loss of NA as it diffused across the artery walL was the more

likej-y explanation for the failure of intraluminal NA to restore

fluorescence in nialamide-treated arteries was supported by the

findings of the present study, in which fluroescence was restored when

smooth muscle uptake of NA \¡tas prevented by MN, or when O-methylation

of NA was inhibíted by UO521.

The tatter argument assumed that eiÈher CO[4T was not present

intraneuronally or that the contribution of intraneuronal COÀ4T to

o-methylation was negligible in the present experiments. Recently,

Head (f976) invesÈigated the distribution of COMT in the ra-bbit ear

artery and concluded that it was entirely extraneuronal. On the

assumption that COÀ4I is not sited intraneuronally in the rabbit ear

artery, it is suggested that the slower rate of recovery from the

vasoconstrictor response to intraluminal NA in UO52l-treated arteries,

relaÈive to MN-treated arteries" might be a manifestation of the

continuj.ng efflux of NA from the smooth muscle celfs in the

UO52l-treated artery segiments. As MN prevented the uptake of NA into

smooth muscle celts this efflux would not occur" As discussed

previously (page 1.16), TrendelenJrurg (L9741 found that inhibition
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of COMT in the rabbit aorta prolonged the efflux of NA from the

extraneuronal stores and delayed the recovery from vasoconstriction.

The inability of extraluminal NA to restore fluorescence, when

nialamide pre-treatment was omitted in the second series of

experiments, provided further evidence for the presence of

intraneuronal MAo in this artery. Previously de Ia Lande and

Jellett (1972) had produced pharmacological data which indicated the

presence of intraneuronal l4AO, although histochemical tectrniques had

revealed only extraneuronal [4Ao (de la Lande et aI, 1970).

In summary, this fluorescent study indicated that, at a

concentration of 3.0 pmol 1-1, exogenous NA \das taken up by smooth

muscle cells and inactivaÈed by COMT as it diffused across the artery

wall. The evid,ence indicated that extraneuronal uptake of NA occurred

at rnuch lower concentrations than proposed by Avakian and Gillespie

(1e68) .

PART B I,OCALIZATION OF ENDOGENOUS NORADRENAI.TNE FOLLOV'TING

SYMPATHETIC NER\r6 STIMULATION

In the preceding section of the chapter, evidence Idas presenÈed

which indicated that diffusion of intraluminal NA (3 Umot t-1) across

the artery waII was restricted by uptake into the smooth muscle cells

ín the media and possibly by extraneuronal metabolism. This work also

supported the concept that metabolism by intraneuronal l"lAO occurred

following neuronaL uptake of NA. As described in Appendix 1, higher

concentrations of NA (600 pmol t-1) produced an ínÈense and even

distribution of fluorescence across the wall of untreated arteries,
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some of which appeared to be bound to connective tissue and some täken

up by the smooth muscle celIs. CIearIy, the evidence which has

accumulated from these and other studies indicates that the diffusion

of NA across the wall of the rabbit ear artery is influenced by

several factors which might include neuronal and exÈraneuronal uptake,

binding to connective tissue elements and meta-bolism by ì4AO and COMT.

An important quesÈion is whether these factors limit the

diffusion of endogenous NA from the nerve terminals following its

release" The present study describes an attempt to investigate this

question histochemically and was prompted by the work of Gerová et aI

(L967) who used the fluorescent histochemical technique to demonsÈrate

diffusion of NA within the tunica media of the dog dorsal pedal

artery, following electrical stimulation of the appropriate sympatheÈic

supply" In addition to a diffuse fluorescence in the media, they noted

"fLuorophore cloudlets" around the nerve endings in the stimulated, but

not in the unstimulated, arÈeries.

In an initial series of experiments, 19 artery segments were

stimulated for up to 60 seconds by square wave pulses delivered

through platinum field electrodes at frequencíes of up to 30 Hz' These

segments, and 22 non-stimulated segments, were either untreated or

treated with nialamide (340 umol I-1), uo521 (55 umol I-I), cocaine

-1 -'l -1(3 umol l-'), MN (2.5 pmol I -) or PBz (33 umol I '). At the end of

the period of stimulation the arteries were removed from the organ

baths as rapídly as possible, fxozen in an acetone,/dry ice mixture and

prepared for fluorescence microscopy (page 2.6\.
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Identification and interpretation of changes in these arteries \¡/as

difficult because of the problems encountered in preparing adequate

sections from the constricted arteries, and because the morphology of

the smooth muscle cells and surrounding connective tissue was altered

relative to the unstimulated sections. Although it was not possible to

demonstrate monoamine fluorescence outside the nerve terminals. in some

sections prepared from stimulated arÈeries these terminals appeared to

lack definition. However, it was not clear whether this represented a

'ihalo" of fluorescence outside the neuronal membrane or not. The

presence of this "haloN could not be related to any of the druqt

treatments used.

It seemed possi-þle that the failure of the histochemical technique

to demonstrate extraneuronal NA reflected the delay Ín removing the

arteries from the organ baths and freezing them. Consequently'

símilar experiments were conducted in which the tectgriques of

superfusion and transmural stimulation were combined., as this permitted

the arteries to be frozen more rapidly.

METHODS

Usually four single cannulated segTments of artery were removed

from each animal, nounted in superfusion holders between parallel

platinum electrodes and held at their jn sjtu tength by a piece of

cotÈon attached to their distal ends (page 2.3). A small cut was

made in each artery above the cotton Èie to permit the escape of the

íntraluminal perfusate.
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Drugs were added to both the intraluminal and extraluminal Krebs'

solution and included nialamide (340 Umol 1-I), cocaine 1: pmot 1-1)

and PBZ (33 Umot f-1). Nialamide was added f.or 40 minutes and was

washed out of the artery segment for 10 minutes prior to sympathetic

nerve stimulation. Cocaine and PBZ were added to the arteries for

20 minutes prior to and for the duration of the stimulation period'

control segments were bathed in Krebs' solution or Krebs'

solution containing the particular drug, but were not stimulated.

usually, arteries were stimulated f.ot 4 minutes at 5 Hz and were

frozen in an acetone,/d,ry ice mixture either during stimulation or at

the instant stimulation stopped. The distribution and intensity of

monoamine fluorescence was assessed visually by the fluorescent

histochemical technique.

RESULTS

In the absence of stimutation, the drug-treated arteries were

indistinguisha-ble histochemically from the untreated arteries in that

they both showed strongly fluorescing, discrete structures at the

media-adventitia border, and neither displayed evidence of fluorescence

in the media or in the connective tissue of the adventitia- A

photomicrograph of an untreated, unstimulated artery is shown in

Figure 5.2.

The appearance of the stimulated arteries differed from these

control segments in that the majority showed:



FTGURE 5.2 Transverse sections of formaldehyde-treated rabbit ear

arteries showing the effects of sl¡mpathetic nerve

stimulation on fhe distribution and intensity of

monoamine fluorescence.

A" Untreated, non-stimulated artery which displayed

discrete noradrenergic fluorescence at the media-

adventitia border. Fluorescence h/as not observed in

the media or the connective tissue of the adventitia.

B and C. Cocaine-Èreated (B) and nialamide-treated (c)

segments following nerve stimulation. In both arteries

the fluorescence in parts of the neuronal plexus was

absent or less intense than in non-stimulated

control arteries. The individual nodes were less

discrete and the fluorescence tended to coalesce into

bands. The bluish fluorescence surrounding parts of

the lumen in the cocaine-treated artery was thought

to be an increased level of background fluorescence

as a result of the constricted nature of the media.

D. PBz-treated artery following nerve stimulation-

Monoamine fluorescence in a portion of the neuronal

plexus was absent, and in other regions was less

íntense and the nodes appeared to coalesce.

Scale represents 100 pm
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a. decreased intensity or absence of fluorescence in some

regions of the neuronal plexus,

b. coalescence of nerve terminal fluorescence; that is, the

discrete nature of the fluorescence described in the

non-stimulated arteries at the media-adventitia border

was lost,

c. some suggestion of monoamine fluorescence in the

adventitial connective Èissue close to the nerve terminals.

Occasionally, patches of fluorescence appeared to exist in the

outer regions of the tunica medía, but this was not a consistent

finding.

The characteristics described a-bove are shown at a hÍgher

magnification in the photomicrographs which constitute Figure 5.3.

A1l arÈeries, whether they were untreated or treated with

nialamide, cocaine or PBz, displayed some evidence of altered perve

terminal fluorescence as a resul-t of slzmpathetic nerve stimulation"

Of the 31 arteries which were stimulated, connective tissue elements

close to the nerve terminals appeared to fluoresce in 19, while in

7 there was some evidence that fluorescence might have been present

in the media. These findings did not appear to be dependent on the

d:rug regime used.

DISCUSSION

The findings of the present study are in agreement with

observations of Gerová et al (1967) and Doleåel et al (1975) thaÈ



FTGURE 5"3 Transverse sections of formaldehyde-treated rabbit

ear arteríes showing a porÈion of the tunica adventitia'

the neuronal plexus and the tunica media (M).

A. Non stimulated, PBz-treated artery. Note the

absence of fluorescence in the media and the discrete

nature of the nerve terminals in the neuronal plexus'

B and C. PBZ-treated arteries following nerve

stimulation. The discrete nature of the fluorescing

nodes was lost, and the fluorescence tended to

coalesce. Fluorescence \Àtas apparent in the ad'ventitia

adjacent to the neuronal plexus, but was not positively

identífied in the media.

D. PBZ-treated artery following nerve stimulation'

Nerve terminal fluorescence was absent, and diffuse

monoamine fluorescence was noted in the media a¡rd

adventitia. one portion of the media displayed intense

fluorescence (arrow) 
"

Scale represents 20 Pm
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',fluorophore cloudlets" surrounded the nerve terminals in the artery

wall following stimuLation of the sympaÈheÈic nerves. However, in

the experiments reported in this chapter, the halo was usually

accompanied by a partial or complete loss of fluorescence in some

areas of the neuronal plexus. Furthermore, the finding of Gerová and

co-workers that nonoamine fluorescence appeared throughor,rt the Èunica

media of the dog dorsat pedal artery, the rat femoral artery and the

rabbit saphenous artery as a consequence of sympathetic nerve

stimulation was not denpnsÈrated in the presènt study, in which

medial fluorescence, if present at alt, was limited to isolated

patches in a few arteries.

Atthough nerve terminals have been described in the outer half

of the tunica media in the dorsal pedal and saphenous arteries used

by Gerová and co-workers, the plexus in the femoral artery, like

that in the ear artery, ís apparently confined to the media-adventitia

border" Hence it is untikely that variations in the position of the

nerve plexus account for the differences bethleen the Èwo studies.

Ho1nrever, a number of differences in the erçerimental procedures used

might explain the paucity of medial fluorescence in the rabbit ear

artery:

Firstly, Gerová and co-workers (Gerová et al, Lg67; Doleåe1 et

â1, 1975) stimulaÈed the sympathetic nerves of the artery

segiments jn sjtu and, although they did not indicate whether

the arteries used in their experiments were bathed in a

physiological solution or not, it is likely that the volume of

fluid in contact with the outside of these arteries was

considerably Iess than that which superfused the ear arteries
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2 -l(3.5 ! 0.5 cm" min-'). In view of findingp presented elsewhere'

that most of the NA released by nerve stimulation in the isolated

ear artery overflowed from the adventitial surface (ChaPter 8),

and that the Iuminal 0verf10w increased when extraluminal

díffusion was limited (chapter 9), it is possíbIe that this

discrepancy in the volume of exÈraluminal fluid in the two

experiments altered the diffusion pattern. That is, the

diffusion of NA into the bathing mediunt in those arteries

',stimulated in situ" might have been restricted by the small

volume of extraluminal fluid.

Secondly, whereas Gerová and co-workers demonstrated medial

fluorescence in IvIAO and COMT inhibited arteries, they did not

indicate whether this fluorescence vùas apparent l¡Ihen neither,

or only one, enz)rme was ínhibited- ilence, in the present

experiments, the a.bsence of fluorescence in the media of most

arteries might be a result of NA metabolism by coMT or MAO.

such an explanation, ho\Àrever, does not account for the lack

of medial fluorescence in the PBZ-treated arteries, in which

uptake into the neuronal and smooth muscle tissues was

inhibited and NA was unable to reach the sites of metabolism.

In this instance, the non-development of fluorescence in the

media rnight be related to the failure of NA to enter the

smooth muscle cells.

Finally, the ability of Gerová and co-workers to detect

fluorescence throughout the media might have resulted from an

increased intensity of fluorescence in the prepared

microscopic sections as a consequence of:
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a. the longer period of freeze-drying used by them prior to

formaldehyde treatment of the artery segments (7 - 10 days

cf. 16 hours in this study), and

b. the preparation of thicker sections (3O - 60 ym cf. 7 Um

in this study).

In conclusion, al-though the findings of this study indicaÈed that

some changes occurred in the distribution of fluorescence in the

neuronal plexus following slzmpathetic nerve stimulation, it was

apparenÈ that the fluorescent histochemical technique used did not

provide a suitable method for studying the factors which influence the

release and diffusion of endogenous NA in the isolated ral¡bit ear

artery. Although more sensitive isotopic methods were developed to

investigate the release and diffusion of NA some changes in the

technique used in the above study rnight facilitate the histochemical

Iocalization of NA" Of these, bathing the external surface of the

isolated artery sríth liguid paraffin might be the most significant

as it would prevent the rapid diffusion of NA through the Èr¡r¡ica

adventitia.



CHAPTER 6

THE EFFECTS OF SOME TNHTBTTORS OF SMOOTH MUSCLE UPTAKE

AND METABOLISM OF NORADRENALINE ON THE CONSTRICTOR

RESPONSES TO AND THE OVERFLOT¡I OF NORADRENALINE

FOLLO!{ING SYMPATHETTC NERVE STTMULATION



CHAPTER 6

In this chapter, two series of experiments are described which

were intended to further define the influence of metabolism and smooÈh

muscle uptake on the concentration and diffusion of NA in the artery

wall following íts release by nerve stimulation. In the first series

the influence of the smooth muscle uptake of NA; l4Ao and coMI on the

constrictor responses of ísolated arteries to nerve stimulation \¡ìtere

examined. Paired artery segrments, one of which ¡,.las treated with

nialamide to ínhibit MAo, were used to investígate the influence of

neuronal and extraneuronal !4AO in r.r¡treated arteries and in those

treated lrrith MN and CO¡'IT.

In the second group of experiments, the overflow of NA from

isolated arteries following slmpathetic nerve stimulation was

measured by biologícal assay. Previously, de Ia Lande et al (1968)

reported that the stimulation-induced overflow of NA in the rabbit

ear artery was too small to quantitate by bíoassay. However, the

present study was undertaken in view of the finding of de Ia Lande

and. Ilarvey (f965) that S-hydroxytrlptamine (sHT) increased the

sensitivity of the assay artery to NA about six-fold'

Ín exploratory e:çeriments the slzmpathetic nerves in the donor

arteries were stimulated, and the anount of NA which overflowed into

the extraluminal a¡rd intraluminal lGebs' solution bathing each artery

was assayed on a Slfl-sensitized artery segmnent. several electrode

arrangement,s were used and some donor arteries were treated with PBZ'
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to inhibit the uptake of released NA by neuronal tissues and smooth

muscle cells. The frequency of stimulation ranged from 2 Hz Eo 10 Hz"

In most experiments, the amount of NA which overflowed into the

extraluminal Krebsu solution could not be assayed unequivocally, and

NA vras never demonstrated in the intraluminal perfusate. In the few

experimenÈs where extraluninal NA was detected, the maximum overflow

was 0.4 pmol pr,,l""-l g-r. As these results indicated that the amor:r¡t

of NA collected from the donor artery was invariably less than the

threshold of the assay artery, further development of a bioassay

system depended on maximizing the concentration of NA collected from

Èhe donor artery and increasing the sensitivity of the assay artery'

consequently, in later experiments the technigues of transmural

stímulatíon and Superfusion were combined, since Èhis permitted the

use of smaller volumes of K¡ebst sOlution and a more convenient

electrode arrangement. su and Bevan (1970) claimed that such a

Èechníque stimulated "all nervous elements", and allowed collection

of the released NA "with minimum delay and dilution". It was also

found that the concentration of NA which induced a constrictor response

in the assay arÈery was lower when the artery \¡tas superfused than when

it was bathed in an organ baÈh 116 !2 x 10-7 umol cf- 5 +1 x 10-6 yrol) "

rn the experiments described here, the assay arteries were superfused

ancl Èhe donor arteries were either superfused or placed in small organ

baths. In either event the slnnpathetic nerves were stimulated

transmurally.
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METHODS

l. Response and recoverY studies

Dorible cannulated artery segments htere superfused as described

previously (page 2.31. The perfusion pressure vtas monitored on a

Grass Polygraph Model 5D pen recorder via a staÈham pressure

transducer. The sympathetic nerves were stimulaÈed until a steady-state

response was attained (50 to 150 pulses). Arteries were stimulated at

intervals of 10 to 15 minutes except during the application of

nialamide (Figure 6.f). MN (0.8 - t.O pmot t-1) and Uo52I (55 UnoI 1-1)

were added to the Krebs' solution perfusing the adventitial and luminal

surfaces of the arteries for at least 10 minutes prior to the first of

the two stimulations. Nialamide (340 Urno} 1-1) *as added to artery B

for 60 minutes and was ûashed out for 10 minutes prior to stimulation.

The responses of the arteries to nerve stimulation were estimated

during steady-state vasoconst,riction. Recovery times were calculated

as the time taken for the perfusion pressure to return to its

prestimulation level following stimulaÈion.

2 overflow of endoqenous NA

ÍLre overflow of transmitter following sympathetic nerve

stímulation was measured in separate experiments, in which artery

segments were held eitl¡er in a superfusion holder or in a small organ

bath (page 2.2) . Platinum electrodes \^/ere placed in the transmural

positionandtheslrmpatheticnervesinthearterieswerestimulated

at supramaximal voltages, with a pulse duration of 0.5 msec, and at

the frequencies and train lengths listed in Tables 6.1 ar¡d 6.2. The
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Diagranunatic represenÈation of the experimental regime used in the response studies.

paired arteries were stimulated (r) at intervals of IO - 15 minutes, except during the application
(60 minutes) of niaramide (:¿o urpí i:tl io .rt.rv 

". 
MN (0.8 - t.o unol r-I) and uo521 (55 uuror l-1)

were added to the arteries for IO minutes prior to, and for the duration of, the stimulation period,
and were washed out of the arteries for 10 minutes prior Èo the subsequenÈ train of stimuli-

Stimulation Parameters: supra maximal voltage - 15 v

pulse duration - 0.5 msec

frequencY - 2Hz usuallY
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various drug regimes used are shown in these tables. Nialamide was

added to the Krebs' solution contacting the arteries for 60 minutes,

and was washed out for 10 minuÈes prior to stimulation. AlI other

drugs were added to the Krebs' solution at leasÈ 10 minutes prior to

the period of stimulation, and remained in contact with the artery for

the duration of the stimulus. Ascorbic acid (3OO or 600 Umol 1-I) was

always present in the Krebs' solution.

A second artery vras removed from each rabbit and placed in a

superfusion holder. These assay arÈeries were perfused with Krebsl

solution contai¡ring 5HT t(I2-85) x 1o-3 umol I-11 and cocaine

-1(3 Umol 1-') . Dose-response curves to intraluminal injections of NA

were determined according to the technique of de la Lande et aI (I967c1.

Standard ínjections of NA were given at inten¡als of approximately

2 minutes, and were interspersed with 0.3 cm3 injections of Krebsl

solution collected from Èhe donor artery prior to, during or following

syfilpathetic nerve stimulation.

RESULTS

1. Response and recoverY studies

The magnitudes of the steady-state constrictor responses of the

arÈeries to sympathetic nerve stimulation, and the recovery times are

shor.¡n in Figure 6.2. In the non-nialamide-treated arteries (artery A),

MN and UO521 increased the magnitude of the constrictor response to

nerve stimulation by 868 and 518 respectively. The effects of UO521

and MN were not additive, that is, UO521 failed to further increase

the response when this had been j¡creased by MN. It should be noted



FTGURE 6.2 The effects of MN and UO52I on the steady-state

constrictor responses of untreated and nialamide-

treated ear arteries to sympathetic nerve stimulation,

and, on the time taken for the arteries to recover from

this response.

Tests of síqnificance: paired t-test

I. Nialamide treatment significantly increased the

constrictor responses of untreated, MN-treated,

UO52l-treated and MN plus UO52l-treated arteries.

2. Niälamide treatment did not significanÈIy alter the

rate of recovery of untreated arteries, but

significantly increased the recovery time in MN,

UO521 and MN plus Uo521 treated arteries.

3. MN significantly increased the constrictor responses

änd the recovery times of untreated and nialamide-

treated arteries.

4. uo52L significantly increased the constrictor

responses and the recovery times of untreated and

niatamide-treated arteries, but not MN-treated

arteries (whether nialamide-treated or not).

5. MN potentiaÈed the responses of untreated arteries'

but not nialamide-treated arteries, significantly

more than UO52I, and delayed the recoveries in both

untreated and. nialamide-treated arteries more than

UO52I. Note: the second application of MN was used

for these tests.
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that MN itself , in the concentration range employed (0.8- 2.0 Uttpt I -1

caused a small increase (6 x LO2 
"*-') 

in the perfusion pressure in the

resting artery.

The nialamide-treated segments (artery B) consistently displayed

an augmented reSponse to stimulation, which was also apparent during

the application of the various drugs. Hof,vever, when the responses

of these nialamide-treated arteries were calculated as ratios,
drug p{esent, Èhe effects of MN and uo521 were of the same order as in
drug absent'
the untreated arteries. There Íras no significant difference between

the potent,iation produced by MN in nialamide and non-nialamíde-treated

arteríes, and by COMT in nialamide and non-nialamide-treated arteries.

In ur¡treated and nialamide-treated arteries the effects of MN

and UO521 were completely reversible on drug washout.

In untreated and nialamide-treated arteries the recovery Èines

from the responses were significantly slowed by Mt{ and to a lesser

extent by UO521, but UO521 did not further deJ-ay the recoveries

produced by MN. rn the Presence of MN and,/or uo521, niaramide

treatment sigrnificantly delayed the recoveries from nerve stimulation,

and although nialamide treatment alone delayed the recoveries this

$ras not significant at thê 0.05 level.

2" Overflow of endogenous.NA

The overflow of NA in a number of experiments, in which the

donor arteries were stimulated in superfusion holders or small organ

baths, is shown in Tables 6.1 and 6.2 respectively. These tables do

not include those experiments in which an overflow was not detected.



STIMULATION TRAIN

Freq Duration
No. (uz) (Pulses )

DRUGS
*

Nial Coc
(340) (3)

-'t(pmot I ^)

UO521 MN

(ss ) (0. 8-1. o) (pmo1 p s

NA
OVERFLOIV

-l -r
ARTERY

I

I

2

3

A 10
10

IO
10

600
600

600
600

600
600

600
600

L20

L20

300

600

o.24
0.30

t
o.L2

o.24
0. 18

0. 36
0. 30

t
0. 30

0.12

0. 12

B

c

D

E

F

5
5

5
5

2

2

5

I
2

3

4

I I
I

66
4A

2

+
+

+
+

+

+

+

+

+

+

+

+

10

5
5

5
5

5

5

5

5

5

5

5

5

300
300

300
300

300

300

300

300

300

300

300

300

+
+

+
+

+

+

+

+
+

+
+

+

+

+

L.78
r. 30

I
2

3

4

5

I
2

3

+ t
2.96

2.90

2.3L

2.3L

2.96

f
3. 37

+

+

+ ++

+ +

+

+

+

TABLE 6"7

+ - drug ptesent
¡t - arteties were ptetreated with niaTamide
t - overflow was not assaged

overflow of NA (pmol polse-l Srn-l) from the adventitial
surface of 6 rabbit ear arteries following sympathetic nerve

stimulation. The donor arteries were held in superfusion
holders, and the extraluminal superfusate was collected and

assayed as indicated- For arteries A, B and D two collections
of the superfusate were nrade during continuous stimulation'
The concentrations of the drugs used, and the frequency and

number of stimuli in each stimulation period are indicated'



-l

ARTERY

STIMULATION TRÀIN

Freq Duration
Iüo. (Hz) (Pulses )

DRUGS (Umol L NA

OVERFLOW

-l -ì(pmol p g )

*
Nial
(340)

Coc
(3)

uo52I
(5s )

MN

(ri.8-I.0)

600

0.41

0. 41

o.24

0.00

0.48

0. 40

0.48

0.18

0. t8

2.25

1. 90

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

I

2

3

4

5

6

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

2400

2400

2400

2400

2400

2400

2400

2400

2400

2400

2400

2400

2400

1200

L2AO

2400

10

t0

10

IO

10

IO

10

IO

l0

10

10

10

10

TO

10

IO

1

2

3

4

5

G

H

ï

J

f

t

1

2

3

I

2

2.55

3ot

.13+

835

I

2

0

+
*
t
+

5

- drug ptesent
- arteries lilete pretreated with nialamide
- TTx (0.3 ,riltol L-7)
- TTx (7.6 Yttol l-7)
- arte;rg was teÍþved from the otgan bath ptiot to "stimulation"

-1 -1
TABLE 6.2 Overflow of NA (pmol pulse s ) .from the advenÈitial

surface of 4 rabbit ear arteries following nerve stimulation.
The donor arteries were stimulated in small organ baÈhs for
4 minutes (except arterY J which was stimulated fot 2 minutes
for periods 4 and 5), and the extraluminal fluid was removed
for assay 6 minutes after stimulation ceased. The

concentrations of the drugs used, and the frequency and
number of stimuli in each period are índicated.
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It wii-! be noted that in all experiments, excePt those in which the

donor arteries were treated with MN, the overflow of NA was very small.

fn fact, in most experiments the responses of the assay preparations

to injections of the test or donor solutions were too close to the

threshold to permit an unequivocal assertion that they reflected an

overflow of transmitter. Despite the presence of unequivocal

vasoactivity in the bathing-medium of MN-treated arteries following

nera¡e stimulation, it was concluded that at least part of this

actívity !{as unrelated to the overflow of transmitter. The evidence

for thÍs was a) that tetrodotoxin (Trx; O-3-l-6 UmoI l-l), a drug

which Ínhibits ttre release of NA, did not prevent the formatíon of

vasoactivity, even though it inhibited the constrictor response of

the donor artery to nerve stimulation, and b) that stimulation of

Ieebs' solution containing MN and ascorbic acid, (that is, without an

artery), yielded vasoconstrictor actívity. The cause of this is

discussed in Chapter 7.

DISCUSSION

The results described in this chapter showed that inhibition of

I,IAO by nialamide in the rabbit ear artery increased the magnitude of

the constrictor response to sympathetic nerve stimulation. this

would be the expected result if Èhe net reuptake of NA after its

release l{as decreased in l{AO-inhibited arteries, as described by de la

LandeandJellett(L972).Analternateexplanationforthisenhanced

response was that inhibition of l,tAo increased the output of

transmitter. In experiments in which the isolated nictitating

membrane of the cat was pre-loaded with 3"*O, it was demonstrated
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that the overflow of tritium-labelled material (that is, NA and its

metabolites) following nerve stimulation' was not significantly

increased by I4AO inhjlcítion (Langer, 1970), although the amount of

unmetabolized NA which overflowed was increased greatly. Hence, a

likely explanation for the present findings r¡tas that the concerttration

of NA in the region of the adrenoreceptors was increased as a result

of the enhanced efflux of NA from the nerve te::mínals following

re-uptake of the transmitter. This relationship between the uptake

of NA by neuronal tissues, its metal¡olism by I4AO and the efflux of NA

from the axoplasm was discussed previously for exogenous NA (page 1.I0).

The effects of MN, namelY, to increase the magnitude of the

response of the artery to nerve stimulation and to delay the recovery

from thís response, were consistent with its actívity as an inhibitor

of snpoth muscle uptake of NA. Moreover, the results suggested that

part of the NA released. from neuronal tissues is normally taken up

by the smooth muscle cells. The effect of UO52I was also consistent

with the suggestion, from the histochemical data (Chapter 5), that

COMT contributes to the inacÈivation of NA as it crosses the artery

walI.

There are t\,ro qualifications to the proposed mechanism of action

of MN. One is the finding that "stimulaÈion" of Krebs' solution

containing ascorbic acid and. MN produced vasoconstrictor activity.

This point is clarified in Chapter 7. The second qualification ís

that MN, at the concentration used, invaria.bly caused a small increase

in perfusion pressurer that is, the effects of stimulation were

sÈudied in partly constricted arteries in which, for the same degree

of muscle shortening as in unconstricted arteries, the increase in
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perfusion pressure vtould be greater. However, these artefacts would

not account for the failure of UO52t in Ml$-treated arteries to augment

the responses produced by MN alone. This interaction resembled that

between steroid inhibitors of smooth muscle uptake and UO521, descrjjced

by Kalsner (I969a,b), in which it was demonstrated that inhibition of

smooth muscle uptake prevented the sr:bstrate (NA) from gaining access

to the enzlme (COMT) .

Ehe results of the present study support the postulate that the

concentration of NA in the synapse, following its rel-ease by neTve

stimulation, is in part determined by the net uptake of NA into

neuronal tissues and smooth muscle cells and by the intracellular

mechanisms of binding and metabolism. Hence, ínhibiting the smooth

muscle uptake system increased the extracellul-ar concentration of NA

arid potentiated the magnitr:de of the response of the ear artery to

nerve stímulation" It probably also delayed the inactivation of NA

by preventing access of the transmitter to the metabolites' and by

preventing intracellular binding. Simultaneous i.nhibition of smooth

rnuscle uptake a¡rd l4AO further increased the vasosocontrictor response

and delayed the recoveïy, wbrereas Èhe simultaneous inhibition of smooth

muscle uptake and COMI did not. These results provi.ded further

evidence for the presence of active intraneuronal IvIAO and extraneuronal

COMT. Presumablyu COMI was eÍther not present intraneuronally, or if

it r¿as present, it was physioLogicatty insignificant.

The data on output contributed líitle to this study oÈher than

to híghlight the extremely small quantity of iransmitter released by

nerve stimulation, a fact already apparent from the earlier study of

de la Lande et aI (1968) " Because of this, the biological assay
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technique r^ras not pursued furÈher; instead, more sensitive isotopic

methods were introduced to study the overflow of transmitter.

However, this study was included for a second reason, as it drew

attention to some possiJcJ-e artefacts induced by field stimulation.
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CHAPTER 7

During the course of the experiments undertaken in the preceding

chapter it was noted that the passage of el-ectrical pulses through

Krebs' solution which contained MN and ascorbic acid produced

vasoactivity.

The purpose of this chapter was to define the nature of the

vasoconstrictor sr:bstance produced.

METHODS

Catecholamines (dl-noradrenaline, NAi dl-adrenaline, A) or their

3-methoxy analogues (dl-normetanephrine, NMN; dl-metanephrine, MN)

were dissolved in Krebs' solution or saline (155 x IO3 pmol t-1) thich

was gassed with 95? oxygen and 5å carbon dioxide and maintained at 37oC.

Current \das passed through the solutions by means of two platinum

electrodes approximately I cm in length and positioned I cm apart.

In Íþst experiments the current source was a Grass model S-44

stimulator. Voltage and frequency were standardised at 70 V and 5 Hz

except where otherwise indicated. Solutions treated in this way will

be descriJced as stimulated.

l. Biological assay

A dor.rble-cannulated artery was used as described in Chapter 2

(page 2.8), and cocaine (3 umot t-I) and S-hydroxtryptamine
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(r3 x lo-3 ¡.rmol t-r) w"re added to the Krebs' solution to enhance

sensitivity. For assay, solutions were injected intraluminally in a

volume not exceeding 0.3 cm3-

2. Fluorometric analYsis

The catecholamine (NA or A) contents of samples were assayed by

a trihydroxyindole method similar to that described previously

(page2.gl.Briefly,thisprocedureinvolvedtheauÈomatedsampling

of catecholamines into acetic acid (3OO mmol 1-I), oxidation at

pH 5.8 with potassium ferricyanide (3oo umor r-1) buffered with sodium

acetate (1.5 mof t-I¡ and lutine formation with alkaline-ascorbate

[NaoH (2.5 rror t-1), ascorbic acid (17 mnpr r-r)]. The lutines were

estimated fluorometrically at the wavelengths d'escribed in Chapter 2'

Under these conditions A and NA, but not MN and NMN, contributed to

the fluorescence estimated. standard solutions of A and NA were

dissolved in Krebs' solution or saline, depending on the nature of

the test solution, and made 3OO mmol 1-I with respect to acetic acid'

Inothere:çerimentsrsothatthecatecholaminecontentsof

stimulated sotutions could be monitored contínuously, a small porÈion
2 -'l

of the sample was renþved from the organ bath (O.l cm- min ^), mixed

with ten times its own volume of acetic acid (gOO mmot t-1) and added

to the oxidant. The 3-methoxycatecholamines were dissolved in Krebs'

solution and assayed for non-THI fluorescence. Subsequently, current

waspassedthrougheachsolutionandtheTHlfluorescencewas

measured. Known concentrations of catecholamines in Krebst solution

were used as sta¡¡d,ards.
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3. Spectrophotometric analysis

The visible absorption spectra of the catecholamines and theÍr

3-methoxy derivatives were examined photometrical-ly using a Unicam

SP 1800 spectrophotometer. Where such an analysis indicated the

existence of an aminochromer* the absorption maxima (À rnax) of the

solution was determined and the rate of increase of aminochrome

during the passage of current was estimated continuously at that

wavelength. In these experiments, the amine was omitted from the

physiological solution in the reference cuvette.

4. Paper chromatography

Catecholamines \árere separated from their 3-methoxy analogues

by descending chromatography on cellulose phosphate paper (Whatman P81)

according to the procedure described elsewhere (page 2.7). Briefly'

20 yl aliquots of stimulated saline solution v/ere applied to the

paper, air-dried and chromatographed in isopropanol:ammonium acetate.

For comparison, 20 UI aliquots of unstimulated saline solution

containing the individual catecholamines and their 3-metho><y

derivatives were mn in parallel. After the solvent had migrated

approximately 40 cm, the papers were air-dried and either sprayed

with freshly prepared diazotized para-nitroaniline or cut into I cm

sections. Sections were eluted overnight in 2.m3 of saline (pH 5.5)

containing ascorbic acid (600 Umol f-1). The saline eluates were

assayed either fluorometrically or by bioassay.

Aminochrofle refers to the highTg coTouted cgcTic oxidation
prod.ucts of g- ( 3,4 dihgdroxgphengl) -ethgTamines and related
produets (Heacock et a7, 7958).

*
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RESULTS

The vasoconstrictor activities of unstimulated and stimulated

saline solutions containing MN (2.: Umot I-t) and ascorbic acid
-'l(600 ¡rmol 1 ^) are illustrated in Figure 7.1. It will be noted that

only the stimulated soluÈion elicited a response and that this

response and that to NA were largely abolished by phentolamine

-'l(2 UmoI I ^) . The results were identical- when Krebs I solution was

used instead of saline.

By placing the electrodes in separate solutions of MN and

ascorbic acid connected with a moist filter-paper bridge, it was

esta-blished that the vasoconstrictor activity appeared in the anodic

compartment. Omission of ascorbic acid, or the use of distilled

water instead of saline or Krebs' solution, led to loss of

constrictor activity.

It was concluded from the preceding experiments that the

appearance of constrictor activity depended on the presence of

electrolyte and a reducing agent, and involved oxid.ation of

metanephrine since the reacÈion occurred at the anode. The

following experiments indicated that the constrictor material

produced from MN or NMN was the correspondíng catecholamine.

-1 -1a. Fl-uorometric assay of MN (500 ymot I ) or NMN (50O UmoI I

in Krebs' sol-ution containing ascorbic acid (6OO Unol- 1-I)

showed that stimulation of these solutions h¡as accompanied

by an increase in fluorescence (Figure 7.2) . The increase

was linear over the period of stimufation (I5 minutes).

That the fluorescence possessed identical characteristics
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b

to the corresponding catecholamine (A or NA) was indicated by

its failure to appear when the order of adding potassium

ferricyanide and the alkaline-ascorbate solution in the THI

assay procedure was reversed. In this respect, pure solutions

of A and NA behaved in an identical manner to the above

stimulated solutions.

In Èhe course of ihe preceding experiments it was shown that

the fluorescence produced by stimulating solutions of MN was

specific for A. This was achieved by replacing the ascorbic

acid in the THI assay with thioglycollic acid, since the

Iatter permitted the formation of the fluorescent lutine of NA

but not A (Merrills , 1963). Under these conditions fluorescence

developed when solutions of NMN were stimulated.

Diazonium-sprayed ion exchange paper chrornatograms of stimulated

solutions of MN and of NMN indicated the presence of spots which

co-chromatographed with pure A and NA respectively (Figure 7.31.

These spots were not detected in unsÈimulated solutions.

Eluates of the same regions from unsprayed papers displayed

vasoconstrictor activity on the rabbit ear artery and

catecholamine-like fluorescence when analysed by the THI

procedure. This is illustrated for NMN in Figure 7.4. In

contrast, the chromatograms of sÈimulated and unstimulated

sol-utions of Krebs' solution or satrine containing NA and A

were identical. (Note: all solutions described above

contained ascorbic acid; 600 ymol f-I).

c
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d In the absence of ascorbic acid a red colour developed during

stimulation of solutions containing Ntû{ or MN. Colour formation

was restricted to Èhe anodic compartment. Paper chromatography of

these solutions indicated thaÈ the spots which co-chromatographed

with the catecholamines, as described in c. above, were now

greatly decreased in intensity, both when tested by diazonium

spraying and by fluorometric assay of Èhe paper eluates. These

eluates also failed to display vasoconstrictor activity'

Ascorbic acid,-free solutions of NA or A also became col0ured

during stimutaÈion. When analysed spectrophotomeLrically, and À max

values of the coloured solutions of NMN, MN, NA and A so produced

were identical (Figure 7.5). These maxima were the same as those

reported for adrenochrome (487 nm) and noradrenochrome (484 nm) by

Heacock and Mattock (1963). Hence, the term aminochrome will be used

subsequently to describe the coloured materials. It was of interest

that the absorption specÈrum of the aminochrome found in the

stimulated MN (and also A) solution was qualitatively similar to

that reporÈed for adrenochrome by Beaudet (1951) ' and by Stock and

Hinson (1955).

The rate of formation of aminochrome during stimulation was

measured by the change in OD at 480 nm and was found to be linear

with time. In ascorbic acid-free Krebs' solution containing A' NA,

MN or NMN (alf 5OO UmoI 1-1) the raÈe of aminochrome formation

-'l(OD 4BO min-') was greater for A (0.062) than NA (0.054), and

greater for IvlN (o.o22) than NMN (0.014) (Figure 7.6). lt will be

noted that some aminochrome was formed in the solutions of A and NA

prior to stimulation. This did not occur when ascorbic acid was

present.
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DISCUSSION

The results indicated that the vasoactive substances which were

produced when current was passed through solutions of MN or NMN

resembled the corresponding catecholamines in the following respects:

a. vasoconstriction was mediated by alpha recepÈors,

b. the materials co-chromatographed with authentic

catecholamines,

c. the materials possessed the same THI fluorescence

as the catecholamines.

A scheme which accounts for the formation of a catecholamine (II)

from its parent 3-methoxycatecholamine (I) is outlined in Figure 7.7.

The scheme is based on the mechanism for the oxidation of guaiacol by

periodate described by Adler and Magnusson (f959). Their mechanism

involved oxidative demethoxylation of the methoxy çJroup' as well- as

the oxidation of the phenolic hydroxyl group, to form the corresponding

O-benzoquinone. The scheme shown in Figure 7.7 involves the oxidation

of the 4-hydroxy,3-methoxy amine to the corresponding O-benzoquinone

and the subsequent reduction of the latter to the corresponding

catecholamine in the presence of ascorbic acid. In the absence of

ascorbic acid cyclisation of the O-benzoquinone to Èhe corresponding

indole occurs (adrenochrome or norad,renochrome) (IIf), which

accounted for the colour formed in the ascorbic acid-free soluÈions

after the methoxy amines were stimulaÈed.

The significance of the electrolytic O-demethylation of NMN or

MN to the normal activity of the slzmpathetic neuroeffector systems
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in vivo is not known. However, it has important implications for the

use of the methoxy derivatives of catecholamines as pharmacological

agents for inhibiting extraneuronal uptate, pf the latter amines.
I

Obviously, in studies dealing with the relationships between

stimulation of Èhe nerves a¡¡d the responses (functional or metabolic)

of the tissues, the technique of field stimulation as a method of

stimulating the intramural nerves is contraindicated where the

methoxy analogues are added in high concentrations to the solutions

bathing the tissue. Even in the absence of added NMN electrolytic

O-demethylation may represent a significant artefact in such studies,

since NMN is a major metabolite of the NA released from slzmpathetic

nerves (Langer, 1970).

Consequently, in experiments underÈaken in this thesis, when

the internal-external electrode arrangement (page 2.5) was used, care

was taken in selecting the position for the positive electrode.

Therefore, in those experiments in which the arteries were bathed in

liquid paraffin, the positive electrode was usually placed around the

upper cannula. On the other.hand, when the arteries were bathed in

Krebs' solution and íntraluminal and extraluminal collections were

made, the anode was pÌaced in the perfusate, as it was felt that the

rapid passage of catecholamines or their methoxy analogues over the

internal electrode was less likely to result in their destruction'

than prolonged contact with the external electrode.
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FACTORS INFLUENCING THE OVERFLOT,I OF ENDOGENOUS

NORADRENALINE AND ITS METABOLITES IN THE

AQUEOUS-BATHED RABBIT EAR ARTERY



CHAPTER 8

In view of the small amount of endogenous NA released by nerve

stimulation in the rabbit ear artery, isotopic techniques \¡¡ere

developed to examine some features of transmitter release, diffusion

and overflów in this tissue. Although these techniques were highly

sensitive they suffered from the disadvantage that the tritium-labelled

material consisted of metabolites as well as the physiologically active

amine.

The purpose of the work to be described in this chapter was:

a. to examine the influence of sympathetic nerve stimulation

in the rabbit ear artery on the relaÈive overflows of

tritium-labelled material into the intraluminal perfusate

and into the extraluminal bathing medium,

b. to examine the influence of PBZ on the overflow of

transmitÈer'

c. to examine the relative proportions of NA and its

metabolites which effluxed from the artery, and the effect

of. PBZ on these ProPortions.

pBZ was used in view of Èhe evidence that it inhibited neuronal

and extraneuronal uptake of NA (page I.12). Hence its use in this

study provided a method of analysing the combined roles of the two

uptake processes on the diffusion of transmitter across the artery

wall.
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Evidence will be presented which indicated that the uptake

processes exerted a considerable influence on the diffusion of the

transmitter in the rabbit ear artery. The results also have

inplications to the concept that the sympathetic nerve terminals

contain presynaptic adrenoreceptors which modulate Èhe release of NA.

METHODS

Pairs of double-cannulated arteries \^rere mounted in small organ

baths, and were incubated in either dI- or t-3m¡e (for details see

Chapters 2 and 4).* During the post-incubation washing period

(approxinately 60 minutes) the outside of the artery was washed in

four changes of Krebsr solution (containing the appropriate drugs) '

and the luminal surface was perfused with the same solution at a rate
? -'lof 4.5 + 0.5 cm" min '. At the end. of the washing period the

intraluminal flow rate was reduced to 0.23 cm3 min-l and was maintained

at this rate for the remainder of Èhe experiment.

The first collection period began I0 minutes after the flow rate

was reduced. Prior to each collecÈion the outside of the artery \^¡as

washed with 20 .*3 of Krebs' soluÈion, and a standard volume of l(rebs'

solution (usually 1.5 cm3) was added to the bath. At the conclusion

of each collection period the fluid in the bath was withdrawn, its

volume was determined, and a portion was added to Brayrs scintillant

for determination of the tritium activity. The intraluninal perfusate

was collected throughout and was counted for tritium activity.

The int.tal-uminal perfusate was stopped for the duration of the
incubation ¡reriod (60 ninutes) .

*
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The sympathetic nerves in these arteries were stimulated at a

frequency of 5 Hz for 4 minutes.

At the end of each experiment the arteries were weighed and the

residual tritium content was determined after digestion of the tissues

in NCS solubilizer or extraction of the catecholamines in HCl

(page 4.f5) .

As three series of experiments will be described in this chapter,

details of the electrode arrangement, the duration of the collection

periods, the drug regimes used and the procedures required to

separate NA and its metabolites will be given separately.

Series 1. Overflow of tritium-labelled material

Forty minutes after the incr:bate (¿t-3mla) was removeð,, PBz

-1(33 Umol I ') was added to the extraluminal Krebs' solution bathing

one artery in each pair for at least 25 minutes prior to the first

collection period, but was not maintained throughout the erçeriment.

Five coincident collections of the perfusate and bath fluid were

made (Figure e.2) .

The transmural electrode arrangement descri-bed on page 2-5 was

used to stimulate Èhe sympathetic nerves.

Series 2. Overflow of tritium-labelled material, t*o and 3H metabolites

In these experiments the Krebs' solution contained ascorbic acid

-'ì(3OO Umol 1--) to minimize the risk of oxidation of the catecholamines,

a¡rd the possible elecÈrolytic demethylation of the O-methyl derivatives

as described in Chapter 7.
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Based on the experience gained in the first series of

experiments, the sequence and duration of the extraluminal and

intraluminal collection periods were modified as illustrated in

Figure 8.3 and Tab1e 8.1. The aliquots of Krebsr solution collected

were dividedi one portion was added to Bray's scintillant for

determination of the total tritium content, and the second was loaded

onto a Dowex 50 (Na+) ion exchange resin column for the separation

of NA and its meta.bolites (for details, see Chapter 4).

-IPBz (33 UmoI I ) was added to the Krebs' soluÈion bathing one

of each pair of arteries at l-east 30 minutes before the first

collection. Sympathetic nerves in the arteries were stimulated

through elecÈrodes arranged in the internal-external position

described earlier (page 2.5). The internaL el-ectrode formed the

anode.

Series 3. Overflow of NA and its metabolites

One arÈery in each paír was treated with cocaine (usually

90 Umot t-I) 20 minutes prior to and during incubation in d1-3Hm.

Following the removal of the incubate PBZ (33 UmoI l--1) *." added to

the Krebs' sol-ution washing the arteries (that is, intraluminally

and extraluminally), and remained in it for the duration of the

experiments.

The experimental- design was similar to that described above

(Series 2), except that:

a. the intraluminal collections were not fractionated,



Extraluminal

COLLECTION SITE

Intraluminal

Time vorume (.*3¡

COLLECTION (¡nin) Scintillant þwex 5o

Vorume (.*3¡
'I't-me
(min) Scínti7lant Dowex 50

Prestimulation I 0.3-0.5 1.0

lrlash

Prestimulation I 0.3-0.5 1.0

IrIash

Stimulation

Post-stimulatíon
I '0. 3-0.5 r.0

Post-stimulation I 1.0

4

4

r.0

1.0

0.3

0.3

0.3

1.0

1.0

1.0I

4

4

4

4

1.0

TABLE 8.I Diagrarunatic representatíon of the collection periods

(extralumÍnat and intraluminal) in Series 2, before,

during, and after stimulation. The volumes of Krebsl

solution added to Bray's scintillant and applied to

the Dowex 5O columns are indicated for each

collection period. The artery artd organ bath were

washed extraluminally between collectÍons as indicated'
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three extraluminal prestimulation collections were made, and

for those arteries not treated with cocaine two were

fractionated,

fotlowing separation of Èhe NA and iÈs metabolites by

Dowex 50 chromatography, that portion which contained the

deaminated meÈabolites was further fractionated by

adsorption onto alumina (for details, see Chapter 4) -

REST]LTS

1. Responses to nerve stimulation

The mean increases in perfusion pressure elicited by stimulation

of the slrmpathetic nerves in the Èhree series of experiments are

shown in Ta-ble 8.2.

It was noted that the response usually comprised an initial

spike followed by a fairly well sustained increase in perfusion

pressure. This response was virtually eliminated by PBZ in all

arteries tested (Figure 8.I).

2. Series 1 - overflow of tritium-Iabelled material

i. IJntreated arÈeries

ln untreated arteries, the amor¡nt of tritiated-material which

overflowed into the exÈraluminat solution prior to stimulation was

approximately twelve-fold greater Èhan that which reached the

intraluminal perfusion medium. Stimulation of the sympathetic nerves

in these arteries increased the mean overflow of tritium-Ia-bel1ed

b

c



SERIES 1

(ar-3^o)

SERTES 2

(ar-3*o) (t-3rn¡e)

SERIES 3

(at-t*o)

Untreated
artery

PBZ-treated
artery

n

28
(e7-r3)

4
( s-0)

49
(60-40)

3
(s-1)

75
(r25-45)

2
(2-2)

*{ I
( 3-o) ]

2
(4-0)

6437

* Atteries incubated in 3HNA contaìning cocaine (g0 pnoT-I)
artd then waslrcd in PBZ prior to stímulation.

n - reptesents the nwnbet of pairs of atteries used in each series.

TABLE 8.2 Mean rise (range) in perfusion pressure (xto2 r'r*-21

elicited by stimutation of the sympathetic nerves in

untreated and PBZ-treated (A¡ Unrol 1-I) arteries.

!{hen a biphasic response was produced the rise in

perfusion pressure was calculated from the plateau of

the more slow1y developing second phase (Figure 8-I).
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Tlzpical constrictor responses of untreated and
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artery usually comprised an initial spike followed

by a more slowty developing second phase-
-'tPBz (33 UnoI I ') either greatly reduced or

eliminated this resPonse.

Ord,inate: increase in perfusion pressure (x10 3 -txNm-)
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materiat into the extraluminat bathing medium by 140t, and into the

intraluminal perfusate by 100ts. A consistent feature of all

experiments \,{as that the extraluminal overflow reached its peak

duringstimulationr\^thereasthepeakoverflowintotheperfusate

occurred after stimulation stopped (Figure 8'2) '

It will be noted that during stimulation the ratio of tritium-

labelled material which overflowed extraluminally relative to that

which overflowed inÈraruminalry increased from the prestimuration

value of L2.5 to Lg.1, and that in the collections following

stimulation it declined to approximatety 6 (Table 8.3) . This ratio

extraluminal The meanwill be referred to as the overflow ratio intraluminal

stimulation-induced(SI)overf1owratioffiïwas11.3(that

is, less than the ratio during the stimutation period). ft should

be recalled thaÈ the sl-overflow represents Èhe difference between

the overflow of tritium which occurred as a result of stimulation

and the overflow which would have resulted from the resting artery

during the same period. Ho\^rever, in these experiments, because of

the possible loss of tritium during the washing period following

stinulation, the ratio night be overestimated; this point will be

considered later (Page 8.9).

The changes which occurred during the second period of

stinulationaresummarizedinFigureE.2andTableS.3.Itca¡rbe

seen that the overfrow of tritium prior to and during stimuration

was less than thaÈ for the first stimulation period' As this

decrease \¡üas more marked in the extraluminal bathing medium, the

overflow ratios ffiï vrere consistently rower'
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DRUG TREAT¡IENT

Untre ated PBZ- treated

COLLECTION Stim I Stim 2 Stim I Stim 2

Prestimulation

Stimulation

Post-stimulation I

SI-overflow*

2

3

12.5
(14.8-10.6)

L9.7
(23.2-16.71

6.0
(6.6-s . s )

6.1
(6. s-s. 7)

5.7
(s.8-s.s)

11.3
(14.8-8,7)

6.0
(6. 1-5. e)

L2.5
(14.4-10.8)

5.1
(5.7-4.6)

5.5
(s.e-s.2)

4.7
(s. 0-4. s)

12.L
(14.0-10.4)

8.5
(e.7-7.41

6.8
(7.9-s .8)

5.8
(6. e-4. 8)

7.O
(8. 8-s. 7)

5.6
(6.3-4.e)

5.9
(6.e-s.o)

6.3
(6.8-5.e)

5.9
(6.6-s.4)

5.5
(6.1-s.0)

7.4
(7 .e-6.e|

5.5
(6.1-s.0)

6.3
(7.8-s.r)

* The tetm ST-overfl-ow was used to denote the difference between the
ovetfTow of tritiutt¡-7abe77ed nle.teriaT which occutred as a resu]È
of stimulation and the overfTow which would have resulted from the
testing atterg during the sa¡ne period.

TABLE 8.3 The geometric means (+S.E.M. -S.E.M.) of the tritíum

overfrow ratios extraruminal '.or to, during ar'frffi prior to, during and

following nerve stimulation in untreated and

PBz-treated arteries (Series 1). The Sl-overflow

ratios are indicated for each sÈimulation. Seven

pairs of arteries $¡ere used in these experiments.
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ii. PBZ-treated arterg

In the resting artery PBZ significantly reduced the overflow of

tritium into the extraluminal bathing medium, but did not alter the

overflow into the lumen. Stimulation of these PBZ-treated arteries

increased the mean overflow of tritium into the bathing medium by

52Ot (cf. t4Ot for untreated arteries), and into the lumen by 820È

(cf. lOOt in untreated arteries). The conbined extraluminal and

intraluninal increase was 6608 (cf. 130å in untreated arteries). The

above effects of PBZ can be seen also from Figure 8.2, and from the

datainTa.b1e8.3inwhichthetritiumoverfIowratiosffii

are su¡runarized for each collection period.

The kinetics of tritium overflow inÈo the lumen \¡¡ere also

affected by PBZ; the peak overflow occurred during stimulation and

not during the first recovery collection as in the untreated arteries.

On the other hand the kinetics of overflow into the bathing medium did

not appear to be alÈered. (Figure 8.2).

Apart from the reduced level of tritium overflow during aII

stages of the repeat stimulation, the effects of. PBZ were similar

(qual-itatively and quanÈitatively) to those described for the first

stimulation period.

3. Series 2 - Overflow of tritium-Iabel1ed material

For this series the experimental conditions were varied to avoid

the loss of tritium-labelled material subsequent to the onset of

nerve stimulation. Hence the collection periods were longer' and

the artery and organ bath were not rinsed with Krebs' solution

following stimulation.
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The resutts with respect to total tritium overflow are presented

in Figure 8.3 and in Tables 8.4 and 8.5. Some comparative figures

from the first series of experiments are included in the tables.

The overftow of tritium-Iabelled material from the arteries

incubated in at-3rnm resembled that obtained in the first series of

experiments, in that:

a. the major proportion of the overflow effluxed from the

tunica adventitia,

b. stimulation increased both the extraluminal and

intraluminal overflows,

c. PBZ further increased the stimulation-induced overfl0ws;

the luminal overflovü was enhanced proportionally more

than the extraluminal,

d. the maximum intraluninal overflow following the onset

of nerve stimulation was reached earlier in the PBZ-treated

arteries.

Ilowever, a number of differences between the first and second

series of experiments were also noted. In the first series:

a. pBZ significantly reduced the efflux of Èritiated material

into the extraluminal bathing medium and tended to decrease

the intraluminal overflow prior to nerve stimulation,

whereas in the =."orra it tended to increase the extraluminal

overflow and had little or no effect on the intraluminal

efflux (Table 8.5) ,



FTGURE 8.3 The overflow of tritium-labelled material from

untreated (hatched) and PBZ-treated (open) arÈeries

(Series 2). The extratuminal and intraluninal
?

overflows from arteries incubated in I--HNA and

?
dI-"HNA are indicated. Two extraluminal

collections of I minutes each were made prior to

nerve stimulation and two following the onset of

st,imulation. Intraluninal collections were made

each 4 minutes.

-1Ordinates: tritium activity (dpm mg ) in the

extraluminal and intraluminal overflows

per 4 minutes of collection.
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SERIES I SERIES 2

(ar-3"*o) (ar-3*o) (r-3r¡Ne)

Untteated Arterg

Prestimulation

SI-overflow

PBZ-treated Arterg

Prestimulation

SI-overflow

n

L2.5
(14.8-10.6)

11.3
(14.8-8.7)

8.5
(e.7-7 .4)

5.9
(6. e-s. o)

9.4
(10.6-8. 3)

5.2
(6.5-4.2)

13. 5
(16.4-LL.2)

4.4
(4.7-4.r',)

10. 4
(LL.2-9.7)

6.1
(7 .L-5.2'

15.2
(20. s-11.3)

3.0
( 3 .5-2. 6)

437

n represents the number of paírs of arterìes used

TABLE 8.4 The geometric mea¡s (+S.E.M. -S.E.M.) of the tritium

overflow ratios extraluminal for the first stimulationl-ntralumr-naI

period in tutreated and PBz-treated arteries.

Prestimulation and SI-overflow ratios are included

for experiments undert,aken in Series I and Series 2.

For Series 2 the ratios are indicated seþaraÈely for

the two incubates used.



SERIES 1 SERIES 2

(¿t-3"*o) (ar-3n*o) (r-3""o)

Prestimulatíon

Extraluninal

Intraluminal

Extraluminal
+

Intraluminal

SI-overfTow

Extraluminal

Intraluninal

Extraluminal
+

Intraluminal

n

0.5
(0.6-0.s)

0.8
(0.9-0.7)

0.6
(0.7-o. s)

2.2
(3.2-1.s)

7.4
(10.8-s.r)

3.5
(5.4-2.31

L.4
(1. e-r.0)

1.0
(1.2-0.e)

L.4
(r.8-r.0)

3.8
(s.3-2.71

4.5
(s.6-3.7)

3.9
(s.3-2.e)

3.3
(3.7-2.e)

2.2
( 2. 8-1. 8)

3.2
( 3. 5-3. 0)

r.9
(2.6-L.A',)

3.8
(4.8-3.0)

2.2
(2.8-I.7)

437

TABLE 8.5

n - represents the number of paìts of atterjes used

The effects of PBZ (:: UmoI 1-1) on the extraluminal'

intraluminal and combined extraluminal and intraluminal

overflow of tritium ín the rabbit ear artery' The

geometric means (+S.E.M. -S-E.M.) of the ratios of the

-- ,- PBz-treqlg4-e¡teries are indicated for theoverflol^¡s tn ffi
prestimulation and Sl-overflows.

Tests of siqnificance: unpaired t-test

There was no significant difference between the geometric

means of the Sl-overflow raÈios for the dI- and 1-

incubates in Series 2, but the extraluminal, intraluminal

and combined prestimulation overflow ratios were

significantly higher for the 1- than the dl-incubates'
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b. in both untreaÈed and PBZ-treated arteries stimulation

enhanced the extraluminal overflow relative to the

intraluminal more than in Series 2 (Table 8.4) '

c. PBZ tended to increase the stimulation-induced

intraluminal overflow of tritium more than in the

second (Table 8.5).

These differences might have been caused by the altered

experimental conditions, at least for the Sl-overflows, since in the

first series there would have been some loss of tritium from both the

adventitial and intimal surfaces during the wash period. The

differences in the effect of PBZ on the efflux from the resting

arteries cannot be explained in this manner, and in fact there does

not appear to be a satisfactory explanation for them.

The data derived from the arteries incubated in 1-

summarised also in Figure 8.3 and Tables 8.4 and 8.5.

3
HNA are

It will be

seen that, with one qualification, there was little difference between

the characteristics of the tritium overflow from these arteries and

those incr¡bated in dl-3trua. The qualification related to the effect

of PBZ on the resting overflow, which was no\¡I increased approximately

three-fold above that prevailing in the untreated arteries-

4. Series2-Chromatoqraphic separation of the tritium overflow

The mean tritium activity in each of the fractions separated by

Do$rex 50 chromatography are shown for those arteries incubated in
t2

I-'HNA and. dI-'HNA in Tables 8.6 and 8.7. The tritium activity in

each fraction was calculaÈed as a percentage of the total Èritium



3 3
1-

DEA¡,7

HNA (n=4 )

NA NMN

d1-
DEAM

HNA (n=3)

NA NMN

Extraluminal
OverfTow

Prestimulation

Stimulation

Inttalumìnal
OverfTow

Prestimulation

Stimulation

2352
(!824)

6535
(11538)

J.

5go I

(!223)

618
(ts2)

957
(t419)

3423
(!1oee )

¿
850 

I

(!236)

3330
(r438)

6040
(196r)

L682
(148s)

4956
(!L437)

*

L2LI
(r3s7)

*

** **

****

1043
(!L27)

1078
(!2Lel

n

*

t

represents the nuntber of arteries used'

insufficient tritium activitg for posìtive identification.
positívelg detected in onlg 3 of the 4 arteries'

årterjes used in these expetinents and those in Table 8.7 were

paired. That is, each pair was incubated in either d7- or l-3nwe

and one of each pair was treaxed subsequentlg with PBZ (33 unpl 7-7)

whì7e the other remained untteated.

Dowex 50 chromatography of the extraluminal and intraluminal

overflows of tritium-tabel-Ied material from untreated

arteries, which had been incr:bated in either 1- or dl-3trua'

prior to and following nerve stimulation' Tt¡e tritium

activities (dpm mS-I) tS.E.M's associated with tlre fractions

containing the deaminated metaboliÈesr NA and NMN are

indicated.

lVoÈe.'

TABLE 8.6



3 3t-
DEAM

HNA (n=4 )

NA NMN

dt-
DEAM

HNA (n=3)

NA NMN

Extraluminal
Overflow

Prestimulation

Stimulation

IntraluminaT
OvetfTow

Presti¡nulation

Stimulation

5578
(!847)

5518
(r1076)

865
(!202)

744
(!14s )

2253
(11387)

r8125
(r3164)

*

4468
(r8e4)

5470
(11200)

5520
(r1044)

3447
(tr20e )

19833
(rs088)

**

**

**

**

581
(160)

639
(tr34)

*

4513
(r916)

n represents the nuniber of arteries used.

insufficient tritíum activitg for ¡nsitive identification-

Atteties used in these experinenÈs and those in TabLe 8.6 were
pnired. That is, each paÍr was íncubated in eÍther d'7- ot l-3nne
and one of each pair was treated subsequentrg with PBZ ¡ss ynaT 7-1)
whiTe the other remained untreated.

Dohtex 50 chromatography of the extraluminal and intraluminal

overflow of trÍtiun-labelled material from PBZ-treated

arteries, which had been incubated in either I- or dl-3HNA,

prior to and following nerve stimulation. The tritium

activities (-dpm mg-t) ts.E.M.s associated with the fractions

containing the deaminated metabolites, NA and NMN are

indicated.

*

IVote:

TABLE 8.7
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activity in the three fractions, and the results from both series are

shown in Figure 8.4. As there hras no significant difference between

the distribution of NA and its metabolites for those arteries incubated

in dt-3gl¡e when compared with those incubated in 1-3gl¡e, the results

will be considered Èogether.

i. Untreated arteries

Prior to the onset of stimulation 7O4 of. the tritiated material

which overflowed into the bathing medium surrounding the untreated

arteries consisted of the deaminated metabolites (DEAM) of NA

(page 1.17). The remainder of the tritiated material was unchanged NA.

Normeta.nephrine (NMN) was not detected.

Only deaminated metabolites could be detected in the small amount

of tritium-Iabel1ed material which overflowed into the luminal

perfusate prior to stimulation.

The composition of the extraluminal overflow following the onset

of stimulation differed from the prestimulation overflow in the

following respects:

a. NMN was detected and represented a small, but consistent,

proportion of the overflow (Ils and 9% for the dl- and

I-inctrbates respectively),

b. the percentage of NA increasêd from 30% to 398 (dI) and

from 224 to 338 (1),

c. the a^bsolute antount of Èhe deaminated metabolites

increased by factors of 2.8 (dI) a¡rd 1-8 (1) 
' although
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Tests of significance: unpaired t-test
There was no significant differenôe between the overflows
from arteries incubated in d1-3HNA compared with I-3HNA,
for any of the collections in eiÈher untreated or
PBz-treated arteries (p t 0.05).
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the proportion of these metabolites in the total tritium

overflow was less.

Analysis of the corresponding intraluminal overflow showed that,

although the absoluÈe amount of tritiated maÈerial was greater than

that prior to stimulation, still only that fraction containing the

deaminated metabolites could be positively identified.

ii. PBZ-treated arteries

PBZ had little effect on the composition of the extraluminal and

intraluminal overflows prior to sti:nulation compared with untreated

arteries, in the sense that DEAM formed the only fracÈion which could

be unequivocally detected in the lumen, whereas NA and DEAM r^tere

present in the extraluminal overflow in similar proportions to those

which overflowed from untreated arteries.

Stimulation had little effect on the absolute overflow of DEAM

compared with the resting arteries, but greatly increased the overflow

of NA so that the major fraction in both the extraluminal and

intral-uminal overflows was unchanged NA. NMN was not detected in

either overflow.

5. Series 3 - Overflow of NA and its metabolites

In the final series of experiments, undertaken in collaboration

with R.J. Head, the deaminated metabolites which overflowed from four

pairs of PBZ-treated arteries were fractionated by adsorption onto

Dowex 5O and then alumina. This procedure permitted the separation

of NA, NMN, DOPEG, DOMA and a combined MoPEG/VMA fraction. One of

each pair of arteries was treated with cocaine (90 umol, 1-I) prior
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)
to and during incubation in dI--HNA. This was done to provide a

measure of the trit.ium-Iabel1ed materials which might have effluxed

from non-neuronal- structures.

The distribution of NA and its metabolites in the extraluminal

overflow from these cocaine and non-cocaine-treated arteries prior

to and following the onset of stimufation is indicated in Figure 8.5.

Dowex 50 chromatography of the overflows from the non-cocaine-

treated arteries indicated that the relative proportions of NA, NMN

and DEAM were similar to those described previously (Figure 8.4) -

That is, in the resting artery the extraluminal overflo\^¡ consisted

of NA (222) and DEAM (788), while the proportion of NA in the overflo\^¡

following stimulation was increased to 70% and the DEAM fraction

decreased to 308. NMN r,'las not detected in either overflow.

The total overflo$¡ of tritium prior to nerve stimulation ldas

reduced by over 80% in those arteries which were treaÈed with cocaine

during the period of incubation. Surprisingly, there was a rneasura-ble

overflow of NA which amounted to approximately 50? of the NA overflow

in the non-cocaine-treated arteries. NMN was not detected.

StimulaÈion slightly increased the overflow of both DEAM and NA, but

neither trend was significant.

Batch alumina chromatography of the fractions which contained the

deaminated metabolites indicated that:

a. the resting overflow from the non-cocaine-treated artefies

contained DOPEG (5I8), DOMA (144) and a residual fraction (13?)

consisting of MOPEG and Vl4A and probably most of the

impurities (page 8.19),
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nerve stimulation.
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c

cocaine-treatment reduced the overflow of DoPEG ar¡d Dol4A

in the resting arteries by over 948 and the overflow of

MOPEG and Vl4A bY about 758,

in the non-cocaine-treated arteries the absolute overflows

of DOPEG and Dol'IA were reduced by sympathetic nerve

stimulation; the difference vùas significant for DoPEG but

not for DOMA. There was also a slight increase in the

amount of MOPEG and V!44 which overflowed,

only that fraction of the overflow from the cocaine-treated

arteries which contained MoPEG and vl4A was increased by

stimulation¡ DOPEG and DOMA were unaffected'

6. Summary of results

The results presented in this chapter showed that the major

portion of the tritiated material which overflowed from both the

resting and stimulated ra-bbit ear artery effluxed from the adventitial

surface. PF,z, at a concentration which inhibited neuronal and

extraneuronal uptake of NA, increased the overflow from both surfaces

following sympathetic nerve stimulation; the effect on the

intraluminal overflow was greater.

In untreated arteries the tritiated material which overfl0wed

prior to nerve stimulation consisted mainly of the deaminated

metabolites, although some NA was detected. Stimulation increased

the proportion of NA in the efflux and a small amount of NMN also

appeared.onlydeaminatedmetabolitesweredetectedinthe

intraluninal overflow from both the resting and stimulated arteries'

b

d
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PBZ slightly increased the proporÈion of NA in the resting overflow

and greatly increased the proportion in the overflow following

stimulation.

It was shown that the major component of the DEAM fraction which

effluxed from the PBZ-treated arteries \¡ìtas DOPEG.

DISCUSSION

As there were some quantitative differences between the effluxes

of tritium-labelled material from arteries incr¡bated in dI-3HNe and

a
I--HNA, particularly in regard to the resÈing effluxes, the results

obtained from those arteries incr¡bated in racemic NA will form the

basis of this discussion. Ìlhere significant differences existed

between the results for the two incr:bation media the efflux from

arteries incubated in I-NA wilI be considered separaÈely-

1. Overflow of tritium-Iabelled material

In both series of experiments reported in this study, the major

proportion (approximately 908) of the tritiated material released

from the untreated artery prior to and as a result of stimulation

diffused into the medium bathing the adventitial surface. Similar

results have been reporÈed by Allen et aI (1973) and Bevan and Su

(L974) for the rabbit ear artery, and by su and Bevan (197I) for the

rabbit pulmonary arterY.

Bevan and Su (1974) used superfused ear artery segments and

found that the ratio of tritium which overflowed into the

extraluminal superfusate relative Èo the intraluminal perfusate was



8.15

increased during the first 2 minutes of stimulation from its

prestimulation value of. 4z!, Eo 22=I. In the present study, although

the prestimulation ratio was greater (between 9.1 and I2.L), the

ratio during the 4 minutes of stimulation (series 1) was almost

identical (20:1) with that of Bevan and Su. These workers did not

report a post-stimulation ratio although they found that the ratio

declined to approximately 6:1 during continuous stimulation. They

explained the enhanced overflow of tritium from the adventitial

surface, and the delayed overflow from the intimal surface, in Èerms

of the higher coefficient of diffusion in the adventitia relative to

the media (Bevan and Török, L9'7O¡ Bevan and Su, 1974).

Further evidence that the med,ia represented a diffusion barrier

was provided by the histochemical sÈudies, in which it was apparent

that relatively little NA reached the nerve terminals ih arteries

following its apptication to the intimal surface, unless extraneuronal

uptake or the metabolizing enzymes were inhibited (Chapter 5). As it

appeared tikely that extraneuronal uptake of NA rivas one of the factors

contributing to the diffusion barrier, it was of interest to determine

whether this uptake exerted a similar influence on the diffusion of

released NA. In this connection the results obtained with PBZ are

relevant.

The effect of PBZ on the overflow of triÈium from the resting

artery was variable, in the sense that it decreased the intraluminal

and extraluminal overflows in the first series of experiments but

usually increased these overflows in the second (Table 8.5). These

results are difficult to explain. However, the second series of

experiments might be more reliable as the problems associated with
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impurities in the incubates were better understood. The effect of

PBZ in the second series of experiments was in accord with the study

of Cnbeddu et al (1974), in which PBZ (¡O UmoI I-1) increased the

spontaneous efflux of tritium from cat spleens which had been

perfused previously with t-3Hl¡e. An important qualification,

however, was that in Cubeddut s experiments PBz htas present

throughout, whereas in the present study the arteries were treated

with PBZ prior to, but not during, the prestimulation colfection

periods.

It witl be noted that of all the actions of PBZ, namely

inhibition of the neuronal uptake of NA, of the extraneuronal uptake

and of the pre- and post-synaptic alpha receptors, only its action

on extraneuronal uptake could influence the relative

extraluminal,/intraluninal overflows in the resting artery.

Hence it was significant that this ratio Ì^Ias not altered by PBZ,

as it implied that extraneuronal uptake of NA was not a factor

liniting the resting efflux of triÈium. It must be remembered,

however, thaÈ only approximately 30% of the tritiated material

which effluxed from the neuronal stores was NA.

In contrast, the effect of PBZ on the efflux of tritium

following nerve stimulation provided evidence that extraneuronal

uptake influenced the diffusion of NA through the arÈery wall.

Under these conditions PBZ increased the extraluminal overflow

between 2 and 3-fold, the intraluminal overflow approximately

S-fold, and increased the rate of intraluminal overflow. !{hitst

the enhanced extraluminal overflow coul-d be attributed to the

inhibitory action of. PBZ on the neuronal uptake system, the



8. 17

other changes supported the concept that extraneuronal upt.ake

constituted one component of the NA diffusion barrier in the tunica

media. An added complication in these experiments was the possible

effect of. PBZ in liniting the constrictor response of the artery

during sympathetic nerve sÈimulaÈion. The influence of

constriction on the diffusion of NA wiII be considered in detail

in Chapter 11.

As mentioned at the outset of this discussion, differences

between the overflow of tritium from arteries incubated in dI- and

2
I-'HNA would be considered separately. One such difference was the

somewhat greater effect of PBZ on the resting efflux from arteries

incubated in l-NA (Ta-bte 8.5). A possible explanation for this

finding was that the retention of NA in the storage granules Ì^las

greater in those arteries incr¡bated in 1- than dl-NA, and that PBZ

increased the leakage of stored NA into the axoplasm. Although the

present study did not include an evaluation of the amount of NA

retained in the granules following incubation of the arteries in

I- and dI-NA, vesicular retention is thought to be stereospecific

for l-NA (page I.fO). The metabolite studies, in which it was shown

that the relative proportions of NA and its metabolites which

overflowed from untreated arteries were not altered by PBZ,

supported the concept that the enhanced overflow of tritium in the

presence of PBZ was a result of an enhanced neuronal efflux rather

than a consequence of inhibition of uptake. This enhanced efflux

could be explained if PBZ increased the leakage of NA from the

storage granules into the axoplasm, from which it diffused either

as unchanged NA or its deaminated metabolites.
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2. Compositioq of !þe pvgrflgw

In the absence of drug treatment the deaminated metabolites

constituted the largest fraction of the extraluminal overflow, and

the only fraction which could be unequivocally detected in the

intraluminal overflow from arteries prior to and as a result of

nerve stimulaÈion. The nature of these deaminated metabolites was

not determined, although DOPEG was the principal metabolite of both

the resting and stimulated overfl-ows in PBZ-treated arteries. That

this glycol was also the major constituent of the deaminated

metabolites in untreated arteries was suggested by the findings of

Head (L976). In his study Head incubated ear artery segTments in

3**o, and found that in the second 30 minutes'wash after

incr¡bation approximately 7O% of. the tritium-labelled material which

overflowed into the bathing medium was DOPEG; the remainder \ttas NA.

DOPEG was also found to be the major metabolite in the resting

efflux from the rat vas deferens (Langer I97O; Graefe et al, L973) ,

cat spleen (Cubeddu et al, 1974) , guinea pig atrium (Tarlov and

Langer, I97I) and rabbit aorta (Levin, L974).

The present study indicated that DOPEG was formed intraneuronally.

The evidence for this was that the amount of DOPEG which overflowed

from the PBZ-treated arteries was greatly reduced in paired arteries

which were incubated in Èhe presence of the neuronal uptake inhibitor

cocaine. In another study Levin (L974) separated the tunica

ad,ventitia from the tunica media in the rabbit aorta, incu-bated

them separaÈely in NA, and. demonstrated that DOPEG formed

in the adventitia (which contains nerve terminals) but
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did not form in the media in which these terminals are absent. The

metabolic study of Head (L976) also indicated that the origin of

DOPEG in the rabbit ear artery was neuronal.

Although a fraction containing MOPEG and VMA \â¡as apparentty

isorated from the effrux in PBZ-treated arteries, it was fert that

this might have reflected an artefact of the column fractionation

procedure employed to separate the metabolites. This was confirmed

by Head (1976) in experiments in which the metabolites were also

separated by a thin layer chromatographic procedure. partJ_y as a

result of these experiments Head concruded that coMT appeared to be

an extraneuronal enzyme in the ear artery.

The non-appearance of NA in the intraluminal overflow from

untreated arteries prior Èo stimuration courd be attributed to its

uptake, binding and metabolism in smooth muscle cells; however it

could also be explained by the small influx of tritiun-Iabetled

materials into the lumen. In fact, if the ratio of Èhe tritium

activity in the lumen attributable to NA relative to the total
3uxe

) were Èhe same as the equivalenttritium activity (
3s activity

ratio for the extraluminal overflow, then the expecÈed activity of

the 3UUe (based on the total intraluminal overflow of tritium)

would be below the limíts of detectability. In contrast, although

the overflow of tritiated material into the lumen following

stimulation was still smalL, there was sufficient for the detection

of NA if the rat' 
3HUe

i" ffiti.ria' were the same as that for the

extraluminal overflow. That it was not detected suggested that

the diffusion of NA across the media was impeded. Further

support for this argument was provided by the findings that in
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PBZ-treated arteries the relative proportions of NA and the

deaminated metabolites in the extraluminal and intraluminal

overflows following nerve stimulation were similar.

In the present experíments stimulation increased the extraluminal

overflow of deaminated metabolites in untreated arteries at least

two-fold, and the overflow of NA between three and four-fold.

NMN was detected unequivocally, and constituted approximately 108

of the total overflow. In PBZ-treated arteries the overflow of

deaminated ¡netabolites was not increased by stimulation, NMN was not

detected, and the NA overflovl \¡/as six to eight-fold greater than the

presti:nulation level. The increased proportion of deaminated

metabolites in untreated arteries following nerve stimulation can be

explained in several ways. The simplest explanation is that during

stimulation part of the released NA was taken up into the cytoplasm

of the neurone, vrhere it was meta-bolized to DOPEG which subsequently

diffused through the neuronal membrane into the extracellular space.

However, this reasoning does not account for the presence of

deaminated meta-bolites in the overflow following stimulation in

PBz-treated arteries. A more likely explanation for the presence of

these metabolites \^Ias that a small amount of NA Ieaked from the

storage vesicles into the axoplasm, where it was deaminated by laAO

and from which ít effluxed as the metabolite. If this explanation is

correct then the results are also in accord with the postulate that

NA is not released into the cytoplasm of the neurone, but is

released at its membrane by a process of exocytosis.
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Further evidence that the extraneuronal uptake of NA contribuÈed

to the diffusion barrier in the artery wall was provided by the

findings of the metabolite studies, in which it was shown that PBZ

prevented the formation of NMN and permitted the detection of NA in

the intraluminal overfloÌ^r.

Although there was no significant difference betureen the

relative amounts of the deaminated meta.bolites, NA and NMN which

overflowed from arteries incubated in dl-NA compared with l-NA, the

proportion of deaminated metabolites in the overflow from arteries

incubated in the laevo-isomer was slightly greater. As DOPEG

constituted 70? of the deaminated metabolites (in PBZ-treated

arteries) it was of interest that Head (L976) found that the amor¡nt

of DOPEG which accumulated in Èhe extraluminal bathing medium during

incr:bation of ear artery segments with t-NA was greater than with

d]-NA. Similar observations 1^7ere reported by Graefe et aI (1973) in

the rat vas deferens and by Levin (1974) in the rabbit aorta. It is

thoughÈ that this might be the result of the greaÈer vesicular

binding of l-NA relative to d-NA.

SUMMARY

The results presented in this chapter indicated that prior to

and as a result of stimulation of the sympathetic nerves, the major

portion of the transmitter and its metabol-ites released from the

nerves diffused through the tunica adventitia of the artery.

Considerably less reached the l-umen following diffusion across the

tunica media and, in fact, only the deaminated metabolites reached

the lumen in sufficient quantity to be detected unequivocally.
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The distribution of netabolites which effluxed from the untreated and

PBZ-treated arteries dernonstrated qualitatively that neuronal and

extraneuronal uptake of NA occurred following release of the

transmitter. However, the action of the uptake systems could not be

quantified because of the proposed effect of PBZ on the inhibitory

presynaptic alpha receptors (page 1.5) . The results emphasized the

importance of I¡IAO in the metabotism of released transmitter, and the

apparent lesser role of O-methylation as assessed by the small

anþunts of NMN whích appeared in the overflow.

Further evidence that uptake of NA by the smooth muscle cells

limited its diffusion across the tunica media !t/as presented' However,

even when this uptake system was blocked, considerably more NA

effluxed through the advenÈitia than the media. It was suggested

that this phenomenon was a manifestation of the greater coefficient

of diffusion in the tunica adventitia and the arrangement of the

sympathetic nerves at the adventitia-media border.



CHAPTER 9

FACTORS TNFLUENCING THE ÍNTRALUMINAL OVERFLOIV

OF ENDOGENOUS NORADRENALINE AND ITS METABOLTTES

IN THE OIL-IMMERSED RABBIT EAR ARTERY



CHAPTER 9

The study undertaken in the preceding chapter indicated that

inhibition of the neuronal and extraneuronal uptake of NA increased

the overflow of unchanged NA from the rabbit ear artery following its

release Þy sympathetic nerve stimulation, and dimínished the overflow

of metabolites. In fact when the uptake processes vlere inhibited'

the overflow of metabolites in the resting artery r^tas not increased

by stimulation. These results might have been complicaÈed by an

action of PBZ on the postulated presynaptic inhibitory feedback

mechanism, so that facilitation of transmitter release, as weII as

inhibition of the uptake systems, might have contributed to the

enhanced overflow of NA.

The main purpose of the experiments described in the present

chapter was to define more completely the relative roles of the two

uptake pïocesses in modifying the diffusion of transmitter across

the artery wall. For these experiments cocaine \^tas used to inhibit

the neuronal uptake system, DOCA to inhilcit the smooth muscle uptake

system and PBZ to inhibit both simultaneously. As PBZ also prevented

vasoconstrictÍon, the effects of cocaine and DOCA were examined in

the presence of the posÈ-synaptic alpha receptor antagonist'

phentolamine. Hence it was possible to investigate the effects of

cocaine and DocA on the release and diffusion of transmïtter without

the complication of increased vascular tone. As phentolamine also

antagonized the presynaptic alpha receptors in the rabbit ear artery
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(story, D.Ft personal communication), it was used to investigate

the effect of the presynaptic inhibitory feedback mechanism on the

release of NA.

The influence of collagen and elastic tissue on the diffusion of

NA in the artery walt was investigated using oxytetracycline, a drug

which according to Powis (1973) inhibited the binding of NA to these

tissues.

In one experiment the tritium-lal¡elled material which

overflowed from the arteries was separated by Dowex 50 column

chromatography into fractions containing the deaminated metabolites

(DEAM), NA and NMN. Thus it was possible to gain a more complete

understanding of the influences of the uptake processes and the

intracellular enzymes, MAO and CoMT, on the diffusion of NA in this

vascular preparaÈion.

A further complication in the experiments described in the

preceding chapter was that the major portion of the released

transmitter and its metabolites diffused rapidly through the tunica

adventitia of the artery, and overflowed into the extraluminal bathing

medium, whereas considerably less diffused through the tunica media

Èo reach the fumen. Because the activity of the tritium-Ia'belled

material which overflowed intraluminally was so low it seemed

worthwhile to restrict the direction of the diffusion of transmitter

after its release, so that it became unidirectional from the nerve

terminals to the lumen. As NA and its major metabotites did not

appear to be sol-uble in liquid paraffin, a technique was devised to

permit this unidirectional diffusion in which the outside surface
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of the artery was bathed in liquid paraffin. Previously, Kalsner and

Nickerson (f968) had described the use of liquid paraffin and reported

that:

a the responses of aortic strips to NA were unchanged by

paraffin, and

providing adequate gas exchange was maintained, these

strips could be immersed in paraffin for at least

120 minutes without change in basal tone.

METHODS

b

Pairs of arteries were placed in small organ

equiliJrration were incr¡baÈed ir, 3Hue (usually dI;

60 minutes as described previously (pages 2'2 and

intraluminal perfusate (ftow rate - 4.5 ! O'5 cm3

for the period of incubation-

baths and after

see text) for

4.2) . The

mirr-l) was sÈopped

subsequently, the arteries were washed in Krebs' solution for

40 minutes before the addition of drugs. Cocaine, DOCA, phentolamine

and oxytetracycline were added to the extraluminal and intraluminal

Krebs' solution, and remained in the intraluminal perfusion medium

throughout Èhe experiment. PBZ \/ltas added extraluminally only' After

at least 20 minutes the intraluminal f10w rate was reduced to

0.23 cmJ min-r, and 5 minutes laÈer the aqueous baÈhing medium was

replaced with gassed, liquid paraffin at 37oc. After a further

5-10 minutes the perfusate collections conunenced. Throughout the

experiment the perfusate was collected at regular inÈervals in vials

containing Bray's scintillant, and the tritium activity in each was



9-4

determined (page 4.12). The sympathetic nerves in the arteries were

stimulated by square wave pulses at a frequency of 5 Hz for a period

of 5 minutes. The internal-external electrode arrangement was

used (page 2.5) .

TERMTNOLOGY

The term stimulation-induced overflow (SIo) was used to denote

the activity of the tritium-l-abelled material which overflowed into

the luminal perfusate in the 20 minutes following the onset of

sÈimulation. It \^¡as calculated from the formula:

SIO = S+PS-R

where:

tritium activity of the overflow (dpm mg
-I

during the 4 minutes' period of stimulation

tritium activity of the overflow (apm mg-I)

d.uring the 16 minutes' period after stimulation
ceased,

tritium activity of the overflow expected

during the 20 minutes' period prior to
stimulation. This figure was derived from

the overflow from the resting artery which

occurred in 8 minutes. Such an extrapolation
was justified as observations confirmed that
the rate of tritium overflow from resting
arteries, approximately 70 minutes after
incubation, r^/as relatively constant.

ò-

PS=

R=
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RESULTS

l. Characteristics of the paraffin-bathed arterY

The effects of paraffin on the constriction produced by nerve

stimulation, and on the overflow of tritium-tabell-ed maÈerial into

the perfusate, \¡¡ere investigated in seven r:ntreated arteries' Each

artery \^¡as stimulated three times. For the first and third

stimulation periods paraffin was presenÈ extraluminatly. During the

second stimulation the artery was bathed in Krebs' solution-

The mean rise in perfusion pressure recorded during stimulation

of the Krebs' bathed arteries was not significantly different from

that recorded when the arteries were bathed in liquid paraffin

(Table 9.f). Furtherrpre' the shapes of the responses were

qualitatively similar. Typical responses are indicated in Figure 9'I'

Ehe overfl0w of tritium-labelled material into the luminal

perfusate is indicated for each stimulation period in Figure 9.2'

For comparison, the overflow of tritium-]abelled material into the

Iuminal perfusate is indicated for another series of experiments in

which paraffin was maintained in contact with the outside of the

arteries for aII three period,s of stimulaÈion. It will be seen that

paraffÍn considerably enhanced the overflo\¡I of tritium-Iabelled

materials into the lumen. The kinetics of the overflow of

tritium-labelled material in paraffin-bathed arteries resembled the

luminal overflow in aqueous-bathed preparations, in that the peak

overflow was not observed r¡ntil after the period, of stimulation

(Figure 8.3) . Ho\i¡ever, the rate of the subsequent decline from

this peak was slower in the paraffin-bathed arteries'



ARTERY

BATHING MEDIUM
Paraffin Krebs' solution Paraffin

Meân

(rs.E.M.)

30. 0

5.1

15.7

0.5

o.7

8.8

2.A

9.1

(14.3)

33. 0

6.r

16 .0

1.3

0.3

8.4

1.9

9.6

(!4.4)

I

2

3

4

5

6

7

30.0

3.3

16. 3

1.5

0.3

6.0

2.O

8.5

(r4.1)

3 -2TABLE 9.7 Ríse in perfusion pressure (x10 Nm ) duríng

stimulation of 7 arteries alternatívely bathed

in liquid paraffin, Krebs' solution.and liquid

paraffin.
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n - tepresents the nurnbet of atterjes used
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The mean overflow of Èritium-labelled material (+S.E.M.) in u¡treated. arteries prior to and as a
result of nerve stimulation. The figure illustrates the effect of replacing the extraluminal paraffin
with Krebs' solution (hatched profile, Artery A). Extraluminal paraffin was maintained for all
stimulation periods in Artery B. Arteries A and B $rere unpaired, and were incubated in different
batches of dl-3nsa.

Ordinate: tritium activity (-dpm mg-l) per 2 minutes of coltection
Abscissa: duration of collection (min)
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Comparison of the overflow during the second period of

stimulation with the overflow during the first and third periods

showed that the effects of paraffin did not persist after the

paraffin had been washed out, that is the effects of paraffin on

the luminal overflow appeared to be completely reversible.

Except where an aqueous phase was visualized in the liquid

paraffin, there Í¡as no evidence of any significant loss of tritiated

material into the extraluminal oil. Thus in L2 artetLes, the

tritium content of the extraluminal bathing medium was less than

0.15% of the total overflo$t into the luminal perfusate during

comparable periods.

It was concluded from Èhese experiments that the use of paraffin

as a bathing medium did not adversely affect the behaviour of the

isolated rabbit ear artery. Furthermore, it increased the

magnitude of the luminal overflow of tritiated material to a level

which permitted quantitative analysis.

2. Effects of druqs on the overflow o f triÈium-labelled material

i. PBZ

Figure 9.3 summarlzes experiments in which the luminal overflow

of tritium in PBZ-treated arteries was compared with paired, untreated

arteries. It wiII be noted that PBZ enhanced the resting overflow by

approximately 3OB. Following the onset of stimulation PBZ greatly

increased the rate of tritium overflow, so that the peak overflo$r

occurred earlier than in the untreated control artery segments

(namely, during the second half of the sÈimulation period). The
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FIãURE 9.3 The effects of PBZ (33 UmoI I ) on the mean overflow

of tritium-Ia-belled maÈerial ínto the lumen of arteries

prior to, during the following nerve stimulation- For

convenience some sÈandard errors of Èhe means have been

omitted. Arteries were incubated in dt-3lI¡ta or 1-3HNA

as indicated.

n - number of paired arteries

R - estimated mean overflow in the 20 minutes'

period prior to stimulation

SIO - stimulation-induced overflow (for details

of R and SIO' see Page 9.4)

r - stimulation period (4 min ¡ 5 Hz\

Ordinates:

Abscissa:

Tests of siqnificance:

¿t-3HNa

R p>0.05
SIO p < 0.0I

(left) Èritium activity (dpn mg-l) per

2 minutes of collection

(right) tritium acÈivity (dpm mg-l) per

20 minuÈes of collection

duration of collection (min)

Tests of significance wilt be presented in this Chapter

in the form indicated below. The sigmificance of the

effects of PBZ on the prestimulation (R) and the

stimulation-induced overflows (SIO) are indicated.

paired t-test (PBZ v untreated)

t-3mra

R p<0.O5
SIo p < 0.005
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decline from this peak was also much more rapid during the subsequent

6 minutes than in the ur¡treated arteries' after which the rates of

decline were more comparable. !{tren estimated over 20 minutes, the

slo in the presence of PBZ vJas increased by a factor of 2.9.

The above effects of. PBz were similar, irrespective of the

incr¡bate used (dr-3"*o or t-3tn¡e) (Fígure 9.3 and table 9.21 .

ii. Cocaine

-I
The effects of cocaine (3 and 15 UmoI I ) on the overflow of

tritium prior to and as a result of stimulation are shown in

Figure 9.4. In these experiments the same artery was exposed to the

two concentrations of cocaine; for the second sÈimulation the higher

concentration was used.

The characteristics of the overflow in the untreated arteries

were similar to those described previously (page 9.5). Although the

peak overflows following the onset of stimulation were reached at

about the same time in both the r:ntreated and cocaine-treated

arteries, the inLtial rate of decline from this maximum r,r¡as slower

in the cocaine-treated arteries. Cocaine also decreased both the

resting and stimulation-induced overflows by 262 and 338 respectively.

During the repeat stimulation the intraluminal overflow of

tritium, in both untreated and cocaine-treated arteries, was less

than that during the first period of stimulation. Although the

kinetics of the overflow fotlowing the onset of nerve stimulation

were similar for both concentrations of cocaine used, the mean SIO

was only depressed by I3S in the presence of the higher concentration



Collection Incubate

Period Number ¿t-3rwa t-3¡rwa

!restimulation

Stimulation

Post-stimulation

SIO

4 1.3

7-6

8.1

3.9

L.7

L.2

0.9

o.8

2.9

L.2

5-4

5.6

2.9

2.O

L-4

0.9

0.8

2.9

5

6

7

I

9

11

L4

TABLE 9.2 The effect of PBZ on the overflow of tritiated

material from arteries incr¡bated in al-3rn¡e and

t-3in¡e. The figures represent the ratios of the

mean tritium activity in ffi arteries for

I collection Periods.
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The effects of cocaine on the intraluminal overflow
of tritium-labelled material prior to, during and
following stimulation. For the first stimulation
period (upper panel) one of each pair of arteries
was treated with cocaine (3 UmoI 1-I), and for the
second period (lower panel) the concentration of
cocaine was increased.^to 15 pmol I-1- Arteries
were incubated in dI-JHue. Details of symbols
used are included in Figure 9.3-

Tests of significance: paired t-test (cocaine v untreated)

cocaine (3 Umol I
R p < 0.1

SIO p < 0.2

-I -1
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of cocaine. On the other hand, the magnitude of the reduction in the

overflovr from the resting arteries produced by cocaine (3 umol 1-1)

was unaffected at the higher concentration.

iii. Cocaine and DOCA

-1The effects of DOCA (27 Pmol 1 ), and DOCA plus cocaine

-l(3 Umol 1--) on the overflow of tritiated material were examined in

paired arteries, and although paired comparisons did not include

untreated arteries, unpaired comparisons hrere possible as the

inctrbates used in the two series of experiments were Prepared from

the same stock solution of dl-3uua (Figure 9.5).

Based on comparisons with untreated arteries (unPaired)

co¡nbined cocaine and DOCA-treatment led to a decrease in the mean

SIO of 43*, and DOCA-treatment alone resulted in a decrease of 208.

DOCA also increased the rate of tritium overflow following the onset

of sti¡nulation, so that the peak overflow occurred earlier.

In DOCA-treated arteries, cocaine decreased the mean overflow

of tritium into the perfusate during stimulation, and for the first

two collections following stimulation. The mean decrease in the SIO

was 29t. Cocaine also altered the kinetics of luminal overflow by

increasi¡rg the time taken for the peak value to be reached.

iv. Phentolamine

The mean overflow of tritiated material for each collection

period from 5 phentolamine-treated and 5 paired, untreated arteries

is shown in Figure 9.6. It wil] be noted that phentolamine

-1(6 Umol l-') increased the rate of luminal overflow of tritium
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during the period of stimulation, although the peak overflow in both

arteries was not reached until after stimulation had ceased.

phentolamine also significantly entranced the magnitude of the

mean SIO by 538. Although the absolute overflow was decreased during

the second period of stimulation phentolamine still faciliÈated the

overflow.

v. Cocaine in phentoTamine-treated atteties

The influence of cocaine (3 and 15 ymot 1-l) on the overflow of

tritium in phentolamine-Èreated 1e ¡rmot 1-1) arteries is shown in

Figure 9.7. The only difference between the profiles for the

phentolamine-treated and the phentolamine and cocaine-treated

-1(s umol I-r) arteries during the first period of stimulation was that

the overflow in the cocaine-treated arteries \iìtas slight1y less, and

the peak overflow occurred faster, than in those arteries treated

with phentolarnine alone. Cocaine appeared to be without effect on

the SIO.

wÏ¡en the concentratíon of cocaine was increased to (I5 umol I -1
)

for the second sti:nulation period relatively more tritium reached the

lumen, particularly in the stimulation and first recovery collections'

However, although cocaine now increased the mean sIo by I8s, this

increase was not signÍficant-

comparison of these results with those obtained in the prevj-ous

cocaíne experiments, in which constriction of Èhe artery was not

prevented, showed that phentolamine modified the overflow of

tritium in cocaine-treated arteries by a) increasing the magnitude
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of the SIO, and b) reducing the time taken for the peak overflow to

be reached. It will be noted Èhat cocaine still tended Èo depress

the resting overflow in the phentolamine-treated arteries.

vÍ. Cocaine and DOCA in phentolamine-treated atteties

rn the presence of cocai¡¡e (g umor t-r) and DocA lzz pmol r-t)

the rate of luminal overflow following the onset of stimulation was

increased in phentolamine-treated arteries (6 UnoI 1-1), so that

the peak overflow occurred earlier (that is, during the period of

stimulation), and the initial rate of decline was more rapid. In

contrast to their inhibitory effect in the a.bsence of phenÈolamine,

cocaine and DocA now caused a significant increase in the mean slo

of 48S (Figure 9.8). Ho\¡rever, the magnitude of the SIO was still

below that produced by PBZ (Figure 9.14).

In case the concentration of cocaine might have been too low

to completely inhibit neuronal uptake of NA, it was decided to

repeat the preceding experiments using a higher concentration of

cocaine (90 ymol f-1) - of thirteen arteries treated with

phentolamine, four were treated also with cocaine and six with

cocaine and DOCA. Tl¡o of the phentolamine-treated arteries and two

of the cocaine, DOCA and phentolamine-treated arteries were

stimulated a second time, and samples of the luminal perfusate

collected prior to and following the onseÈ of stimulation were

fractionated on Dowex 50 (wa+) ion exchange resin columns (Page 4'7) '

This fractionatíon was undertaken, because in theory inhibition of

the uptake processes should prevent the appearance of metabolites

other than those derived from the intraneuronal metabolism of NA
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which might have leaked out of the storage vesicles- Thus an analysis

of the distribution of NA and its metabolites might indicate whether

-1cocaine (go umol I-r) was completely inhibiting the uptake of NA into

the nerves.

The effects of cocaine and cocaine plus DOCA on the overflow of

tritium in phentolamine-treated arteries are shown in Figure 9.9'

Although the kinetics of the overflow of tritium for each treatment

were similar to those described for the previous experiments (page 9'9)

in which the lower concentrations of cocaine \âtere used, there were

important differences in the relative magnitudes of the stimulation-

induced overflow. In this series cocaine again failed to increase the

mean slo, a¡rd although cocaine and DocÀ increased this overflow by

18t the increment was considerably less than the 48S increase produced

by cocaine and ooce in the earlier experiments (page 9.10).

In the phentolamine-treated arÈeries' NA and NMN could not be

derpnstrated in the resting overflow, and even in the stimulation-

induced overflow the tritium activity associated with the NA fraction

was very low and NMN vras not identified (Figure 9'10) '

Cocaine (gO Umof t-1) and DoCA had no obvious effect on the

composition of the resting overflow, but had a dramatic effect on

the stimulated overflow; the major fraction was not unchanged NA (578) 
'

and the remainder consisted of deaminated metabolites.

vii. PBZ in phentolamine-tteated arteries

As the effect of cocaine a¡rd DocA on the overfl0w of tritiated

material v¡as augmented by phentolamine and vice versa, it was of
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interest to establish whether a) the effect of PBZ was enhanced in

the presence of phentolamine, and b) the overflow in phentolamine-

treated arteries was increased by PBZ'

Threepairedandtworrnpairedarteriesweretreatedwith

phentolamine qo ymot I-I) anci one artery in each pair and one of the

unpaired arteries were bathed in PBZ (3g umot l-I) as wel1.

The effects of pBZ on the kinetics of overflow in phentolamj-ne-

treated arteries (Figure 9.fI) were essentially the same as its

effects in untreated arteries (that is, the peak occurred earlier

and the decline from this peak was nore rapid) (Figure 9.3)'

Furthermore, in the presence 9f phentolarnine PBZ stilt caused its

characteristic íncrease in the stimulation-induced overflow of

tritium-labelled material. Although the absolute magnitude of this

increase was of the same order as that which occurred in the absence

of phentolamine (Figure 9.14), the percentage increase was less

(t3oE compared with 186s). This difference resulted because the

overflow in the phentolamine-treated arteries was greater than that

in untreated arteries-

uiii. oxgtetracgcTine in untreated and. PBZ'treated arteries

As indícated previously, the bindíng of NA to elastin and

collageninthearterywallmightinfluencetheoverflowof

transmitter into the lumen of the rabbit ear artery. To test this

possibility,and'toseewhetherPBZmightinterferewiththis

binding, five pairs of arteries were incr:bated in dt-3mle. For

the first stimulation one of each pair was treated with
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oxytetracycline (94 umol 1-1), and for the second both arteries were

I
treated also with PBZ (33 UmoI I )

As shown in Figure 9.L2, oxytetracycline caused a slight but not

significa¡t increase in the SIO in both the untreated and PBZ-treated

arteries. However, it had litt.le effect on the kinetics of the

overflow of tritiated material.

3 Sú¡nmarv of results

The effectsof the various treatments on the resting overflows

are surnmarised in Figure 9.13. This diagram indicated that:

a. excePt at a concentration of 90 ¡rmol 1-I, cocaine

depressed the resting overflow in untreated and

phentolaminê-treated arteries; phentolamine itself did

not alter the resting overflow'

b. combined cocaine and DocA treatment did not affect the

resting overflow, except when the concentration of

cocaine was increased to 90 umol- l-I,

c. PBZ increased the resting overflow compared with untreated

arteries; this effect was not observed in phentolamine-

treated arteries.

Not shown in the sunmary was the tendency for the resting overflow

to decline much more slowly in paraffin-bathed preparaÈion than was

previously observèd in the Krebs' bathed preparations'

Figure 9.I4 su¡runarises the effects of the various drugs on the

stimulation-induced overflows. The composite figure also includes the
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effects of the various agents on the constrictor responses of the

arÈeries to nerve stimulation.

It will be noted that cocaine caused a small but significant

increase in the constrictor response, and although DOCA alone had

littte effect the combination of DOCA and cocaine caused a marked

increase (3.S-fold). oxytetracycline did not increase the

magnitude of the response relative to untreated arteries. constrictor

responses, other than occasional initial transient increases in

perfusion pressure, vùere not detected in phentolamine or PBZ-treated

arteries.

A feature of Figure 9.I4 was that the stimulation-induced

overflow of tritiated material in those arteries which constricted

was less than in those in which constriction was prevented by an

alpha receptor antagonist. Thus in cocaine and DocA-treated arteries

the slo value was lo\^rest while the response $¡as greatest. when the

responses were al¡olished by phentolamine, cocaine (3, 15 or 90 pmot t-I)

had little effect on the overflow of tritium-Iabelled material' but

the combination of cocaine (3 UmoI I-1) plrr" DOCA caused a significant

increase

Tr¡vo other features should be mentioned. one was Èhat the effect

of cocaine plus DOCA on the SIO from phentolamine-treated arteries

was decreased when the concentration of cocaine \^tas increased from

-l3 to 90 umol I-r, and the other was that the combined effecÈ of

phentolamine, cocaine (aII concentrations) and DocA did not increase

the mean SIO as much as PBZ-
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DISCUSSION

Theoil-bathedarteryhadcertaintechnicaladvantagesoverthe

aqueous-bathed preparation in the present experiments' Firstly' the

useofliquidparaffinsimplifiedthecollectionproceduresand

permitted contínuous collection of the tritium overflow and secondly'

and perhaps more importantly, the extraluminal paraffin caused the

overflow of transmitter to become unidirectional, so that the tritium

activity of the material which overflowed into the luminal perfusate

was increased to a level which permitted reliable assay.

Thepharmacologicaldatapresentedinthischapterindicatedthat

the fr¡nctional activity of the artery \ÂIas not impaired when its

adventitial surface was bathed in paraffin. this eriidence included

observations that:

a. in untreated arteries the magnitude of the constrictor

response produced' by sympathetic nerve stimulaÈion and

the time required for the perfusion pressure to return

toitsprestimulationlevelafterstimulationstopped

werenotaffectedbybathingthearteriesinparaffin'

b. the actions of drugs appeared to be unchanged; thus

cocaine, and DOCA in the presence of cocaine potentiated

theresponsesinparaffin-bathedarteriesasdescribed

in aqueous-bathed preparations (de Ia Land'e and Rand'

1965; de Ia Lande et aI , L967b¡ Johnson ' L9'75) ' and PBZ

andphentolamineantagonizedtheconstrictorresponses

mediated by the post-synaptic alpha receptors'
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In earlier experiments undertaken in Èhe same laboratories as the

author, de Ia Lande and Jellett (1972) found that the responses of

arteries to sustained application of exogenous NA were also

unaffected by Paraffin.

In accord with the assumption that the overflow of tritium

became unidirectional through the tunica media in the paraffin-bathed

preparations, the intraluminal efflux of tritium in the resting

arteries was increased by paraffin at least 3-fold- An interesting

finding was that this overflow was less than the combined overflow

(extraluminal plus intraluminal) in the aqueous-bathed preparations,

amounting to only 4OS of the latter. This difference between the two

preparations \¡ìras reduced in the presence of PB.Z, so that the

intraluminal overflow in the paraffin-bathed arteries was now 808

of the combined overflow in the aqueous-bathed preparations. Hence'

a possible explanation for the smaller overflow in the untreaÈed

paraffin-bathed arteries was that the neuronal re-uptake and the

extraneuronal uptake of the NA released in the resting artery vrere

greater, vlhen its diffusion was restricted mainly to the tunica

media with its lower coefficienÈ of diffusion (page L-26). The

finding of the present study that the overflow of tritium following

sympathetic nerve stimutation declined to the prestimulation leve1

much more slowly in paraffin than in aqueous-bathed preparations,

also highlighted the slower diffusion of NA in the tunica media

relative to the tr¡nica advenÈitia. For example in the aqueous-bathed

untreated artery, in which most of the transmitter overflowed through

the adventitia, the prestimulation level vìtas reached approximately

8 minutes after stimulaÈion stopped, whereas, in the paraffin-bathed
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artery the stimulation-induced overflow did not return to its

prestimulation level for about 20 minutes-

Although differences in the affinities of the uptake systems and

the inactivating enz)¡mes for d-NA and l-NA have been descrilced

(Chapter I), the kinetics and magnitude of the stimulation-induced

overflow in arteries incgbated in d1-NA and I-NA appeared to be

little different. Similarly. the action of PBZ on the overflow was

unaffected by the nature of the isomers-

As was evident in some of the aqueous-baÈhed arteries (Chapter 8) '

PBZ increased the resting overflow of tritium-labelled materials in

paraffin-bathed arteries by approximately 30å, irrespective of the

isomer used for incr¡bation. Possible mechanisms for this action of

PBz on the resting overflow vtere discussed previously (page 8.15) -

PBZ enhanced the stimulation-induced

This effect is explica-ble in terms of the

actions of PBZ on the neuronal and smooth

the more recently described action of PBz

inhibitory alpha recePtors.

overflow by a factor of 2.9-

well known inhibitorY

muscle uptake of NA, and

on the presynaPtic

To test the contribution of the upÈake procèsses alone, the

effects of an inhilcitor of neuronal uptake (cocaine) and of an

inhibitor of snpoth muscle uptake (DOCA) \ilere examined. Surprisingly,

coêaine and DOCA separately as well as in combination tended to

decrease the stimulation-induced overflow, while at the same time

potentiating the constrictor responses. This apparent paradox will

be referred to later (page 9.2L). Hol^Iever in the presence of

phentolamine, the combination of cocaine and DOCA increased the



9. 18

overflo\¡¡ of tritiated material following nerve stimulation' Since

phentolamine abolished the constrictor response to stimulation it is

possible that vasoconstriction might have been responsible for the

failure of cocaine and DOCA to increase the stimulation-induced

overflo\â¡. However, as phentolamine also antagonized the presynaptic

alpha receptors (Story, D.F., private commrmication), the failure of

cocaine and DOCA to increase the overflovt mig¡ht also have been due to

the effects of released NA on these inhibitory receptors.

Phentolamine itself significantly increased the magnitude of the

stimulation-induced overflow of tritium-Iabelled material in untreated

arteries. However, in Èhis instance there was some evidence which

suggested that inhibition of the vasoconstrictor response I^Ias

responsible for this result, at least in parÈ, since the raÈe of

overflow during nerve stimulation \^tas also enhanced. The significance

of the vasoconstrictor response is analysed further in Chapter 11.

Irrespective of the mechanism of the action of phentolamine, the

importance of the uptake systems to the diffusion of released

transmitter was indicated in phentolamine-treated arteries by the

findings that cocaine plus DOCA increased the magnitude of the SIO'

and acceleraÈed the rate at which the tritiated materials overflowed

into Èhe lumen. pBZ also increased the SIO in phentolamine-ùreated

arteries. The magnitude of this íncrease (I3O%,) \^tas greater than that

produced by cocaine and DocA (48%). This discrepancy can be explained

ir. PFji4 has a greater effect on the release process than phentolamine,

or the effects of cocaine and DocA on the neuronal and smooth muscle

uptake systems are less than those of. PBZ. The latter possibility

received support from the subsequent finding that the concentration
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of cocaine used (¡ Umol 1-1) did not completely inhibit the neuronal

? '.'*-^+ar lfi\ The r:hoice of 3 umol 1-I ta= based onuptake of 'HNA (Chapter 1O) - The choice of 3 ul

the pharmacological and histochemical evidence that at this

concentration cocaine inhibited the neuronal uptake of NA (de la

Lande et al, Lg74), and caused near maximum potentiation of the

vasoconstrictor response to NA (Figure 1O'2) ' However' in the

collaborative study described in the previous chapter (pages 8'4 and

g.11), it was found that stimulation of an artery which had been

previousry inc'bated in cocaine (: pmor 1-r) a'd 3ltNA caused a

marked overflow of tritiurn-Iabelled material. It was necessary to

increase the concentration of cocaine to 90 pmol I-l to Prevent this

effect. In separate experiments it was shown that cocaine (: Umot t-1)

inhibited the neuronal uptake of NA by only 60% (page 10'5) '

Hence'someoftheexperimentswhichinvestigatedtheeffectsof

cocaine and DOCA in phentolamine-treated arteries \dere repeated using

a higher concentration of cocaine (90 umol r-1). cocaine still failed

to increase the SIO, and the overflow in the DocA and cocaine-treated

arteries was less than that in the preceding experiments when cocaine

was used at the lower concentration (Figure 9'9) ' the explanation

for this proved to be that cocaine itself inhibited the release of

transmitter at the concentration used. This evidence is presented

in Chapter 10.

Based on the effects of PBZ in phentolamine-treated arteries

in which PBZ increased the sIo by I3O%, it would appear that more

than one-half of the NA released in phentolamine-treated arteries is

nôrmally taken up by the neuronal and extraneuronal uptake systems'

Furthermore, it seems likely that Èhe neuronal system is
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quantitatively more important. This follows from the analyses of

the tritiun-labelled material which effluxed from phentolamine-treated

arteries following stimulation, which indicated that although a small

quantity of NA (approximately 25å) reached the luminal perfusate most

of the efflux consisted of deaminated metabolites. Significant

amounts of NMN were not detected. The absence of NMN was perhaps

surprising as it was shown in a separate study that NMN htas the major

extraneuronal metabolite of exogenous NA in the rabbit ear artery

(Head, L976).

A possible explanation for the present findings was that the

anþunt of NA which \¡tas recaptured by neuronal uptake \^Ias increased

when its diffusion through the adventitia $tas prevented by paraffin'

Hence, as much of Èhe NA which is taken up by nerves is metabolized

by l4AO (Head, Lg76), the overflow of deaminated meta-bolites increased'

Presuma-bly the non appearance of NMN reflected. the small amount of NA

which actually diffused into the smooth muscle layers'

PredicÈably the proportion of NA in the stimulation-induced

overflow htas increased considerably when the uptake processes were

inhibited simultaneously by cocaine and DocA. However, it was

difficult to explain why the tritium activity associated with the

fraction containing the deaminated metabolites which effluxed from

the resting arteries was increased by stimulation, unless cocaine

still failed to completely inhibit neuronal uptake'

The overflow from the resting phentolamine-treated arteries,

whether cocaine and DocA-treated or not, consisted of deaminated

meta-bolites. These results can be viewed as providing further
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evidence that the deaminated metabolites were derived intraneuronally'

probablybyleakageofNAfromthestoragegranulesfollowedby

metabolism bY [4.AO.

The metabolic data also showed that the effects of inhibiting the

uptake processes were very much greater on the overflow of NA than On

the total overflow of tritium-Iabelled material. This factor might

help to explain the apparent paradox that in arteries not treated with

phentolamine, DOCA and cocaine did not increase the overflow of

tritium al-though markedly potentiating the constrictor response' The

metabolic data pointed to the possibility that Èhe proportion of NA

in the overflow from cocaine plus DocA-treated arteries was increased',

despite the observed decrease in the total tritium overflow'

SUMMARY

Theevidencepresentedinthischapterindicatedthattheneuronal

and smooth muscle systems were important factors regulating the overflow

of released transmitter inÈo the lumen of the rabbit ear artery'

Inhibition of both processes in phentolamine-Èreated, non-constricting

arteries increased the anpunt of tritiated material which reached the

Iumen,arrdpreventedmetabolismofalargeproportionofthereleasedNA.

The quantitative importance of the processes in constricting arteries

wasdifficulttodeterminebecauseofthepossibilityt'hatthe

contractile process itself influenced the overflow' Ho\^¡ever' even in

constricting arteries it was evident that DocA accelerated the overflow

ofNA.Thisevidencesuggestedthatinuntreatedarteriestheuptake

of NA by smooth muscle cells retarded the diffusion of transmitter
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across the wall' presumably as a conseguence of the slow release of

NA or its metabolites-

Tvro of ¡þ9 probtems which arose from the results of this chapter

were lnvestigated further and are described in succeeding chapters'

These problems hlere:

a.theeffectofcocaineonthereleaseoftransmitter,and

b.theinfluenceofconstrictíononthediffusionofNAin

the arterY wall.



CHAPTER ].0

THE TNFLUENCE OF COCAINE ON THE NEURONAL

UPTAKE OF NORADRENALINE AND ON THE

RELEASE OF TRANSMITTER



CHAPTER 7O

As foreshadowed in Chapter 9, the purpose of the experiments

described in this chapter was to define the effects of cocainé on the

release of transmitter, uncomplicated by its associated effects on

neuronal uptake. In addition, some quantitative data on the effects

of cocaine on neuronal uptake will be presented. The latter

experimentation was not part of this study, although initiated by it'

and the results are presented with the kind permission of R.J. Head'

In the present study the effects of graded concentraÈions of

cocai¡re on the stimulation-induced overflow of NA in arteries \^¡ere

examined under conditions in which the neuronal and smooth muscle

uptake of NA and the presynaptic alpha adrenoreceptors were inhibited

by PBZ. By this means it was hoped Èhat the luminal overflow of NA

would closely approximate the amount of Èransmitter released' so that

any effect of cocaine on the overflow would represent a direct action

on the release mechanism.

In a second series of experiments the effects of cocaine on the

contractile responses of arteries to sympathetic nerve stimulation and

to extraluminal NA were studied. These experiments provided a

pharmacological appraisal of the effects of cocaine on the release of

endogenous NA.
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METHODS

short-eared rabbits, bred in the Institute of Medical and

Veterinary Science, Adelaide, $rere used in these experiments because

of a protonged shortage of the semi-lop-eared variety.

I. Effects of cocaine on the stimutation-induced release of
transmitter

pairs of arteries were double-cannulated and placed in small organ

baths accordíng to the method described on page 2.2. Following

incr¡bation in 1-3g¡¡e, they were washed in and perfused with Krebs'

solution f.or 40 minutes prior to treatment with PBZ (33 umol I -1

After a further IO minutes cocaine' at a concentration of 3' 30 and

-'l90 Umol l-t, was added to the extraluminal and intraluminal Krebsl

solution and remained in the intraluminal fluid throughout the

experiment. lÌlrrenty minutes after the addition of cocaine the luminal

flow rate was reduced to 0.23 cm3 *in-l in both arteries' and the

extraluminal solution was replaced by liquid paraffin. Five to ten

minutes later three aliquots of the luminal perfusate were collected

at intervals of 4 minutes. A fourth collection was made during nerve

stimulation (5 ttz, 4 minutes), and was followed by five post-stimulation

collections each of 4 minutes' duration. At the conclusion of the

experiments the arteries were weighed and placed in HCl to extract the

residual tritium-labelled material (page 4-L4) .

2. Effects of cocaine on the re sponses of arteries to electrical
stimulation and exoqenous NA.

pairs of arteries from short-eared rabbits were double-cannulated

and placed in 15 cm3 capacity organ baths according to the meÈhod
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described on page 2.3. In one artery the effects of repetitive nerve

stimulation vrere studied.* th"r, the heights of the contractile

-1
responses became uniform, cocaine (3 UmoI I -) was added to the

extraluminal Krebs' solution. Sr:bsequently, the concentration of

cocaíne ÌÁIas increased to 30 and then 90 UmoI 1-1. In some arteries

the concenÈration was increased Èo 150 and 3OO ¡.rmol 1-I. Cocaine

htas \^tashed out of the arÈeries, and stimulation continued until the

heights of the contractile responses declined and became uniform.

subsequently l-NA was added extraluminally, initially as a

single test dose, and then cumulated to provide a dose-response

curve. The effects of cocaine (3 - 3OO pmot t-1) on these responses

to exogenous NA were examined, and the potentiation produced by each

concentration of cocaine was calcutated in terms of the shift to the
2-)

left of the dose response curves at 8 x 1O- Nm ' lthat is, 60 mm of Hg) '

A sensitivity ratio (S.R.) was calculated as shown below, and Èhe mean

S.R. was calculated as a geometric mean.

concentration of NA required to produce a rise in perfusion
pressure of 8 x tO3 Nm-2 in an untreated artery

S-R. =
concentration of NA. required to produce the same rise in a

cocaine-treated artery

In the second artery the experimental order was reversed, that is

the effects of cocaine on the responses to NA r¡/ere examined before its

effects on nerve stimulation.

Square wave puTses at a supra-maximal- voltage (80 voTts), with a

pultu duration of 0 .5 msec , a trpst confilon frequencg of 2 Hz and a

Irain Tength of 10 secs, were d.eLiveted thtough platinum field
eTecttodes. This train of puTses was repeated evetg 700 seconds.

*
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REST'LTS

1. Effects of cocaine on the stimulation-induc
transmitter

ed release of

The effects of cocaine (3'

3"to in PBZ-treated arteries are

30 and 90 ¡rmol r-r ) on the overflow of

shown in Figure I0.1.

At concentrations of 3 and 30 ¡mol 1-I cocaine significantly

depressed Èhe mean stimulation-induced overflot* of NA by 15g" and 2OB

respecÈively. At the highest concentration of cocaine used (gO UnoI I-I)

the overflow of NA was reduced by 40%'

comparison of the prestimulation overflows in the three experiments

indicated that cocaine did not influence the resting efflux of tritiun-

labelled material at any of the concentrations used'

2. Effects of cocaÍne on the res es of arteries to electrical
stimulation and exogenous NA-

The influence of cocaj¡¡e on the responses of arteries to nerve

stimulation are summarized in Figure Lo.2. At concentrations of 3, 30

-'land 90 pmol I-r cocaine 'nequivocally 
potentiated this response to

nerve stimulation, although this potenÈiation was decreased at

-1 -ì90 ymol I-I. At I5O UmoI l-t cocaine depressed the response to one

hatf of that in untreated arteries, and at the highest concentration

used (300 umol t-r) cocaine abolished the responses to stimulation.

Stimulation-induced overffow GrO) was calcuLated according to the

trcthod outTined on Page 9.4.
¡t



FIîURE 70.7 The effects of cocaine (3, 30 and 90 UmoI I -1

on the intraluminal overflow of tritium-Iabelled

material in Þsz-treated arteries prior to, during

and following nerve sÈimulation.

ordinate: tritium activity (dPm mg

4 minutes of collection

-1 ) per

Abscissa: duration of collection (min)

Tests of significance: paired t-test

Cocaine significantly enhanced the SIO at all

concentraÈions.

p < 0.01 at 3 and 90 Ymol I

p < O.O5 at 30 ¡.rmot 1-I

-1
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The influence of cocaine on the responses of the rabbit
ear artery to nerve stimulaÈion (o- -o) , and to extraluminally
applied NA (o-o) . The value at each point represents the
gããmetric mean 1ts.e.u-) of the sensitivity ratios for
extraluminal NA (page 10.3), or the geometric mean (1S'E'M')
of the ratios of the responses of the arteries to nerve
stimulation in the presence of cocaine relaÈive to the
responses in Èhe absence of cocaine. Potentiation indicates
Èhat cocaine enhanced the response, and inhibition that it
depressed the resPonse.

Tests of significance: paired t-test

Cocaine (3 UmoI t-I) potentiated. the constrictor responses of
the arteries to extraluminal NA (p. o.oo1). This potenÈiaÈion
was not enhanced at higher concentrations of cocaine (30 and

90 umol 1-r) (p > 0.05).
The constrictor responses of the arteries to nerve
stimulation \¡Iere potentiated by cocaine (3 UmoI 1-1)
(p < O.01). This potentiation was sigrnificantly depressed
when the concentration was increased to 90 umol 1-1 (p < o'05)'
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Cocaine at aII concentrations used in these experiments

potentiated the constríctor responses to extraluminalry applied NA

(FigurelO.2).Theseresultsindicatedthat'althoughcocaine

(¡ umol t-1) significantly potentiated the response of the artery

toNA,increasingtheconcentrationofcocainedidnoÈfurther

increase this Potentiation.

The effects of cocaine on the constrictor responses of the

arteries to extraluminal NA and to nerve stimulation were reversible

when the drug was washed out'

3. Effects of coc ar-ne on neuronal uPtake

The data in Table 10.1 is reproduced by kind permission of

R.J. Head (see Head, L976). In these experiments segments of rabbit
?

ear artery h¡ere incubated in I-5HI¡A for 30 minutes at a concentration

of either L.2 or O.l2 umol 1-1; eleven segments \¡tere untreated and

threnty were pre-treated with, and incubated in the presence of'

cocaine (3 or 30 Ymol f-I).

The

neuronal

incr¡bate

was 0.12

neuronal

results showed that cocaine (¡ umot l-I) inhj-bited the

uptake of 3rn¡e by 60% when the concentration of NA in the

was'1.2 UmoI 1-1, and by 66*" when the incr:bate concentration

umol 1-1. At 30 Unol r-1 cocaine ínhibited goB and 9lå of

uptake at the t\^to concentrations of 3Hse used'

Theeffectsofcocaineontheresponsesofarteriestonerve

stj-¡nuration and extraluminal NA, on the neuronal uptake of 3nue, and

on the overflow (release) of transmitter in ear arteries are

summarized in Figure 10.3. The results presented in this composite



3*o -1
Cocaine

-1(umol 1 ^)

Uptake of
A

(nmol g

B

3

30

8.7 ! 2.O
(n=5)

3.5 r 0.4
(n=5)

0.9 r 0.2
(n=5)

2.0 I 0.3
(n=6)

o.7 ! o.2
(n=5)

0.2 ! o.03
(n=5)

n teptesents the numbel: of atterg segnents incubaxed in NA

TABLE IO.I The effects of cocaine on the neuronal uptake of

3"*o. Arteries were incubated in I-3HNA for

30 minutes at a concentration of either

1.2 pmol r-1 (e) or 0.12 ¡rmol 1-r (B) - Arteries

were treated with cocaine (3 and 30 Umot 1-1)

as ind.icated.
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a. The response of rabbit ear arteries to
extral-uminally applied NA (o-o) , and to nerve
stimulation (o- -o) (see Figure 10.2) '

b. The release of 3*o i., PBZ-treated arteries
(o---o) (see Figure tO.l-). Cocaine inhibited the
release of NA at the three concentrations used'

c. The neuronal uptake of 3HNA in ear arteries
(o-'.-¡) (see Table IO.I). Cocaine inhibited
the neuronal uptake of NA by 60% and 908 aÈ

the two concentrations used'.
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diagram indicated that although it was likely that cocaine blocked

neuronal uptake more effectively at a concentration of 90 Unucl l-1

than at 3 ¡rmol I-I, the higher concentration depressed the release of

trans¡nitter. This inhibitory action of cocaine on the release of

transmitter could explain why the responses of cocaine-treated

(3 and 30 Umot 1-1) arteries to nerve stimulation were greater than

the responses in arteries treated with cocaine at Èhe higher

concentration (9O ¡rmol I-1), despite the greater inhibition of

neuronal uptake provided by the higher concentration.

DTSCUSSION

These resulÈs confirmed the possibitity raised by the data in

the preceding chapter that cocaine, at a concentration of 90 UmoI 1-1,

depressed the release of NA. As this influence of cocaine on release

was demonstrated in the presence of PBZ it cannot be attributed Èo an

effect of cocaine on the neuronal and snpoth muscle uptake of NA nor

to an effect which involved the pre or post-synaptic alpha

adrenoreceptors.

An unexpected finding in these experiments was that this

inhibition of transmitter release was not confined to the highest

concentration of cocaine used, but extended to the lowest (3 UmoI f-1).

As the concentration of cocaine employed to inhibit neuronal uptake in

most pharmacological experiments is usually at least 3 ¡.rmol 1-I , it is

clear from the present experiments that the action of cocaine on

neuronal uptake, at least in the ra-bbit.ear artery, is less specific

than previously supposed.
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It might be argued that this effect of cocaine on the release

process was shown only under conditions of PBZ-treatment, or that it

was a manifestation of the isotopic technique used. Hence, it was

sigrnificant that in the pharmacological experiments cocaine

unequivocally depressed the responses to nerve stimulation aÈ a

concentration less Èhan twice the highesÈ concentration used in the

isotopic experiments.

The potentiating effect of cocaine on Èhe responses to nerve

stimulation in these arteries was maximal at 30 pmol l--I, was less
' -lmarked at 90 ¡rmol l-', and was reversed at higher concentrations.

This finding is readily interpreÈed in terms of Èhe opposing effects

of cocaine on adrenergic nerves; namely'

a. potentiation of responses produced by inhibition of

reuPtake, and

b. depression of responses as a result of inhjbition of

the release of NA.

-1
Presumablyr at concentrations below 30 Urot I the former effect

predominated, while at concentrations a.bove this the latter effect

became progressively more important-

In support of the a-bove argument it was noted thaÈ there \{as a

tendency for the responses of arteries to exogenous NA to be

potentiated more in the presence of cocaine at a concentration of

-1 -'l30 ¡.rmol 1-'than at 3 pmol 1'. This can be explained by the

finding that inhibition of neuronal uptake \^/as greater at the higher

concentration of cocaine. Although this potentiation was less at

-l90 umol l-t, the decline in response height was not found at the
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highest concentration of cocaine used (l5O Umol f-I). These results

support the concept that the inhibitory effects of cocaine l^rere a

manifestation of its action on neuronal tissues rather than on smooth

muscle cells.

It could be argued that at higher concentrations cocaine exerted

some inhibitory effect, on the smooth muscle cells, which was

compensated by its greater inhilcítory effect on neuronal uptake.

Such an argument implies that the inhibitory effect of cocaine on NA

release rrtas a manifestatioñ of a non-specific inhibitory effect on

excitable tissues. This is unlikely since Èhe rel-ease of tritiaÈed

material in the resting artery was unaffected at all concentrations

of cocaine tested.

The present findings help to explain the apparent paradox that

the stimulation-induced overflow in PBZ-treated arteries was greater

than the equivalent overflow from arteries in which neuronal uptake,

smooth muscle uptake and the presynaptic alpha adrenoreceptors \¡tere

inhibited by cocaine, DOCA and phentolamine respectively (page 9.I0).

Presumably at least part of the reason for the observed discrepancy

in Èhe overflow of tritiated-material was that cocaine depressed the

release of transmitter even at concentrations which only partially

inhibited neuronal uptake. At higher concentrations, although

inhibition of neuronal uptake was enhanced, the release was

substantially depressed. In the following chapter the influence of

the neuronal and smooth muscle uptake systems on the movement of NA

through the artery waII will be investigated under conditions in

which the release process lâ¡as not a complicating factor.



CHAPTER 17

FACTORS INFLUENCING THE DIFFUSION OF EXOGENOUS

NORADRENALINE ACROSS THE ARTERY VÍALL



CHAPTER 71

In preceding chapters evidence was presented which indicated

that the amount of NA which overflowed from the rabbit ear artery

following its release by nerve stimulation was reduced by neuronal and

extraneuronal uptake. Metal¡olisn by l4AO and COMT following uptake

also reduced the overflow of NA. However it appeared that these

studies might be complicated by the presynaptic alpha adrenoreceptor

modulation of transmitter release and the constrictor response of the

artery during nefve stimulation.

a

The purpose of the work undertaken in this chapÈer was:

To examine the roles of neuronal and smooth muscle uptake of NA

uncomplicated by factors which might influence the release

process. In these experiment= 3Hl¡a was applied to the adventitial

surface of artery segments under conditions which closely

resembled those of stimulation; that is, the NA was applied for

4 minutes ar¡d sr¡bsequently the artery \¡¡as bathed in liquid

paraffin for the duration of the intraluminal overflow (influx).

The arncunt of tritium-labelled material which influxed was

monitored, and the influence of various drug treatments on the

magnitude and kinetics of this overflow was examined.

To examine the influence of constriction on the influx of

tritiated material. This \^ras done by investigating the effects

of phentolamine on the characteristics of the influx, and by

b
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c

examining the differences in the diffusion of NA when constricting

and non-constricÈing concentrations of NA were used.

To determine the composition of the tritiated material following

its diffusion across the artery walI. These experiments provided

a further guide to the influence of the uptake processes on Èhe

inactivation of transmitter.

METHODS

paired arteries were placed in small organ baths and perfused with

Krebs' solution for at least 60 minutes as described ín Chapter 2.

With the exception of PBZ. drugs \¡¡ere added to the Krebs'

solution bathing the adventitia and perfusing through the lumen for a

minimum period of 30 minutes prior to the application of NA' and were

maintained during this application. Usually PBZ was added to the

external bathing medium onIY.

In the majority of experiments, 1-3HNA was used after purification

on Dowex 50 ion exchange resin (for details see page 4.1I). Details of

the method of preparation of NA were given previously (page 4.3).

Variations in the concentration of NA will be referred to in the text.

Th'o types of study were undertaken. In one, the NA was applied

to the outside of the arteries for periods varying from 8 to 60

minutes and the influx of tritium into the luminal perfusate was

determined by scintillation specÈrometry following collection of the

perfusate in Bray's scintillant. In other experiments the period of

application of llA was only 4 minutes, after which Èhe Krebs' solution

was replaced with liquid paraffin. This procedure was used to mimic
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the conditions under which the stimulation-induced overflow had been

studied in chapter 9. When more than one application of NA was made

to an artery, the liquid paraffin was removed' and the artery and

organbathwereflushedwithKrebs'solutioncontainingthe

appropriate drugs for at least 30 minutes'

InsomeexperimentsthecompositionoftheinÈraluminalinflux

was analysed by chromatographic separation on Do\i¡ex 50 ion exchange

resin columns (Page 4.7).

Usually the tritium activity in each aliguot of perfusate

collected was standardized against a constant tritium activity in

the diffusion ¡nedium; that is, the activity in the Krebs| solution

" --.* ^r^ '.rso -^n1 i ê Ltial surface of thecontaining 'HNa which was applied to the adventj

artery. Atthough the rate of tritium influx in these experiments

wasbasedonthemassoftheartery,thedistancebetweentheends

of the cannulae was also measured'

InsomeexperimenÈsthearterydiameterwasdeterminedaswell'

topermitanestimationofthediffusioncoefficient.ForÈhis

measurement a travelling microscope with a vernier scale was used'

comparative measurements were made between the artery diameter and

the diameter of a stainless steel wire of known dimension, placed

in the organ bath in the same plane as the artery' The thickness

of the artery wall was calculated indirectly from the values

obtainedforlengthrradiusandmass,accordingtothefollovting

formulae:
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where

nr eo2 - riz)

nass

length

outside radius

inside radius (i.e., radius of the lumen).

ro

ri

This formula, which assumed that the specific gravity of the

artery was l.O, perrnitted an estimation of 11 for substitution in the

equation:

d = ro-ri

where d = wallthickness-

The diffusion coefficient for NA in the rabbit ear artery was

estimated from the diffusion equation for movement of a substance

through a flat layer of tissue (Bevan and Su, L974) z

kA (cp - cb) t

where

d

= mass of NA which diffused into the lumen

= surface area of the arterY

= wall thickness

= concentration of NA on the outside of the artery

= concentration of NA in Èhe perfusate

= time of diffusion

- coefficienÈ of diffusion of NA in the artery wall'

Cb was assumed to be zero as the concentration of NA in the lumen

r¡/as very much less than its concentration in the bathing medium'

m

m

I

M

M

A

d

Cp

cb

t

k



The above equation was used by Bevan and Su (1914) to estimate the

concentration of NA at its site of release, that is, in the synaptic

cleft. These workers used the diffusion coeffient previously

determined by Bevan and lrlaÈerson (1971) for the rabbit ear artery.

Drugs used in these experiments were:

PBz (33 UmoI 1-1)

cocaine (90 umot t-1)

DocA 1zz pmot I-I)

phentolamine (0.3 - 0.6 ¡tmol 1

RESULTS

I. Sustained application of NA

Since it was possible that an intraluminal flow rate as low as

2 -10.25 cm'min - might limit the rate of diffusion of tritiated material

across the artery wall. the inftuxes of tritium into the lumen at Èhis

rate and at I.0 .*3 min-l were compared. Comparisons were made in

paired, untreated and PBZ-treated arteries using at-3g$a (O.27 UmoI I-1)

I
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*

The results which are sunmarized. in Figure 1l.t failed to reveal

any obvious difference between the influxes at the different flow

rates. It wiII be noted Èhat in the untreated arteries the initial

rapid influx of tritium was followed by a much sfower influx, so that

the rate appeared to be approaching a steady-state at 30 to 60 minutes.

The sampTe of dl-3HNA used. was not putified ptior to use- The
concentration of NA in the stock soLution was assaged bg the
fl-uorometric method (page 2.9) at 75% of that stated bg the manufacturer.

The preparation of the NA sol-ution for diffusion was outlined previouslg
(page 4.3) .

*
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Fol}owingPBz-treatment,theoverflowoftritiumwasenhanced

andtherateofentrywasfaster,sothatthesteady-statewas

approached withín approximatety 6 minutes. The effect of PBZ on the

rateofinfluxwasseeninanotherway.Whenthedatafromthesix

experiments was pooled, it was found that the time taken for the

overflow to reach half its peak value (where peak value = mean

overflow of the last two collections) was I'O + 0'2 min and

3.7 ! 0.5 nin in the PBz-treated and untreated arteries respectively'

Althoughthediametersofthearterieswerenotmeasuredin

these experiments, they were in some later experiments which permitted

an estimate of the diffusion coefficient in PBZ-treated arteries' For

these experiments PBZ was added to both the intraluminal and

extraluminal solution and remained in the Krebs' solution during the

" -r) ' The overfrow ofapptication (16 ¡ninutes) of I-'HNA (0'I8 umol I

tritium into the luminal perfusate during the first 8 minutes and

duringthetwosucceedingperiodsof4minuteswasmeasured.Asthe

tritiun activities in the tatter collections \^¡ere virtually identical'

the diffusion coefficient for each artery was calcutated from the

meanactivityinthesetwocollections(Tablell.l).Themean

diffusion coefficient for 1-3HUe in four PBZ-treated arteries was

-6 -10.54t0.02xI0 cm sec

2. Application of NA followed bv paraffin

i. Untteated and PBZ-tteated atteries

The characteristics of the infh¡x of tritiated material in

rrntreated arteries exposed to ¿t-3Hue (o'27 ymot t-I) and

2



ARTERY !{ALI, THICKNESS

(mm)

COEFFICIENT OF DIFFUSION

(x 10-6 "*' =..-l)

I

2

3

4

0.16

0. 16

o.2L

0. r8

0.18
(r0.01)

0. 16

0. 48

o.52

0.57

0.58

0. 54
(r0.02)

L.4

Mean
(rs. E .M. )

Bevan &

!{aterson

TABLE 77.7 VùaII thicknesses and diffusion coefficients in four

PBZ-treated rabbit ear arteries. The coefficients

were determined during the steady-state influx of

tritium which occurred between I and 16 minutes

after the diffusion of NA across the artery wall

commenced. Comparative figures derived by Bevan

and l¡laterson (1971) in untreated rabbit ear

arteries are included.
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t-3"*o (O.lB unol l-1) are indicated in Figure LI.2. As outtined in

the methods section, NA was applied to the adventitial surface of the

artery for 4 minutes, after which it was replaced with liquid

paraffin.

The flux of tritium-labelled material into the lumen of untreated

arteries differed in a number of respects in Èhe two series of

experiments. It will be noted that the diffusion of tritium into the

Iumen reached a peak during the second two minutes of the application

of d1-NA and declined steadily after its removal. However, even

28 minutes after the NA was removed the influx of tritium was still

slightly more than 20% of. the peak value. V'lhen I-NA was applied to

the adventitial surface of untreated, arteries the peak influx was not

observed unÈil after the NA was removed. The influx \das maintained

at this level for about I minutes and then dectined more slowly than

in the dl-series, so that 28 minutes after the NA was withdrawn the

influx of tritium \^ras approximately 40% of the peak value. The

magnitude of the influx in the first ten minutes \^las 4-fold greater

in the dI- than in the l-series.

In boÈh series of experiments, PBZ markedly increased the

magnitude of the luminal influx of tritiated materiali however, the

effect of. PBZ was more marked in the l-series (Figure 1I'2 and

Tabfe IL.2). Comparison of the two histograms in Figure 11.2

indicated that the greaÈer effect of PBZ really reflected the smaller

* see footnote PacSe 71 .5.
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Time of Collection
(min)

SERIES I
(ar-3¡n¡a)

SERIES 2

(t-3nue)

4

6

r.8
(2. I - r.6)

1.8
(2.0 - 1.6)

1.5
(1.7 - r.3)

1.1
(r.3 - r.0)

5.3
(s. I - 5.0)

4.7
(5 .2 - 4.31

3.6
(4.0 - 3.3)

2.4
(2.7 - 2.21

10

20

TABLE 77.2 The effect of PBZ on the influx of tritium-labelled

material 4, 6, 10 and 20 minutes after the
1?

application of dI-'HNA and I-"HNA con¡nenced' The

NA \^ras appJ-ied to the adventiËial surface of each

artery for 4 minutes.

The figures in t'he table represent the geometric

means (+S.E.M. -S.E.M.) of the tritiuin activity in

the luminal perfusate ín PBZ-treated arteries

relative to untreated arteries.

Tests of significance: unpaired t-test

The mea¡¡' ratios in Series 2 were significantly

greater than those in Series I at all collection

times (p < 0.05).
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influx of tritium following exPosure of untreated arteries to I-NA

compared with dI-NA. In the PBz-treated arteries, the maximum influx

oftritiumoccurredduringtheapplicationoftheNAanddeclined

rapidly, so that 28 minutes after the NA \^las removed' from the

outside of the arteries the influx \iüas less than I0% of the peak

value.

ii. Cocaine and cocaine plus D)CA-tÎeated arteries

The experimental design in this study was varied to allow

repeated applications of t-3Hr¡e (O'I8 pmol 1-I)' As can be seen in

FigureIl.3,there\^Iasnosignificantdifferencebetweentheinflux

profites obtained for the successive applications of NA in untreated

arteries. As similar results were obtained in a subsequent series

of experiments in which the arteries were perfused with phentolamine

(Figure 11.6), it was decided that this method of repeating the

application of NA was justified'

AsindicatedinFigurelt.3,thekineticsandmaÇnitudeofthe

tritium influx in untreated arteries were similar to those described

previously (Figure l-L.2¡ l-series) '

In contrast to the failure of the untreated arteries to

constrict, the cocaine and the cocaine ptus DOCA-treated arteries

consistently responded to the NA' The mean increase in perfusion

pressure (steady-state) during the application of NA to the

drug-treated arteries was 2L ! L2 x Io2 Nm-2 ana 52 t Ig x Io2 nm-2

respectivelY.
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The influence of these drugs on the influx of tritium-labelled

material is shown in Figure 1I.3. cocaine increased the magnitude

of the influx, but the rate of decline from the peak value remained

slow. An unexpected finding was that the action of cocaine had not

completely disappeared 30 minutes after its washout from the

intraluminal and extraluminal media. This was seen by comparing

the influx of tritium during the second application of NA in this

artery (A) with the influx in the paired, untreated arÈery (B).

The addition of DocA to cocaine-treated arteries tended to
ì

increase the magnitude of the peak influx of tritium, but had a

more dramatic effect on the kinetics of the influx. As indicated

in Figure II.3, the attainment of the peak value, and more

particularly the rate of decline of the influx from this peak, was

ncre rapid in the presence of DocA. one of the six arteries treated

with cocaine and DocA did not display these effects. In this artery

the influx peaked during the application of NA and remained reasonably

constant for the next 12 minutes (Figure 11'4)' The magnitude of the

peak overflow was considera.bly less than the mean overflow for the

six arteríes. It \n¡as noted. that the perfusion pressure during the

applicaÈion of NA in Èhis artery was more than three times greater

than the mean rise in perfusion pressure for the other five arteries'

Although the magnitude of the tritium influx in paired'

PBZ-treated arteries v¡as greater than that in the cocaine and

DOCA-treated arteries, the kinetics of the overflow were similar;

that is, the activity of the tritiated material which overflowed into

the rumen reached a peak during the application of 3Ht'¡A and decrined

rapidly following its removal.
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FTGURE 77.4 The effects of cocaine 1OO pmol 1-1) and cocaine plus

DOCA (27 prwot t-1) on the influx of tritium-labelled

material in untreated arteries- The lower three

histograms represent the mean influ*es (+S.E.M.) in

six arteries, and the upper histograms the influxes in

one of these arteries in which the increase in the

perfusion pressure during the application of 1-3uua

(plus drugs) was substantially higher than the mean

increase for ttre six arteries used.

-1 ) per 2 minutesordinate: tritium activity (dp¡n mg

of collectíon

Abscissa: duration of collection (min)

The influx in each artery was standardized against a

constant tritium activity in ttre diffusion medium of

6 -3
cm2.9 x LO dpm
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The influences of the various drugs on the magnitudes of the

tritium influx, 2, 4,6 and 20 minutes after diffusion commenced, are

shown in Figure 1I.5. The more rapid kinetics of the influx which

prevailed in the cocaine plus DOCA, and PBz-treated arteries are

illustrated by the greater influx, relative to untreated and

cocaine-treated arteries. after 2 and 4 minutes than after 6 and

20 minutes. IÈ is noteworthy that the total influx of tritium into

the lumen after 20 minutes was of the same order in cocaine and

cocaine ptus DocA-treated arteries. The greatest differences in the

influxes after 20 minutes were between the untreated arteries and

the various drug-treated arteries-

iii- cocaine and cocaine pTus DOCA in phentol-amine-treated atteries

To avoid the possible influence of constriction on the luminal

influx of tritiated material, Èhe foregoíng experiments were repeated

in the presence of phentolamine. The results are shown in Figure 11'6'

As expected, the perfusion pressure d.id not increase during the

application of NA in any of the arteries'

Phentolamine itself increased the magnitude of the peak influx of

tritium (approximately 5O9ó), and increased the kinetics of influx

relative to unpaired, untreated arteries (Figure 11.3), so that the

peak occurred earlier and the decline from this peak was more rapid'

In the presence of phentofamine, the acÈion of cocaine on the

diffusion of tritium was markedly altered; the magnitude of the peak

influx was greater and the decline from this peak value was faster.

The influx of tritium in cocaine and phentolamine-treated arteries

more closely resembled that in PBZ-treated arteries'



TESTS OF SIGNIFICANCE:

The levels of significance of the effects of the various drug
Èreatments on the influx of tritium-Iabelled material are indicated
for the four collection times illustrated in Figure 11.5 (p <)'

paired È-tesf
PBZCocaine Cocaine + DOCA
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+
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The further effect of DOCA on the influx of tritium in cocaine

and phentolamine-treated arÈeries was to increase the magnitude of the

influx in the first 6 minutes, so that the kinetic profile was

virtually indistinguishable from that of PBZ.

The effects of cocaine, cocaine plus DOCA and PBZ on the

magnitude of the influx of Èritium-labelled material in untreated and

phentolamine-treated arteries are summarized in Figure 11.5.

It wiII be noted that

a treatment with PBZ, DOCA and/or cocaine significantly

increased the influx of tritiated materi-áf in r¡ntreated

and phentolamine-treated. arteries for the four periods

shown,

phentolamine increased the influx of tritium in untreated'

cocaine-Èreated and cocaine plus DOCA-treated arteries

during the four periods indicated. This difference vlas

significant except for the 20 minutes' collections in

cocaine and cocaine plus DOCA-treated arteries,

the amount of tritium which reached the lumen was identical

for FBZ-treated arteries and cocaine, DOCA and

phentolamine-treated arteries for the four collection

periods represented.

b

c

As a further index of the influence of constriction on Èhe influx

of tritium-labelled materials pairs of arÈeries, each treated with

cocaine plus DOCA, were exposed to two different concentrations of

t-3H¡¡a (0.06 and 0.3 umol f-t). The lower concentratíon was selected
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on the basis that if it produced a constrictor response at aII the

response would be small. The higher concentration was selected as it

\das expected to produce a substantial constrictor response in the

arteries. Unfortunately, in one artery the higher concentration only

produced a very small response. For this reason, the influx profiles

from each artery and the steady-state constrictor responses produced

by the NA are sho\^7n in Figure LL.1.

It wiII be seen that, when the concentration of NA present in the

bathing medium was low, the kinetic profiles of the influx of

tritium-labe1led material were less affected by either phentolamine or

PBz-treatment Èhan were the profiles obtained with the higher

concentration of NA. That is, when the constriction caused by the

higher concentration of NA was prevented by phentolamine ot PBZ' the

magnitude of the peak influx was increased and the decline from this

peak was more rapid. The one artery which failed to show these effects

of phentolamine and PBZ also failed to respond by constriction to the

higher concentration of NA.

3 Influx of NA and metabolites

The proportions of NA, NMN and deaminated metabolites (DEAIÍ) in

the luminal perfusate following the diffusion of NA across the wall

of phentolamine-treated arteries are shown in Figure 1I.8. The

influences of cocaine and cocaine plus DocA on the relative

proporÈions of the three fractions are al-so indicated'

In phentolamine-treated arteries which were exposed Èo

t-3nse (0.18 unol l-1), only that fraction which contained deaminated
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represents the petiod of appTication of l-3nwa (0.3 pmol l--7; hatched histogtam)
and L-3HNe (0.06 pnol 7-7; oÊn histogram) to four pairs of ear arteries'

The effects of vasoconstriction on the diffusion of 3Hue across the wa1I of the rabbit ear
artery. For the first three applications of NA all arteries were treated with cocaine

ìõõ-ríår. i:11 
-""a 

*ao (27 umol 1-I). Phentolamine (0.6 umol t-l¡ was added as wel-l for the
second application. For the fourth application the arteries were treated with PBZ (33 Umol 1-1)
except artery A (hatched profile only) which was treatecl with cocaine and DOCA.
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each histogram refer to the rise i¡ perfusion pressuïe (x1o2rm-2) during the
appÌication of NA. The upper figure refers to the response during the ap^plication of
t:3xna (0.06 ¡rmol t-l¡ "trltn" 

Iower figure during the application of t-3rn¡e (0.3 umol I-1).
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FIGURE 17.8 The effects of cocaine (90 pmol I ) and DOCA

-'l(27 umol I-') on the nature of the tritium-Ia-belted material

which overflowed into the luminal perfusaÈe following

the diffusion of t-3mla across the waII of phentolamine-

treated (0.3 umol 1-I) arteries. NA was applied to the

adventitial surface of each artery for 8 minutes, and

the influx was separated by Dowex 50 chromatography into

fractions containing deaminated metabolites (DEAM) ' NA

and normetanephrine (N¡0{) .

_i
ordinate: activity (dpm mg -) of the tritium-labelled

material which influxed into the luminal

perfusate during the application of NA'

These activities \{ere standardized against a

trítiun activity in the diffusion medium of

2.9 x to6 aprn cß-3, except as noted opposite'

In two experiments, the influx of tritium-label-led

material was analysed following the diffusion of
: -ìI-'HNA (0.18 umol 1-') across the wall of unÈreated

arteries (i.e., not treated with phentolamine) ' NA and

NMN could not be detected, and Èhe tritium activity of

the DEAM was less than twice the expected background

actívity.
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metabolites (DEAM) could be unequivocally demonstrated. t'Ihen the NA

concentration applied to the adventitial- surface of these arteries

was increased to 0.36 ymol 1-1, the totat tritium influx increased

by 752 and in addition to DEAM (28e"), NA (39%) and NMN (33%) were

now detected in the influx in four of the six arteries used; in the

other two, the presence of NA and NMN was equivocal because of the

low tritium activity.

In the presence of cocaine the influx of deaminated meta.bolites

was equivocal, as the tritium activity associated with the fraction

containing DEAM was only 50% to IOO% above the expected background

level of aII four arteries. Considerable amounts of NA and NMN now

reached the lumen. Fo1lowing the addition of DOCA to these

cocaine-treated arteries only the NA fraction could be positively

identified; the tritium activity in the other two fractions was less

than 50% above the expected background activity. Furthermore' the

amount of NA which reached Èhe lumen was äpproximately twice that

obtained in the absence of DOCA.

DISCUSSION

one of the reasons why the flow rate of 0.23 cm3 *irr-I t.=

selected for these studies was that the concentration of tritium-

labelled material-s which accumulated in the perfusate was usually

sufficient for reliable assay. Thus it was an important finding in

the present experiments that this flow rate, when compared to a rate
2 -1of 1.O cm'min-', \4¡as not a limiting factor to the diffusion of NA

across the artery wall (at least in untreated and PBz-treated

arteries) .
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Another important consideration in the design of the experiments

described in the chapter was whether the diffusion characteristics of

d-NA and I-NA were different. As the resulÈs indicaÈed (Figure IL.2),

the diffusion characteristics of d]-NA and l-NA were virtually

identical in PBZ-treated arteries, but in untreated arteries

considerably more tritium reached the lùmen following the application

of dl-NA Èhan l-NA.

These results can be explained by the findings of stjärne and

Euler (1965) that the vesicular retention of NA \^ras stereospecific for

I-NA, and those of Trendelenburg and Draskóczy (1970) thaÈ the amount

of NA retained by the neuronal tissues was very small \^¡hen vesicular

retention was inhibiÈed. Hence, in the untreated artery it is

possible that the smaller influx of tritium-Ia-belled material

forlowing the diffusion of r-3HNA, when compared with dl-3gne,

reflected the greater neuronal uptake and retention of l-NA' Although

there is evidence in some tissues that coMT and smooth muscle uptake

of NA are not stereospecific, and that MAO only exhibits a small

degree of sÈereospecificity (chapter I), metabol-ism and extraneuronal

uptake might have further influenced. the relative diffusion of d-NA

and I-NA in the rabbit ear artery. The PBZ studies lend support to

the concept that one or more mechanisms in the artery wall are

stereospecific for I-NA, as the tritium influx profiles in PBZ-treated

^1
arteries following diffusion of 1-rHNA and dI-'HNA 1^Iere virtually

indistinguisha-ble. A possible complication in these experiments was

that the dI-NA was not purified prior Èo use, and hence the greater

influx of tritium in the alI-NA studies might be partly Èhe result of

impurities. To avoid these problems, purified samples of I-NA were
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used in all other experiments excePt those in which the apptication of

NA was sustained for 60 minutes

The influence of the neuronal and smooth muscle uptake systems on

the diffusion of NA across the artery wa1l was illustrated by those

experiments in which NA diffusion was sustained for 60 minuÈes in

untreated and PBZ-treated arteries. !{hereas in the untreated

preparatíons Èhe steady-state influx of tritium, if atÈained at all,

was reached very slowty, PBZ decreased the time required for this to

develop and greatly enhanced the magnitude of the influx. Hence' as

none of the untreated arteries constricted during the application of

NA, these effecÈs of PBZ were mostly, if not entirely' a consequence

of the inhibition of the neuronal and, smooth muscle uptake systems'

SinceithasbeensuggestedthatNAisnotfirmlybor:rrdin

arterial smooth muscle cells following its uptake (Gillespie, 1968) '

the smaller amount of tritium which reached the lumen during steady-

state influx in untreated arteries was proba-bly mainly a consequence

of the neuronal uptake of NA. on the other hand, the delayed

attainment of the steady-state influx in the untreated arteries might

be a manifestation of the increasing saturation of the uptake systems,

and the retarded efflux of metabolites from the nerves and smooth

musclecells.Howeverasthediffusionmediumusedinthese

experiments was not purified prior to use, and as approximately one

thirdoftheNAwasthedextroisomer,itisprobablethatthe

magnitudeoftheinfluxintheunÈreatedarterieswasnotatrue

reflection of the factors inftuencing the diffusion of NA in the

artery wall.
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It was also of interest that the diffusion coefficient

(0.54 x 10-6 "*2 =..-1) carculated during the steady-state influx of

tritium in PBZ-treated arteries \^Ias less than that d,etermined by

Bevan and hlaterson (197f) in untreated arteries (1.4 x 10-6 c*2 "."-t)'

Bevan and !{aterson estimated this coefficient from the formula used by

Bevan and Török (1970) to calculate the diffusion coefficient for 3HNA

in the rabbit aorta. In their experimenÈs Bevan and lvaterson

measured the amount of NA in the extracellular space following the

applicaÈion of 3H*O ao the intimal surface of the arteries. It was not

possible to determine whether the lower diffusion coefficient in the

present experiments was a consequence of an action of. PBZ, or whether

it was the result of the different experimental procedures.

Additional evidence that the uptake Processes influenced the

diffusion of NA across the artery wall was provided by the finding that

pBz increased the rate and magnitude of the influx of tritium-tal¡elled

materials, following the application of 1-3HtU to the adventitial

surface of arteries for 4 minutes. Since it was not possible to make

an assessment of Èhe relative contribution of neuronal uptake and

extraneuronal uptake to the diffusion characteristics in these

experiments, further studies \¡tere carried out \ntith the relatively

specific inhibitors of neuronal and extraneuronal uptake, namely

cocaine and DOCA.

comparison of the effects of cocaine, and of cocaine plus DocA

indicated that the main influence of cocaine was to increase the

magnitude of the influx, whereas the addition of DOCA accelerated the

attainment of the peak influx, and the subsequent decline from this

peak. Unfortunately, these results were complicated by the
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sensitizing actions of cocaine and DOCA, so that although the

concentration of NA was subconstrictor in the untreated' arteries it

caused varying degrees of constriction in a number of these drug-

treated arteries. !{hen the constricÈion was small, the influx of

tritium in cocaine plus DocA-treated preparations usually resembl-ed

that in PBz-treated arteries. However when the constriction was

greater. the magnitude of the influx \^las considera-bly less and the

kinetics rn¡ere slower. These observations indicated that constriction

itself might have altered the characteristics of the diffusion of NA

across the artery wall. This possibility was supported by the

finding that phentolamine increased the magnitude and rate of influx

of tritium in cocaine-treated arteries. The addition of DocA

appeared to increase the rate of influx of tritium-Iabelled material'

so that the influx profile was identical to the profile in PBZ-treated

arteries. Thus, as noted previously in the non-phentotamine-treated

preparations, the major effect of DocA in cocaine-treated arteries \^Ias

to increase the rate of diffusion of NA from the adventitia to the

Iumen.

oneofthequestionsraisedbytheseresultswaswhetherthe

effects of phentolamine were due to the elimination of the constrictor

response to NA, or whether phentolamine itself augmented the effects

of cocaine or DocA by interfering with the uptake or binding of the

amine. Inhibition of neuronal uptake and extraneuronal uptake of NA

by phentolamine has been reported by Cubeddu et al 0974) in the

isolated cat spleen, but the concentration of the drug required to

inhibit the processes \^ras much higher than that used in these

experiments.
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The simple direct experiment of comparing the effect of

constriction on the influx of a neutral material like sorbitol, which

is restricted to the extracellular space, has not yet been carried out.

Hor^rever, less direct evidence presented in this chapter suggested that

phentolamine exerted its effects by abolishing constriction. This

evidence was obtained from experiments in which two concentrations of

NA vrere applied to the adventitial surface of cocaine plus

DOcA-treated arteries. Thus:

a. when the concentration of NA either failed to constrict the

artery or induced only a small constriction, the influx of

tritium was virtually unaffected by phentolamine,

b. when the concentration of NA was sufficient to produce a

substantial response, the influx of tritium was reduced

unless phentolamine inhibited constriction,

c. irrespective of the concentration of NA applied to the

artery, the tritium influx profiles in cocaine plus

DgcA-treated arteries (providing there was no constriction) '

in cocaine plus DOCA and phentolamíne-treated arteries and

in pBZ-treated arteries were similar. Note that the influxes

were standardized to a constant extraluminal tritium activity'

irrespective of the actual concentration of NA used.

It was concluded from the studies discussed so far, that neuronal

uptake of NA was the single most important factor determining the

magnitude of the influx of tritium-labelled maÈerial foll-owing the

diffusion of 3Hl¡A across the artery waIl. These results are consistent

with evidence that NA is taken up and bound firmly within vesicles in

the cytoplasm of the nerve.
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The results also indicaÈed that the influence of extraneuronal

uptake was primarily on the rate of diffusion of NA across the artery

wall. Such a finding was consistent with an exÈraneuronal compartment

which possessed only a limited capacity to store NA compared with

neuronal tissue. Studies in other tissues, particularly the cat

nictitating membrane and rabbit aorta (Langer, I9'7O¡ Levin, L974) ,

demonstrated that the extent to which unchanged amine could be stored

in the extraneuronal compartment was limited by íts rapid

O-methylation to normetanephrine. Assuming that NMN effluxes from

these stores relatively rapidty, the same mechanism in the rabbit ear

artery, namety o-methylation, might account for the relatively minor

effect of DOCA on the total tritium ínfl-ux, once the neuronal uptake

of 3HUe had been eliminated by cocaine. This was verified by

analysis of the triÈiated-material whích overfl-owed into the lumen

of cocaine-treated and cocaine plus DOCA-treated arteries following

the diffusion of 3"*o.

ChromaÈographic analysis of the intral-uminal influx indicated

that in untreated arteriesr* alÈhough the presence of deaminated

¡neta_bolites was unequivocal , the existence of NA and NMN was

doubtfut, even when the higher concentration of NA (0.36 ymol 1-1)

was used. In cocaine-treated arteries, the presence of DEAM in the

influx was equivocal, as in all four arteries the tritium activity

associatêd with this fraction was less than twice the expected

backgrourd activity. substantial amounts of NA and NMN were assayed'

ATL arter.ies in this particuTat studg wete treated with phentolamine
to prevent constriction and to maximize the infTux of tritium, but
wil7 be teferred to as untteated for convenience'

*
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These findings implied that in untreated arteries most of the NA which

diffused into the tunica ad,ventitia \^tas taken up by the slrmpathetic

nerves and was bound firmly. Presumably the small amount of DEAM

which reached the lumen of untreated arteries was derived from

intraneuronal metabolism of NA as it entered ttre cytoplasm following

uptake or following leakage from the storage granules. As indicated

previously, in many tissues intraneuronal metabolism occurs primarily

by l4AO to the inactive g1ycol, DOPEG (page 8'I8) '

InthepresenceofcocaineandDocA,NMNandthedeaminated

metabolites were virtually eliminated, so Èhat the influx was almost

all NA. This finding confirmed that when neuronal uptake was blocked'

a substantial proportion of the increased aÍrcunt of NA which diffused

into the tunica media was metabolized. Clearly, this metabolism

involved extraneuronal CO¡4I. An involvement of extraneuronal MAO was

doubtful, although it could not be entirety eliminaÈed, as the very

small and equivocal anpunt of DEAM detected in the cocaine-treated

arteries was reduced in the cocaine and DocA:treated arteries'

The relevance of the preceding findings to the fate of released

transmitter, and the physiological response of'the ear artery to NA

should be considered-

As shown in chapter 9, PBZ enhanced the stimulation-induced

overflow of transmitter in paraffin-bathed arteries by 186S (page 9'6) '

since the condiÈions under which this overflow was studied were

analogous to the diffusion studies (this chapter) ' it can be

concluded that the contribution of the two uptake processes Èo the

enhanced overflow of released NA was represented by the increased
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influx (140t) in PBZ-treated arteries in the diffusion studies

(l-series; Figure LL.2l. Assuming that the difference (462')

represented the actions of PBZ on the release process and on

vasoconstriction, namely blockade of the pre- and post-synaptic alpha

receptors, it is clear that the uptake processes were of greater

importance than the combíned effects of the inhibitory feedback

mechanlsm and the constrictor response in determining the amount of

tra¡¡smitter which overflowed into the lumen in untreated arteries' It

was of interest that this estimate of the acÈions of PBZ on the alpha

adrenoreceptors was litt1e different from thaÈ derived by comparing

the effects of PBZ on the stimulation-induced overflow in untreated

and phentolamine-treated arteries (422). An alternative measure of

the contrilcution of the uptake processes to the removal of released

transmitter \^ras provided by the enhanced overflow in phentolamine-

treated arteries in the presence of PBZ (I3O*). For this estimation

it was assurned that phentolamine did not apprecia-bly influence uptake

and that it abotished the presynaptic mechanism'

A second application of the diffusion experiments was their

relationship to other pharmacological studies, in which cocaine caused

a ten-fold íncrease in the sensitivity of the rabbit ear artery to

extraluminal NA (de Ia Lande and vÙaterson, L967), and the addition of

DOCA caused a further two-fold increase (Johnson , 1975) ' The present

results indicated that the amount of NA which reached the tunica media

in phentolamine-treated arteries $ras apProximately eight to ten-fold

greater in cocaine-treated than non-cocaine-treated arteries' This

difference was derived by comparing the total amount of NA and NMN

which reached, ttre lumen in the two series of experiments (Figure Il'8)'
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For this comparison, the NA and NMN figures for the non-cocaine-treated

arteries were derived from the influx following the application of NA

at a concentration of 0.36 ymor r-1. use of these figures implied that

the diffusion of NA was unaffected by the different concentrations used

(0.18 and 0.36 ¡rmol f-1). As a simple approximation' it might be

assumed from the above data that an eight to ten-fold' increase in the

amount of exogenous NA which reached the srnooth muscle cells

representedaten-foldincreaseinsensitivity.Amajordifficulty

withthistypeofinterpretationwasthatitwasnotpossibleto

determinehowquicklytheNA\.'aso.methylatedonceitreachedthe

tunica media. Therefore, that portion of the influx which entered the

mediaaSNA,butreachedthelumenasNMN,mightnoÈhavecontributed

to the sensitization Process'

Simitarly, this difficulty applied to the interpretation of the

sensitization produced by DocA in cocaine-treated arteries' However'

it was of interest that the amount of r:nchanged NA which reached the

lumen in Èhe DocA-treated arteries was twice that in the non-DocA-treated

preparations.

Insunmary,thefindingsofthischapterpermiÈtedquantitation

of the two uptake processes, and indicated that the neuronal uptake of

NA vras the single most important factor influencing the diffusion of NA

from the tunica adventitia to the lumen in the rabbit ear artery' The

influence of the smooth muscle uptake of NA was primarily on the rate

of diffusion of NA across the artery waII. Intraneuronal meta'bolism by

MAO, and extraneuronal metabolism by coMT following smooth muscle uptake

reduced the amount of NA which diffused across the artery wall'
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The results also indicated that the vasoconstrictor response of

the artery limited the diffusion of exogenous NA. Further

experimentation will be required to quantitate the effects of

vasoconstriction and inhibition of transmitter release on the overflow

of NA released by nerve stimulation.



CHAPTER 12

GENERAL DISCUSSlON



CHAPTER 72

The present study l^tas prompted by earlier observaÈions in this

l-a.boratory that a factor or factors in the wall of the rabbit ear

artery constiÈuted a barrier to the unrestricted diffusion of

exogenous NA. lrthen the work for this thesis commenced it was

apparent that the neuronal plexus restricted the diffusion of

exogenous NA and there was some evidence which suggested that the

tunica media also contributed to this barrier (Chapter 1).

Basically, two experimental approaches were adopted to examine the

mechanisms which influenced the diffusion of NA in the artery wal-I;

one involved an investigation of the release and overflow of

transmitter, and the other the diffusion of exogenous NA. some

information \^ras also provided by the vasoconstrictor response studies.

In the earlier chapters in this thesis some of the problems

encountered with the various experimental techniques htere outlined.

One of Èhese involved the failure of fluorescence histochemistry to

demonstrate diffusion of NA following its rel-ease by nerve stimulation.

A number of reasons for this failure are now apparent, and include the

rapid and preferential diffusion of released NA through the tunica

adventitia of untreated arteries. Hence, if these experiments were

repeated it would be of advantage to restrict the extraluminal

diffusion of NA by the use of liquid paraffin. Under Èhese conditions

it might be possible to visualize NA in the tunica media following its

release by nerve stimulation, and to examine qualitatively the effects
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of the uptake processes and metabolism on the diffusion of transmitter

through the tunica media.

A further problem encountered in the early stages of this

project was the very small amount of endogenous NA which overflowed

from the adventitial surface of artery segments, even following

PBz-treatment. An added complication in these experiments was the

finding thaÈ NMN and MN, the O-nethylated metabolites of NA and A,

weïe demethylated during nerve stimulation, and that under certain

conditions NA itself was oxidized to an aminochrome. I¡lhether these

processes also occurred in the artery waII following the release of

NA and its metabolism by COMT is not known, although it is perhaps

unlikely as these electrolytic changes occurred at the surface of

the anode. In the response studies (Chapter 6), in which MN was used

to inhibit the smooth muscle uptake of NA, biological assay of the

superfusate containing MN did not indicate an altered level of

vasoactivity following the passage of current between the electrodes,

which suggested that the potentiation produced by nerve stimulation

in the presence of MN was a direct effect of Èhe drug, and not an

effect of its demethylated product NA.

An important consideration in the isotopic studies was the purity

of the NA samples, and the possible influence of impurities on the

diffusion and overflow of NA in the rabbit ear artery. Although

impurities were present in the stock solutions of NA Èhey did not

appear to be retained in the artery following incubation (Chapter 4) '

Other studies reporÈed in this thesis justified the use of 3Ht'lA

despite the apparent impurities. For example, cocaine exerted its

well known inhibitory action on the neuronal uptake of NA (page I0'5),
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nerve stimulation did not increase the overflow of tritiun-labelled

material from arteries which were incr:bated in cocaine (90 Umot t-1)

?
and. 'HNA (page B.If), and the stimulation-induced overflow in

PBz-treated arteries comprised 3HNa (page 8.11). In the latter

studies, although it was apparent that the overflow also contained

deaminated metabolites, evidence was presented that this was unrelated

to nerve stimulation, and probably reflected Èhe efflux of

intraneuronal metabotites of NA. In the isotopic diffusion studies

(Chapter 1l), aII but one of the samples of 3HNA u="d were purified

prior to use, and column chromatography (Dowex SO ua+) of the

prepared diffusion medium (that is, Krebs' solution containing the

?purified tHWe) indicated that in excess of 95%, of the tritium was

associated with the NA fractíon.

That the artery wall inftuenced the diffusion of released

transmitter \^¡as indicated in those experiments in which Èhe relative

extraluminal and intraluminal overflows of tritium-labelled materials

were determined (Chapter 8). In untreated arteries the extraluminal

overflow of Èritium was considera-bly greater than the intraluminal,

and was enhanced more than the intraluminal overflow during the

period of stimulation. In PBz-treated arteries relatively more

tritiated material reached the lumen, although the extraluminal

overflo\4r was still greater than the intraluminal. In addition, the

kinetl-cs of the luminal overflow were al-tered, so that the peak

overflow occurred earlier. These results pointed to the influence of

extraneuronal uptake on the diffusion of transmitter from the neuronal

plexus to the lumên, and to the lower coefficient of diffusion in the

tunica media relative to the tunica adventitia.
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The metabolic studies undertaken in Chapter B also helped to

define the influence of neuronal and extraneuronal uptake of NA on

the overflow of released transmitter, and will be referred to later.

However, the relative sigrrificance of these uptake processes was

more clearly defined in subsequent experiments in which the

stimulation-induced overflow of transmitter in paraffin-bathed

arteries, and the influx of exogenous NA following its application to

the adventitial surface of artery segrments were investigated. It $ras

apparent in these studies that a number of factors influenced the

release and diffusion of NA in the rabbit ear artery, and in some

instances it was possible to quantify the contribution of the

particular factor.

Neuronal uptake

The significance of the neuronal uptake process to the diffusion

of exogenous NA across the artery waII, and to the movement of

endogenous NA away from its site of release, raras demonstrated clearly

in the present experiments. Previously, the exisÈance of the uptake

process in the rabbit ear artery had been demonstrated in studies in

which it was shown that inhibition of neuronal uptake potentiated the

responses of artery segments to extraluminal NA about ten-fold. As

these results inplied that the nerves had extracted approximately 90%

of the NA before it reached the underlying smooth muscle it r¿as of

interest to determine whether this could be verified in the present

experiments.

The overflow studies in paraffin-bathed arteries provided a means

of quantifying the effects of neuronal uptake on the efflux of



L2.5

released transmitter. On the assumption that the actions of PBZ and

phentolamine on the pre- and post-synaptic alpha receptors were

similar, the daÈa presented in Chapter 9 indicated that inhibiting the

neuronal and extraneuronal uptake of released NA increased the

overflow of tritium-labelled material by 13OB (Figure 9.11). These

results implied that the uptake and retention of NA in the rabbit ear

artery inhilcited 56t of the released transmitter from overflowing into

the luminal perfusate within 20 minutes of the onset of nerve

stimulation. However, as the results of the isotopic diffusion

studies indicated that the uptaJce and retention of NA or its

metabolites in extraneuronal sites did not contribute to the loss of

NA as it diffused. across the walls of phentolamine-treated arteries

(Figure 1I.5) , it is suggested that the retention of NA by the nerves

alone accounted for the decreased stimulation-induced overflow (564)

noted above.

A second component of neuronal uptake must be considered as it

was appaïent thaÈ some of Èhe NA which was taken up by the nerves $las

metabolized and sequestered as Èhe tritiated metabolite. If it is

assumed that the results of the metabolite studies on only two

phentolamine-treated arteries v¡ere Èypical (Figure 9.10), and if the

simplifying assumption is made that the deaminated metabolites were

formed intraneuronally and Nl"[rI extraneuronally (page L2'9) then it

can be calculated that approximately 8OS of the NA which was released

in phentolamine-treated arteries was taken up by the nerve terminals;

708 was retained, presumably in storage vesicles, and 30s" was

deaminated.
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The daÈa derived from the diffusion experiments demonstrated the

role of neuronal uptake under circumstances in which the complications

of the release process were eliminated. Vthen the constrictor responses

of the arteries to NA were prevented by phentolamine, the mean influx

of tritium-Iabelled material in the 20 minutes following the

?
application of 'HNA to the adventitial surface of these arteries was

increased by cocaine (522), but not further increased by cocaine and

DOCA (548). This inplied that the retention of tritiated material in

the artery wall was almost if not entirely neuronal. on the

assumption that the deam-inated metabolites were formed intraneuronally

it was apparent that neuronal uptake reduced the amount of NA which

diffused across the waII of phentolamine-treated arteries by nearly

7OZ. 783 of this reduction was the result of intraneuronal binding,

and, 22È the result of intraneuronal metabolism. These figures were

similar to those derived from the stimulation-induced overflow studies

described above.

The use of cocaine as an inhibitor of the neuronal uptake of NA

presented a nuiber of diffículties. The pharmacological data

presented in Figure 10.2 indicated that cocaine had little or no

effect on the release of transmitter at concentrations of 3 or

-l30 prnol I-r, and hence it was surprising that the stimulation-induced

overflow in arteries, in which the neuronal and extraneuronal uptake

of NA were inhibited by cocaine and DOCA and the alpha receptors by

phentolamine, was considerably less than that in arteries in which

these processes were inhibited by PBZ. This resulÈ was explained

subsequently by the findings that cocaine (: pmot I-I) depressed the

stimulation-induced release of transmitter (at least in PBZ-treated
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arteries), and only decreased the neuronal uptake of NA by 608.

Indirect evidence that cocaine was interfering with the release

process was provided by the diffusion studies in which the influx of

NA was identical in cocaine (90 UmoI I-1), DOCA and phentolamine-

treated arteries and in PBz-treated arteries.

Clearly, the use of cocaine to inhibit the neuronal uptake of

NA in the overflow studies presented a dilemma as it inhibited the

release of transmitter at concenÈrations which did not completely

inhibit neuronal uptake.

Extraneuronal upÈake

The significance of the extraneuronal uptake process and

O-methylation to the diffusion of NA across the artery waII was shown

by the isotopic diffusion studies in which the nature, but not the

magnitude of the influx of tritium-labelled material in phentolamine

and cocaine-treated arteries h¡as altered when the uptake of NA by

smooth muscle cells was inhibited. That the magnitude of the influx

was unaltered was in accord with the concept that NA was not firmly

bound in smooth muscle cells, but was sequestered either as unchanged

NA or as a metabolite of NA. As NMN comprised 408 of the influx in

cocaine and phentolamine-treated arteries iÈ was apparent that at

Ieast 40s of the NA which entered the tunica media was taken up by

the smooth muscle cells. !{hether part of the NA which reached the

lumen was taken up also by the snooth muscles cells, but effluxed

from them without being metabolized, was not determined in the

present experiments.
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It was of interest that in both the release and diffusion

experiments the initial rate of overflow or influx of tritium-Ia-bel1ed

material in cocaine-treated arteries was increased by DOCA. Thus it

would appear that the uptake of NA by srnooth muscle cells retarded its

diffusion across the tunica media.

lfhe influence of the smooth muscle uptake of NA was demonstrated

in another vray in experiments in which the smooth muscle uptake

inhibitor, MN, potentiated the constrictor responses of the ear artery

to nerve stimulation, and decreased the rate of recovery from these

responses. Thus it seemed Iikely that the uptake of NA by smooth

muscle cells contributed to the inactivation of released transmitter

and the termination of the constrictor response. Other results, which

indicated that inhibition of COMT in MN-treated arteries did not

potentiate further the constrictor responses or delay the recoveries

from these responses, \Àrere in accord with the concept that inhibition

of smooth muscle uptake prevented the access of NA to Èhe O-methylating

enzyme. Further, as the potentiation was less and the recovery faster

in COMT-inhibited arteries than in MN-treated arteries, it was likely

that only part of the effect of smooth muscle uptake on the

inactivation of released Èransmitter \¡Ias related to COMT. This

evidence was in accord with the suggestions of Johnson (1975) and

Graefe and Trendelenburg (L974) that two compartments might exist in

smooth muscle; one sensitive to inhibition of COMT and one not.

Contrary to the findings of Powis (1973), the present experiments

did not indicate a significant binding of NA to elastin and collagen'

The evidence for this was that oxytetracycline, a drug which inhibited

this binding, did not significantly alter the magnitude or the
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kinetics of Èhe intraluminal overflow of tritium-labelled material

following nerve stimulation, and did not after the consÈrictor

response during stimulation. A possible explanation for the findings

of the overflow studies was that the amount of NA which escaped from

the neuronal plexus and diffused across the Èunica media was very

small. Hence it was significant that the overflow characteristics

in PBZ-treated arteries, when the amount of NA which diffused across

the wal1 was greatly increased, were little altered by oxytetracycline.

Powis concluded that PBZ did noÈ affect the binding of NA to collagen

and el-astin. Other experiments in this la-boratory have failed to

show any apprecia-ble effect of oxytetracycline on the steady-state

response of artery segTments to exogenous NA (de Ia Lande, private

commu¡¡ication) .

Metabolism

When the present study commenced biochemical evidence for the

existence and distribution of the metabofizing enzymes' MAO and COI4T,

in the rabbit ear arÈery was not available. l4AO had been demonstrated

extraneuronally by a histochemical technique (de la Lande et aI,

I97O), and intraneuronally in pharmacological studies (de Ia Lande and

Jellett, l-972) " Subsequently, it was found that extraneuronal MAO

had tittle effect on the metabolism of NA unless the concentration of

the amine was hígh (de Ia Lande and Jellett, L972¡ de ]a Lande and

Johnson, Ig72). COMT was known to be present in amounts which were

comparable with those in the rabbit aorta, although its distribution

was uncertain (Burnstock et aI I L972). More recenÈly it was

concluded that COMT was largely extraneuronal (Head et al, L974). In
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the present studies evidence was presented which indicated that

intraneuronal MAO and extraneuronal COMT influenced the diffusion of

NA in the artery wall. Extraneuronal MAO did not affect the diffusion

of NA at the concentration of NA used-

The influence of íntraneuronal metal¡olism on the diffusion of

released NA was discussed previously (page L2.5). In phentolamine-

treated arteries it was apparent that almosE 25>" of the released

transmitter consisted of deaminated metabolites. ThaÈ these

metabolites were formed intraneuronally was suggested by the results

of the diffusion studies in which the formation of deaminated

metabolites \^¡aS prevented in arteries in which neuronal but not

extraneuronal uptake was inhibited. These observations were in

accord with the findings of Head (1976) and Levin (L974) that

deaminated metabolites were formed intraneuronalJ-y in the rabbit

ear artery and aorta respectively. DOPEG was the major intraneuronal

metabolite in both vessels. DOPEG was also the main intraneuronal

metabotite in the overfl-ow from resting and stimulated PBZ-treated

arteries (Chapter 8). As MOPEG and VMA appeared to be overestimated'

and as NMN was not detected in these PBz-treated arteries, this

study was in accord with the conclusion of Head (1976) that COMT was

not present intraneuronallY-

The response studies described in chapter 6 atso pointed to the

absence of intraneuronal COMT' as neither the constrictor response

to nerve stimulation nor the recovery from this response was altered

by inhibition of COMT in arteries in which the smooth muscle uptake

of NA was inhibited by MN. As coMT inhibition failed to alter the
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constrictor response or rate of recovery of }4AO-inhibited, MN-treated

arteries it appeared that intraneuronal COMT was not masked by the

effects of II4AO.

The rote of extraneuronal metabolism in the diffusion of NA

through the tunica media was demonstraÈed clearly in the overflow and

diffusion studies (Chapter 1I). In the tatter experiments

approximately 45S of the NA which entered the tr¡nica media was

metabolized to NMN. This figure was derived from the influx of NA and

NMN in phentolamine-treated arteries. A more direct estimate of the

amount of NA which was O-meÈhylated in the media was provided by the

infl-ux of NMN (40%) in phentolamine-treated arteries in which the

neuronal uptake of NA was inhibited by cocaine. ThaÈ is, 4OB of the

NA which entered the tunica media was metabolized by COMT. That this

meta-bolism occurred within the smooth muscle cel-Is was demonstrated

by the absence of meta-bolites in the influx in cocaine and

DOCA-treated arteries.

The absence of deaminated metabolites in cocaine and

phentolamine-treated arteries indicated that extraneuronal metabolism

by I4AO did not occur, at least at the NA concentration used in these

experiments (0.18 umot t-I).

The influence of extraneuronal COtrtIT on the metabolism of NA in

the tunica media helped to explain the failure of intraluminally

applied NA to restore fluorescence in the nerve terminals of

reserpine-depleted and MAO-'inhibited arteries (Chapter 5). On the

assumption that the metabolism of NA as it diffused from the lumen

to the neuronal plexus was similar to that in the opposite direction'
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it can be predicted that between 55s" and 60% of the NA would cross the

media unchanged. Ho\nlever' as de l-a Lande et al (1974) found that

fluorescence was restored in reserpine pretreated arteries when the

concentration of extraluminal NA was only 4Oz of. that used in the

experiments described in this thesis, it would appear that another

factor, such as the marked vasoconstrictor response to intraluminal

NA, might be involved. It would be inÈeresting therefore to repeat

these studies in the presence of phentolamine.

It was also of interest that approximately equal amounts of NMN

and deaminated metabotites reached the lumen of phentolamine-treated

arteríes following the diffusion of NA across the artery waIl

(Figure 1I.8). Although Levin (L974) described a similar distribution

of metabolites following the incubation of strips of rabbit aorta in
2
'HNA, Head (1976) reported that 90% of the metabolites formed

following the insubation of rabbit ear artery segments in NA were

dea¡rdnated. Head suggested that the difference between his findings

and those of Levin might reflect the different routes of application

of the NA. That is, as Head applied the NA to the outside of the

segrnents it would need to cross the neuronal plexus before

O-methylation occurred, whereas in Levin's experiments the NA was

applied to both sides of the strips. Ho\^/ever, a possible complication

in Head's studies was that the vasoconstrictor responses of the

arteries nr-ight have prevented much of the NA from diffusing into the

tunica media. Hence, at least part of the explanation for the

discrepancy between the findings of the present study and those of

Head might have been the enhanced access of NA to the tunica media

in the present experiments ' as vasoconstriction was prevented by

phentolamine.
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Constrictor response

The influence of vasoconstriction on the movement of NA through

the artery waII was indicated in the isotopic diffusion studies, in

which phentotamine was used to inhibit the post-synaptic alpha

receptors and cocaine and DOCA to inhibit the neuronal and smooth

muscle upÈake of NA. The results of these experiments indicated that

phentolamine increased the influx of tritium-labelled material in

untreated, cocaine-treated, and cocaine and DOCA-treated arteries by

approximately 608 in each of the collections during the first

6 minutes of diffusion (Chapter I1). During the fifth collection

period, that is the collection which commenced 4 minutes after the

NA was removed from the adventitial surface of the artery, the amount

of material which influxed in the cocaine and cocaine plus DOCA-treated

arteries \^ras not increased by phentolamine, and, in the untreated

arteries phentolamine only increased the influx by 1O%. These

results implied that the movement of NA through the artery wall

during and immediately following the application of NA to the

adventitial surface was facilitated by phentolamine. It is tempting

to postulate that this effect was the resul-t of phentolamine's action

in inhibiting the constrictor response during the application of

the NA. However, even though the constriction in the cocaine and

cocaine plus DOCA-treated arteries was substantial, there was no rise

in the perfusion pressure during the application of NA to the untreated

arteries. V'lhether the diffusion coefficíent for a neutral substance

like sorbital would also have been altered in these untreated arteries
1^

was not investigated, but the simultaneous application of -'C-sorbitol
2

and 'HNA in phentolamine-treated and untreated arteries might provide

useful information about the action of phentolamine.
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As it was possible that the above effects of phentolamine were

the result of its actions on mechanisms other than the post-synaptic

alpha receptors, a further series of experiments was designed in which

the concentration of NA applied to one of each pair of arteries was

expected to eliciÈ either a very small constrictor response or none at

all, and the concentration applied to the other was expected to elicit

a marked constriction (Figure 1I.7). Both arteries were treated with

cocaine and DOCA to inhibit the uptake of NA by neuronal and smooth

muscle tissues. In the three experiments in which the higher

concentration of NA produced the desired vasoconstriction, the amount

of NA which reached the lumen during the first six minutes of the

diffusion was approximately 40% Iess than the equívalent influx from

the arteries in which the lower concentration of NA \4tas used. During

the second application of NA, when both arteries of each pair were

treated with phentolamine as well, this reduction was only 8%. That

is, when phentolamine inhjJcited the constrictor response the influx

of NA in both arteries was similar.

Clearly, the influx of NA in cocaine and DOCA-treated arteries

was enhanced when the constrictor response was either minimized or

prevented, irrespective of whether this was achieved by reducing the

concentration of NA applied to the adventitial surface of the

arteries or by treating the arteries with phentolamine. Thus it is

suggested that vasoconstricÈion is a factor Iimíting the diffusion

of NA across the wall of the ra-bbit ear artery.
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Release of NA

The release of transmitter in the resting rabbit ear artery

was demonstrated in Chapter 8, in which it was shown that deaminated

metabolites formed the major proportion of the overflow prior to

nerve stimulation. As this proportion ldas unaltered when the artery

was treated with PBZ, and as the absolute aÍþunÈ of the deaminated

metabolites was greatly reduced when the arteries were incr¡bated in

the presence of cocaine, it was concluded that the metabolites were

formed intraneuronally prior to their efflux from the nerve terminals'

A possible explanation for these findings was that some of the NA

stored in the intraneuronal vesicles leaked into the cytoplasm where

it was deaminated by l4Ào prior to efflux. The same experiments also

provided evidence which was in accord with the postulate that NA is

released from the neurones during nerve stimulation by a process of

exocytosis rather than by inÈraneuronal release and diffusion across

the axoplasm.

The possible influence of several inhibitory feedback mechanisms

on the release of transmitter was reviewed earlier (page I.5) , and

although several reports have appeared in the literature which

indicated that a presynaptic alpha receptor mechanism influenced the

release of transmitter in some tissues, its precise role in the

rabbiÈ ear artery is not clear. In the present study, the influence

of the alpha receptor antagonist, phentolamine, on the stimulation-

induced overflow of tritium-labelled material was examined in

paraffin-bathed artery segments (chapter 9). In these experiments

the overflow in untreated arteries was 358 less than that in

phentolamine-treated arteries in the first 6 minutes following the
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onset of nerve stimulation. Providing that phentolamine did not

inhibit the neuronal and smooth muscle uptake of NA at the

concentration used, this result can be explained by the action of

phentolamine on pre- and/or post-synaptic alpha receptors. It was of

interest ttrat the infl-ux of tritium-tabelled material ín untreated

arteries ín the first six minutes of the diffusion of .*og.rrorr" 3rr*O

was also approximaÈely 35% less than in phentolamine-treated arteries.

Further studies will be required to elucidate the relative

contributions of the vasoconstrictor response and the putative

presynaptic alpha receptor inhibition of transmitter release. However,

the present study highlights the relatively minor role of Èhe

preslmaptic receptors in minimizing the overflow of transmitter in

the isorated rabbit ear artery forlowing sympathetic nerve stimulation'

Rand et aI (1973) concluded that modulation of transmitter

release by presynaptic alpha receptors vras not apparent in the rabbit

ear artery when the freguency of nerve stinulation was 5 Hz (frequency

used in the present experiment). The evidence for this was derived

from compara.ble studies in the guinea pig atria and the ra.bbit ear

artery. lrlhen the former tissue was stimulated at a frequency of L Hz,

the efflux of transmitter per pulse declined with increasing train

Iength, so that the efflux following 16 pulses was 148 of the efflux

with 1 pulse. This decline was largely prevented by PBZ. However,

Rand and co-workers vùere unable to demonstrate a sirnilar decline ín

the rabbit ear artery which suggesËed that NA did not accumulate in

sufficient concentration to modulate release. In further experiments,

r¿hen the arteries were stimutated for 2OO seconds at frequencies from

O.O5 to 50 Hz, they found thaÈ the efflux per pulse reached a peak at
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5 Hz and declined at higher frequencies. Although it was suggested

that sufficient NA mighÈ have accumulated to inhibit further release

at these higher frequencies, it was pointed ouÈ that other mechanisms

(such as failure of impuLse conduction) might account for the

decreased release of transmitter.

l,tuch of the evidence in support of the action of NA in

modulating transmitter release has been derived from the effects of

exogenous NA on the release and overflow of transmitter. For

example, it was shown that NA at a concentration of O.O5 pmot I-I

did not reduce the stimulation-induced overffow of tritium-labelled

material from cocaine-treated rabbit ear arteries, whereas the

overflow was reduced by almost 403 when the concentration of NA was

increased to 0.5 pmol t-l (Rand et aI, Lg73; Hope et aI, Ig75l. As

Bevan and Su (1973) calculated Ètrat the concentration of NA within
, 

-.|Èhe synapse of PBZ-treated arteries \^/as less than O.O4 pmol I '

during nerve stimulation at a frequency of 6 Hz, it is apparent why

Rand et aI (1973) were unable to demonstrate a decline in the efflux

of NA per pulse in the rabbit ear artery when stimulated at a

frequency of 5 Hz. In the same study, Bevan and Su found that the

intrasynaptic concentration of NA increased to 0.6 ¡.rmol 1-1 when the

frequency of stimulation was 10 Hz. Thus it is possible that the

reduced efflux per pulse which was reported at this frequency by

Rand and co-workers v¡as a consequence of the increased intrasynapÈic

concentration of NA, and the resultant presynaptic modulation of NA

release.

These findings of Rand et a1 (1973) and Bevan and Su (1973)

indicated that the minor effect of phentolamine on Èhe presynaptic
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inhibitory mechanism in the present study rnight be a consequence of

the frequency of nerve stimulation and the mechanisms responsible for

for the inactivation of NA in the synaptic cleft.

In summary, the findings of this thesis indicated that a nuñber

of factors affected the diffusion of exogenous NA in the rabbit ear

artery (Figure I2.I). The neuronal uptake of NA was found to be the

single most important factor limiting the diffusion of transmitter

away from its site of release, and limiting the diffusion of

exogenous NA from the adventitial surface of the artery to the lumen-

ït r¡rtas estimated that approximately two-thirds of the NA which was

taken up by the nerves was retained, while one-third was meta-bolized

by l4AO and sequestered. COMT did not appear to be an intraneuronal

enzyme. At least 90% of the transmitter (NA and metabolites) which

escaped from the confines of the neuronal plexus in the isolated,

aqueous-bathed ear artery diffused through the tunica adventitia to

the exÈernal bathing medium, and only IO% diffused through the

tunica media to the lumen. It was suggested Èhat the preferential

diffusion of NA through the adventitia I¡Ias a consequence of the

position of the neuronal plexus. and the greater coefficient of

diffusion in the adventitia. As the proportion of transmitter

whiih overflowed extraluminalty h¡as even greater during nerve

stimulation, it was probable that the vasoconstrictor responses of

the arteries also limited the diffusion of NA and its metaboliÈes

through the tunica media.

Approximatety 409ó of the NA which escaped neuronal uptake and

diffused through the tunica media of these arteries was taken up by

the smooth muscle cells and metabolized by COMT to NMN. lrlhether
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some of the NA which eventually reached the lumen after crossing the

media was also taken up by the smooth muscle cells, but effluxed

unchanged, could not be determined in the present study. As

inhibition of the smooth muscle uptake of NA did not significantly

alter the rnagnitude of the luminal overflow, except in its initial

stages, it was concluded that the retention of NA in the smooth

smooth muscle cells did not contribute to the diffusion barrier in

the artery wall. Although extraneuronal MAO has been demonstrated

in the rabbit ear artery, extraneuronal deaminated metabolites did

not appear to be formed in this study.

At the frequency (5 ttz) most commonly used to stimulate the

sympathetic nerves in the experiments reported, it appeared like1y

that the modulation of NA release by the presynaptic alpha receptors

altered the magnitude of the overflow of NA and its metabolites less

than the post-synaptic alpha receptors. WhetÌ¡er the presynaptic

receptors had a greater influence on the rel-ease of transmitter at

other frequencies of stimulation was not tested in this study-

The present study has generated a number of questions which have

not been answered, and which require further investigation before the

precise roles of metabolism and constriction on the diffusion of

released transmitter in the rabbit ear artery wall can be defined.

For example, the overflor^/ studies in paraffin-bathed arteries should

be extended to include an analysis of the metabolites which overflow

into the lumen following the release of NA by nerve stimulation. In

particular, it is necessary to verify that the results obtained in

the present exogenous diffusion experiments represent the
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relationship beÈween the neuronal uptake of NA, the extraneuronal

uptake of NA and metabolism by ITIAO and COMI following the release of

endogenous NA.

perhaps the most significant area for further investigation

relates to the influence of vasoconstriction on the diffusion of NA

away from its site of release, and on the diffusion of exogenous NA

across the artery walt. The influence of constriction on the

diffusion coefficient in the tunica media and on the diffusion of a

neutral substance such as sorbitol should be examined, and the study

should be expanded to include an analysis of metabolism in

constrictÍng and non-constricting arteries. The latter experiments

mighÈ help to clarify the effects of vasoconstriction on the

neuronal and extraneuronal uptake of NA-

Finally, this study could be extended to include an in vivo

investigation of the influence of the uptake processes, the

metabolising enzymes, vasoconstriction and the alpha receptor

inhibitory feedback mechanism on the release, diffusion and overflol^¡

of NA and its meta.bolites.
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PBZ AS AN INHIBITOR OF THE SMOOTH MUSCLE UPTAKE OF NORADRENALINE

The inhibitory effects of PBZ on the neuronal uptake and the

smooth muscle uptake of NA, and on the post-synaptic alpha receptors

were reviewed earlier (page I.12). Although it had been demonstrated

that pBZ irreversibly blocked these adrenoreceptors, and that providing

it remained in contact with the tissue for sufficient time it inhibited

neuronal uptake by a non-competitive mechanism (Iversen and Langer,

Lg6g), it seemed important to test the extent to which the action of

this drug on the smooth muscle uptake of NA was irreversible in the

rabbit ear artery. By incr:bating arteries in high concentrations of

NA following pre-treatment with PBZ, it was possible to use the

fluorescent histochemical technique to examine this irreversibility.

METHODS

Rabbits Ì^rere anaesthetized with urethane (L7.7 mol kg-lt lP), and

single cannulated artery segments or non-cannulated segments tied at

one end with a piece of cotton were removed. Cannulated segrments \^Iere

2
placed in 15 

"*' 
.-p."ity organ baths and equilibrated in Krebs'

solution (page 2.3). The tied segments were suspended in organ baths-

In each experiment one tied segment remained untreated, while a

second was treated with PBZ (:: Umol I-I) f.ot 20 minutes, and then

rinsed in pBZ-free Krebs' solution for 60-90 seconds. Both pieces of
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artery were frozen in an acetone/dry ice mixture. The remaining

segments were treated in one of several \days as indicated in

Table 41. 1.

llhen required PBZ was applied for 20 minutes; extraluminally to

all arteries and intralu¡ninally to the cannulated segments as well.

At the end of this period, NA (600 UmoI f-I) and ascorbic acid

-1(3OO Umol 1 ^) were added to one artery for I0 minutes, and PBz was

washed out of the remaining segments for periods ranging from 10 to

180 minutes. After this washout of PBz, NA and ascorbic acid (above

concentrations) were added to the Krebs' solution perfusing through

the lumen of the cannulaÈed arÈeries or bathing the t.led artery

segrments for 10 minutes. It should be noted that for a1l

applications of NA the flow rate through the cannulated segrments was

redi¡ced to I.6 
"m3 

mirr-I.

In each series of experiments, one artery segment was either

perfused with or immersed in Krebs' solution containing NA and

âscorbic acid for IO minutes without previous or concurrent exposure

to PBZ.

Following the application of NA all arteries were washed in

Krebs' solution for 60-90 seconds prior to freezing in an

acetone/dry ice mixture, and processing by the fluorescent

histochemical technique. Sections were prepared and examined in

ultra-violet 1i9ht as described previously (page 2.6).
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RESULTS

Untreated and PBZ-treated arteries displayed monoamine

fluorescence only in the nerve terminals at the media-adventitia

border, whereas those arteries exposed to NA alone (that is, not

pretreated with PBZ) usually displayed an intense fluorescence

throughout the entire section, including the media (Ta.ble Al.1;

Figures A1.1 and At.2). Occasionally this intense fluorescence

extended across only part of the media.

In comparison, those segrments which had been exposed to NA

following pre-treatment with PBZ showed only a weak fluorescence

except in the nerve terminals. As indicated in Figure AL.2, the

fluorescence in the media was confined to a network surrounding

non-fluorescing fusiform-shaped spaces.

NA produced a marked conctrictor response in the untreated

cannulatêd seg:ments, but failed to produce this response in the

PBz-treated arteries. Although the tied segments could not be

perfused, evidence of constriction was obtained from the

photomicrographs by examining the diameter and shape of the lumen

following NA application.

The above effects of PBZ were undiminished even after I80 minutes

of PBZ washout prior to the application of NA-

DISCUSSION

These results are in accord with the findings of Gillespie and

Hamilton (f966) that NA \¡ras taken up by the smooth muscle cells in the
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TABLE A7.I The effects of pBZ (¡3 umor l-1) on the smooth muscle uptake

of NA, and on the binding of NA to connective tissue in the

tunica media of the rabbit ear artery following the

application of exogenous NA (600 umol r-I). Fluorescence

in the smooth muscle cells and the connectíve tissue of the

tunica media vüas assessed as present (+) or absent (-).
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cD-
Transverse sections of formal.dehyde-treated rabbit ear

arteries, showing the binding of exogenous NA in the

artery \¡tall' and the effect of PP.Z on this binding'

A. Artery treated with PBZ (33 UmoI I-I) only'
Monoamine fluorescence l¡/as detected only in the

neuronal Plexus'

B. Non-PBZ-treated artery exposed to extraluminal NA

(IOO UmoI I-I). Intense fluorescence throughout

the tunica media (see Figure A1'2)'

C. Artery exposed to extraluminal NA in the presence

of PBZ. Ffuorescence was observed in the connective

tissue elements, but not in the smooth muscle cells
(see Figure Al'2) '

D. PBZ-EreaÏ;ed artery exposed to extraluminal Ne

following the washout of PBZ fot 90 minutes'

Fluorescence characteristics were similar to those

in C.

Scale represents lO0 Pm
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Transverse sections of formaldehyde-treated rabbit
ear arteries showing a portion of the tunica intima'
tunica media, the náuronal plexus' and the tunica
adventitia.
A. Untreated artery, showing monoamine fluorescence

of the nerve terminals'

B.UntreatedarteryexposedtoNA,showingintense
fluorescence in the smooth muscle cetls of the

tunica media, and on the connective tissue
throughout Èhe arterY wall'
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rabbit ear artery, and that it could be visualized by the fluorescent

histochemical technique. They are also in agreement \,.Iith the findings

of Avakian and Gillespie (1968) that PBZ blocked this component of the

extraneuronal uPtake of NA.

It is suggested that the consistent histological observation of

the present study (name1y, a net\^/ork of fluorescence surrorrnding

non-fluorescing fusiform spaces in the tunica media of PBZ-Eteated'

arteries ) represented fluorescence of the connective tissue and the

basement membrane of the smooth muscle cells. Such a suggestion is

supported by the findings of Gillespie (1968, L973) and Powis (1973),

that NA binding to connective tissue elements and the basement

membrane is not PBZ sensitive, and by the observation thaÈ the

non-fluorescing spaces corresponded approximately in number and

position with the smooth muscle cells in the ear artery. The

cotton-vrool appearance of the fluorescence in the media of the

non-pBZ-treated arteries could be the result of NA accumulation and

concentration in the smooth muscle cells following uptake (Gillespie,

1968) .

The absence of fluorescence in parts of the tunica media in

some arteries e>çosed to NA without prior treatment with PBZ can be

explained by the findings of the present study that the vasoconstrictor

responses of the arteries restricted the diffusion of NA across the

artery wall (Chapter 11). Avakian and Gillespie (1968) also found

that the rate of diffusion of NA (OOO UmoI 1-1) across the artery watl

was slov¡, and that even after 16 minutes the intensity of fluorescence

in Èhe tunica media was not maximal.
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The present study confirmed that PBZ inhibiÈed the smooth muscle

uptake of NA and the post-synaptic alpha receptors, and indicated that

providing NA was administered for 20 minutes these effects were

irreversibl-e following washout of the drug for periods of up to

180 minutes.
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DRUGS AND CHEMICALS

1. Sources of druqs and chemicals

The following drugs \¡rere used in the experiments clescribed:

dl-adrenaline hydrochloride Koch-Light Laboratories

l-ascorbic acid Koch-Light Laboratories

cocaine hydrochloride MacFarlane-Smith

3,4-dihydroxym¿ùndelic acid Sigrma

3,4-dihydroxyphenylglycol Sigrma

DOCA (4-pregnen-21-o1-3,20 dione acetate) Steraloids

ethyl carbamate (Urethane) Koch-Light Laboratories

4-hydroxy,3-methoxymandelic acid Sigima

4-hydroxy, 3-methoxyphenylglycol Sigrma

dl-metanephrine hydrochloride Sigma

methoxamine hydrochloride Burroughs-ülelcome

niafamide Pfízex

l-noradrenaline bitartrate Koch-Light La'boratories

dl-noradrenaline bitartrate Koch-Light La-boratories

dl-normetanephrine hydrochloride Sigma

oxytetracycline hydrochloride Pfízet

phenoxybenz¿imine hydrochloride Smith, Kline and French

phentolamine methane sulphonate (Regitine) Ciba

reserpine (Serpasil) ciba

serotonin creatine sulphate Sigma
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tetrodotoxin Sigma

UpjohnUO52I (3, 4-dihydroxY-2-methYl
propiophenone

Unless othe:¡¡rise stated, all other chemicals used were AR grade'

2. Preparation of drugs

The catechols and uo52l were prepared in saline (155 mmol I

containing ascorbic acid (600 umol 1-I) (pH 5 .4 - 5.6') .

-I
I

ii. DOCA and phenoxybenzamine were prepared as stock solutions in

ethanol at conceirtrations of 54 mmol I-I and 33 mmol I-I

respectively, and were added to warmed, gassed Krebst solution

when required for use.

Nialamide was prepared by dissolving the required amount in

20 cm3 of saline (t55 mmol I-I) with the aid of gentle heat.

This solution was added to the appropriate volume of Krebs'

solution immediately prior to use.

iv. oxytetracycline was dissolved in the minimum quantity of

HCl (1OO runot t-l¡ and added to Krebs' solution prior to use.

-1
v All other drugs were prepared in saline (155 runol 1

vi. The concentrations of noradrenaline, S-hydroxytryptamine and

phentolamine refer to the bases; all other concentrations

refer to the salts.

lrt
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3. Krebs' bicarbonate solution

The Krebsr solution used throughout this study was of the

following composition :

mnpl I
I20.0

-1

NaCl

NaHCO3

Glucose

KCt

CaCl2

MgCI2

KH2PO4

25.O

5.5

4.7

2.5

1.1

1.0

0. 01
*

EDTA

* Ethglenediaminetetra-acetic acid (disodiun salt)

CaCL2 and MgCt2 were add.ed from standard.ized 1OB stock solutions.

The Krebsr solution was filtered before use.

4. Liquid-scintillation spectrometry

Three scintillants were used in this study:

j.. Btags' scintiTTant

Brays' scintillant consisted of:

Naphthalene 600 g

PPO (2,5-diphenyloxazole) 40 g

PoPoP (L,4-dí{2-(5-phenyloxazolyl)} benzene) 2 g

Methanol (absolute) loo cm3

Ethylene glycol 20 cm3

p-Dioxane to make I0 I
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Prior to use the naphthalene flakes (Commercial Grade) were

dissolved in ethanol (absotute: La.boratory Grade), precipitaÈed

in de-ionized, distítled water and dried at room temperature

following filtration.

ji. ToTuene-triton scintilTant

The scintillant contained Triton x - 100 (Packard) and toluene

scintillant (I:2). The latter consisted of:

PPO a.25 g

POPOP O.25 g

Toluene to make I I

iii. Toluene scintiTTant

The toluene scintillant consisted of:

PPO 8.25 g

POPOP O.25 g

Toluene to make I I
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