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SUMMARY

1. In this thesis the vascular actions in the rabbit of

dopamine and L-dopa are examined. The tissue used throughout

was the isolated central artery of the rabbit ear.

2. Dopamine was found to exert its action in the rabbjt ear

artery by st'imulation of the aìpha adrenergic receptors causing

constriction of the artery. Djlatation due to the action of

dopamine could not be demonstrated ìn this preparation. The

sensitivity to dopamìne was not modified by chronìc denervatjon'

by cocaine, or by reserpine. It was thus concluded that

neuronal mechanisms play little part in the response to dopamine'

Fluorescence histochemistry showed that dopamine is taken up

into nerve terminals, but uptake reached saturation level at

concentrations of dopamine whìch are threshold concentrations

for the constrictor response. L-dopa was found to have no

constrictor effect on the arterY'

3.Theroleplayedbythemetabol.izingenzymesinthe
responsetodopamine,L.dopaandtyrosine!{asstudiedin
nialamìde treated arteries. It was found that nialamide treat-

ment caused an increase in sensitivity and a change in the

response to L.dopa and dopamine, the response and the recovery

after washout of the drugs becoming much prolonged' These

effects were not decreased by prior treatment with cocaine, or

reserpine, but were reduced by chronic denervation. cocaine

appliedduringtheresponse'orduringtherecovery'phasecaused
a rapid further constriction of the artery. This evidence

indicated that the changes induced by nialamide treatment were

in the most part medìated by neuronal mechanisms and intraneuronal

MAO, but did not depend on the presence of intragranular stores

of noradrenaline.

4. No response due to tyrosine was detected in nialamide

treated arteries' nor was there any response to cocaine
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after tyrosine'
5. In view of the similarity between the effects of

nialamide on the response to dopa, dopamine and noradrena'lìne,

a role for noradrenaline in the secondary sensitization response

to dopa and dopamine is hypothesized. The role of noradrenalìne

was assessed by blockade of the enzyme dopamine-ß-hydroxylase'

It was shown that prior treatment with diethyldithiocarbamate

(DDC) largely prevented the occurrence of secondary sensitization

to dopamine in reserpine and nialamide treated arteries;

however, no effect of DDC was observed in arteries treated with

nialamide alone.

6. The effect of lowering the temperature from 37oC to 25oC

was studied. It was found that in untreated arteries lowered

temperature produced no change ìn the response to dopamine and

noradrenaline; however, in nialamide treated arteries a profound

effect of cooling on the parameters of aìtered response and

increased sensitivity to dopamine, noradrenalìne and L-dopa

!{as seen. It was also shown that cooling reduced the

potentiation of noradrenaline due to cocaine and the uptake and

retention of 3H noradrenaline.

7. It js concluded that there is a role for noradrenaline,

and the uptakel process, in the secondary sensitization response

to L-dopa and dopamine in the nialamide treated artery' However'

other mechanisms may be involved, such as release of endogenous

noradrenaline, or noradrenaline newly formed from the exogenous

dopamine, bY the doPamine.

8. Histochemical evidence from the perfused'njalamide and

reserpine pretreated ear artery segment showed that uptake by

smooth muscle and metabolism by CQMT in the media were factors

in the failure of intraluminal noradrenaline to penetrate across

the media to the nerve endings, and to cause secondary

sensitization to noradrenaline. Inhibition of C0MT alone had

little effect on the sensitivity to intralum'inal noradrenaline'
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or dopamjne. However, in nialamide treated arteries inhibition

of COMT caused a two fold increase in sensit'ivity to jntra-

luminal noradrenal ine.
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CHAPTTR 1

INTRODUCTIONGENERAL

It is the purpose of this thesis to examine the vascular

actions in the rabbit of the precursors of noradrenaline, i'e'
L-dopa and dopamine, and ìn particular to examine the part played

by the sympathetic nerves and the metabolising enzymes, monoamine

oxidase and catechol-o-methyltransferase, in the responses to these

substances. In addition, the relative role of uptake by the

sympathetic nerves and enzymic metabolism in the fate of

noradrenaline applied to the intimal surface of the rabbit ear

artery has been studied.
As an introductìon to the studies described in this thesis'

it is useful to trace briefly the current status of knowledge of

the vascular pharmacology of L-dopa and dopamine. Ear'ly workers

found that, in the intact animal, dopamine has both pressor and

depressor effects depending on the spec'ies and the dose used

(Barger and Dale 1910; Tainter 1930; Hamet 1931; Gurd 1937; Holtz

and Credner 1942). It was found early that the pressor effects

were mediated through the q-adrenergic system (Taìnter 1930; Hamet

1931), but a full explanation of the depressor effects was not

possible until more recent tìmes. Dilator effects due to stimula-

tion of ß-adrenergic receptors were shown to occur in some vascular

beds after compìete blockade of o-receptors, notably the femoral

and brachial vascular beds; however, large doses of dopamìne

were required (Allwood and Gìnsberg 1964; McNay and Goldberg 1966)'

Certain of the depressor effects to dopamine were, however, neither

blocked by ß-adrenergic blocking agents, nor atropine nor anti-

histamines (McDonald and Goldberg 1963; Vanov 1963), so the

concept was formed that dopamine has, in addition, an intrinsjc

effect in some vascular tissue. It was found that dopamine causes

vasodilatation in the renal vascular bed in man (McDonald and

others 1963, 1964), and in the renal, mesenteric and coronary

vascular beds in the dog (McNay and others 1963,1964; Eble 1964;
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Schuelke and others 197I). The dilator effect in dogs, res'istant

to ß-adrenergic blocking drugs' u,as later found to be selectively

attenuated by halope¡idol (Yeh and others 1969; Schuelke and

others I}TI), phenothiazìnes (Goldberg and Yeh I97l) and bulbo-

capnine (Tseng and l,,lalaszek 1970). The evidence for a direct

intrinsic effect of dopamine in certain vascular beds has been

recenily reviewed by Hornykìewicz (L971) and Goldberg (tglZ).

Although dopamìne causes a fall ìn blood pressure in the
-intact rabbit (Holtz and Credner 1942), in'isolated rabbit

vascular t'issue dopamine is usually constrictor. The relative

constrictor potency of dopamine to noradrenaljne has been shown

to be 1/50 in the rabbit ear artery (de la Lande and Harvey 1965;

Campbell and Farmer 1968) and the rabbit aortic strip (Kohli 1969).

However, djlator effects to dopamine, which were b'locked by

propranolol, have been shown in the carbachol contracted rabbit

aortic strip (Kohli 1969). Qther dìlator effects have been shown

in isolated, phenoxybenzamine and sotalol treated rabbi't renal

and mesenteric artery strips (Toda and Goldberg 1973). These

latter effects may have been due to activation of spec'ific

dopamine receptors in these arteries.
The part played in the dopamine response by the sympathetjc

nerves has been a subiect of debate for many years. Much evidence

has been presented to show that, at least in some tissues,

dopamine depends in part for its action on release of endogenous

noradrenaline from the sympathetic nerves (gul¡ring and Burn

1938; Bejrablaya and others 1958; Stromblad 1960; Farmer

1965, 1966; Spiers and Calne 1969). Reports whìch show the

effects of cocaine and denervatjon on responses to dopamine have

been inconsistent, and show a spectrum of effects ranging from

unaltered responses to potentiation, depend'ing on the tissue used

(Tainter 1930; Hamet 1931; Gurd 1937; Hamilton 7972). Tsai and

others (1967) summed up the evidence in the suggestion that

dopam'ine has three actions, manifested more or less prominently
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in different tissues:
(1) a direct action on the a or ß-adrenergic receptors,
(2) a release of endogenous noradrenaline,
(3) an impairment of the reuptake of the released

noradrenaline. (To these must now be added the direct intrinsic
effect of dopamine mentioned above.)

The part played in the response to dopamine by its metaboliz-

ing enzyme, monoamine oxidase (NA0), was first noted by Heìmer (1957).

He found that inhibition of lvlA0 by'ipronìazid caused a marked

potentiation of the response to dopamine in the rabbit aortic strip.
Studies ìn the dog (Goìdberg and Sioerdsma 1959; Gatgounis 1965)

showed that concomitant administratìon of MAO inhibitors and dopamine

caused marked augmentation and pro'longation of the cardiovascular

effects of dopamine.

In studying the'importance of MAO in the response to dopam'ine,

it is pertinent to note the observations made on the effect of IvlA0

inhibition on the responses to noradrenaline. Furchgott and Sanchez

Garcia (1968) showed that, in the guinea pig atria, inhibition of

MAO produced a slow, gradual secondary augmentation of the response

to noradrenaline, and a slow decline of the response after washout

of the noradrenaline. A similar effect was shown in the rabbit ear

artery (de la Lande and Jellett 1969,7972) and the isolated cat

nictitating membrane (fsai 1968; Trendelenburg I97I). The phenomenon

was called 'secondary sensitization' by Furchgott and Sanchez Garcia

(tg6A), and was attributed by them to free noradrenaline leaking out

from structures in which it had accumulated to levels exceeding the

removal capacity of the storage granu'les, and cytoplasmìc binding

sites. Trendelenburg (L97I) found that in the cat nictitating
membrane, the degree of sensitization Was greater after pargyline and

reserpine than after pargyline alone. He suggested that any impair-

ment of the intraneuronal mechanisms of inactivation leads to

supersensitivity by causing a decrease in the neuronal net uptake

of the amines and that the prolonged time course of the response



L.4

reflects a slow'ly developing exhaustion of the capacity of the

nerve endings to inactivate the amines after their uptake.

Graefe and others (1971) showed that a time dependent decrease of

removal of amines from fluid perfused through isolated pargyline

treated rabbit heart was due to an increased efflux of the amine

from the nerve endings. They concluded that "any impairment of

the intraneuronal mechanisms of inactivation (vesìcular storage

and MAO) leads to an increase in the axop'lasmìc concentration of

free noradrenaline which causes an increased efflux of the amine,

whìle the influx remains unchanged. The axoplasmic concentratjon

of free noradrenaline seems to rise more after block of MAO than

after pretreatment with reserpine and js most pronounced after
both." In studies on the MAQ ìnhibited rabbit ear artery, de la

Lande and Jellett (L972) found that secondary sensitization to

noradrenaline was a neurona'l phenomenon, since it occurred only

on extraluminal appììcation of the drug to the artery, and could

be abolished by chronic denervation or cocaine pretreatment. It
was found to be independent of the ìntraneuronal storage granules'

since pretreatment with reserpine did not decrease the response.

During the delay in recovery after washout of noradrenaìine,

cocaine and phentoìamine caused constrict'ion and dilatation
respectively at a Stage when the constrictor tone of the artery

was still high; the cocaine constriction being enhanced in the

reserpine pretreated arterìes. This evidence thus supports the

idea that the de'layed recovery t^las associated with the presence of

free extragranular noradrenaline, and that influx of noradrenaline

as well as efflux is a contributìng factor to the prolonged nature

of the delay in recovery.

The aim of the present studY was:

(1) to examine the nature of the vascular response to

dopamine in a small muscular artery,
(2) to examine the effects of inhibitìon of monoamine

oxidase and catechol-O-methyltransferase on the response to
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dopamine and its precursor substances L-dopa and tyrosine.

Previous studies of this type have been restricted to the

larger non-muscular arteries such as the aorta (Kohli 1969);

however, the extent to which these studies can be generalized to

other types of artery is open to questìon. The rabbit ear artery,

as a representative of small muscular arteries, has several

advantages that make it well suited for pharmacolog'ica1 studies.

(1) It is sufficiently large to be easì]y isolated and

readily susceptible to pharmacological studies, and there is

evidence that it subserves much of the changes ìn vascular

resistance in the whole ear.
(2) There are few side branches in the artery at the base

of the ear, and a length suitable for perfusion can be easily

dissected. Thus the effects of a drug may be analysed separately

accord-ing to whether it is appl'ied to the intimal or adventitial
surface of the artery. The stud'ies of de la Lande and co-workers

(de la Lande and others i966; de la Lande and Waterson 1967, 1968)

have demonstrated that analysìs of these separate actions can

provide much useful information about the relatìve roles which

the sympathetic nerves and the smooth muscle may play in the

vascul ar actions.
(3) The artery at the base of the ear is innervated vja

the homolateral superior cervical gangliqn (Feldberg 1926), and

so denervated preparations may be easily prepared and compared

wi th the contralateral 'innervated artery.
(4) Strìp preparations may be made of the same tissue, and

comparìsons made between the action of a drug on the perfused

segment, and the action of the same drug on a strip preparation.

Complete dose response curves may also be obtained on the strip
preparat'ion for convenient quantitation of effects.
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Abbreviations used throughout this thesis:
DA dopamine {ß-(3,4-dihydroxyphenyl) ethylamine}

NA l-noradrenaline {(-) 2-(3,4-dihydroxyphenyl)-2-

hydroxyethyl ami ne Ì

MAO monoamine oxidase

COMT catechol-O-methy'ltransferase

DDC sodium diethyldi thiocarbamate

L-dopa L- ß- ( 3,4-di hydroxypheny'l ) al ani ne

Tests of significance:
Where statistical tests of significance have been applied

to groups of data, the result is considered to be significant if
the probability lies below the 5% level. This is expressed as,

for example, (t-test, P<0.05).



CHAPTER TI^IO

GENERAL METHODS



CHAPTER 2

METHODS

Experimental methods described in this chapter are:

(a) preparation of rabbits;
(b) perfusion of the isolated central ear artery;
(c) helical strip preparation of the central ear

artery;
(d) pretreatment of rabbits;
(e) pretreatment of isolated arteries;
(f) techniques used in experiments with radio

i sotopes .

The most common'ly employed materials and methods for

each of the above procedures are described; modifications

of the methods appea¡in later chapters and are referred to

separately under the heading "Materials and Methods" for
those chapters.

A list of drugs used in the study, and their origin'
appears in Appendix L, together with their manner of
preparation for use in the studY.

PREPARATTON OF N¿.BBÏTS.

The male and female semi-lop-eared rabbits used were

bred at the Central Anjmal House of the University of Adelajde.

The weights of the animals varied from 1.5 to 2.5 Kg, although

most of the rabbits used for thjs study were in the range

1.5 to 2.0 Kg. The rabbits were not starved before use. The

animal house temperature was generally maintained at about

Z\oC, however some variation of this temperature occurred

under winter conditions.
Anaesthesia was induced with urethane, 10 ml/Kg of a

25% solution being jniected intraperitoneally, with increments

gjven as required. The an'imals were pretreated with heparin

1,000 units/Kg intravenous]y into an ear vein. Sometjmes the
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animals were stunned and bled before use.

PREPARATTON OF THE TSOLATED EAR ARTERY FOR PERFUSTON.

Polythene or glass cannulae were made by heat drawing

fine po'lythene tubing or glass tubing in such a way that a

slight bulge near the tip of the cannu'la prevented the

cannula from slipping out of the artery, once tied in.
The prepared rabbit was placed on an operating table

so as to make prominent the carti'lage near the base of the

ear. Pulsation of the central artery could be usually seen or
felt at this point. The fur was moistened with Krebs

bicarbonate solution and an incision made in the skin. About

1.5 to 2.5 cm of the central ear artery lvas exposed by blunt
dissection beginning at the base of the ear and was gently

cleared of adherent tissue; the tissue being kept moist at
all t'imes with Krebs bicarbonate solution. A cotton thread
was placed under the artery and the artery tied as close as

possible to the proximal end of the ear. A polythene or glass

cannula was then inserted into the lumen of the artery via
an ìncision, and firmly tied into position.

A second, finer cannula was inserted into the distal
part of the selected segment of artery proximal to the first
major branch of the artery (Fig. 1). The double cannulated

artery was then transferred to a dish containing warm gassed

Krebs bicarbonate solution. The artery segment was gently
perfused with Krebs bicarbonate solution, with a glass syringe,
to remove any debris and to ascertain if the artery was intact
or perforated in any u,ay. It was set up without de'lay in a

double-jacketed organ bath and perfused at constant temperature
(usually 370C but sometimes varied according to the nature of
the experiment). The perfusion fluid entered by the proximal

cannula, pumped at constant flow rate by a roller pump, and the

effluent passed out through the fine distal cannula. A,Small
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Diagram of the left ear of a semi-lop eared
rabbit. The convex surface of the ear is
shown as seen from the midline of the.skull,
showing the relative positions of the ventral
(great) auricular nerve, the centraì vein and
the central artery of the ear.
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tension (1 g) was applied to the distal cannula to prevent

the artery kinking on elongation during constriction.
The method of artery perfusion using double cannulation

was described by de la Lande, cannell & üJaterson (1966).

using this method, drugs can be applied intraluminally by

injection into the perfusion fluid or into the perfusion

reservoir; or extraluminally into the fluid bathing the external

surface of the arterY (Fig. 2).

A mixture of 5% c02 and 95% 0z bubbled into the perfusion

reservoir and, by ô separate lead, into the extraluminal fluid
in the organ bath. Tests for leakage in the artery perfused

by the double cannula method was as follows:
(i) observation of the level of extraluminal fluid in

the organ bath during perfusion of the artery;

or occasionallY
(ii) by perfusion of Evans btue dye through the artery

withphotometriccomparisonofintra]uminaland
extraluminal solution with normal Krebs bicarbonate

sol uti on.

Arteries were allowed to equilibrate at 370C in Krebs

bicarbonate solution while being perfused at constant rate

for L hour before any drug treatment. De la Lande & l"laterson

(1968) found that steady responses to noradrenaline were not

usually obtained in the first hour; however, after this,
reproducible steady responses were obtained for 4 hours.

changes in vascular resistance were recorded as changes

in perfusion pressure by means of a mercury manometer with a

ftoating pointer writing on smoked Kymograph paper'

For each experiment, the concentration of DA or NA

producing a response of 60 mmHg was calculated from the dose-

response curves, and the ratio of these taken as follows:

concentration of DA 'in untreated arte
con ra ono n a ar v
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Diagrammatic representation of the apparatus
used to perfuse the isolated central artery
of the rabbit ear.
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Hence a value greater than L refers to potentiation, and

less than 1 to depression.

HELICAL STRTP PREPARATTONS.

The rabbits were prepared as for perfusion experiments

and the artery isolated by blunt dissection as before. Adherent

tissue !{as removed as far as possible. A double cotton

ligature was applied to the proximal part of the artery as close

as possible to the cartilage at the base of the ear and a

second doubte ligature applied about 2 cm distal to the first.
The segment of artery was excised so that one ligature remained

on each end of the segment which was then placed in a dish of

warm gassed Krebs bicarbonate solution. It was sometimes

necessary to go higher in the ear to remove more than one

strip. The artery segment was then laid on a Krebs-wet fore-

finger and cut spirally with fine scissors into a helical

strip. Care was taken to keep the artery wet, and also to

keep a constant angle of cut, about 300-450, at all times.

The proximal end of the artery strip was tied without delay

into a stainless steel holder (fixed in a clamp) and 'immersed

in warm gassed Krebs solution in a iacketed organ bath of about

10 mt capacity. The strips were untwisted and the distal end

attached to the lever of a Harvard Heart/Smooth Muscle

transducer by the distal cotton tie. A tension of about L g

was always applied to the strip by a weight attached to the

opposite end of the Harvard lever. The organ baths were about

10-12 ml in volume; this volume was measured accurately'

The solution used was Krebs bicarbonate solution gassed

with 5% CQz and 95% 02. Gassed Krebs biaarbonate solution was kept in

a reservoir at room temperature, but was heated at 370C (or

other predetermined temperature) by passage through a large

(approx. 70 ml capacity) heating coil before passing into

the organ bath. Drugs were added with a glass syringe into the

top of the bath and were washed out by overflow of fresh warmed
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Krebs solution, through a side arm at the top of the organ

bath.

Recordings were made from the transducer through a

Rikadenki chart recorder. The tension on the artery strip
was adjusted slightly before each experiment so that it was

possible to record full scale deflection on the recorder. The

amplification of the system was obtained for each individual

experiment by recording the movement of the transducer lever

through 1 cm at the point of attachment of the artery. Strips

tended to relax for the first hour after setting up, so to

facilitate recording, the tension was altered from time to time

during this period to maintain a constant base line. No drugs

were added during the first 60-90 minutes to allow for equi'libra-

tion. Strips were measured in the organ bath at base line
tension (approx. 1 g) at the beginning of the experiment after
equi I i brati on .

Cumulative dose response curves were used since the

maximum contraction obtained cumulative'ly for this preparation

is the same as that obtained with a single supramaximal dose.

Responses were recorded as centimetres of shortening

and two parameters were then calculated from this raw data.

i) % of maximum

lr)

Responses were calculated as percentages of the

maximum responses obtained either with DA or NA,

usually at the end of the experiment. The

maximum response obtained with DAwas the same

as that obtained with NA.

% shorteninq of strip
The percentage shortening of the strip !'Jas

calculated from the raw data by use of the

following formula:

% shortening of strip =

deflection in cm 100
amp ca on rans ucer s p en ncm
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PRETREATMENT OF RABBITS.

(a) Sympathetic denervation

(b) Reserpine

(c) Nialamide

Rabbits were pretreated to modify the function of neuro-

transmitter sites in the blood vessels of the ear by sympathetic

denervation or by pretreatment Úith reserpine, and MAQ was

inhibited with nialamide.
(a) Sunrp athe td e denezts at'L on

The ear blood vessels of rabbits were sympathetical'ly

denervated by surgical removal of the superior cervical

gang'lion on the homolateral side. The method for sympathetic

denervation v,,as that followed by de la Lande & Rand (1965).

Sterile technique was used, anaesthesia was usually induced

with halothane, and maintained with ether. No premedication

was necessary with this regime. In some rabbits anaesthesia

was induced with pentobarbital (Sagata'l) intravenously through

an ear vein. After skin shaving and preparation of the area

with a mixture of cetrjmide and chlorhexidine, and before

incision, 1 ml of 2% lignocaine containing adrenaline 12.5 Ug/ml

was infiltrated into the area.

A midline incision was made in the neck of the rabbit,

the trachea exposed by blunt dissection, the carotid artery

exposed and the cervjcal sympathetic nerve tissues identifjed.

The superior cervical ganglion was located and held in mosquito

forceps, while the pregang'lionic and postganglionjc nerve fibres

were cleared aS far as possib'le. The ganglion was then excised

wi th 1-2 cm of afferent and efferent fi bres. After removal of

the ganglion, an antibiotic powder containing polymixin B

su'lphate (SOOO u/g) and neomycin base (10 mg/g) !úas insufflated

into the Wound. The wound was then closed with running sutures'

After skin closure, a plastic film was sprayed over the suture

line.
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The effectiveness of superior cervica] ganglionectomy

was assessed by constriction of the pupil and early vaso-

dilatation of the vesse'ls of the ear on the operated side,

under conditions of temperature which caused constriction of

the vessels of the contralateral ear. Some an'imals were used

two days after denervation, but most were used from 4-28 days

after operation.
Effectiveness of the denervation procedure was

further tested by

(i ) Electrical stimul ati on of the iso lated arterv.

Field stimulation (1-5Hz 1 msec. duration' supra

maximal voltage) was applied to the isolated perfused artery'

Occasionally a slight response to stimulation occurred but

thjs was a'lways considerably smaller than the response in

the control artery taken from the contralateral (untreated) ear'

(i i ) Examination bv fluorescence microscopy after
formaldehyde treatment. (see page 2.8 for method used)

This was done routinely on segments and strips from

denervated arteries. In general, segments and strips taken

from the proximal part of the ear (below the first branch of

the artery) showed no fluorescence. However, in some cases

where more than one segment was removed from the same ear'

it was necessary to remove artery from above this point. In
this case sections were routinely examined at both their
proximal and distal ends for fluoìlescence and in many such cases

some fluorescence WaS seen. Where fluorescence was detected,

the results were discarded.
(b) RëserPíne-

Reserpine t^,as used to deplete tissue stores of catechol-

amines. An 'intraperitoneal injection of 2.5 mg/Kg was given

as a single dose 17-24 hrs before use. The effectiveness of

the reserpine pretreatment was assessed by the methods used after

denervation, i.e., by fluorescence studies, and by the effects



2.8

of electrical stimulation. Pretreatment with reserpine

effectiveìy eliminated specific catecholamine fluorescence'

and the response to electrical stimulation was either
eliminated, or túas very much less than that seen in untreated

arteries.
(c) NiaLØníde.

Some rabbits were pretreated with a single injection of

nialamide 100 mg/Kg intraperitonealty 16 hrs before use, to

inhibit the enzyme monoamine oxidase. This was an alternative
nethod to treating the isolated artery with nia'lam'ide, and

arteries from rabbits treated in this b,ay showed no difference

to those perfused for I hour with nialamide (see below).

PRETREATMENT OE TSOLATED ARTERIES.

NíaLønide.

Arteries were perfused for t hour at 370C with nialamide

100 ug/ml by adding the inhibitor to the Krebs bicarbonate

bathing solution. The sotution was replaced by fresh nialamide

solution after 30 minutes and by drug-free Krebs bicarbonate

solution after a further 30 minutes. The artery segments or

stríps were perfused or incubated for a further 15 minutes to

2 hours before drug treatment. This method has been shown by

de la Lande and others (1970) to produce a complete disappearance

of histochemically detectable MAQ activity in the ear artery.
In many cases one ear artery was treated in this way whiìe the

opposite ear artery was perfused with drug-free Krebs bicarbonate

solution for the same time interval and used as a control.

FLUORE S CENCE HI STOCHEMT STRY .

The technique for showing the location and distributjon
of the sympathetic nerve terminals in the central ear artery

of the rabbit, under the various experimental conditions used

in these studies, js based on the method developed by Faìck (1962),

modi fi ed by Waterson & Sma'le ( 1967 ) .
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The following is a descript'ion of the method used for
the histochemical location of amines and L-dopa in the present

studies.
A fresh artery segment at least 1 cm long u,as quickly

p'lunged into an acetone and dry ice mixture in a glass

container So that the artery was rapidly frozen. It was then

placed in a numbered space in a previously chilled a'luminium

holder (llaterson & Hume, 1973). Several arteries were then

quickly transferred to the previously cooled freeze drying

apparatus so that the specimens did not thaw. The arteries were

freeze-dried for 1,6-20 hours at temperatures from -500C to -400C

and at pressures of 15 to 50 microns of mercury. After this
procedure, the specimens v,,ere removed and placed in a glass

jar containing 5 g of paraformaldehyde powder which had been

stored over 34% V/V sulphuric acid at a relative humidity of 70%

for at least 7 days. The glass jar was sealed and placed'into

an oven whÍch had been preheated to 800C, and allowed to remain

for t hour.

After this time, the artery specimens were removed and

vacuum infiltrated forr 30 minutes with paraffin wax at a

temperature of 600C. They were then embedded in paraffin v'rax.

subsequently, tissue sections were cut at a thjckness of 7

microns and mounted in an Entellan (Merck) and xylol mixture.

The tissue sections were examined with a Leitz microscope with

a dry dark field condenser. Fluorescence was produced with an

HBO 200tl mercury vapour 'lamp using a 3mm Schott BG LZ excitation

filter and 490 to 530 millimicron barrier filter. A Leica

camera with microscope and exposure meter attachments and Kodak

Photoflure film were used for photography.

specific catecholamine fluorescence was assessed by two

independent observers, both of whom were una!{are of the

particular treatment of the artery. The following arbitrary

system of assessment was used:
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0 specific fluorescence absent

+ specific fluorescence definitely present but sparse

compared with that found in a normal artery (i.e' not

treated with reserPine).
++ specific fluorescence comparable with that observed

in freshly excised arteries from untreated rabbits.

+++ specific fluorescence of greater jntensìty than that

common]y observed in freshly excised arteries from

untreated rabbi ts.

TECHNTSAES USED IN ÐIPERNENTS T'ITTH RADTOTSOTOPES,

¿) Radùo LabeLLed eonrpotmds

Radio labelled compounds used were 3H DA [3'-4'
d'ihydroxyphenyl (ethylamine 7-21) hydrochloridel, laC DA

[3' -4, dihydroxyphenyl (ethytamine-1-1ac) hydrochlorjde]
3HNA t(t)2-(3'-4' dihydroxyphenyl ) 2-hydroxyethylamine-7 T

hydroch'lori del .

All labelled material used was supplied by the

Radiochemical Centre Amersham.

Purity of labelled DA was checked before use, after

dilution from the manufacturer's sample, bY paper chromatography

using two systems (i) whatman P81 cellulose phosphate ion

exchange paper deve'loped with isopropanol 1.5 : ammonium

acetate (pH 6.8) l and (ii) I'Jhatman No. L paper developed with

n-butanol : water : acetic acid L2:5:3. Co-chromatography with

the authentic unlabelled compound was taken as evidence of

puri ty.
The 3HNA was purified by adsorption onto alumina, elution

with perchloric acid (0.05N), and passage through a Dowex 50 ion

exchange column eluted with 1.0N hydrochloric acid. (This

further purification was found necessary after evidence was

found that a labelled impurity was present jn the conmercial

3HNA on arrival at the laboratory) (Head, 1973).
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iü rneubatíon uîth LabeLLed conrpomds.

Artery segments were excised as previously described,

and tied at one end to a potythene cannula approximately 3"

'long to act as support. Sometimes the free end was also tied

off. Arteries were not perfused. Drug pretreatments were

camied out by suspending the artery segments in a reservoir

of Krebs bicarbonate solution bubbled with C02/02 and kept

at a constant temperature (usuatly 370C). Incubation with

radioactive solutions was carried out by suspending the artery

segment in a conical tube in approximately 1 ml of a gassed

solution of, Krebs bicarbonate containing tabelled material so

that the segment was submerged at all times in the solution.

¿i¿) Washout methods.

segments were transferred from the incubation medium to

a series of 1 ml Volumes of gassed Krebs bicarbonate solution

maintained at a predetermined temperature, usualìy 370C.

The segment was moved from one wash bath to the next at

predetermined interval s.

In some experiments this method was varied so that the

initial two wash baths contained approximately 100 ml Krebs

bicarbonate solution.
iu) Eætraetíon of eateehoLøm)nes frorh the tíssue.

catecholamines were extracted from arteries with 0.lN

hydrochloric acid. Segments were extracted with 3 volumes of

acid at 370C u,ith shaking. Total extraction time was 2 hours'

Preliminary experiments showed that this method provided an

extraction efficiency of 98-99%' as opposed to 94% obtained

by grinding the tjssue with perchloric acid.

o) C'LtromatoqraqhU.

Chromatography of labetled and unlabelled catecholamines

and metabolites was carried out on 3 x 57 cm strips of

ll|hatman PBl chromatography paper (cellulose phosphate ion

exchange) (Roberts , Lg62). Tissue extracts of pure DA, NA and
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metabolites, dissolved in ethanol or ethanol/acetone, were applied

to the paper and allowed to dry without heat. Papers were

equ'iìibrated with the developing solvent for t hour, then

developed with isopropanol 0.2 M : ammonium acetate pH 6.5,
1.5 : 2 (solvent modified from Roberts, 1962) over 12-16 hours

to a distance of 46 cm, at room temperature, in the dark.

The air in the deve'loping tank was previously replaced with . -

nitrogen gas. The papers were then a'llowed to dry in air at
room temperature. Spots were visualized by U.V. ìight or by

a lÍght spraying w'ith a diazo-p-nitroaniline reagent (Appendix 2).
A penc'il tracing v,ras then taken of the chromatogram.

Fig. T.L shows the relative positions of the

catecholamines and metabolites using diazo-p-nitroaniline
reagent. The sensitivity of the method for non-radioactive
compounds was 10-20 pg. A source of variation in Rf values

was found; this was due to the hìgh sa'lt concentration
present in some extracts, which caused high Rf values for
some of the compounds. To avoid inaccuracy due to these

effects pure compounds were added to radioactive tissue
extracts, to act as markers.

ui) Rqdio eotmtinq methods.

All sampìes were counted in a Packard Tri-Carb L'iquid

Scintillation Counter in precounted pots at 160C. Counting

time for most samples was 5 minutes, precounting time for
pots was also 5 minutes.

uid) Pnepapation of sønpLes for coumtins.
(a) Direct counting. 0.5 to 1 ml samples were added

to 20 ml volumes of Brays Scintillant (see Appendix 2).
(b) Counting of samples from radiochromatograms.

(i ) t4C DA. Dried chromatograms were sectioned

transverse'ly into L cm or 0.5 cm segments which

were pì aced di rect'ly i nto tol uene Sci nti I I ant
(Appendi x 2).
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(ii) sH DA, 3HNA and 3H metabolites.

The dried chromatogram was sectioned transversely

as above. The segments were further cut into small

pieces and were eluted by shaking overnight in

1 ml 0.01N hydrochloric acid at room temperature in

small vials. The eluate and paper was then added

to 20 ml Brays scintillant for counting.

Preliminary experiments showed that neither

the presence of the spray reagent (diazotised

p-nitro-aniline) nor the 1 ml of 0.01 N acid affected

the efficiency of counting in this scintillant.
(c) Counting of tissue samples.

Tissue residues after acid extraction (see

above) were solubilised in 0.3 ml NCS reagent

in a gìass counting vial overnight at 370C. 10 ml

toluene scintillant (Appendix 2) was added and

the sample counted as before.
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CHAPTER 3

INTRODUCTION

Previous work in this laboratory by de la Lande and

co-workers has established that the centra'l artery of the

rabbit ear is richly supplied with sympathetic nerves' a

knowledge of the morphology of which is important in the

understanding of the response to exogenous NA. The sympathetic

nerve endings lie in a plexus at the media-adventitia border

of the artery. When NA is applied intraluminally, the sensitivity
is approx'imately 10-20 tjmes greater than when NA is applied by

the extraluminal route of appljcation. De la Lande and

hlaterson (1967) have suggested that this is due to uptake of

extraluminally applied NA by the plexus of sympathetic nerve

endings before it can reach the receptors in the smooth muscle

in the media. This explanation is supported by the evidence

that cocaÍne, which prevents uptake into sympathetic nerves'

or chronic denervation, which causes the nerve endings to

degenerate, both potentiate extraluminal NA 10-20 times, but

affect sensitivity to intraluminal NA very little, the result
being that the extraluminal to intraluminal difference tends

to disappear.

It was considered that, since DA, the inmediate

precursor of NA (Bìaschko, 1939) is taken up by sympathetic

nerves (Burgen and Iversen,1965),it may have similar
characteristics to NA on this preparation. DA has been found

to activate both g and ß adrenergic receptors in many tissues,

to produce excitatory and inhibitory effects respectively.

There is also evidence to suggest that it has a physiological

action jn its own right, not mediated by the adrenergic

recepto¡s. This subiect has been reviewed extensively by

Hornykiewìcz (1971).

Responses of the rabbit ear artery to DA were studied

by Campbell and Farmer (1968). They found that neither
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denervation nor cocaine had any significant potentiating

effect on DA. They attributed this result to the method of

administration, since it was by injection of a small volume

into the stream of perfusion fluid. The resulting exposure

may have been too short to allow equilibrium conditions to

occur.

However, there is other evidence that DA like NA is

taken up by sympathetic nerves. Burgen and Iversen (1965)

using inhibitor kinetics, showed that DA had a h'igh affinity
for the catecholamine uptake system of the sympathetic

neurone in the rat heart, and Peskar and others (1968)

showed that the uptake of DA followed Michaelis-Menten kinetics

with a Km of 0.68 x 10-6M and Vmax of 1.45 x 10-e mol/g/mìn

which compared with the figure for NA (Iversen, 1963) fm ('.) t'tR

0.27 x 10-6M, Vmax 1.16 x L0-e mol /g/nin. Nevertheless,

conflicting reports of the effects of cocaine and denervation on

responses to DA have appeared in the literature over a number

of years (Tainter, 1930; Hamet, 1931; Gurd, t937; Campbell and

Farmer, 1968; Tsai and others, 1967; Birmingham and others,

L970., Hamilton, 1972). In some tissues or systems responses to

DA were potentiated by cocaiIE, ol.denervation, jn Some they were

unchanged, in others they were depressed. Tsai and others

(tgøl) explained these conflicting effects by suggesting that

at least in the cat nictjtating membrane, DA has three actions:
(i) a direct action on CI, or ß adrenergic receptors; (ii) a

release of endogenous NA (i.e. indirect effect); (iii) an

impairment of the reuptake of the released NA (i.e. cocaine

type effect).
This suggested combination of direct and indirect effects,

one of which may be more ìmportant than the other in a particular

tissue, could account for some of the dìffering effects of

cocaine and denervation reported above, since cocaine has been

known to potentiate direct effects of many amines, and to depress
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indirect effects. Campbetì and Farmer (tgOg), found no

evidence of an indirect component in the action of DA in the

rabbit ear artery. However, their study does not take into
account the possibility that the route of application
(intraluminal or extraluminal) of DA to the artery may

influence the extent to which its action is direct or indirect.
Thus Campbell and Farmer's results might be exp'lained simply

on the basis that DA applied intraluminally, failed to reach the

nerve terminals located at the media-adventitia border.

In the present study, an attempt was made to elucidate

the action of DA in the rabbit ear artery, in tþÍs case

using (i) isolated perfused segments cannulated at both ends

such that drugs could be appt'ied separate'ly to either the

intraluminal (intimal ) surface, or the extraluminal (adventitial )

surface (de la Lande and others,1966), or (ii) helical strips
cut from an isolated segment (de la Lande and Urquilla, 1969).

In this latter preparation no attempt was made to distinguish

between drugs apptied to the intimal or adventitial surface.

The aim of the work was to:
(a) Investigate the nature of the response to DA in

the normal artery, and compare this with the

response to NA in this preparation.

(b) To evaluate the influence of the sympathetic

nerves on the response to DA by studying the

effects on the response of chrronic denervation,

cocai ne and reserP'ine.

The techniques used in the experiments described in this

chapter are fully annotated in Chapter Two, General Methods"

METTI ODS
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RESULTS

RESPONSES to D)PAWNE

(a) Perfused seqments.

The response to sustained application of DA in the

untreated rabbit ear artery was found to be essentially

the same by either the extraluminal or the intraluminal

route of application. It comprised a dose-dependent'

rapid rise in perfusion pressure, indicating constriction.

The constriction commenced within 2 minutes of intra-
luminal appl.ication, and reached its steady state level

after a further 2-6 ninutes. The constriction was

usual]y well maintained at or near its maximum level,
(Fjg. 1a) but occasionally the response faded rapidly

from its maximum value despite continued contact of

drug and artery (Fig. lb). Individual arterjes tended

to display the same pattern of response throughout the

experiment. After washout of the dopamine, the return

to resting perfusion pressure v'ras relatively rapid; i 'e'
of the order of 5-7 minutes or less. These responses

were abolished or greatly depressed in the presence of

the o-adrenergic antagonist, phentolamine, in a

concentration of 0.2 - 1.0 lg/ml.
Attempts to demonstrate a dilator action of DA

in the perfused segment were made by injecting DA into

the perfusion fluid of segments, the tone of which was

previously raised and maintained by hìstamine present

in the extraluminal bathing solution. In all prepara-

tions, the iniection of dopamine caused further

constriction (FiS. 2a). Thjs constrjction was abolished

by phentolamine. In 3 arteries there was no further

response to DA after the phentolamine' However ín

another 2 arteries, it was possible that DA did cause slight

dilatatjon, but it was difficult to distinguish this effect
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Figune 3.7

Types of response to extraluminal dopamine
in perfused arterY segments.

(a) Shows a response which was well' maintained near its maximum level.
(b) A response which faded rapidly from

i ts max'i mum val ue des pi te conti n ued
contact with the drug.
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(b) Response to simjlar doses of dopamine

aftbr phentol ami ne 0. 25 ug/ml ' Di I ator
ietponi.s to isoprenaline (IS0) are also
shown
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from the spontaneous fluctuations in tone. l.lherever tested,

isoprenaline (0.1 - 0.2 ug) caused an unequivocal and

pronounced vasodilator response under the same conditions

(Fig. 2b). From these results it was concluded that a

dilator effect of DA, if present was smal'l compared with

its constrictor action; i.e. the latter action would

provide a reasonable guide to the concentration of DA at

its receptors. For this reason, the measure of the

sensitivity of the artery to DA was based on the magn'itude

of the constrìctor response.

Cumulative dose - response curves were obta'ined to

both extra and ìntraluminal DA on the same arteries;
threshold doses being obtained in the dose range 0.3 - 1.0

ug/ml. Ratios of equipotent doses were assessed at an

arbitrarily chosen response level of 60 mm Hg, since it
was not possible to obtain complete dose response curves

in the perfused segment. This was because the responses

became erratic at high perfusion pressures (e.9. pressures

greater than 200 m Hg) as previously noted by de la Lande

and Jellett (t972).

Table 1 shows the mean extraluminal to intraluminal

ratios for DA in 13 arteries, and also for NA in 5 of
these. It can be seen that the artery is approximately

equisensitive to DA whether the route of administratjon

is extraluminal (EL) or intraluminal (IL) i.e. the ELlIL

ratio approaches L. In contrast to this, the ELIIL ratios

for NA showed a mean of 14.4 confirming earlier reports

that NA is considerably more potent when applied intra-
luminally (de la Lande and Waterson, 1967).

(b) He'l i cal stri ps .

Since the above data indicated that the sensitivity
to DA in the rabbit ear artery was independent of its
route of administration, it was decided to use the helical



TABLE 3:1

Effect of denervation on the extraluminal (EL) to
.intraluminal (IL) ratios of dopamine and noradrenaline
in the rabbit ear arterY segment.

values quoted are the geometric means of the potency

ratìos. A separate ratìo was determined for each artery.

The values 'immediate'ly below the mean refer to the mean t s.e.;
and the figure in brackets refers to the number of experiments.

Potency ratios were calculated at a response level of

60 mm Hg.

* Means do not differ significantly (t-test, P >0.05)

0.96r
0.77 - 1.2

(e )

1.00

0.83 - 1.2

(5)

0.99*
0.87 - L.lz

( 13)

14.4

11.6 - 18.0

(5)

DOPAMI NE

EL/IL Ratio

NORADRENAL I NE

ELlIL Ratio

DENERVATEDNORMAL
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strip preparation for much of the quantitative work in

this study. The advantage of the helical strip
preparation is that a maximum response, and hence full
dose response curves, can be obtained. This permits the

sensitivities of the different arteries to DA to be

expressed in terms of the concentrations producing a fixed

percentage of the maximum response (e.g. ED 50).

The response to sustained application of DA in the

helical strip lvas a contraction whjch commenced within a

few seconds of app'lication of the DA, and reached steady

state after a further 1-4 minutes. In a manner similar to
the perfused segment the contraction was either well

maintained at or near its maximum level oF, less frequently,

faded rapid'ly from its maximum level despite continued

contact of drug and strip. After washout of the DA' the

artery relaxed quickly at first, and then more slowly

as the resting 'length was approached. Sometimes the artery

strip continued to relax to below its previous resting

leve'l . At 3 ug/ml (approx. ED 50-70) ttre mean time to

reach 5% residual response was approx. 6 minutes. Threshold

doses of DA were in the range 0.1 - 0.3 ug/m], and maxima

occurred at 100-300 ug/ml. Responses were recorded in two

v,rays, firstly, as a percentage of the maximum response,

and secondly as the percentage shortenjng of the strip
(details of these are given in Chapter 2.5)- The latter
method gave an 'index of the contractile performance of

each artery strip. When two dose response curves were

elicited in the same strip'it was often found that during

the second (cumulative) app'lication of the agent there was

a loss of sensitiv'ity. This was reflected in a diminution

of the maximum response (Fig. 3), and a shift to the right
of the dose response curve even when the two curves were

calculated in terms of their separate maximum responses
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(Fig. +). Thus in 5 experiments, the mean percentage

shortening at maxjmum of the second dose response curve

was 88.9% of that of the first;
geometric mean of the ratios of

in 4 experiments the
lst a lication DA

and
ED

2

app ca on

was 0.66.

Inmanyexper.iments,suchadecreaseinsensitivity
was smal] compared with the effect of the part'icular

treatment e.g. the effects of nialamide as shown

subsequently. However, wherever practicable' paired

arteries were employed' one of which served as the

control for the treated artery, and the maximum response

to DA was not elicited until the end of the experiment'

EEFECT OF CHRONTC DENERVATTON.

The effect of chronic denervation on the sensitivity

toDAwasstudiedinbothperfusedsegmentsandhelica]
strips from rabbits the left ears of which were

denervated by removal of the homolateral superior

cervical gang'lion 5 to 33 days prior to the experiment

(see Methods 2.6).
Table2showsthatin6perfusedsegments'measured

at 60 nm H9, the denervated arteries were slightly more

sensitive to extraluminal and intraluminal DA than rtheir

contralateral controls, however, statistical tests showed that

this increase Ín sensitivity was not significant (t-test'

P>0.05).ThesensitivityratjoofextralumjnalDAto
intraluminal DA in the denervated arteries (0.96), was not

s.ignificantly different to that in the innervated control

arteries (0.99). However, in 5 of the preced'ing

experiments, the increased sensit'iv'ity in the denervated artery

to NA was 26 fold for extraluminal and 1.8 for intra-

luminal NA.

Inhelicalstrips,chronicdenervationshiftedthe
DA response curve to the left and decreased 'its slope



TABLE 3:2

Effect of denervat'ion and cocaine on the extraluminal
and 'intral umi nal potenci es of doparn'ine and noradrenal i ne i n
the rabbit ear arterY segment.

The values quoted are the geometric means of the

potency ratios for pajred arteries (denervated) and the

same artery (cocaine).

Potency rario = ffi (sreur¡lrs) ED50 Untreated
rea

ED 60 mm refers to the dose which produces a response of

60 mm Hg in the perfused segment. In normal arteries these

were: extra- and intraluminal DA 13 t 2 and 14 t 4 x 10-6M

respectively, and extra- and intraluminal NA 1.9 I 0.5 and 0.087 t
0.017 x 10-6M respectively. The ED 50 in strjps was 16 t 4 x 10-6M

for DA and 0.83 t 0.31 x 10-6M for noradrenaline.

The figures immediately below the mean of the potency ratios

are the mean t se; and the fjgure in brackets indicates the number

of experiments.
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3

(Fjg. 5). The increase in sensitivity was 2-3 fold

(Table 2) and was statistica]ty significant when

est'imated in the range ED 5 to ED 70. However, there

was no difference between the maximum responses for the

two groups of arteries.

EFEECT OF COCAINE.

The effect of cocaine on DA sensit'ivity was tested

in perfused segments only. Dose response curves to

intraluminal DA and extraluminal DA were obtaíned in the

absence and presence of cocaine L ug/ml, and the

sensitivity ratio estimated at a response level of 60 nrn Hg.

Fig. 6 shows an example of dose response curves to DA in

the presence and absence of cocaine. The results,

summarised in Table 2, show that the mean increases in

sensitivity due to cocaine, to both extraluminal DA

(in 9 arteries) and intraluminal DA (in 6 arteries) were

very slight (less than 2 fold). In contrast, the effects

of cocaine on the sensitiv'ity to extraluminal NA, estimated

in 8 of these arteries' were marked, amounting to a

72 fold increase, in agreement with results previously

obtained in this laboratory (de la Lande and Waterson, 1967).

Since the effects of cocaine on the sensitivity to

DA were slight, a further test was applied. In two

additional arteries, a steady state response to DA was

obtajned at a dose level which gave a response of about

60 mm Hg. Cocaine L ug/ml was then added to the bath'

Potentiation was manifested as a further increase in

perfusion pressure (Fig. 7). cocaine caused a definite

increase in perfusion pressure, from which it was

estimated that it had increased the sensitjvity to extra-

I umi nal DA by factors of 1 . L5 and 1 .04, and to i ntrral um'inal

DA by factors of 2.08 and 1.25. Since the results in
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these two experiments were essentialìy in agreement

with those described above, no further experiments of
this nature were caryied out.
HistochewLeaL obseruatiqns on the effeet of coeaine

or¿ DA uptake ínto nertse terrninaLs.

In these experiments, artery segments from rabbits
pretreated with reserpíne and nialamide were incubated

with varying concentrations of extraluminal DA. In
some experiments, cocaine 1 ug/ml was present 10 minutes

prior to, and duríng the exposure to DA. After incubation

for:30 minutes, the drugs were washed out for L0 minutes,

after which the segments were frozen for histochemistry.
The technique used for the drug pretreatment and

histochemical analysis is described in Methods 2.7 and

2.8.
Table 3 shows that in 2 preliminary experiments,

specific monoamine fluorescence was faint in arteries
which had been incubated with DA 0.01 ug/ml for 30

minutes, and appeared to increase with increasing concent-

rations of DA up to 0.5 ug/ml. Further experiments showed

that the fluorescence achieved by incubation with 0.3

ug/m] DA could not be distinguished from that achieved by

incubation with 3 ug/ml DA, suggesting that the uptake

had become maximal. In the cocaine treated arteries, the

fluorescence appeared less intense when the DA concentration

was below 0.5 ug/ml, but could not be distinguished from

that in untreated arteries when the concentration of DA

was greater than 1 ug/ml. Thus it appeared that cocaine

exerted an inhibitory effect on the reappearance of
monoamine fluorescence in reserpine and nialamide treated

arteries when these were incubated with DA at concentrations

at or below 0.3 to 0.5 ug/ml, but had little effect at

the higher concentrations of DA (1-3 ugTml).



TABLE 3:3

The effect of cocaine on the reappearance of catecho'l-
amine fluorescence, atter exposure to DA in njalamide and

reserp'ine pretreated arteries.

Key to Symbols Used:

0
+

No specific catecholamine fluorescence.
Fluorescence present but not equally distributed

around pl exus.
Catecholarnine fluorescence in nerVe terminals equ'ivalent

to that in normal arteries.
eatecholamìne fluorescence visible in adventitia as

well as in nerve term'inals.

++

+++

Data presented is from 6 expe[iments in which pairs of

arteries, one of which was treated wjth cocajne, were 'incubated

w'ith vary'ing concentrations of dopamìne for 30 minutes, followed

by 10 minutes washout before histochemical treatment. All arteries

were pretreated with reserpine and nialamide. Assessment of

the degree of fluorescence was carried out by two independent

observers, both of whom Were unaware of the experimental

protocoì .

+++

++

+++

++

+++
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+++

+++

+++

+++

+++
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4 EEFECT OF RESERPTNE PRETREATMENT..

This was tested in helical strips only' Dose

response curves to DA were obtajned in strips from 9

rabbits which had been pretreated with reserpine. This

data was compared statistically with data from L0

untreated strips from a different group of animals. The

latter L0 experiments were carried out over the same

time period, using similar animals to those used for

reserpine exPeriments.

ResponsestoDAinthereserp.inepretreatedgroup
were similar in shape and time course to those jn the

untreated group. The sensitivity to DA in the reserpine

pretreated group did not significantly differ at any

of the dose levels tested from that in the untreated

group (t-test, P > 0.05) (Fig. 8).

RELATTW POTENCY DA TO NA,

In the course of the experiments described in this

chapter, sufficient data was accumulated to provide a

preciseestimateoftheratioofthepotenciesofDA
toNA.Sincetherelevantdatahasformedonlyan
incidentaì part of the results presented to date, it 'is

represented in a concjse form at this stage' In all'
NA and DA were compared in a total of 9 artery segments

using extraluminal apptication, and in 5 of these using

intralum.inal application, 5 chronically denervated

artery segments using both extra and intraluminal application

of the drugs, and in t2 strips from untreated arteries.

DoseresponsecurvesforDAandNAwereapproxìmately
parallel both in the segments, and in the strips'

The relative potencies of DA and NA in denervated

and control segments and strips are surrnarized in Table 4.

It will be seen that (a) in the innervated artery'

although NA was always more potent than DA, the extraluminal

5
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TABLE 3:4

Relatjve potencies of dopam'ine and noradrenaline in the
normal and denei^vated rabb'it ear artery segment and st¡ip.

*Values do not differ significantìy from one another

(Analysis of Variance, P > 0.05)

Values quoted are the geometric means of the potency ratios

determined at a response level of 60 mm Hg for segments, and

at the ED 50 in strips. A separate ratio was determined for

each artery. The number of arterjes is shown in brackets.

The values immediately below the mean refer to mean + se.

See legend forTabl e3:2 formean t se of the equieffective

concentrations of DA and NA which give a response of 60 mm Hg

and ED 50 in strips.
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potency ratio was much less than the ratio of intraluminal

potencies, and (b) this difference did not occur in the

denervated arteries, where the intraluminal ratio of

potencies (150) was not significantly djfferent from

the extraluminal ratio of potencies (110). These

latter ratios did not differ significantly from the

ratio of the intraluminal potencies (142) in the

innervated preparation when analysed by Analysis of

Variance (P > 0.05).

DISCUSSION

The main response of the rabbit ear artery to DA is

constriction. This is probably mediated by cr adrenergic

receptors, since it can be blocked by the cr adrenerg'ic block'ing

agent, phentolamine. In contrast, attempts to demonstrate a

djlator response under conditions where isoprenaline caused

enequ'ivocal dilatation were generally unsatisfactory. It would

seem that the ear artery contains relative'ly few of the DA

receptors which are believed to mediate dilatation in the dog

renal and mesenteric arteries (McNay and others, 1963, 1965).

In contrast to NA, the actjon of DA on the rabbit ear

artery appears to be relatively independent of the sympathetic

nerves. Firstly, there is no significant difference in the

potency to DA whether ìt is applied intraluminally or extra-
'lumìnalìy. This is in contrast to NA which is 10-20 t'imes

less potent extra'luminally. Elimination of the influence of

the sympathetic nerves, by chronic denervation or by cocaine

treatment has little effect on the sensitivity to extraluminal

or intraluminal DA, whereas with NA, these neasures have a

se'lecti ve effect on the extra'l umi nal potency ' caus i ng 'it to
increase about 10-20 times. These results for NA have been

interpreted by de la Lande and l^laterson (1967) to mean that

the sympathetic nerves, whjch are situated in th'is preparation
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at the media-adventitia border, act as a pre-receptor site of

uptake ( and therefore loss ) of extralumina'l NA, and play a

large part in the determination of the concentration of

extraluminal NA which final'ly reaches the receptors.

It is of interest that jn the helical strip, the mean

relative potency of DA to NA was 32.9, estimated at the ED 50

level. This is little different from the geometric mean

(3S.0) of the extraluminal and intraluminal ratios of the

potencies of the two amines (i.e. 7.8 and 142 respectively)

in the innervated segment. 0n the other hand, the nerves

have little influence on the receptor concentration of intra-
luminal NA. The data suggests therefore, that the same

conclusion should apply to DA, i.e. that the sympathetic nerves

pìay little part in the determination of the concentration of

DA at the receptors, whether it is applied intra- or extra-

1 umi naì ly.
Although the above data suggests that neuronal uptake

is unimportant in the pharmaco'logical action of DA, the

h'istochemical evidence presented in this chapter does indicate

that neuronal uptake of DA can occur. This has also been

shown by other workers, (Burgen and lversen, 1965; and Peskar

and others, 1963). Monoamine fluorescence first appears at

a DA concentration of about 0.01 ug/m'|, and steadily

increases with increasing concentration up to a level of

about 0.5 ug/ml. Beyond this concentration it is difficult to

assess further increases jn fluorescence intensity. In the

presence of cocaine (lUg/ml), the fluorescence intensity ìs

less at DA concentrations up to about 0.3 - 0.5 Ug/ml. However,

at hìgher levels (1-3 ug/ml) the f'luorescence intensity is similar

in cocaine treated or untreated preparations. From the evidence

it would appear that uptake is saturated at concentrations of

DA exceeding about 0.5 ug/ml. The perfused artery segment is

sensitive to DA at a threshold concentration of about 0.3-1'0 Ug/ml
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and thus at the concentrations where DA is effective as an

agonist, it is at a concentration above the saturation level

for the Uptakel system. It fo]lows, therefore, that

uptake by nerves will have little effect on the concentration

of DA which reaches the receptors. This argument is borne

out by the evidence that, in helica'l strips where the

threshold sensit'ivity is 10 fold greater than in perfused

Segments, denervation caused a selectively greater increase in

sensitivity at the lower end of the dose response curve, than

at higher levels, and changed the slope of the curve. Langer and

Trendelenburg (1969) showed that the neuronal uptake of a

drug has a profound effect on the slope of its dose response

curve, when the drug in question is at a concentration where

the uptake is functional but not saturated.

The failure of reserpine to a'lter the sensitiv'ity to

DA in the ear artery would impty that in this tissue' the action

o,f DA is largely direct, i.e. not dependent on the release of

endogenous NA from neuronal sites. However, in some other

tissues the action of DA is mixed (Tsai and others,1967) or

largely indirect (spìers and calne, 1969). It is possible

that in this tissue also, a small indirect component to the DA

response may exist, but is not revealed by the methods used.

Finally, the data provides an opportunity for defining the

relative potencies of NA and DA. Reported values show that

DA has a potency on the rabbit ear artery 1/50th that of NA

(Campbell and Farmer,1968; de la Lande and Harvey,1965)'

However, in both studies the amines lvere iniected intraluminal'ly

into the isolated artery, which was perfused in such a way that

the dopam'ine then escaped i nto the extral umi nal so'luti on.

In the data presented here, intrraluminal and extraluminal

relative potencies have been determined separately and it is

evjdent that where uptake of NA occurs, the differences between

potencies are much less than when the uptake is prevented or
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minimised e.g. by chronic denervation or by 'intraluminal

app'lication. The mean value for relative potency under these

conditions is 2-3 times greater than the previous published

val ues.



CHAPTER FOUR

THE EFFECT OF INHIBITION
OF MAO

ON RESPONSES TO DOPAMINE



CHAPTER 4

INTRODUCTION

In the preceding chapter it was shown that dopamine

exerts a direct effect on adrenergic receptors in the ear

artery. The faÍlure of cocaine, denervatÍon, or reserpine

to modify its action would indicate that t,he sympathetic

nerves ptay little role in its pharmaco'logical action in the

normal artery.
The present chapter deals with the changes in the

response to DA produced by inhibition of the metabolising

enzymes, especialty MA0. This was done in view of the evidence

that DA is a substrate for MAO (Blaschko and others, 1937),

and it was thought possible that the potency of the vaso-

constrictor action may be limited by the fact that DA was

inactivated by MAO in the artery wall.
Previous studies in this laboratory confirmed the

presence of MAO in the rabbit ear artery. Histochemical methods

revealed that the enzyme was distributed largely extra-neuronally,
throughout the media, however, this technique did not reveal

intra-neuronal enzyme (de la Lande and others,1970).
Subsequently pharmacological techniques revealed that
(i) the extra-neuronal enzyme did not play an important ro'le

in the response to NA, and (ii) the intra-neuronal enzyme was

present despite the negative histochemical findings and that
inhibition of this enzyme produced a marked effect on the

response to NA (de la Lande and Jeì'lett, L972). This effect
comprised a slow attainment of the steady state response and

delayed recovery after washout; the effect was abolished by

cocaine, and by chronic denervation, indicating that it required

uptake of NA by the sympathetic nerves for its occurrence.

Furchgott and Sanchez Garcia (f968) had independently shown that

inhibition of MAO produced a similar effect on the response of

the guinea pig atria to NA and referred to this effect as
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"secondary sensiti zation" .

There have been a number of studies on the interaction

between MAQ and DA. Helmer (1957) reported that iproniazid

markedly potentiated the contraction produced by DA in the

rabbit aortic strip. Qther workers found enhancement, and

sometimes prolongation of the pressor response to DA by MAO

inhib'itors in the dog in uiuo (Gotdberg & Sioerdsma, L959;

Gatgounis, 1965) and also in man (Hon¡ritz and others, 1960).

In contrast to these, nialamide failed to potentiate the pressor

effects of DA-in the cat (Batzer and Holtz,1956) and failed
to augment the pressor effects of DA in the conscious rat
(Rubenson, tgTl). Tsai and others (1967) showed that pargyline

treatment increased the sensitivity of guinea pig atria to DA

more than ten times, while the increase with alpha-methyldopamine'

which is not a substrate for MAQ was only three fold. In the

same study, a slow increase in tone with time after infusion

of DA was also noted in untreated animals. The slow increase

in tone was abolished by denervation or cocaine treatment'

but not by reserpine, or reserpine and disulfiram, and was

considered to be related to an impairment of the uptake of DA.

The effect was more prominent when alpha-methyl DA was used

instead of DA. These studies indicated both a role of MAO in

the response of the cat nictitating membrane to DA, and the

probability that the MAO was neuronal rather than extraneuronal.

The aims of the study described in this chapter were to

examine the effect of inhibition of MAQ on the response of the

ear artery to DA, and if an effect were observed, to explore

the respective roleS of intraneuronal and extraneuronal MAO

using denervated, cocaine treated, and reserpine pretreated arteries.

Both isolated perfused segments, and isolated helical

strip preparations of the artery have been employed. The

advantage of the segment is that it permits the responses üo

intraluminal DA to be d'istÍnguished from those to extraluminal DA'
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The separate analysis of the intralumìnal and extraluminal

responses to NA had already proved to be useful in elucidating

the role of MAQ in the response of this artery to NA (Jellett
and de la Lande, 1969; de la Lande and Jellett, 1972). However,

the maiority of the quantitative studies described in this
chapter have been carried out on strip preparations. As

mentioned already, it has not been possible to obtain satisfactory
maxjmum responses on the segment; this difficulty does not

apply to the strip.

METHODS

The methods emp'loyed in the experiments described in

this chapter are described in deta'il in Chapter 2 - General

Methods.

RESULTS

The effect of MAO inhibition on the responses to DA

has been studied in:
ARTERIES WTTHOUT PRETREATMENT :

CHRONICALLY DENERVATED ARTERTES :

RESERPTNE PRETREATED ARTERÏES :

COCAINE TREATED ARTERIES :

1.. ARTERTES WTTHOUT PRETREATMENT.

(a) Shapes of Responses.

Segments: As described in Chapter 3, the response of the

untreated artery to sustajned application of both intraluminal

and extraluminal DA comprised a rapid increase in perfus'ion

pressure to a well sustained steady level, and a rapid return

to the resting perfusion pressure on washout of the DA.

In nialamide treated arteries, the response to dopamine
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differed from the untreated artery in two respects.

(i) At 'low concentrations of dopamine the time required

to attain the steady state response was greatly prolonged.

Sometimes a short lag phase preceded the response. However,

at higher concentrations, the steady state was attained much

more rapidly, but at the concentrations studied this was still
slower than the untreated artery.

(ii) The return to resting perfusion pressure after
washout of the drug was prolonged.

The two phenomena, (i) and (ii)' will be described

together as secondary sensitization, since Furchgott and Sanchez

Garcia (1968) have already used this term to describe similar
effects of inhibjtion of MAO on the response of the isolated
guinea pig atria to NA.

Secondary sensitization to DA occurred after both

intraluminal and extraluminal application of DA, although the

effect b,as more pronounced with extraluminal application. These

differences are illustrated in Fig. 1. These effects of

nialamide on the response to DA resembled those on the response

to extraluminal NA in the rabbit ear artery described by

de la Lande and Jellett (1972). However, with NA, the sensitization

was not observed when the NA was applied intraluminally.
Arte helical stri : As described in Chapter 3, the response

of the untreated artery helical strip to sustained application

of DA was characterised by rapid attainment of a steady state

level followed by rapid recovery on washout.

Following nialamide treatment, the responses to DA

were as follows:
(i) Low doses of DA caused a slowly increasing

contraction of the strip which often took 30-60 minutes to

reach a steady state value. Before the response' a lag of

1-4 minutes sometimes occurred especial'ly for the first dose

of DA after nialamide.
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(ii) At higher concentrations of DA' responses

became more rapid jn onset and in attaining their steady state

level.
(iii) The recovery after washout of the DA was very

slow. Hence the effect of nialam'ide on DA responses in the

strip was similar to that in the segment. Examples of the

above responses are illustrated in Fig. 2.

(b) Kineties of the responses.

The relationship between the concentration of DA and

the kinetics of the response of nialamide-treated arteries was

stud'ied in helicaì strips only. Fig. 3 summarises the results

of 6 experiments in which the time required to attain the steady

state response was measured at different concentrations of DA.

The concentration was increased cumulatively. It will be

seen that the rate of onset of steady state was slow at low

concentrations and that as the maximum concentration was

approached, the rate increased until it was littte different
from that prevailing in untreated arteries.

Studies on the effect of nialamide treatment on

recovery after washout of the DA were confined to a submaximal

and to a supramaximal concentration of DA. The submaximal

response was achieved by applying DA 3ug/ml for 15 minutes or for
30 minutes; the maximal by applying DA 300 ug/ml until the

steady state value of the maximal response was achieved. Fol'lowing

washout of the DA, the height of the response was recorded at

various intervals until the preparation had returned to its
resting 'length. Fig. 4 shows that recovery following nialamide

treatment was markedìy s'lowed compared with untreated arteries.

The mean times to reach a resìdual response of I0% of the maximum

was 34 minutes and more than 60 minutes for 3 and 300 ug/ml DA

respectìveìy as compared with 4 and 8 minutes respect'iveìy for

the untreated arteries.
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The concentration of dopamine u,as jncreased cumulativeì.y
when the response to the previous concentration reached
a plateau.
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Time course of responses to dopamine in nia'lamide treated and

untreated arteries.
Va'lues shouln are the mean responses of siX experiments at

each level of dopamìne concentration, from cumulative dose

response curves. After administrat'ion of each dose, the

strip was allorved to reach steady state response, after which

the next higher dose was added:
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Recovery after submaximal and supramaximal doses

of dopamine in nialamide treated and untreated strips.

demonstrat'ing the slow recovery phase of secondary

sensitization in the nialamide treated strip'
Means t s.e. of the residual responses at time

intervals after washout of dopamine are shovln for

nialamide treated (closed symbols) and untreated (open

symbols) artery strips. Supramaximal (300u g/m] ) doses

of DA are represented by square symbol s , and submaximaì

(3 u g/m1 ) by ci rcl es. The number of experiments ì s

in brackets over the respective curve'
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(c) Effeet of niaLønide on magnitude of steady state ?esponses.

Segments: Besides altering the shapes of the responses'

nialamide also enhanced the sensitivity to DA as assessed by

the ratio of the concentrations required to produce the same

steady sta.te level of response (40 mm Hg) in untreated and

nialamide-treated arteries. The ratio was estimated from

concentration response curves at a minÍmum of two concentrations

of ÐA added cumulat'ive1y. The resu'lts are presented in Table 1.

It wì11 be noted that the mean potentiation of extraluminal DA

(15 fold) tended to be greater than that of intraluminal DA

(6.5 fold). However, the results between experiments varied

considerably and the djfference between the potentiations of intra-
luminal DA and extraluminal DA was not significant (t-test,
P > 0.05). This was undoubtedly caused by the difficulty of
deciding the level of the steady state response due to the slow

incremental nature of the response. A typical dose response

curve is shown in Fig. 5.

Helical strips: Cumulative dose response curves to DA were

determined on helica'l strips before and after nialamide

treatment, each dose being applied after the preceding response

had reached its steady state value. The dose response curve to

DA in the untreated artery was S-shaped (Fig. 6). Treatment

with nialamide caused a shift to the left which was more pronounced

in the lower region of the curve. As a result, the dose

response curves before and after nialamide were not parallel, as

indicated by the different slopes of the curves.

In this series of experiments, dose response curves v'rere

obtained from the same artery before and after nia'lamide treatment.

It was shown in Chapter 3.6 that when two cumulative dose

response curves were carrìed out on the same artery, the maximum

contraction attained by the artery during the second cumulative drug

additjon was usually less. The sanre phenomenon occurred in some

of the nialamide treated arteries; hovlever, overalì the rnaximum



TABLE 4:l

The effect of n'ialamide on the sensitivity of the
untreated and denervated ear artery to dopamine.

Conc. of DA before NIAL
Values quoted are the geometric mean of ratios onc. o a ter
In the case of segments the concentratjons are those which were

equipotent 'in producing a response to 40 mm Hg. The figures

below the means are the mean t S.ê., and the number in brackets

refers to the number of experiments.

The differences between denervated arteries and their

contralateral control arteries were h'ighly sign'ificant (P < 0'005

t-test). However the djfference between intraluminal and

extraluminal DA was not significant at the 5% level. In the

untreated artery this was due to the large variation in values

obtained, stemming from the extreme difficulty in gauging

steady state response in these arteries.

ED 50 ED 80

5.3
4.2 - 6.6

( 14)

4.3
3 - 5.8
(14)

0.53
0. 36 - 0.7

(5)

ED 30

6.7
4.9 - 9.0

(14)

EXTRALUMI NAL

14.
11.5

(7

7

- 18.8
)

1.1
0.9 - 1.4

(6)

INTRALUMI NAL

6.5
5.0 - 8.5

(7)

1.3
0-1

(6)
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Effect of nialamide on the sensitivity to dopamÍne

in the perfused arterY segment.

Typical dose response plot of extraluminal (circles

and intraluminal (squares) dopam'ine before (open

symbols) and after (closed symbols) nialamide showing

an increase in sensitiv'ity of 36 fold and 5. fold for

extra- and intra-luminal doparnine respectively'
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tffect of nialamide on the sensitivity to dopamìne and

the slope of the dose response curve in the artery

hel j cal stri P.

The values shown are the means t s.e. of cumulative

responses to dopamine in 21 untreated (open circles) and 18

nialamide treated (closed circles) strips. The slopes

of the curves are 63.3 and 45.3 for untreated and nialamide

treated respect'ively. The slopes were determ'ined by

the formula of Langer and Trende'lenberg (1969) where the

slope = fu using the mean ED 80 and

ED 30.
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response to the second appìication of drug in these arteries v'ras

not significantly djfferent from that attained in the untreated

arteries (t-test, P > 0.05). This is shown in Table 2.

Table 1 shows the potentiation of DA responses due to

nialamide at various equieffective dose levels in 14 strips.
As stated above, the potentiation at lower dose 'levels is
greater than at the higher dose levels. Maximum potentiation

was at ED 30 level. It will be seen that the potentiating

effect of nialamide on the helical strips was approximately

equal to its effect on the responses of segments to intralum'inal

DA, but only about one-half the effect on the responses of

segments to extraluminal DA.

2. CHRONICALLY DENERVATED ARTERIES.

Left ear arteries of rabbits were sympathetically denervated

(see Chapter 2.6) 4-I2 days prior to the removal of the left
(denervated) and rìght (control) arteries for use as isolated

perfused segments' or as helical strips. The shapes of

responses, shapes of dose response curves and changes in

sensitivity were observed in both segments and strips, and the

time course of responses and relaxation after standard doses

of doparnine !úere also observed in the strip preparat'ion.

Responses to submaximal DA in chronica'lly denervated

arteries (both segments and strips) were similar before and

after nialamide treatment. i.e. responses were rapid in onset'

and in the attajnrnent of steady state, and were followed by

rapid recovery on washout of DA. Fig. 7a and b shows responses

typical of B experiments in the denervated segment. Table 3

summarises data on the times requ'ired to attain steady state

responses to DA in nialamide treated strips. The main feature

is the relativeìy rapid attainment of the steady state response

to low concentrations of DA jn the denervated artery compared with

the innervated artery. Table 1 shows that nialamide d'id not



TABLE 4.2

Effect on maximum response height of repeated
cumulatíve application of dopamine to arterjal strips.

The effect of a previous cumu'lative response to

maximum on the maximum response Ín the next dose response

curve Ís shown above.

The height of the maximum response in the second

cumulative response was calculated as a percentage of the

height of the maximum in the first cumulative response. A

time'lag of at'least 1t2 hours occurred between the two

cumulative responses in all cases. The mean t s.e. of the

findjngs 'is presented above. The means of the two groups

did not differ significantly. (t-test, P > 0.05).

Figures in brackets refer to the number of experiments.

88.9
t 6.4

(5)
s.e

94.8
s. e. x 2.6

(14 )
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after nial
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DA

2nd maximum response as %

of lst maximum response.
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Responsestoextra-andintra-lumjna]dopaminein
denervated artery segments, typical of those ín I experiments

(a) before nialamide'
(b) after ni al am'ide treatment '
showing the lack of the features of secondary sensitjzation

in the denervated preparation after nialamide treatment.



TABLE 4.3

The effect of denervation on the time required to attain
the steady süa!e, responSê to DA in nialam.ide treated artery
stri ps.

The data refers to the means of results in 5 pairs of
arteries. In each artery, the concentration of DA was

increased cumulatively and the intervals between the

additions of dopamine and the attainment of the steady

state response measured.
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increase the sensit'ivity to DA in the denervated artery segment'

In the strip a slight decrease in sensitivity of about 2 fold was

Seen. Fig. 8 shows the mean recovery curves for submaximal

(3Ug/ml) concentrations of DA. It wjll be seen that recoveries

frorn the submaximal concentration of DA (3ug/ml) are

substantially faster in the nialamide treated denervated artery

compared with the innervated artery (Fig. 4), however, the rate

of recovery is stjll slower than the non-n'ialamide treated control.

This slow recovery in the denervated artery after nialamide is

much more pronounced after the supramaxjmal dose of DA (300 Ug/ml )'
Nevertheless it should be noted that the effect of nialamide

was significantly greater in the control arteries than in

the denervated arteries (t-test P < 0.001).

3. RESERPTNE PRETREATED AR?ERTES.

Rabbits were pretreated with reserpine 24 hours prior

to sacrifice (see Methods 2.7).
Experiments with perfused segments were ljmited to

quafitative observations on the shape and time course of the

response. Fig.9 shows a response to DA typical of that in

reserpine pretreated arteries following nialamide treatment'

It can be seen that the slow rise to the steady state level

and slou, recovery after WaShout, characteristic of secondary

sensitization, still occurred both in reserpine pretreated

artery segments and strips. Quantitative'ly the potentiation of

DA sensitivity by nialamide was unaltered in the reserpine pretreated

artery strip. The sensitivity to DA in 5 reserpine and nialamide

treated arteries did not differ s'ignìficantly from that in 9

nialamide treated arterjes (Fig. 10). Analysis of the rates

of recovery from DA jn nialamide treated strips showed that these

rates were not sign'ificantly different in arteries from

reserp.ine pretreated rabbits and arteries from untreated

rabbits (Fig. 11). Thus it was concluded that the phenomenon of
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Response to dopamine after nialamide treatment in

a reserpine pretreated artery segment.



100

50

===x
=
òs
t^
ro

l-tl
at1

OÈ
at1
l-tl&

0
0. 01

Eiqure 4.70

The effect of reserpÌne pretreatment on the.potentiatjon of

dopam.ine responses by nialamide in artery helical strips.

Values shown'in the nialamjde treated (closed symbo'ls)

strips were from 5 reserp'ine pretreated and 9 untreated strips'
and those in the control groups (open symbols) were from 9

reserpine pretreated and 10 untreated strips. Reserpine treated

strips are denoted by triangìes' and untreated by circles.
Mean values in the reserpine pretreated groups did not vary

siqnifjcantly from those in the corresponding reserpine -

0.1 1.0

DOPAMINE u g/m.I

10 100 1000



==E
x
=
ès
.Jt
G'

þJ
tt,
z.
O
ô-
UI
UJ
ú.
J

=o
tn
L¡l
ú.

100

50

00 40 60

MINUTES after bIASHOUT of D0PAMINE

4. 1.L

The effect of reserpine pretreatment on recovery from

a submaximal concentration of dopam'ine (3 Ug/mt) in

nialamide treated and untreated artery strips'
values sholn are the means + s.e. of the residual

responses in 7 reserpine pretreated (triangles) and

17 untreated (circles) strips. Nialamide treated strips

are denoted by closed symbols, control strips by open

symbol s. :

Mean values in the reserpine pretreated groups

did not vary significantly from those in the correspondíng

reserpine-untreated groups. (t-test, P > 0'05)
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secondary sensitization to DA was not appreciably modified by

reserpi ne.

4. COCAINE TREATED ARTERIES.

studies on cocaine were restricted to perfused segments.

The segments were treated with nialamide, and cocaine 1 ug/ml

was then app'lied in one of the following ways:

(i ) 5 minutes before DA was added and retained through-

out the Period of aPPìication of DA;

(ii) at some stage during the course of the response;

(iii) at some stage during recovery from the response

after washout of DA;

(iv) at periods of up to 20 minutes afer the

preparation had recovered from DA, i.e. after
perfus'ion pressure had returned to its resting

level.
Procedures (iii) and (iv) were also car¡ied out on reserpine

pretreated arteries.
In the course of these experiments, the route of

application of cocajne varied, i.e. it was applied intra-
luminally, extraluminally, or to both surfaces of the artery

simultaneous'ly. However, there was no djfference in the

results obtained. The different routes of application of

cocaine are not dist'inguished jn the following account of the

res ul ts .

(j ) Dose response curves obtained to DA in the absence

and presence of cocaine v,rere approximateìy parallel .

Comparisons in 6 arteries indicated that cocaine did not

significantty affect the sensitivity to DA in the njalamide

treated preparat'ion . Thi s I ack of effect of cocai ne para'l 'lel s

its tack of effect on the sensitivity to DA in the untreated

artery. Furthermore, cocaine also failed to alter the shape

of the response and its slow time course, typical of secondary
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sensitization to DA in these arteries (Fig. 12)'

(ii), (iii), (iv) Ì^Jith each of these procedures,

cocaine (1 Ug/ml) caused an increase in the perfusion procedure

which was rapid in onset and in attaining a maximum, and then

declined slowly towards the resting pressure, despite the

continued presence of the cocaine (illustrated jn Fig. L2).

This constrictor response to cocaine occurred in 31 of 33

arteries, with the qualification that usual'ly only one response

could be elicited to cocaine after the perfusion pressure had

returned to its resting ]evel (iv. above). cocaine had a

similar effect in reserpine pretreated arteries. However, the

constrjctor response to cocaine in this group of arteries

tended to be greater in magnitude and more prolonged than 'in the

untreated arteries, and responses to cocaine could be elicited

by repeated appìication of the drug during the recovery period.

5. THE EFFECT OF PHENTOLAþ]TNE.

Phentolamine ( 1 ug/ml), when applied to segments during

the phase of delayed recovery, caused a rapid return of the

perfusion pressure to its resting level (or, in the case of strips'

a rap'id return to its resting length). Also, phentolam'ine added

prior to cocaine prevented the constrìctor action of cocaine.

DISCUSSION
Theresultsinthischaptershowthatsecondary

sensjtization to DA occurs after treatment with nialamide, i 'e'
the sensitivjty to DA is increased, and the response to DA

shows slow attainment of steady state and slow recovery after

washout. This change in shape and time course is most narked

in responses to small doses of DA, and occurs on both intra-

and extraluminal application of the drug. These changes are

virtually abolished by chronic sympathetic denervation,
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Response to DA in nialamjde treated perfused artery

segment in which cocaine was added

a) during the steady state response to dopamine'

b) during the delayed recovery from the response'

showing the constrictor response to cocaine which

occurred in these arteries.
It may be seen also that when a second dose of

dopam.ine was adm'inistered in the presence 9f cocaine

no increase in sensitiv'ity to dopamine occurred'
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indicating that they are largely neuronal in origin.
The failure of reserp'ine to decrease secondary sensitiza-

tion suggests that neither the presence of endogenous NA in

the nerve terminal, nor the binding of amines to intraneuronal

storage granules is essential for its occurrence.

The above features of the response to DA after nialamide'

resemble many of those described for NA after MAQ inhibition
by Furchgott and Sanchez Garcia (1968) in guinea pig atria, bY

Trendelenburg (1971) in the isolated cat nictitating membrane,

and by de la Lande and Jellett (1972) in the rabbit ear artery.

Points of simiìarity in the rabbit ear arterywere:: (i) tne

changes 'in shape and time course of the responsewere similar

for both NA and DA; (ii) reserpine pretreatment failed to
decrease secondary sensitization to NA and DA; and (iii) cocaine

applied during the recovery from both DA and NA caused further

constriction of the artery. This response to cocaine was a:lso

more pronounced in reserpine pretreated arteries, both 'in the

case of DA and NA. There are, however' pointS of difference

thus: (i) In the rabbit ear artery, secondary sensitization

rllas observed only in response to extraluminal application of NA,

whereas, in the case of DA, the phenomenonwas observed with both

extraluminal and intraluminal application; and (ii) concurrent

treatment with cocaine prevenbdsecondary sensitization to NA,

but not to DA.

The latter failure of cocaine to significantly modify

the secondary sensitization, suggests that uptake by the nerves

is not involVed in this phenomenon. However, the rabbit ear

artery is much less sensjtive to DA than to NA, and histochemical

evjdence presented in the previous chapter suggests that in the

range of concentrations of DA commonly used in the pharmacological

studies, the uptaker system may be saturated. If so, uptake

of DA might stilt proceed jn the presence of cocaine and thus

account for the lack of effect of cocaine on secondary sensitization.
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The above effects of nialamide treatment on the

response to DA may be explained in two ways. One possibility is

that nialamide, by inhibiting 'intraneuronal MAQ, leads to a

decline in the net uptake of DA, thus increasing the concentration

of exogenous DA available at receptors in the smooth muscle.

This type of sensitization would be analogous to presynaptic

supersensitivity. The difficulty with this explanation is

that neither cocaine, nor chronic denervation, enhance

sensitivity to DA. The second possibil'ity is that DA increases

the rate of synthesis of NA in the nerve terminal. Normal]y

the excess NA is inactivated by intraneuronal MAQ. However,

fol l owi ng i nh'ib j ti on of MAO by n'ial ami de , the excess NA

accumulates, and overflows from the nerve terminal, and as a

resu'lt of its reaction with the noradrenergic receptors in the

smooth muscle, gives rise to the secohdary sensitization to DA.

This possibility is supported at this stage by the observation

that cocaine causes a further constriction when added during

the phase of detayed recovery from DA. As reported in Chapter

3n cocaine does not enhance the response to DA itself in the

absence of nialamìde treatment. However, it markedly potentiates

the response to NA (de la Lande & Waterson, \967). Hence the

constrictor effect of cocaine is readi'ly explained if this is
due to inhib'ition of reuptake of the NA which is escaping from

the nerve terminal. This explanation assumes that the escape

is a dynamic process, involving a higher rate of egress from,

than ingress of NA into, the nerve terminal. The latter process

(ingress) is inhibited by cocaine, So that the net "escape"

of NA from the terminal is increased, leading to constriction

of the artery.
The results presented in this chapter a'lso prov'ide some

evidence on the ro'le of extraneuronal metabolism on the DA

response. In chronicalìy denervated arteries, nialamide did

not increase the sensitivity to DA and caused only a small
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increase in the rate of recovery from a submaximal concentration

of DA. Hence extraneuronal MAO must be considered un'important

in the pharmacologìcal response to DA. However, nialamide did

cause a marked delay ìn recovery from supramaximal doses of

DA (300 ug/ml). Thus jnactivation by extraneuronal MAo does

appear to become important with high concentrations of DA.

This is simjlar to the situation with NA (de ]a Lande and

Johnson , 1972).

Hence the results at this stage suggest that intraneuronal

metabolism by MAO p'lays a significant role in the response to

DA, whereas the role of extraneuronal metabolism by MAQ is

unimportant, at least when the concentration of DA is at

submaximal response levels.
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CHAPTER 5

INTR ODUCTION

In the previous chapter, a possible role for NA in the

response to DA after nialamide treatment has been proposed.

Thus it was decided to test whether other substrates besides

DA in the synthetic pathway for NA produced vascular changes,

and whether these were modified by inhibition of MAO in a

similar fashion to DA. The substrates used were (a) tyrosine

(b) L-dopa.

Ear'ly evidence showed that L-dopa had no pharmacological

effect in animals (Blaschko and Crusciel, 1960), but subsequently

conflicting reports as to the effects of L-dopa have appeared

in the literature. After administration of L-dopa in man,

various cardiovascular side effects have been reported; changes

in blood pressure are common, and these may be hypertens'ive'

but are mostly hypotensive. This subiect has been recently

revjewed by Goldberg and t¡lhitsett (1971). Concomitant adminis-

tration of MAO inhibiting drugs wjth L-dopa has produced severe

hypertens'ive episodes in man (Hunter and others, t970; Pollin

and others 1961), in cats (Balzer and Holtz, 1956), and'in

rats (Rubeson, lgTl). A'lthough there is evidence for an intrinsic

action of L-dopa in the CNS (Henning and Rubeson, 1970) there js

also much evidence, based mainly on enzyme inhibitor studies,

that the effects of L-dopa are med'iated in many cases by its

metabolites, usually DA which may be acting as a fàlse

transmitter (Burn and Rand, 1960; Whitsett and others 1970;

Liu and others I97l; Collins and trlest, 1968b) . In the present

study, the pharmacological action of L-dopa has been studied

in untreated arteries, and that of tyrosine and L-dopa in nialamide

treated arteries.
The role of the nerves jn the response to L-dopa after

nialamide has been investigated by the use of chronic

denervation, coca'ine, and reserpine'
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The role of NA in the response to L-dopa has been further

investigated by the use of dopamine ß-hydroxylase inhibitors
and lowered temperature. These data are reported in subsequent

chapters, i.e., Chapter 6 and Chapter 7.

RESULTS

1. TYROSINE.

In 5 experiments, perfused artery segments from rabbjts

pretreated wjth nialamide 100 mg/kg (see Chapter 2.8 for details

of methods) were exposed to tyrosine 20 ug/ml in Krebs

bicarbonate solution for t hour. The solution also contained

ascorbic acid (20 ug/ml)to minimise autoxidation of the tyrosine.

Fifteen minutes after washout of the tyrosine, cocaine 1 Ug/ml

was added to the extraluminal bathing fluid for 10 minutes

and any response recorded. Fjfteen minutes after the cocaine

was washed out, the procedure was repeated using 200 U9/ml

tyros i ne.

No response was seen with tyrosine in either of the

above concentrations, either during the exposure to the drug

or after its washout. There was alSo no constrictor response

to cocaine (described previously for DA in Chapter 4) after
tyros'ine washout in any of the 5 experiments.

L-DOPA.

(d Untreated Az'teries.

L-dopa, in concentrations up to 200 ug/ml was

applied to perfused artery segments (3) an¿ helical strips (s)

for time periods from 10 minutes up to L hour. Dose response

curves to NA were obtained after the L-dopa treatnent as an

index of the sensitivity of the preparation.

Dopa ìn the above concentrations did not produce

2
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either constriction of the perfused segments or contraction

of the artery strips. Fjg 1.c shows the trace from a typical

experi ment.

þ) NiaLatnLde tz'eated aYterLes'

The effect of nialamide treatment on the response

to L-dopa was studied in perfused segments and helical strips'
In nialamide treated strips and segments both intra- and extra-

luminal dopa in the dose range 10 - 200 ug/ml caused a dose-

dependent constri ctor response . There v,,as an i ni ti al I ag

period of about 3-10 minutes, followed by a slow rise in
perfusion pressure in segments or slow contract'ion in strips

over 30-60 minutes before steady state was reached. After

lvashout of the dopa, the artery recovered s'lowly, the recovery

times vary'ing between 30-60 minutes. A typical response in a

segment is shown in Fig.2, and'in a strip in Fig' la' The

response and recovery closely resembledthe secondary sensitization

response of DA in the nialam'ide treated segment and strip.
In 2 experiments, in which the sensitivity to

intra- and extraluminal dopa was tested on the same artery, it
was found that the extraluminal sensitivity to dopa was 10

times greater than the intraluminal sensitivity. However, the

response to intraluminal dopa was similar in shape and time

course to that of extraluminal dopa'

Fig.3showsthemeandoseresponsecurvetodopa
in 14 helical strips, the responses being plotted as a percentage

of the response of each strip to a supramaximal dose of NA.

Fig. 4 shows the nrean recovery curve for 9 of these experiments'

Effect of chronic denervation.

since the responses to dopa in segnents and strips are

simjlar, the effects of denervation on the two types of

preparation w'ill be described together'

Fourteen experìments were carried out using rabbits'

the left ear of which had been sympathetically denervated by
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removal of the homolatera'l superior cervical ganglion from 2

to 14 days before excision of the ear arteries. All denervated

arteries were tested for efficacy of the denervation procedure

by fluorescent histochemical methods and the results of any

which showed incomplete denervation were discarded. (The methods

used for these procedures are detailed in chapter 2.6). The

denervated and contralateral innervated arteries were treated

wjth nialamide and then tested for response to dopa in the

concentration range L0 to 200 ug/ml. Twelve of the nialamide

treated denervated arteries showed no response to dopa (Fig' 1b)'

Two of the nialamide treated denervated arteries, however'

showed responses to dopa after MAo inhibition. These were tested

5 and 7 days respectively after denervation and histochemica]]y

showed no monoamine fluorescence at the medja-advent'itia iunction'

The responses to dopa in the arteries were different in nature

to the secondary sensitization response' They were dose-

dependent, occurred immediately on contact with the drug, risìng

quickly to a well defined steady state and, on washout of the

drug'recoverywasrapid.Oneoftheseunusualresponsesin
the denervated artery is shown in Fìg. 5 (7 days post-denervation)'

The response was not seen in other denervated arteries ' even

as soon as 2 days after denervation. The contralateral

innervated arteries in each experiment showed the characteristic

secondary sensitization type of response to dopa'

Effect of reserDl ne .

Arteries from 2 rabbits pretreated with reserpine

(see chapler 2.7 for details of methods used) were treated

with nialamide and tested for a response to dopa' A typica'l

secondary sens.itizatjon type response to dopa occuffed in each

case.

Effect of cocaine.

Theeffectofcoca.ineontheresponsetodopain
nialamide treated arteries was assessed in perfused segments in
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two ways:

(a) Cocaine was app'lied intra- and extraluminally

L5 minutes before the dopa was added extraluminally and remained

in contact with the artery throughout the dopa treatment;

(b) Cocaine (lug/ml) was added during the recovery

phase of the response to doPa.

In 5 experiments carried out as in (a), using

concentrations of dopa 10-200 Ug/m'l , cocaine I' Ug/m'l or 1'0 ug/ml

did not prevent the occurrence of the response to dopa, nor dìd

it change the characteristic shape of the response'

In 7 experiments carried out as 'in (b) above, cocaine

produced a large constrictor response similar to the response

seen in the MAO inhibited artery after DA (Chapter 4) or NA

(de la Lande & Jellett, 1972). The response is immediate'

rises to a maximum and declines even though the cocaine is

still present. A typical response of thjs type is shown in Fig.6.

Restoration of mon oamine fl uorescence with L-dopa.

Paired artery segments v,,ere removed from 2 rabbits

pretreated with reserpine. Qne of each pair was then treated

with nialamide for t hour. All arteries were incubated with

dopa 100 Ug/ml for 30 minutes at 370C in Krebs bicarbonate

solution. After incubatjon, all arteries $Jere washed for 10

minutes, then frozen in acetone/dry ice mixture ready for

fluorescence histochemistry. This was carried out as described

in Chapter 2.8.
All arteries, nialamide treated and untreated, showed

intense green fluorescence in the smooth muscle of the media

and in the region of the nerve plexus. In one preparation

the fluorescence in the nerve terminal region was difficult
to differentiate from that in the nedia due to the brjghtness

of the latter.
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DISCUSSION

In the rabbit ear artery L-dopa caused no response in

either jsolated segments or hel'ical strips. In the nialamide

treated segment and strip dopa produced a prominent response

after a Short 'lag phase. The response was of the secondary

sensitjzation type, similar to the response to DA after nialamide,

and was characterised by the prolonged time course before steady

state was achieved and by the prolonged recovery time. The

response, like the secondary response to DA and NA, was dependent

on the presence of the sympathetic nerves, since it did not

occur in chronìcally denervated arteries. However, like DA,

but in contrast to NA, blockade of Uptaker by cocaine failed

to prevent the response. However, cocaine added during the

slow recovery from the dopa response produced a rapid response

similar in nature to that seen when cocaine was added during

the slow recovery after DA and NA.

Reserpìne pretreatment did not affect the secondary

response to dopa (nor to NA or DA) thus jnd'icating that the

intragranular storage mechanism was unimportant in the

response to dopa as well as to NA and DA.

Since L-dopa is not a substrate for MAo and produced

no response in the untreated arterv, it is likely that the

response seen after MAQ inhibition is caused by a product of

dopa which is susceptible to MA0. Since the response is similar

to that seen after DA, with similar effects when cocaine is

added, it is probable that the formation and subsequent

accumulation of metabolites of L-dopa, i.e. DA and/or NA' are

the cause of the response seen after MAo inhibition.
The precursor to L-dopa, tyrosine, caused no response

in the njalamide treated artery. This is not surprising, since

it has been shown that excess of end-product (NA) in the cytoplasm

causes inhibitjon of the enzyme tyrosine hydroxylase (Spector and
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others, L967). Under conditions of MAO inhibition, normal

intraneuronal metabolism of NA virtually ceases and a cyto-

plasmic accumulation of NA can occur (Taxi and Droz, 1969).

Under these conditions tyrosine hydroxylase would be inhibited'

and the synthetic chain halted, thus preventing further

increase in the NA concentration.

ThenatureoftheresponsetoL-dopaintwoofthe
denervated nialamide treated preparations remains obscure'

Fluorescence histochemistry showed no fluorescence in these

arteries, nor did they respond to nerve stimulation, thus

indjcating that denervation was successful. The time (5-6

days postoperative) was well in excess of that'in which nerve

degeneration normally occurs (Van Orden and others' 1967) and

in excess of that of other arteries in the same series which

showed no response to L-dopa. The response was abolished by

phentolamine, so uras alpha-adrenergical'ly mediated and not due

to histamine release or some other mechanism. A direct action

of L-dopa, not normally observed in an innervated preparat'ion,

is a possibility, though this was not seen again in any

preparation denervated or not.
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CHAPTER 6

INTRODUCTION
Since L-dopa and DA are precursors of NA in sympathetic

nerves, it was conceivable that the secondary sensitization to

both L-dopa and DA was mediated by the release of NA. To test

this possibility, the effects of inhibitors of dopamine-ß-

hydroxylase, disulfiram and its reduction product sodium

diethyldithiocarbamate (DDC), on the sensitization to DA and

dopa produced by nialamide, were studied. The results are described

jn this chapter.
Disulfiram and DDC have been shown to be potent inhibitors

of dopamine-ß-hydroxyìase, disulfiram acting after jts reduction

to DDC (Goldstein and others, !964, 1965). Disulfìram does not

affect the uptake, storage, release or metabolism of NA or the

uptake, storage or release of DA in the rat heart (Goldstein

and others, 1964; Mussachio and others, 1966, 1969).

METHODS

The techniques used in this chapter are described in

chapter 2 - General Methods. DDC 3.5 ug/ml or disulfiram

3 ug/ml was appìied to the perfused segment or strip preparation

for 15 minutes prior to and continually during treatment with

DA or dopa. In some preliminary experjments the period of

DDC treatment prior to DA or dopa was extended to t hour. There

was no significant difference in the results from the two

series, so the lesser exposure time was used.

RESULTS

The effects of DDC on the sensitivities to NA and DA

in arteries which had not been treated with nialamide was

first investigated. Helical st¡ip preparations were used"
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In 9 experiments, using normal arteries and 6 experiments with

reserpine pretreated arteries, it was found that DDC did not

alter the sensitivity to NA for periods of up to 2 hours after
application of the drug. However, in 2 of these arterjes, there

uras a marked decrease in the maxjmum response to NA 6 hours after
DDC treatment; hence all experiments on the effects of DDC

described later in this chapter were restricted to the period

within 2 hours of DDC treatment.

In a further 3 experiments, the effect of DDC on the

sensitivities of artery strips to DA was tested. Following DDC'

there v\,as a small decrease in the maximum response to DA

compared with the maximum response prior to DDC treatment.

However, the decrease (about 6%) was comparable in magnitude

to that observed in strips not subiected to DDC treatment

(Chapter 3.6).
The above results indicated that DDC was unlikely to

interfere with the pharmacologÍca1 responses to either NA or

DA if used under defined conditions, and hence wou'ld be

suitable as a pharmacological agent to study the ro'le of

dopamine-Ê-hydroxy'lase in the secondary sensitization to DA

and dopa.

1.. THE EFFECT OE DDC ON THE RESPONSE TO DA AND DOPA ÏN THE

NIALATLTDE TREATED EAR A-RTERY.

In 9 preliminary experiments, using nialamide treated

perfused segments from 6 untreated and 3 reserpine pre-treated

rabbits, responses to DA were elicited before and during DDC

(3.5 ug/ml), or disulfiram (3 ug/mt), treatment in paired arteries.

In all of the arteries from the untreated rabbits secondary

sensitization to DA was evident. However, in all 3 of the reserpine

pre-treated arteries no secondary sensitjzation to DA occurred.

Th'is pre'liminary result was tested quantitat'ively on strips as

bel ow.

In any one experiment two helical strips were treated
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according to the following Plan:

strip 1 - 1st dose response curve to DA then nialamide

then 2nd dose resPonse curve to DA'

Strip2-nialamidethenDDCtreatmentcommenced
during which dose response curve to DA

el i ci ted.

The above p1an, inadvertently, is not a strict comparison

between arteries of the effect of DDC, since the latter was not

the only variable. However, as indicated earlier, there was

litile change in the sensitiv'ities of both the untreated and

nialamide treated arteries to DA on repeated appìication (refer to

page3.6and4.6).Thus,between-arteriescomparisonsofthe
effects of DDC were valid in testìng the conclusions based on the

withjn-arter.ies comparisons from the prelìminary experiments

mentioned above.

Recoveryrateswerestud.iedin4stripsfromeachrabbit
according to the Plan below:

StriPNo. I 2 g 4

Treatment NA DR Nial NA DR Nial

DDC DDC

NA DR DA NA DR DA

(DR = dose response)

Arterjes.ingroups2and4wereallowedtoremainin
contact with a standard submaximal concentration of DA for

15 minutes. The DA was then washed out, and the arteries

al]owedtorelaxtotheirpretreatmentrestinglength.
Typ.icalcumulativeresponsesafternialamideinthe

presence and absence of DDC are shown in Fig' 1; Fig'2 shows

mean dose response curves for 5 experìments' Fig' 3 shows the

recovery curves after a standard dose of DA (3 ug/ml)'in 5

exper.iments. It is apparent that DDC had little effect on any

of the phenomena associated with secondary sensitization'

i.e.timerequiredtoattainasteadystateresponse,the
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magnitude of the steady state response, or the rate of recovery

from this. The only significant change was a tendency for the

DDC to hasten recovery during the first 4 minutes after DA

washout.

However, DDC dìd appear to modify the effects of nialamide

on artery strips from reserpine pretreated rabbits. When treated

accord'ing to the p'lan described earlier (page 6.3), the sensitivity
to DA following nialamide treatment was significantly less in
the DDC treated than in the untreated arteries (flg. 4).

Furthermore, as illustrated in Fig. 5a and b, the characteristics

of secondary sens'itjzation in the reserpine and DDC treated

artery were much less pronounced than in DDC treated arteries

f rom untreated rabb'its . Thus , the arteries di spl ayed rap'id

attainment of the steady state level of the response and

relatively rapid recoveries from these responses. The ability
of DDC to increase the rates of recovery from DA was confirmed

in another series of experiments where reserpine pretreated

arteries Were exposed to a standard dose of DA according to

the above plan (Fig. 6). This figure includes data from

nialamide untreated arteries, whjch makes it clear that, although

the rates of recovery in the reserpine pretreated DDC-nialamide

treated arteries are not as rapid as those prevaìl'ing in the

absence of nialamide treatment, they are still significantly
faster than the rates prevaiìing in nialamide treated arteries.

If, however, the reserp'ine pretreated DDC-nialamide treated

arteries are further compared with a group of denervated arteries

after nialamide treatment (Fig. 7 from experiments described on

page 4.7), it w'ill be seen that there is no s'ignificant
difference between the recovery curves, thus ind'icatjng that

the retarding effect on recovery in the former group is caused

by inhibition of extraneuronal MAO.

2. EFFECT OF COCATNE.

cocaine was added to paired n'ialamide treated artery
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segments 10 minutes after DA washout and the constrictor response

to cocaìne recorded. (This effect of cocaìne was first described

on page 4.9.) The paired arteries were from either untreated or

reserp.ine pretreated rabbits; one of each pair was treated with

DDC. Cocaine elicited a constrìctor response from 5 of 6 arteries

from untreated rabbits, but not from 3 arteries from reserpine

pretreated rabbits which had been treated with DDC' As indjcated

earlier, the latter arteries also failed to display delayed

recovery, so that the perfusion pressure was at or close to the

resting level at the time of cocaìne application'

In summary, the results so far presented jn thjs chapter

showed that in nialamide treated arteries an inhibìtor of

dopamine-ß-hydroxylase, DDC, had little or no effect on the

secondary sensitizatìon to DA 'in arteries from untreated rabbits'

but tended to prevent this phenomenon in arterjes from reserpine

pretreated rabbi ts.

3. EFFECT OE DDC ON RESPONSE TO L-DOPA.

ResponsesofarterystripstoL-dopawereeljcitedunder
the fol lowing conditions:

Stri p No.

1 Nial

2 NADR

3 Nial

4 NADR

DDC

DDC

DOPA

NA DR

DOPA

NA DR

NA max

NA max

NA max

NA max

(DR = dose response; max = supramaximal dose)

The DDC was applied 60 minutes before L-dopa in 4 experiments

and 15 minutes before L-dopa in one experìment. As indicated in

Fig.8, the responses to dopa (3 to 100 ug/ml, applied cumulatively)

were sign'ificantly depressed by DDC. However, the characteristics

of secondary sensitizat'ion, namely slow atta'inment of the steady

state response and slow recovery on washout, remained prominent'

unfortunately, time d'id not permit comparisons to be made on
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reserpinepretreatedarteries.Itwasconcludedthattheinter-
ference by DDC with secondary sensitization to L-dopa was more

marked than in the case of DA'

D

The failure of DDC to modify the secondary sensitization

to DA in normal arteries suggests that either NA is unimportant

in the secondary response to DA, or that NA has a role to play in

thesecondaryresponsetoDA,butnewlysynthesisedNAdoesnot
influence the response when a supply of endogenous NA is available'

A third possibility is that DDC is unable to inhibit DA-ß-

hydroxylase under the experimental conditions used'

To consider the latter possibiìity first, the concentration

of DDC,3.5 ug/ml, which is equìvalent to disulfiram 1 x 10-5M,

was that reported to completely inhibit dopamine-Ê-hydroxylase

in ui,tro (Goldstein and others, 1964)' Much higher concentrations

(10.500ug/ml)havebeenusedbyotherworkersusingisolated
tissues, ê.g. collins and ü,lest (1968a), Tsai and others (1967)'

However, due to the depressant effect after a time on NA

sensitivity in the rabbit ear artery, it was cons'idered unwise to

use increased concentrations. More important'ly, however, DDC

(in the same concentration) did reduce the secondary sensitization

in reserpine pretreated arterìes, thus indìcating that the drug

didbehaveasthoughitinhibitedtheenzymeunderthese
conditions. However, the kinetics of the enzyme may differ in

the presence of a high concentration of end-product (i 'e' NA) '
and the two situations may not in fact be comparable'

Thefirstpossibilitymentionedabove'thatNAmaybe
unimportant jn the response' appears unlikely' since in the

reserpine pretreated artery inhibition of its formation caused a

signifìcant reduction in the secondary sensitization to DA' This

ISCUSSION
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occurred in the absence of any depressant effect of DDC on NA

sensitìvity in reserpine pretreated arteries or any effect of

reserpine itself on secondary sensitization (Chapter 4).

The possibility that newly synthesized NA is not

necessary for secondary sensìtization to DA, provided a source

of endogenous NA is present, is an attractive alternative

exp'lanation to the failure of DDC to reduce secondary sensitiz-

atìon. DA is known to be taken up by the granular uptake

mechanism (Stjarne 1966) and thus may cause dispìacement of intra-
granuìar1y bound NA into the cytop'lasm. Since it has been shown

that the secondary sensìtization to DA (Chapter 4) and NA (de la

Lande and Jellett 7972) does not depend on intragranular bindìng'

it is probab'le that an increase in the cytoplasmìc concentration

of NA (made possible by inhibition of MAQ) is responsible for

the secondary effects seen. Under condìtions of dopamine-ß-

hydroxylase inhibition, this increased level of NA may be provided

from the intragranular stores.

In the case of reserpine pretreatment no stored NA is

present, either in granuìe or in cytop'lasm. However, after exo-

genous DA is added, rap'id synthesis of NA may occur, providing

levels of NA sufficient to cause the secondary sensitization

effects. Synthesis of NA from DA in reserp'ine pretreated MAO

inhibited preparations has been demonstrated by Jonsson and Sachs

(1970). If this synthesis of NA from DA is inhibjted by DDC,

the secondary response does not occur.

In summary, from the evidence presented ìn th'is chapter,

it is clear that NA plays an important role ìn the secondary

sensitization response to DA and to dopa. It is also probab'le

that this NA may e'ither be made avaìlable from the endogenous

stores (Uy ¿isplacement) or by synthesis from the exogenous DA.
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CHAPTER 7

INTRODUCTION

It has been shown in the foregoing chapters that the

effect of MAO inhibition on the responses to L-dopa and to DA in

the rabbit ear artery was to produce a sensitization of the

secondary type. A similar sensitization to NA has been seen by

other workers, in this and other tissues (de la Lande and Jellett
1969, 1972; Tsai 1968; Tsai and others t9671' Furchgott and Sanchez

Garcia 1968). The effects appear to be neuronal in orig'in and,

at least in the case of NA, related to the uptaket system.

In an attempt to further elucidate the mechanjsm involved

in secondary sensitjzation, the effect of lowering the bath

temperature on (a) the secondary response to dopa, DA and NA in

nialamide-treated arteries, and (b) the functioning of various

systems which may be involved in secondary sensitization has been

jnvestigated. To assist interpretation of the results, the

effect of ìowered temperature on the response to NA and DA in

the untreated artery has also been studied.

In the work presented here, it was found, fortuitous'ly,

that a reduction in bath temperature to about 25oC caused the loss

of the secondary response to dopa (described in Chapter 5). The

phenomenon was further studied as ìt seemed to offer an

alternative to enzyme inhibition as a means of analyzing the

mechanism of secondary sensitization. The particular questions

asked were:

1) whether the effects of a decrease in temperature

extended to the secondary responses to DA and NA fol'lowing

nialamide treatment,

2) if so, whether the loss of effect was due to a decrease

in (a) effects of these agents on the target organ, (b) their

uptake by the nerve terminals, or (c) tne activity of the

synthesising enzyme.
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At the time of commencing this study, there was already

a considerable amount of information available in the lìterature
on the effect of temperature on adrenergìc mechanisms in a

variety of tissues. This witl be considered further in the

discussion. The only systematic analysis on the rabbit ear

artery was that of Glover and others (1968) who studied the

differential effects of cooling on the sensitivity to NA in

rabbit ear and femoral arteries. They reported that cooling the

vessels from 37oC to 3oC caused a steady rise in tone, and an

increased sensitivity to intraluminal injection of NA between

37oC and 18oC with a peak sensitivity at 24oc. Below 18oc the

sensitivity to NA diminished steadily, and disappeared at 7oC.

This sensitization did not occur in the femoral artery, in which

the sensitivity steadi]y dec'lined, and at 18oC the response

disappeared. In a later study, Gìover and l,lal lace ( 1969)

suggested that the sensitization in the rabbit ear artery pro-

duced by cooling was more likely to be linked with the effects of

temperature on the membrane potential of the smooth muscle, rather

than with neuronal mechanisms. One reason for this suggestion was

that the sensitivity to NA was increased equally intra- and extra-

luminally by cooling. Later work showed that the increased

sensitivity at lowered temperature was seen only ìn 'cold-
acclimatised' animals (McClelland and others 1969). However,

there is evidence in the rabbit ear artery that neuronal

mechanisms are also affected by cooling (Herron and others 1971).

They reported that the sensjtivity to extraluminal l-NA in the

rabbit ear artery was similar at 37oC and 30C, but that the

sensitivity to extra'luminal d-NA was markedly depressed at 3oC.

Thjs was thought to be due to progressive blockade of uptake ìnto

the nerve terminals as the temperature fell, thus causing super-

sensjtivity to the l-isomer. The d-isomer, not being so affected

by uptake showed no potentiation due to blockade of uptake, but

merely depression as the temperature fell. In addition to the
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effect of temperature on Uptakel, extraneuronal uptake mechanisms

jn the splenic artery have also been shown to be'impaired by

cooling (Gillespie and Hamilton 1967) '

Thus there is evidence that, in the rabbit ear artery'

several mechanisms, neuronal and extraneuronal, ffiâY be affected

by reduced temPerature.

The plan of the present study was to observe the effect

of a reduction in temperature to 250C on the sensitiv'ity to NA

and DA ìn the untreated artery, and on the secondary sensitization

to NA, DA and L-dopa after nialamide treatment. As part of this

study, the effect of reduced temperature has also been examined

on the neuronal uptake of NA, both dìrectly, by measuring the

net uptake, retent-ion, and efflux of 3H at 37oC or 25oC after

incubation with (t) 3HNA, and ind'irectly, by assessing the amount

of inhibition of cocaine potentiation of extraluminal NA at 37oC

and 250C. In addition, data is presented on the net uptake of DA

and on the formation of NA from DA after incubation with 3H- and

14c-oR.

METHODS

Thedetailsofthemethodsusedareoutlinedin
Chapter2.Additionaldeta.ilsarepresentedbelow.

GENERAL.

All rabbits used in these experiments had been kept at an

ambient temperature of approx'imateìy 21oC prìor to use.

Intheexperimentsdescribedinthischapter'responses
to NA and DA in arteries were compared at 37oC and 25oC.

Arteries were either single preparations 'in which dose response

curves were obtained first at one of the temperatures, and

subsequently at the other temperature; or paired arteries in

which one artery was maintained at 25oC and the other at 37oC
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throughout the experiment. The exception to the latter regime

was i n ni al ami de treated arteri es . l,lhen pai red arteri es were

used, both were maintained at 37oC throughout the time of the

nialamide treatment; the temperature being reduced to 25oC

subsequently in one artery of each pair. Arteries were cooled

by lowering the temperature of the external bathing soìution,

and in the case of perfused arteries' also the perfusìon solutìon'

by lowering the temperature in the external circulatìng fluid in
the organ bath. The temperature fell to 25oC over a period of

about 10-15 mìnutes. After the temperature was stabilized the

preparation was left for a further hour, to allow for equili-
bration at the tower temperature, before proceeding with the

experiment. Arteries were warmed from 25oC to 37oC by allowing

the external circulating fluid to heat over a period of about

15 minutes. After stabilization of the bath temperature at the

new level one hour equitibration was allowed' as for cooled

solutions, before proceeding with the experiment'

ISOTOPE.

1) tJptake and. effLt'æ of (Ð 3u w¿.

Paired artery segments were tied at one end onto pieces

of polythene cannula tubìng. The free end was not occluded and

the artery was not perfused. After nialamide treatment, as above,

the arteries were incubated at 37oC or 25oC in pu¡ified (t) 3¡

NA 0.5 pglml (Specific Activity 12 cilmM). The arteries were

then washed for a total of 30 minutes in 6 successive 1 ml

portions of Krebs bicarbonate solution maintained at 37oC or 25oC'

After the wash perjod, all tissues were extracted at 37oC for 3

periods of 30 minutes each in a total of 2.0 ml 0.1 N HCl. The

tissues were blotted, weighed and dissolved in 0.3 ml NCS

reagent overnight at 370C. 0.5 ml aliquots of the pooled acid

extracts were counted in 20 ml Brays scintillant; and the NCS

extracts counted in toluene scintillant (see Appendix for detaìl
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of sci nti I I ant sol uti ons ) . Quenchi ng v,,as corrected by i nternal

standardization. All counting was done in a Packard Trìcarb

Liquìd scintillation counter for 5 minutes in precounted pots'

2)t)ptakeofisotopdcDAandfonmationofisotopicNA.
The methods used for the study of uptake of isotopjc DA

v,,ere essentially those described above for 3H NA. However, there

were some points of difference. In all experiments 4 segments of

artery were used. These were pretreated as follows:

Pretreatment
14c or 3H ol

I ncubati on
Temperature

370C

370C

250C

370C

Segment hlash
Temperature

370C

370C

250C

370C

a

b

c

d

none

ni al ami de

ni al ami de

boi I ed

Segments were incubated with labelled DA 0'3 ug/m]

(3H On Specific Activity 4.5 Ci/mM in 3 experiments and 14C OA

specific Activity 56 mCi/mM in 2 experiments) for 30 minutes at

the temperature indicated. After incubation the arteries b'ere

washed for a total of L2 minutes'in 3 portions of Krebs bicarbonate

solution (3 experiments witfr 3H DA) and 30 minutes in 6 portions of

Krebs bicarbonate solution (2 experìments witn 14C OA). The

components of the acid (O.t n HCI) tissue extracts were separated

by the following methods. The acid tissue extracts were freeze

dried, and the resultant residue extracted 3 times with a total of

1 ml ice cold acetone-ethanol mixture. The pooled extracts were

evaporated under a stream of nitrogen gas to a small volume

(approximate'ly 0.02 ml). The concentrated extract, together with

a cold carrier mixture containing NA, DA, and representative

metabolites, was then applied to a cellulose phosphate ion exchange

chromatography paper (see General Method, 2.11-2.13). The cold

carrief mixture and approprìate standards were run concurrently
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with the sample paper. A typical chromatogram showing the

relative positions of metabolites compared with the radio-

activity profile is shown in Fig' 1'

RESULTS

I..EFFECIOFL1wgREDIEMPERAII]RE0NTHERESP)NSEToNA.

Theseexperimentswerecarrjedoutonbothisolated
perfused segments and helical strips'

Intheperfusedsegments,doseresponsecurvestoboth
intra- and extraluminal NA were obtained on the same arteries at

two bath temperatures, 37oC and 25oC, in 6 experiments. In 3

preparations, the first dose response curve was obtained at 37oC,

then the bath solution cooled to 250C and the dose response curve

repeated. In the remaining 3 preparations, the first dose response

curves were obtained at 25oC, then the bath solution warmed to

37oC, before repeating the dose response curves. In a further

experiment, paired arteries, one ma1ntained at 37oC' and the

other at 25oC, were used. In all expe¡iments there was no

potentiation of NA at the lower temperature. The mean sensìtivity

ratio and standard error for extra- and intraluminal NA (370Cl

25oC) were 1.2(0.95-1.5) and 0.87(0.55-1.4) respectively. These

values were calculated from paralle'l dose response curves at a

response of 60 mm Hg.

In the experiments using heljcal strips, 5 pairs of strips

were used. one of the pair was majntained at 25oC, the other at

37oC throughout the experiment, and NA dose response curves !{ere

obtained on each of the strips. There was no significant

djfference between the sensitivities to NA; the mean ratìo

ß7oC/25oC) at ED5g was 1.1(0.72-I -7) .

The effect of reduced temperature on NA sensitivity in

n.ialamide treated arteries was studied in both perfused segments
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and helical striPs.
In segments, there was little evidence of secondary

sensitization at the lower temperature. Responses rose rapidly

to the steady state level, and recovered quickly on washout of

the drug.

In strips at 37oC, the effect of nialamide on the response

to NA was as follows:
(a) There v,ras no effect on the magnitude of the steady

state response, or on the rate at which the steady state

response was attained.
(b) There !{as a delay in recovery from the response'

comprising mainly a slow further contraction after the

strip had returned rapidly towards its resting length.

This effect of nialamide on the recovery curve was less

pronounced in strips than in segments.

Thus, the effect of nialamide on the strips was less

dramatic than its effect on segments (as described by de la Lande

and Jellett 1972). Qne phase of secondary sensitizatjon, namely

the slow attainment of the steady state, is largely absent, and

the delay in recovery was less prominent.

Recovery curves after incubation at 25oc and 37oc with NA

(0.5 ug/ml) for 30 minutes in paired artery segments and stnips

are shown in Figs. 2 and 3 respectively. It should be noted that

in the experiments with segments, extraluminal NA only was tested,

the intraluminal perfusion was stopped during the incubation

period to avoid majntaining the artery at high perfusion pressures.

Perfusjon was resumed just prìor to washout of the NA.

The only evidence of secondary sensitìzatìon at 250C was

observed in strips, where there v¡as a slight tendency for

recovery to be slower in the nìalamìde treated than in untreated

arteries. Even so, in the nialamide treated arteries, the rates

of recovery were not significantly different between innervated

arteries at 25oC and a group of denervated arteries at 37oC'
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The effect of lowered temperature on recovery of

nialamjde treated artery perfused segments after

incubation with NA.

values shown are the means t s.e. of 5 experiments in

which paired segments were incubated w'ith extraluminal NA

0.b Ug/ml for 30 minutes at 37oC or 250C, the residual response

being measured at regular time intervals after the washout

of the NA. Perfusion was stopped during the"incubation

to avoid maintaining the artery at high perfusion pressures'

and was resumed iust prior to washout of the NA. Groups

differ signifìcantly at all pojnts after zero time (t-test,

P < o.01).
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The effect of lowered temperature on the recovery from

exposure to noradrenaline in artery hetical strips
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Values shown are the means t s'e' from experiments

in which strips were incubated with 0.5 ug/ml NA for

30 minutes at 37oC (L2 experiments) or 25oC (9 experiments),

afterwhichtheNAwaswashedoutandthereSidual
response measured at regular time interva'ls'

The curves differ significantly at every point after

4 minutes. (t-test, P < 0.01)'
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Despite the finding that secondary sensitization was

absent at 25oC in treated arteries there uJas an increase in the

magnitude of the response to NA at 25oC amounting to an increase

in sensitivity to NA of z.S-fold in 12 strips (Fig. a). This

increase in sensitivity was definite in strips but more

variable in segments. The effects of lowered temperature in 9

segments ranged fron 2.5-fold depression to 25-fold poten-

tiation, the mean sensitìvity rati o ß7oC/25oC) being 2-9-

2. EEEECT OE LOWERED TEMPERATURE ON THE RESPONSE TO DA'

Dose response curves to DA and recovery curves from a

submaximal (3 pglml) concentration of DA were obtained on paired

untreated and paired nialamide treated strips at 37oC and 25oC'

In the recovery studies, the artery remained in contact with the

submaximal dose of DA for 15 minutes, and with the supramaximaì

dose of DA for varying periods of time (about 2-5 minutes);

perfused segments were in contact with a submaximal dose of DA

(0.3 ug/ml) for 30 minutes.

The main findings were that, at 25oC, both the strips

and the segments exposed to submaximal doses of DA displayed

rapid onset of the steady state response and rapìd recovery from

this response, i.e., secondar¡i sensitization did not occur

(Figs. 5 and 6). Recoveries of strips exposed to 300 lglml DA

vuere also very much more rapìd at 25oC than at 37oC, although

stightly slower than the recoveries observed in untreated

arteries at 37oC (Fig. 7). An interestìng feature of the

nialamide treated strips u,as that the recoveries from 300 pglml

DA at 25oC were also very much more rapid than those of

denervated arteries at 37oC. The same trend occurred after

3 pglml DA, but the difference was much less pronounced (Fig. 8).

(The results of the denervated group are from experiments

discussed in ChaPter 4.7 -)

lJith respect to the magn'itude of the steady state response
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Analysis of variance showed that the 25oC nialamide group

was not s'ignificantly different from the control groups at

37oC and 25oC except at one concentration level (0.3 ug/ml)

(P > 0.05). However, all three of the above groups were

signif.icant'ly less sensitive than the 37oC nialamide

treated group (P <0.05).
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to DA in untreated helical strìps, there 1lras no sìgnificant

difference in the sensitivities at 25oC and 37oC. Nialamide

treatment did not increase the sensitivity at 25oC but caused

its anticipated increase in sensitivity (approximately 8-fold) in

the arteries incubated at 37oC (Fig. 9).

3. EFFECT OF LOWERED TEMPERATT]RE ON THE RESPONSE TO L-DOPA

AFTER NIALAMIDE.

Since untreated arterjes did not respond to dopa, the

following experìments were carried out only on nialamide

treated artery strips. L-dopa was added to each preparation at

cumulative concentrations of 10, 30, 100, and occasionaìly 200

ug/ml. If a response occuffed in one of the paired strips, the

concentration was not further increased until steady state was

reached. If there was no response after 15 minutes, the

concentration of dopa was increased. At the end of the experiment,

a dose response curve to NA was obtained from each strip.
In each of 4 experiments the strips at 25oC did not

respond to dopa at any of the above concentrations, aìthough the

contralateral arterìes at 37oC showed their usual response

(Fig. 10). The lack of response to dopa at 25oC was not due to

deterioration of the preparations. This was indicated by the

observation that the sensitivity to NA in these arteries was

approximately equal to that of the contralateral arteries

incubated at 37oC.

4. EFEECT OF LOWqRED TEMPERATURE ON UPTATø OF NA AND DA.

The effect of a reduction in bath temperature on the

uptake of NA ì'nto nerve terminals was studied ìn two ways. First,
indirectly, by assessing the effect of temperature on the

potentiation of extraluminal NA by cocaine in the perfused ear

artery segment, and second, in a more direct manner, by observing

the net uptake of 3H NA at 37oC and 25oC in nialamide treated

arteries. An account of the methods used in the isotope
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experiments was presented on page 7-4'

(a) Potentiation of eætraLtnnina,L NA by eoeaine at 37oC ard' 25oC'

In 6 experiments, dose response curves to extraluminal NA

were obtained at 25oC and 370C in the presence and absence of

cocaine. Those arteries which were initially at 25oC were then

warmed to 37oC, and the arteries which initially were at 37oC

were cooled to 25oC. The dose response curves to NA were then

repeated in the presence and absence of cocaine. In 3 of the

above experiments dose response curves were also obtained to

intraluminal NA in the presence and absence of cocaine at 37oC

and 25oC.

Table 1 shows that the potentìating effect of cocaine on

extraluminal NA was significantly less (by 35%) at 25oC than at

37oC. 0n the other hand, the small degree of potentiation of

intraluminal NA by cocaine was unaffected. These effects of

temperature changes !,Jere unaffected by the sequence of the

changes.

b) uptake and efflæ o¡ 3n ul,.

The amount of 3H remaining in nialamide treated arteries

at zero time and up to 30 minutes after incubation witf¡ 3H ttlR

at 37oC or 25oC for 30 minutes was measured as described on

page 7.4. The total amount of label taken up dur'ìng 'incubation

with 3H NA 0.5 ug/ml at 25oC did not differ significantly from

that taken up at 37oC. However, significantly less label was

retained in the tissue incubated at 25oC during the period 2 to

30 minutes after washout of the 3H UR. Thus 30 minutes after

washout, the mean concentration of 3H in the 25oC arteries u'as

70% of that of the 37oC artery. Inspection of the efflux curve

(Fig. 11) shows that the difference is in large part due to the

much more rapid diffusion of label from the 25oC artery into the

bathing solution during the first two minutes after washout. The

data was analysed by the method of Paton (1973) to estimate the

efflux rate constant. The results are summarised in Table 2'



TABLE 7:L

The effect of lor,rrered temperature in the potentiation
of extra- and intra- iuminal NA'by cocaine in isolated perfused

segments.

values shown are the geometric means of sens'itivity

ratios calculated from paralìel dose response curves at a

response of 60 nïn Hg. The values below the mean are the

meants.e.Thevaluesinbracketsrefertothenumber
of experiments.

*Values s.ignificantly different (t-test, P< 0.02)

(3)

(3)
1.4 1.9

t.7

1.0 1.9
t.4 5 .8*

4.8 - 6.8
(6)

9.4*
8.2 - L0.9

(6)

INTRALUMINAL EXTRALUMINAL

370 C

250 C

SENSITIVITY RATIO NA With Cocaine
No Cocaine
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TABLE 7:2

Rate coefficients* of efflux of NA at 250C and
370C in nialamide treated segments.

0. 162r
t0.0173

0.0243
t0.000 1

0.00972i
t0.0018

0.0101t
r0.00094

0.00448+
t0.00068

0.26L+
10.0173

0.0304
r0.0052

0.0197r
r0.0026

0.0169r
t0.0014

0.00743r
t0 .0005 1

0-2

2-5

5-10

10-15

20-30

370 C250 C

T IME
INTERVAL

Mean rate coeff i ci ent (m'in- I )
+ÌÈ+co
J - "."'

* Rate coefficients were calculated for each of B experiments

according to the formula of Paton (tgZga).

T_t- ÃT:m

where AA = activity effluxed in time Ât.

At = amount of dl3H NA in the tissue at the midpoint

of the time interval At.

t values differ significantly (t-test for pa'ired observations

P < o.o1).

(min-1)AA
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They show that the efflux rate constant over the time 0 to 30

minutes after incubation was in fact greater at 25oC than at

370C.

(c) Uptake of isotoPie DA.

In4experimentsthenetuptakeofisotopicDAand
formation of isotopic NA was measured at 25oC and at 37oC. 3¡

DA was used in 2 of these experiments, and 14C UR jn the

remaining 2. In each experiment the quant'ity of label in the

tissue v,,as measured at a specìfied period of time after washout

of the labelted DA from the bathing solution. The quantity of

label accumulating in the bathing fluid during the foregoing

specìfied period was also measured to provide an estimate of

the total net uptake during the period of jncubation, as well as

an estimate of the rate of efftux of the label. The results are

summarìzed in Table 3. It will be seen that the amount of label

accumulating jn the tissue during the 30-minute incubation with

labeìled DA, as well as the rates at which label accumulated in

the bath solution following bath washout of the labelled DA were

little different at 25oC and 37oC.

However, when the label retained in the tissue was

analysed to assess the proportion of labelled NA to DA present'

it was found that the proportion of labelled NA was significantly

greater in the tissues incubated at 37oC than those incubated

at 25oC. Since the net uptakes of label were similar at the two

temperatures, the last result implies that more of the labelled

DA was converted to NA at 37oC. However, these results must be

interpreted with caution. The peaks of radioactivity, on which

the estimates were based, co-chromatographed well with cold NA

and DA in the chromatographic system used (see page ã1 for

details). However, about 50% of the label was also distributed

over the chromatogram and did not display recognisable peaks

for the expected labelled methylated metabolites of NA and DA

(Fig. ?.1). In the light of subsequent experìence of other



TABLE 7:3

3H-DA net uptake and retention at 370C and 250C in
Nialamide treated 14C-Tissues.

The values shown were obtajned jn 4 experiments in

nialamjde treated segments. In experiments 1 and 2 above

the total count after incubation, and the res'idual activity
after 12 minutes wash on'ly were determined.
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investigators in these laboratories (Head 1973), it is concejvable

that oxidative degradation products of the catecholamines present

in the original samples may have contributed to the d'iffuse

activity spread over the chromatograms.

DISCUSSION

In order to interpret the results presented in this

chapter it is fjrst necessary to review the informatìon already

available on the effect of lowered temperature on the various

mechanisms, both neuronal and extraneuronal, active ìn sympathet'ic-

ally 'innervated tìssues. Most of th'is work has been done on

tissues other than rabbit ear artery.
Many of the systems associated with the accumulation,

release and metabolism of NA 'in adrenergic neurones has been

shown to be inhibited by cooling. The uptake of NA ìnto

adrenergic neurones in cat heart was found to be temperature

dependent (Gillis and Paton 1966), with a Q10 of approximately 2

(Iversen 1971). G'iachett'i and Shore (1966) reported that uptake

of metaraminol by heart slices was greatly inhibjted by ìncubation

in the cold. Compared with the activity at 370C, net uptake of 3H

NA was found to be reduced at 29oC in cat heart (Paton i966), and

a reduction of 30% in net uptake of 3H NA was found in the rabbit

aorta at 25oC (Nedergaard and Vagne 1969). The rate of uptake

into intraneuronal vesicles was found to be 8 times faster at

37oC than at 27oC (Stjarne 1964). The rate of spontaneous

release of NA from isolated bovine sp'len'ic nerve granules was

also found to be reduced at lowered temperatures, the rate at

20oC being about l0% of that at 37oC (Euler and Lishajko 1963'

re67) .

Lowered temperature also affects the release mechanisms

in the sympathetic neurone. Kirpeker and others (1969) showed
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that lowering the perfusìon temperature to 15oC markedly reduced

the amount of NA released in response to nerve stimulation or to
infusion of potassium. Wennmalm and others (1970) found that

reducing the temperature from 37oC to BoC caused a depression of
3H ltR release from 3H trlA loaded cat spleen. The effect on the

release by the indirectly acting amines tyramine (75% reductjon

at 25oC) was much more pronounced than the effect on release by

stimulation (30% reduction at 25oC). However, this greater

effect on release by tyramine may have been conÙrìbuted to by the

depress'ion of the neuronal uptake mechaniSm, and a subsequent

reduction'in the amount of tyramine taken up by the neurone.

Tsai and others (1967) suggested that the ind'irect effects of DA

on the isolated guinea pig atria might be more prominent at

higher temperatures.

The effect of lowered temperature on the activ'ity of the

enzymes of catecholamine synthetic chain is not well documented.

However, Dr L. Austin (1972), in a personal communicatjon, has

stated that the reduction of the incubation temperature to 25oC

from 37oC has little effect on the activity of the enzyme

d opami ne- ß-hydroxy'l ase .

The metabolism of catecholam'ines is known to be affected

by reduced temperature. This could apply to both intra- and

extraneuronal metabolism. At 250C, in guinea pig atria, it was

found that the MAO activity was reduced by 28% and COMT activity
by 6L% compared to 37oC (0pperman and others 1972).

Incubation at 15oC or less reduces the uptake of NA into

smooth muscle of splenic arteries (Gillespje and Hamilton 1967)

and cat spleen (Gjllespie and others 1970). Foster (1967)

found that cooling to 17.50C potentìated the effect of NA and

isoprenaline (an amine not taken up by adrenergic neurones)

equally on guìnea pig isolated tracheal chain, as djd meta-

nephrine and phenoxybenzamìne, both of which are inhibitors of

extraneuronal uptake. Clarke and others (1969) found that
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perfusion with NA at 20oC reduced the extraneuronal uptake in the

isolated perfused rat heart, but also caused myocardial swellìng'

as evidenced by an increase in the perfusion pressure and a

decrease in 14C sorbital space (intracellular space). They

suggested that the reduction in extraneuronal uptake due to

reduced temperature may be due to the hindrance of the passage of

the NA from the coronary vessels to its final retention sìtes'

However, Burnstock and others (1971) saw no effect of cold on the

uptake of NA by cells of the thìck muscle wall of the non-

innervated umbilical artery at 2oC and suggested that the effect

of cold is indeed on the membrane mechanism of extraneuronal

uptake which appears to be absent in the non-innervated smooth

muscl e.

It is also a possibility that reducing the temperature

has an effect on the effector cell. Glover and others (1968)

showed that cooling reduced the response of the femoral artery to

NA steadily from 37oC to 13oC, when it failed to respond. Hemon

and others (fgZt) reported a decrease in sensitivity to histamine

and metaraminol in the rabbit ear artery with reduced temperature

(3oC). Wennmalm and others (1970) found that in isolated per-

fused cat spleen the response to ìniected NA progressively

decreased with the fall in temperature, to be almost abolished

at 100C. Smith (1952) noted changes ìn the nature of the

response to adrenaline in the sheep artery strip at lowered

temperature. The vessel contracted and relaxed more slo¡lly at

17oC than at 37oC. Wennmalm and others (1970) also noted a change

in the shape of the response to nerve stimulation at lowered

temperature. Keatinge (1964) using sheep carotid artery spiral

strips found that the contractile response to electrical

stimulation was sìower at 25oC than at 35oC. His evidence

suggested that cold (down to 5oC) acts directly on the contractile

mechanism, slowing it but onìy'moderately affecting the total

amount of shortening. He also found that the resting potentials
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of arteries v,,ere significantly lower at 5oC than at 35oC'

Thus from the evidence it would appear that many systems

in the adrenergic neurone and the effector ce1l may be affected

by reduced temperature. Hence the change in the response of a

tissue, produced by a decrease in temperature, is likely to

reflect a complex interaction of many different factors.

In the work presented in thìs chapter it was found that

a 12oC fall ìn temperature did not significantly alter the

sensitivity to NA in the untreated rabbit ear artery, whether

in the form of a perfused segment or strip. This is ìn contrast

to the evidence of Glover and others (1968) using ear artery

segments. However, the experimental conditions were not

identical in the two studies. The rabbits used by Glover and

others (1968) were cold acclimatised (persona'l communication

from Prof. W. E. Glover). Later studies in the same laboratory

(McClelland and others 1969) showed that the phenomenon of cold

sensitization to NA onìy occurred in arteries removed from

rabbits kept in a cold environment. The rabbits used in this

study were kept at an ambient temperature of approximately 210C,

and thus were not cold acclimatìsed. This would account for the

failure of reduced temperature to cause sensitivity to NA in

these arteries.
AgreatereffectontheNAsensitivitywasseenin

arteries treated with nialamide to inhib'it MAO. Here reduction

of temperature potentiated the NA sensitivity 2-3 fold. In this

case where the MAQ is inhibited both intra- and extraneuronally'

the abiìity of cooling to decrease uptakel and uptake2 may come

into play by reducing the loss of NA from the receptor area by

the neuronal uptake system and the remainìng metabolizing

enzyme, COMT.

Apuzz|ingfeatureofthedatapresentedhereonNAwas
the failure of the strips to reproduce all the features of

secondary sensitization observed in segments (de 'la Lande and
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Jellett 1972). A possible explanation is that the process of

preparing the strips led to damage of the nerve terminals, so

that the integrity of the neuronal uptake and binding systein for
NA was impaired in the strip compared with the segment.

Sufficient NA may have accumulated during the period of incubation

to permit the slow recovery phase of secondary sensitizatìon to be

manifest. The fact that secondary sensitization to DA was

prominent in both strips and segments may reflect the fact that

the concentrations of DA required to eljcit responses were much

higher than those required for NA and were probabìy supramaximal

with respect to neuronal uptake (see Chapter 3).

Another possib'le explanation for the lack of secondary

sensitization to NA during cumulative responses in the ear artery

strip is that, in this preparation, neuronally mediated effects

are not prominent, compared with the extraluminal'ly dosed

perfused segment (de la Lande and Urquilla 1969). The relative
position of the nerve terminals and the smooth muscle cells in
the artery wa'll may well be critical in determinìng the magnitude

of neuronal effects. Thus the concentration of NA at the

receptors in the media is governed by the concentration of NA in

the fluid bathing the tissue, and the neuronally mediated effects

of NA are masked by the direct effects.
However, the second phase of secondary sensitizatjon,

slow recovery after washout of the NA,is manifest in the nialamide

treated strip. The concentration of NA at the receptors in the

strip after u,ashout may be then governed by the neuronal

concentration of NA, since the bath concentration after Washout

should be very low. A similar dissociation of the first and

second phases of secondary sensitization has been observed in the

rabbit aortic strip (Trendelenburg L974).

In the case of DA, the bathing solution contains only DA,

to which the tissue is relativeìy insensitive. However, if DA

is causing the release of endogenous NA from the nerve ending,
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the tissue is presented with an amine to which it is much more

sensitìve, and so secondary sensitization occurs, the resultant

response being not primarily due to the DA but to the released

NA. It should be noted that secondary sensitization to DA occurs

at dose levels of DA which are normally subthreshold in the

untreated preparation (Chapter 4).

As with NA, in the untreated artery there was no effect

of lowered temperature on the responses of strìps to DA. Since

neuronal uptake appears unimportant in the response to DA

(Chapter 3), one might have expected a decrease in temperature

to cause a decrease in sensitivity to DA. However, inhjbition of

other inactivating processes besides uptake may have compensated

for a decrease in sensitivity of the smooth muscle. For example,

the activity of MAo is decreased by 27% at 25oC (Opperman and

others L972).

The most significant of the findings presented in this

chapter is the ability of cooling to largely abolish the

secondary sensitization to dopa, DA and NA observed in nialamide

treated arteries. In the case of NA, it has been shown

previously that secondary sensitization in artery segments is

also abolìshed by denervation and cocaine (de la Lande and

Jellett Ig72). It would appear that the occurrence of secondary

sensitization to NA is, in fact' extremely sensitive to the

activity of the neuronal uptake system, Since the reduction of

the temperature to 25oC reduced the uptake of NA only by about

3O%. However, as already emphasised, it cannot be excluded that

some other change induced by'low temperature may also be involved'

Another possibi'lity which must be considered is that cooling may

have also depressed the release of NA. The only evidence

presented here on this point is that the amount of label released

from the tissue within the first few minutes of washout of 3U nA

was in fact greater at 25oC than at 37oC. Although this label

Was probabìy from extraneuronal rather than neuronal Sources '
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the efflux rate over the ensuìng 30 minutes, where the contrib-

ution of neuronal efflux would be greater' was also greater at

25oC than at 37oC. However, the rate of spontaneous efflux of
3H ¡tR from previously loaded rabbit atria, after 60 minutes

of efflux, shows a Q10 of 2-5 between 27oC and 37oC,

ind'icatjng a high degree of inhibition of neuronal efflux of
3H ¡¡R by cooling (Paton 1973a). Release of NA by the indirect

actions of sympathomimetìc amines has also been shown to be

decreased by cooling (l,lennmalm and others 1970; Paton 1973b)'

In the case of DA, a decrease in temperature, like

chronic denervation, but unlike cocaine, abolished secondary

sens'itization. However, in the studìes wjth labelled DA' it was

found that the accumulation of label by the tissues was

unaffected by coof ing. This resuìt implies that the inhibition

of secondary sensitization was not due to a decrease in the

amount of DA taken up by the nerve terminals, no¡in the rate at

wh'ich it was subsequently released. The studies on the formation

of labelled NA from labelled DA, although ljmited and 'incomplete,

however, suggest that less labelled NA was formed at the lower

temperature. Hence this data does not conflict with one possible

hypothesìs advanced earl'ier (page 4.I2), that secondary sensi-

tization is in fact at least in part mediated by newìy synthesized

NA. Although consjstent with the finding that DDC tends to

prevent secondary sensitjzatìon in reserpine treated arteries,

there still remains the difficulty (discussed on page 6.6) facing

this hypothesis that DDC had little effect on secondary sensi-

tization in arteries not pretreated wìth reserpìne'

Aninterestingfindingwasthatthedecreasein
temperature also abolished the delay in recovery of arteries

exposed to an extremely high concentration of DA (300 Ug/ml ).

This delay was reduced but not abolished by chronic denervation,

and therefore was assumed to be only part'ly neuronaì in origìn'

The more marked effect of cooling imp'l'ies that the extraneuronal
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accumulation and/or release of DA is also temperature-sensitìve'

as already proposed by Gì1'lespie and Hamilton (1967) for NA.

The inhib.ition of the effects of cooling also extended

to the constrictor response to L-dopa seen in arteries after

treatment with nialamide. Evidence has already been presented

that this response is neuronal in origin, since jt does not

occur in chronically denervated arte¡ies. In this case' the

mechanism by which the effects of cooling are mediated must also

extend to possible inhibition of (a) uptake of dopa by the nerve

terminal and (b) conversion to DA by l-aromatic amino acid

decarboxylase. Both of these processes are presumabìy

temperature-dependent. A'll that can be said at present is that

the effects of cooling on the response to L-dopa are consistent

with the hypothesis that secondary sensitization to this

precursor is also mediated by NA, but that the effects may be

augmented by inh'ibition of processes (a) and (b) above'



CHAPTER EIGHT

FATE OF INTRALUMINAL NORADRENALINE

AND DOPAMINE

IN THE PERFUSED RABBIT EAR ARTERY.
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CHAPTER 8

TRODUCTION

PRELTMINARY NOTE.

The study described in this chapter was one which, by its
nature, required the co-operation of a number of indivjduals

(I. S. de la Lande, D. A. S. Parker and the author)' It is

included in the thesis despite the fact that it concerns

primarily some of the factors which influence the response to NA

in the nialamide treated artery, the iustification being the

probabi'lity that the same factors influence the response to DA'

This follows from the evidence in the preced'ing chapters that the

response to DA in the nialamide treated artery is, in part at

1east, mediated bY NA.

It has been shown previously in this laboratory that

inhibition of MAO augmented the response to extraluminal NA in

ear artery segments and delayed the recovery from this response

(de la Lande and Jellett 1969, Ig72). These secondary sensitiz-

atìon effects !,Jere found to be neuronaì in origin, since they did

not occur in chronically denervated arteries' or when cocaine was

present throughout the exposure to NA.

These effects were not observed when the NA was applied

intraluminally to the artery. The difference between the effects

of extraluminal and intraluminal NA was explained in terms of

the failure of the intraluminal NA to penetrate to the sympa-

thetic nerve terminals located at the media-adventitia border.

The failure of i,ntraluminal NA to reach the nerve

terminals may be explained in at least two ways:

(a) there may be a diffusion barrier between the intimal

surface and the media-adventitia border, or

(b) the NA applied to the intimal surface may be taken

up and/or metabolised by the smooth muscle in the media.

The studies described in this chapter relate to the

second possibility, and in particular, to the role of CQMT in
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'influencing the concentration of NA at its receptors. Prior to

commencing this study, it was known that COMT metabolises NA to

normetanephrine, and that its distribution in other tissues

appeared to be extraneuronal (Crout and Cooper 1962; Iversen and

others 1966). Subsequently Jarrott and lversen (1971) have

shown that the distribution is, in part, neuronal. More was

known of the role of MAQ, since the pharmacologìcal studies of

de la Lande and co-workers provìded indirect, but strong evidence

that extraneuronal l4A0 djd not exert a significant influence on

the response to noradrenaline (de la Lande and Jellett 1969'

1972; de la Lande and Johnson L972) -

Evidence in chapter 4 indicated that extraneuronal

metabolism of DA by MAO occurred in the ear artery' It was of

additional interest to determine whether metaboìism by C0MT

influenced the response to DA, and whether DA was a substrate

for extraneuronal uptake by the smooth muscle in the media of the

artery. It has been shown that DA is a substrate for coMT

ín uitz,o (Axelrodand Tomchjck1958), but so far a role of CQMT

in the response to DA on other tissues has not been established

(Trende'lenburg and others 1971).

The present studY was confined to:
(1) A histochemical analysìs of the effect of inhibition

of COMT and of Uptake2 on the ability of intraluminally applied

NA to penetrate across the artery wall to the sympathetic nerve

terminals at the media-adventitia border;

(2) The effect of inhibition of COMT on the vasoconstrictor

response to NA and DA;

(3) Histochemical analysis of the extraneuronal uptake

of DA.
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METHODS

HTSTOCHEMTCAL STUDIES WTTH NA.

In these experiments, artery segments were taken from

rabbits pretreated with reserpine to deplete endogenous NA

(Methods 2.7). The artery segments !ì,ere isolated and cannulated

at both ends so that the intraluminal perfusion fluid did not

mix with the extraluminal bathing ftuid. MAQ was inhibited by

treatment with niaìamide either in uàuo or in uitro (see Methods

2.8) so that any NA taken up by the nerve terminals would be

retained and hence observed histochemically. All segments were

then exposed to either intraluminal or extraluminal NA (0.5

ug/ml) for 30 minutes. Some of the segments were exposed to

either the col',tT inhibitor, u0521 (3'4'dihydroxy-2-methyl-

propiophenone) (10 ug/ml), or an Uptake2 inhibitor, metanephrine

(0.5 ug/ml), or combìnations of these, for 15 minutes prior to

and during the exposure to NA. At the end of 30 minutes the NA

pìus any other drug present was washed out, and the preparation

further perfused intraluminally, and bathed extraluminally with

drug-free Krebs bicarbonate solution for 10 minutes, after

which the segment was removed for fluorescence histochemistry

(chapter 2.8). After histochemistry the intensìty of fluo-

rescence at the media-adventitia border was assessed on a scale

ranging from + to +++ (see Chapter2.10). It should be noted that

in the above experiments, the intraluminal flow, normally 4-6

ml/min, was stopped entirely during exposure to extraluminal NA,

and was decreased to approximately 1 ml/min when NA was perfused

jntraluminally. This was done in order to avoid possible

leakage of intraluminal perfusion fluid into the extraluminal

bathing medium as a result of the h'igh perfusion pressures

attained during the exposure to NA.
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RESULTS

1.. EATE OE INTRALTMTNAL NA.

(d HistochemistrY.
Table 1 shows that, in 7 experiments after reserp'ine pre-

treatment and lvlAO inhibition, arteries did not display evidence of

monoamine fluorescence at the media-adventitia border. However,

following exposure to extraluminal NA, there was typical green

monoamine fluorescence at the media-adventitia border. In

contrast, arteries exposed only to intraluminal NA failed to

dispìay similar monoamine fluorescence. However, arteries which

had been treated with U052L and/or metanephrine for 15 minutes

prior to, and then simultaneously with, the intraluminal NA did

show characteristic green monoamine fluorescence at the medja-

adventitia border. In the absence of previous exposure to NA,

neither metanephrine nor U0521 alone caused the appearance of

fl uorescence.

There was no evidence in any of the above experiments of

retention of NA in regions of the artery wall other than the

adventitia. However, the fluorescence following exposure to

extraluminal NA tended to be somewhat more wide'ly dispersed in

the adventitia than that seen in normal (untreated) rabbits.

In none of the arteries treated with intraluminal NA did

the fluorescence appear of the same order of intensity as that

seen in the arteries treated with extraluminal NA'

In summary, it was found that drugs which inhibit uptake

into smooth muscle and extralumìnal metabolism allowed intraluminal

NA to accumulate in the nerve terminals to an extent which could

be detected histochemically. Hence, these processes might be

responsible for the failure of intraluminal NA to diffuse from

the intimal surfaces of the artery to the nerve terminal.

(b) Recouery tímes.

In the course of the above experiments, rates of recovery



TABLE 8:1

The effect of a COMT inhibitor and an uptake, inhibitor
on the reappearance of catecholamine fluorescence after
exposure tô intraluminal NA in nialam1de and reserpine pre-
treated arteries.

METANEPHRI NE
+

INTRALUMINAL
NA

+-++

KEY TO SYMBOLS USED:

0 no spec'ific catecholamine fluorescence.

+ catecholamine fluorescence present but not equa'lly distributed
around plexus.

++ catecholamine fluorescence in nerve termina'ls equivalent
to that in normal arteries.

+++ catecholamine fluorescence visible in adventitia as well
as in nerve terminals.

Data presented is from experiments in which segments of

nialamide and reserp'ine pretreated artery were exposed to either

intra- or extraluminal NA at a concentration of 0.5 Ug/ml for

30 minutes. The arteries were then washed well and 1.0 minutes Iater

were treated histochemically to display catecholamine fluorescence.

Some segments were also exposed to U0521 (10 ug/mÏ) to exhÍbit COMT

or metanephrine (0.5 ug/ml) to inhibit Uptake2 .

Assessment of the degree of fl uorescence was carrÍed out by

two independent observers, both of whom were unaware of the experíment

protocol .
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from the vasoconstrictor response to NA were measured for the 10

minutes between washout of the NA and removal of the arteries

for histochemistry. During this period the flow rates were at

5 mt/min. The time courses of the recoveries after the various

treatments are shown in Fig. 1.

The main feature to note is that recoverìes of arteries

from intraluminal NA were extremely rapid compared with those of

extraluminal NA. However' recoveries from intraluminal NA were

significantly slower in the U0521 and the metanephrine treated

arteries. The effect of U0521 was considerabìy greater than that

of metanephrine, the latter becoming apparent only after 8 minutes'

(c) The effeets of some coMT inhibítons on the sensitiuity to NA.

The influence of catecho'l-O-methy'l transferase on the

concentration of NA at its receptors in the rabbjt ear artery was

studied by using enzyme inhibitors. The inhibitors tested were

U0521, tropolone, and ß-thujapl'icin at the concentrations listed

in Table 2.

Dose response curves to both extra- and intraluminal NA

were obtained in isolated perfused artery segments, in the

absence and presence of the inhibitor. The results were.expressed

as the ratio of equipotent doses which produced a response of

60 mm Hg.

The results are summarised in Table 2. The effects of

the agents ranged from depression (tropolone) to slight potentia-

tion (thujaplicin). U0521, ulhich v,,as more consistent in its
effect than the above agents, nevertheless had little effect on

the sensitivity to either jntra- or extraluminal NA. However, in

arteries previously perfused with nialamide to inhibit MAO' U0521

produced an unequivocal increase in sensitivity to intraluminal

NA of the order of 2.3 fold. The increase was apparent both as a

shift to the left of dose response curves to NA, and also as a

further increase in the response when u0521 was added during the

steady state constrictor response to NA. In some of these



P̂

cm
Hg

20

10

0
0 10

MINUTES after hIASH0UT of NA

Fi 8.1

Recovery of perfused artery segments from noradrenaline

0"5 ug/ml :

Data shown is the means t s.e. of 7 experiments in

which the recoveries were recorded of segments treated

with extra-lumina] nA ( r---+ ), intra-]uminal NA

( H ), intra-'luminal NA + U0521 ¿r-^, intra-

luminal NA + metanephrine (5 experiments on'ly)'



TABLE 8zZ

The effect of various inhibitors of COMT on NA responses in
the untreated, and nialamide treated ear artery.

*no significant difference between groups (t-test,P > 0.05)

Values shown are the geometric means of ratios of equ'ipotent
concentrations of NA producing a response of 60 mm Hg in the
presence of inhibitor (calculáted from parallel dose response curves).

The figures below the mean indicate mean + s.e. where 5 or more
observations were made, or where fewer observations were made, the
figure refers to the upper and lower values found. The figure ìn
brackets refers to the number of experiments.

In the nialamide + U0521 series, the artery was first treated
with nialamide, then response to intraluminal NA measured.
U0521 was then added, and the response to NA repeated.
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experiments, in paìred arteries, the perfusion rate of one of the

paìr was reduced to 0.9 to 1.2 mUmin to mimic the conditions of

the histochemical experiments descnibed above. At the slow rate

of perfusion, the potentiating effects of U0521 appeared to be

somewhat more prominent; however, the d'ifference between the

potentiations seen at the slow and fast rates of perfusion was

not signìficant (paired t-test, P>0.05).

It was noted in these experìments that responses to NA

were further enhanced immediately after washout of U0521"

Furthermore, when U0521 was added during a steady state response'

the perfus'ion pressure sometimes declìned before further increasing

to a new and elevated steady level. This behaviour of U0521 raised

the possibil'ity that the concentration used was excessive and was

produci ng i nh'ib'itory as wel 1 as potenti ati ng eff ects on NA.

However, due to lack of time, further expe¡iments to test th'is

possibility were not carried out in this series.

2. EXTRANEURONAL FATE OF DA.

(d Histochemistng.

In each of 4 experiments, five artery segments were

removed from one ear of a rabbìt, and allowed to remain in Krebs

bicarbonate solution for t hour to equ'iìibrate. Four of the

sections v{ere then treated with nialamide for t hour and rinsed

for 15 minutes in Krebs bicarbonate solution. The segments were

not perfused, but allowed to incubate for 15 minutes at room

temperature according to the fol'lowing plan:

Segment Pretreatment Treatment

a nial none

b none DA (20 ug/ml)

c nial DA (20 ug/ml)
d nial ,DA (20 ug/ml )

\MN (20 ug/ml )

e nial MN (20 ug/ml)
The segments were then washed for 1 minute and immediateìy frozen
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for fluorescence h'istochemìstry (Chapter 2.8). Results, summar-

.ised'in Table 3, were evaluated according to the following scheme:

0 No medial fluorescence'

Normal neuronal fluorescence observed,

+-++ Medial fluorescence apparent but slight or patchy'

+++ Bright fluorescence apparent in all parts of media'

++++ vs¡y bright fluorescence apparent in all parts of media'

by two impartìa1 observers.

Medial fluorescence was very marked in the nialamide and

DA treated preparation, appearing to be brightest towards the outer

areas of the media, gradìng ìnwards towards the lumen. After DA

incubation in the non-nialamjde treated preparations, the medial

fluorescence was apparent but s1ìght' as was the medial fluo-

rescence ìn the nìalamide and metanephrìne treated segments' No

fluorescence was seen in the media of the segments not incubated

with DA, ì.e. those treated with nialamide alone or nialamjde with

metanephrìne. Normal neuronal fluorescence was apparent in all

segments.

Ø) Effect of a COMT inhibitor on the response to DA'

The effect of the c0MT inhibitor u0521 (3',4'dihydroxy-2-

methy'l-propiophenone) on the sensitivìty to DA was tested on four

artery segments by comparìng dose response curves to DA in the

presence and absence of the drug. Neither the shapes of the

responses to DA (Fig. 2) nor the sensitivity to extraluminal DA

were affected by u0521. The sensitivity to intraluminal DA was

decreased to a small extent. Thus the mean ratio 1 se of the

equipotent concentration of DA ff+?Ë+$#l was 0'76 (0 '62-0'sz)

and 0.9g (0.85-1.1) for intra- and eitralumìnal DA respectively

(4 experiments). These experiments were not repeated in nialamìde

treated arte¡ies due to the secondary sens'itization to intraluminal

DA (page 4.4) which made precise evaluation of small additional

changes jn sensitivity in perfused segments extremeìy diffìcult'
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The effect of metanephrine and nialamide on smooth
muscle uptake of dopamine in the rabbit ear artery.
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DISCUSSION

The faìlure of intraluminal NA to produce neuronally

mediated effects in the MAQ inhibited rabbit ear artery' u,as

attributed by de la Lande and Jellett (1969, L972) to failure of

the ìntraluminal NA to reach the nerve terminals.

Histochemical evidence for this explanation is provided

by experiments which show that intraluminal NA fajled to restore

fluorescence to reserpine depleted nerve terminals after MAO

inhjbition except in the case when either COMT' or smooth muscle

uptake, or both were inhibited: In this circumstance, the

fluorescence, although not as marked as that produced by extra-

luminal NA, was nevertheless unequivocal. This may be interpreted

to mean that intraluminal NA normalìy faìls to achieve a sufficiently
high concentration in the vicinìty of the nerve terminals to enable

ìts uptake by these terminals to be detected. Such a failure can

be attributed to loss of NA as it diffuses across the media of

the artery towards the nerve terminals either by uptake into smooth

muscle or metabolism by MAQ or CQMT or both. Giììespie (1968) has

shown that the smooth muscle cells of the media are a major site
of extraneuronal uptake of NA in the rabbit ear artery, this
uptake being selectively inhibited by metanephrine-

The results with u0521 indicate that the loss of NA is at

least partly due to metabolism by CQMT, which is situated largely

extraneuronalìy in this tissue (Head and others 1974).

The histochemical results showed no difference in

intensity of fluorescence between tissues treated with U0521 and

intraluminal NA, and those treated with metanephrine and intra-

luminal NA" However, the recovery from the intraluminal NA in

the U0521 treated group was retarded to a greater extent than the

recoyery of the metanephrine treated group. There are several

possible explanations for this paradox. Firstìy, the histochemical

methods used are not finely quantitatiVe, and depend on subiective
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observation. Thus, within the rather broad framework of the

system used, a large concentration difference could escape

detection. Secondly, metanephrine may in some way be 'inhibitìng

the slow recovery characteristic of secondary sensitization, which

has been shown to be dependent on neuronal mechanjsms (de la

Lande and Jellett 1969, Ig72). Although metanephrine is known

not to affect uptake into nerve terminals (Burgen and Iversen 1965),

some other mechanism may be affected. Thirdly, U0521 in the

concentration used here may inhibit Uptake2 as well as COMT, and

so increase the concentration of NA in the nerve terminal'

Alternatively, if intraneuronal IQMT is present in the nerve

terminals of the rabbit ear artery, inhibition of this in addition

to extraneuronal C0MT and intra- and extraneuronal IvlAO may cause

the intraneuronal NA concentration to increase to greater levels,

thus producing the conditions necessary for the delayed recovery'

Jarrott (1971) described a pre- and post-synaptic COMT with

different Substrate affinities. However, on the evidence at

present availab'le, it is not possible to distinguish between these

possi bi I i ti es .

In view of the histochemical evidence that C0MT contributes

to the inactivation of intraluminal NA as it diffuses across the

media of the monoamine oxidase inhibited artery, it was considered

that COMT may influence the concentratìon of NA at the receptors

in the rabbit ear artery. However, in the otherwise untreated

artery, the effects of U0521 and other CQMT inhjbitors on the

response to intraluminal NA were slight and variable. After con-

comitant inhibition of MAQ, however' a definite increase in

sensitivity of the order of two-fold was seen'

It seems tikely, therefore, that metabolism of low

concentrations of NA in the media of the artery may be camied

out by either C0MT or IvlAQ or both. The enzymes may act in paral'lel '
such that if one of the two is inhibited, the other wi.ll function

in its place. Thus the full effect of inhibition of one of the
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enzymes is not seen while the other remains active. This effect

has been shown to occur also in rabbit aorta (Kalsner and

Nickerson 1969). Thus the relatively minor effects of procedures

which influence neuronally mediated mechanisms, on the sensitivity

to intraluminal NA, may well be a consequence of low neuronal

uptake of intraluminal NA compared with that of extraluminal NA,

rather than a simple reflection of the relative distrìbution of

sympathetic nerve terminaìs and smooth muscle as uras previously

proposed.

The response to intraluminal DA in untreated arteries was

not affected by inhibition of C0MT. This study !'ras not repeated

in nialamide treated arterìes due to the secondary sensitization

effect seen with intraluminal DA (Chapter 4) '

Trendelenburg and others (1971) have suggested that COMT

affects the concentration at the receptors of only those substances

to which the tissue is very sensitive. In uítro, the relative

activities of DA and NA as substrates for COMT are approximately

equal (Axelrodand Tomchick1958), but DA is 100 to 150 times less

potent than NA in producing a constrictor response in the rabbit

ear artery. The lack of effect of c0MT inhibition on the response

to DA, together with the slight effect on the response to NA,

would then be further corroborative evidence for this proposal.

The evidence presented here on the role of MAo, coMT and

smooth muscle uptake in the response to intraluminal NA further

suggests that the ability of intraluminal DA to cause secondary

sensitization in nialamide treated arteries, in contrast to

intraluminal NA, may also be due to the relative'ly high concen-

trations of DA which are required to produce a constrictor response

in the artery. This suggests that these concentrations of DA may

be sufficiently high to saturate the metabolizing enzymes and

smooth muscle uptake mechanism in the artery wall, thus allowing

relatively free access of intraluminal DA to the nerve terminals

at the media-adventitia border of the artery. The histochemical
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evidence, however, shows that even at the relatively high

concentration of 20 ug/ml of DA, uptake into smooth muscle still
occurs, since this may be reduced by equal concentrations of

metanephri ne.



CHAPTER NINE

GENERAL DISCUSSION
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GENERAL DISCUSSION

Discussion of the results presented in this study fall
natural ly 'into two parts . Fi rstly , the factors control'l i ng the

response to DA in the untreated artery with normal MAO activity'
and second'ly, the factors which are operative'in the DA response

in the MAO inhibited artery.
In view of the fact that the response to DA, like NA, is

mediated by the o-adrenerg'ic ieceptors, it was of interest to
determine whether the sympathetic nerves play a part 'in the

response to DA in the ear artery, as has been shown for NA

(de la Lande and hlaterson 1967). Uptake of DA into the cytoplasm

of sympathetic nerves was shown by histochemical methods to occur

in this tissue at concentrations of DA which were sub-thresho'ld

for the const¡ictor. However, at threshold concentrations and

above, the uptake appeared to be saturated. Langer and Trendelenburg

(1969) have shown that saturation of neuronal uptake causes neuronal

effects to become un'important in the response to a drug' the

concentration of that drug in the bìophase then depending only on

the concentration of drug in the tissue bathing fluid.
Indirect evidence showed that uptake was unimportant in

the vasoconstrictor response to DA in the untreated artery, since

(a) tfre intra.- and extraluminal sensitivities to DA were ídentical,
and (b) neither reserpine pretreatment, cocaine treatment, nor

chronic denervation modified the sensitivity to intraluminal or

extraluminal DA. It was therefore concluded that the vasoconstrictor

response to DA in the rabbit ear artery is direct, and neuronal

mechanisms play little or no part 'in the response.

It was also shown that DA does not act on dilator
receptors in the ear artery under conditions where 'isoprenaline

caused an unequ'ivocal dilatation. Thus it would appear that DA is

relatively inactive on the ß-adrenergic receptors in the ear

artery, and also that this artery contains relatively few of the DA



9.2

receptors which are belived to mediate dilatation in the dog

renal and mesenteric arteries (NcNay and others 1963, 1965).

In the case where the main metabo'lisjng enzyme for DA,

MAO (Blaschko and others 1937),had been inhibited by nialamide'

the features of the response to dopam'ine changed radically to
those typical of secondary sensitization The normaÏly fast

response and relaxation became very slow to reach steady state'
and the relaxation after washout of the drug was prolonged.

There was alSo an 'increase 'in the Sensitiv'ity. These effects were

seen in both segments and strips, being most marked in segments

after extral umj n al DA and resemb'l ed the secondary sens i tí zat'i on to

NA in the nialamide treated artery (de la Lande and Jellett 1969'

t972). In heljcal strips where comp'lete dose response curves were

obtained, it was shown that the sensitizing effects of DA are

mostly present at levels where the direct effects are small, and

taper off as the concentration of dopamine reaches ED 70 levels

and above. A response similar in nature and time course to the

response to DA was seen after L-dopa in nialamide treated arteries.
L-dopa does not produce a constrictor response in untreated

arteries. Denervation largely prevented secondary sensítization to

both L-dopa and DA indicat'ing that the secondary response depends

on neuronal mechanisms.

Various treatments and pre-treatments Were caried out to
determine the conditions under which secondary sensitization to
dopa, DA and NA occurred. This is surrmarized in Tab'le L. A

Scheme to explain the nature of secondary sens'itizatjon to DA is

proposed'in Fig. 1; a discussion of the evidence for this follows.

(L) DA ís taken up into the nerue tet+ninaL-

Djrect histochemical evidence for uptake of DA into nerve

end'ings of the ear artery is presented in Chapter 3.9. Uptake

was first visible at 0.01. ug/mt in nialamide and reserpine

treated arteries, and further jncreases in brightness of
fluorescence could not be detected by eye after 0.3 - 0.5 uglml



TABLE 9.1

Conditions for the occurrence of secondary
sensitization to DA, L-dopa and NA in the rabbit
ear artery.

* Data from de 'la Lande and Jellett (1972).
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( =1.5 - 2.S x tO-6N). Th'is evidence also showed that cocaine,

which failed to modify secondary sensitization to DA, also

failed to modify the neurona'l uptake of DA at l.-3 ug/ml. However

some modifying effect of cocaine was evident at 0.3-0.5 uglml.

(2) NA is foz,rned fz'om DA in nerüe en&Lng.

There is evidence for this step only 'in reserpine pre-

treated arteries where inhibitjon of dopamine-ß-hydroxylase with

diethyldithiocarbamate (DOC) largely prevented the manifestations

of secondary sensitization (Chapter 6.3). In reserp'ine untreated

arteries no effect of DDC on the secondary sensitjzation to DA

was apparent. However, the fact that DDC partially reduced the

secondary type response to L-dopa indicates that in a system

where DA uptake is not involved, inhibition of synthesis of NA

may have had some effect.

(3) fn presence of IaAO inhibition the intrac"'euronaL accumuLation

of free amLne incz'eases.

No direct evidence of this step was obtained jn this study.

However, Furchgott and Sanchez Garcia (tg0g) postulated that the

secondary sensit'ization to NA seen by them after MAO inhibition
in guinea pig atria was due to the accumulation and release of NA

from cytoplasmic binding sites. Direct evidence for such sites
'in sympathetic nerves after reserp'ine pretreatment and MAO

inhibition has been presented by Taxi and Droz (tgOg) using

autoradiographica'l techniques. Graefe and others (tg7l.) suggested

that any 'impairment of the intraneuronal mechanisms of inactiv-
ation (i.e.vesicular storage and MA0) leads to an increase in

the axoplasmic concentration of free NA which Seems to rise more

after blockade of MAO than after pretreatment with reserpine and

is most pronounced after both.

(4) NA is reLeased from nerue en&Lngs.

An 'ind'icatjon that secondary sensitization to DA is caused

by release of NA was shown by the evidence (mentioned in (2) above)
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that secondary sensitization to DA could be prevented by blockade

of the synthesis of NA in reserpine and nialamide treated arteries.

The released NA may be simply the result of a spontaneous efflux of

.free amine, such as occurs in NA treated tissues in which MAO has

been inhjbited (Lindmar and Loffelholz 1972); or it may be due to

an indirect, or NA releasing effect, of DA. DA is known to have

NA releas'ing effects in other tissues (gul¡ring and Burn 1938;

Stromblad 1960; Farmer 1965, 1966; Spiers and Calne 1969). Smith

(1966) demonstrated that inhibition of MAO potentiates the effects

of purely indirectly act'ing am'ines which are not good substrates

of the enzyme. This potentiatjon was thought to be due to the

decreased deamination of extra-granular NA in the absence of MAO

actjvjty. Also Luchelli-Fortjs and Langer (tgl+) showed that in

_ the case of phenylephrine, MAO inhibition unmasked an additional

indirect effect due to the protection from deamination of the NA

released by the phenytephrine; the NA being released in the

untreated preparation in the form of deamjnated metabolites on1y.

Thus the indirect effects of DA may be unmasked in the presence of

MAQ i nh'i bi ti on by some or al I of the fol I ow'ing mechaní sms :

(a) protection of the DA taken up by Uptaket'

(b) protection of the intracellular NA released from

the intragranular stores, and

(c) protection of released NA from prior deamination.

Cooling to 2SoC prevented the occurrence of secondary

sensitization to L'dopa, DA and NA. However, since both the

spontaneous efflux of free NA from MAQ inhibíted tissues, and the

NA releasing effect of indirectly acting amines are reduced by

cooling, (l^lennma'lm and others 1970; Lindmar and Loffelholz 7972;

Paton 1973 a,b), it is not possibte to distínguish between these

mechanisms on the evidence presented here.

(5) Action of NA ov' DAAtrA at rebeptons.

It is apparent from the experiments with DDC in reserpine

and níalamide treated arteries (Chapter 6) that with concentrations
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of DA which would be subconstrictor on the untreated artery, NA

alone acts on the receptors to cause constrÍction. Thus, at ]ow

concentrations, the neuronal effect of DA, i.e. release of NA' is

predominant in controltíng the amount of active amine in the

biophase. As the concentration of DA is raised' neuronal effects

become increasingìy tess important, and the concentration of
active amine in the biophase becomes more and more controlled by

the concentration of DA'in the bathing flu'id.
The contrast between the abil'ity of the artery helicaÏ

strip to show secondary sensitization to DA and not to NA

(Chapter 7) durjng cumulat'ive responses is a'lso of interest here.

Neuronalty med'iated effects are not d'isplayed prominentTy in the

strip preparat'ion' which, in this regard, approximates the

intraluminally dosed ear artery segment (de Ia Lande and Urquilla

1969). Thus, in the case of NA, the concentration of NA in the

biophase is regulated by the concentration of NA in the bathing

fluid. However, for concentrations of DA which would be

subthreshold in the untreated artery, the bathing fluid contains

a concentration of DA to which the artery is relatively insensitive,

but which may be acting on the neurones to release NA to which the

artery is much more sensitive. Thus the concentration of actjve

am'ine at the receptor is governed by the neurones, and the

contraction seen at these low concentrations of DA is primarily

due to the NA released.

It was of interest to observe that although níalamide

treated artery helical strips d'id not show the first phase of

secondary sensitization to NA, nevertheless the second phase of

the response, that of slow recovery after washout of NA' was

prom'inent, though quantitat,ively less than jn the perfused segment.

(6) NA after its z,eLease umd.etgoes reuptake by the nev'ue tetminaLs.

The evidence for this step is shown in Chapter 4. Cocaine,

which is wjthout effect on the response to DA in the absence of
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nialamide, potentiates the secondary response to dopa and DA when

apptied during the response, or during the recovery phase of the

response. This actjon of cocaine is identical with its effect

when applied during the secondary response to NA (de la Lande and

Jellett 1972).

(7) NA uhieh eseryes z.euptake by the neurones is taken up eætra-

neuronaLly by smooth muscLe.

The evidence for this step is indirect. However, it was

shown in Chapter 8 that in the reserpine and nialamide treated

perfused artery segment, metanephrine, whjch is an inhibitor of

smooth muscle uptake, permits intraluminally applied NA to

achieve h'igher concentrations in the vicinity of the nerve

term'inals. Thus 'it is h'ighly probable that NA released from the

nerve terminals into the biophase is subiect to the same process

of extraneuronal uptake.

(8) NA üh¿ch escdË)es yeuptake ínto neu.z,ones ís aLso ínactiuated

by C)MT.

Evidence for this step is also largeTy indirect, beíng

based on inhibitor studjes in the intraluminal'ly dosed perfused

segment, but nevertheless indjcates the possjbiTity that NA

escaping from the biophase may be inactivated by CQMT. Firstly'
the COMT inhibìtor,U052L, potentjates responses to intraluminal

NA in nialamide treated perfused segments. It has been shown

that in this preparation COMT is largely extraneuronal in

distribution (Head and others 1974). Thus extraneuronal metabolism

by COMT is a possible factor in governing the concentration of NA

at the receptors 'in the MAO inhibited arteries. Histochemical

evidence (Chapter 8) also showed that the use of U0521 permitted

intraluminal NA to achieve high concentrations in the region of

the nerve terminals, thus demonstrating that metabolism by COMT

was a factor in preventing the diffusion of NA across the artery
wall.
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(9) DA undengoes eætrartewonaL uptake.

Some evidence for this step'is shown in Chapter 8, where

it was shown histochemically that ín the nialamide treated artery,

fluorescence appeared ín the smooth muscle after incubation with

DA (20 ug/ml). This ftuorescence was reduced by the concomitant

admin'istration of metanephrine (20 uglmt), indicating that DA is

a substrate for smooth muscle uptake.

Gillespie and others (1970) showed in hjstochemicaÏ

experiments that cool'ing to 15oC decreased smooth musc'le uptake

in arterial smooth muscle. In pharmacological expe¡iments

(Chapter 7), cooling to 250C decreased the slow recovery phase of

secondary sensitizatjon to submaximal and supramaximal concen-

trations of DA to a much greater degree than denervation.

(L0) DA ís inaetiuated by COMI eætv'aneuv'onaLLy.

Th'is step 'is assumed but u,as not tested direct'ly.
Axelrod and Tomchick (1958) showed that DA is a substrate of COMT

in uitro with affjnity equat to that of NA. COMT inhibition by

U0521 had no effect on the magnitude of DA responses in untreated

arteries and thjs work was not repeated in nialamide treated

arteries. However, work by Trendelenburg and others (1971) tras

shown that inhibition of COMT appears to influence the concen-

tration of an amine at the receptors only when the t'issue is

very sensitive to that amine (i.e. with ED50 approximately 10-6N

or below). The rabb'it ear artery 'is re]atively insensitive to DA

(ED50 approx'imately 1.s x 10-5M), so the fajture of C0MT

jnhibition to influence the response to DA js not surprising.

Thus this evidence does not rule out the possibility that DA may

be metabolized extraneuronaìly by COMT.

Thus, the proposed mechan'ism of secondary sensitization
to DA in the nialamide treated artery may be summarized ín the

following manner. The first phase of the secondary response to

low doses of DA is an increase in sensitivity due to the continuous
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slow release of intraneuronal NA, and reuptake of thís NA. A

progressive blockade of the UPtake, mechanism by the DA and NA

in the presence of impaired intraneuronal inactivation of those

amines probably a'lso contributes to the supersensítÍvity which

occurs, as suggested by Trendeìenburg (1971).

As the concentration of DA js raised, the neuronal or

indjrect effect becomes less important in the response, and the

manifestatjons of secondäry sensitization become Iess prominent.

This may be caused by the direct effect of the hígh concentratíons

of DA which then masks the relatively small indirect effect.

The prolonged recovery phase of the response is due to

a slow release and reuptake of DA and/or NA from the nerve

terminals, in the presence of the now slowly decreasing blockade

of the Uptake, mechanism. Thjs is augmented by a slow release of

DA and possib]y NA, from extraneuronal uptake and bindíng sites'
since extraneuronal MAQ (but not extraneuronal CQMT) has been

i nhi bi ted.

Reserpine pretreatment did not augment the degree of

secondary sensitization when tested quantitatively on the nial-
amide treated artery strip, as might be suggested by the work of
Trendelenburg (1971). However, it was noted that some aspects of

secondary sensitization appeared to be enhanced in the reserpine

and nialam'ide treated perfused segment (Chapter 4). Neuronal

effects are more prom'inent in this preparation than in the

helical strip (de la Lande and Urqu'illa 1969), so the effect may

have been 'insignificant in the strip. Enhancement of the secondary

sensitization to NA by reserpine pretreatment in the extralumínaÏly

dosed perfused segment was also noted by de Ia Lande and

Jeiletr (tstz¡.

Secondly, to consider the secondary response to L-dopa;

this response does not occur in denervated arteries, or in the

absence of MAO inhibition even though L-dopa ís not a substrate
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for MAO (Blaschko and others 1937). However, the synthetic
products of L-dopa, DA and NA, are substrates for MAO. Thus

the response of L-dopa, whích occurs only in MAO inhibíted
arteries, must depend on the cytoplasmic accumulation of one or

both of these amines, 'in the absence of intraneuronal MAO

activity. Once an accumulation of DA is formed in the nerve

ending, the mechanism of the secondary response to dopa may follow

that of DA. The profound effect of cooling in the absence of any

effect of cocaine pretreatment, however, suggests that cooling may

affect the uptake of L-dopa andlor the synthesis of DA in addition

to the other systems already mentioned.

The study of the mechanisms of the secondary response to

DA and L-dopa may have thrown further light on the mechanism of
the secondary sensitizatjon phenomenon to NA seen in this and

other tissues (Furchgott and Sanchez Garcia 1968; de la Lande and

Jellett 1969, 1972). It was shown previously that, in contrast

to L-dopa and DA, cocaine pretreatment could compÏete'ly prevent

the occurrence of secondary sensitization to NA. Thus uptake of
NA into the neurone must be important in secondary sensitization
to NA. An increased cytoplasmic concentration of NA has been

shown to occur with NA (Furchgott and Sanchez Garcia 1968; Taxi and

Droz 1969) after inhibition of MAO, and this may also be important

in the mechanism. A continuous spontaneous efflux of NA from nerve

terminals after MAO inhibitjon, whjch is unaffected by coca'iner

but reduced by cooljng, has been shown to occur in rabbit heart
(Lindmar and Loffelholz L972; Paton 1973 a,b). However Paton (tgZ¡

a,b) also showed that a signjficant amount of NA could be released

by the addition of exogenous NA, or tyramine or rnetaraminol" and

this indirect effect was also reduced by coolíng. Thus an indirect
effect of the exogenous NA may be factor in secondary sensítisation
to NA. Reserpine pretreatment did not prevent secondary sensitization
to NA, and in some ways even enhanced it (de la Lande and Jellett
L972). Pretreatment of tissues with reserpine has for many years
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been a method used in the classifícatíon of indirect effects of
sympathomimetic am'ines. The rationale for this method is that
depletion of endogenous stores of NA, caused by reserpine, should

prevent any release of NA by the indirect'ly actíng amine under

study. However, this method of classification of direct and indirect
effects has come under some discussion ín recent times (Trendelenburg

L972; Luchelli-Fortis and Langer 1974). The work with L-dopa and

DA in this thesis also suggests that, in cases where replenÍshment

of the intraneuronal NA stores is possible, such as when a

precursor drug'is used, or when NAitself is the amine under

examination, this method cannot give a reliable answer. Another

case is where the amine normally re'leases NA in the form of its
deaminated metabolites. Inhibition of intraneuronal MAO allows

indirect effects, previously masked, to become apparent (LucheÏ'li-

Forti s and Langer 1974).

Recent work has shown that there may be differences ín
type between MAO's in different locations (Goridis and Neff 1971)'

and that the enzyme may not be a single type but a series of
isoenzymes with different substrate specificities. Differences

in inhibitor sensitivity, substrate specificity and thermaÏ

inactivation have been found for MAO in normal and denervated vas

deferens (Jarrott and lversen 1971). Two forms of MAO, type A and

B, have been located in rat mesenteric and femoral arteries with a

selective loss of type A after chemical sympathectomy (Coquil and

others 1973). Type A, which deaminated tyramine, 5-hydroxytryptamine

and NA, was high'ly sensitive to inhibitíon by pargyline and

clorgyline but resistant to carbonyl reagents. The second type' B'

was resistant to chemìca1 sympathectomy, díd not deaminate NA or

5-hydro¡ytryptamine, but did deaminate tyramine. It was resistant
to pargyline and clorgyl'ine, but sensitive to carbonyl reagents.

The type of MAO wh'ich is present intra- and extraneuronally in the

rabbit ear artery has not been differentiated, and it is tempting

to suggest that simiTar differences in the type of MAO in tlte two
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situations exists in this artery also. However, the different
pharmacologicaï roles of the intra- and extraneuronal enzymes in
the artery may simpïy reflect their different locations,
inactivation by the intraneuronal enzyme beíng favoured by the higher
intraneuronal concentrations resulting from Uptaker.

Aìthough all the work in this study has been carried out
on a small muscular artery, it is probab'le that the relevance of
the findings is not necessarily confined to that type of preparation.
The similarity of the effects of DA after MAO inhíbition noted on

this preparation, and those noted by He'lmer (1957) on the rabbit
aorta (a large elastic conducting vessel) are very simí1ar. Also

the effects of L-dopa, DA and NA in the MAO inhibited artery
resemble the effects seen in many other types of sympathetically
innervated smooth muscle and it may be possible to extrapolate the

results found in this study on the rabbit ear artery to other tissues.
In particular, the mechanism of the jncrease in blood pressure seen

after the concomitant administration of MAO inhibitors and L-dopa

in man (Hunter and others 1970) and rabbits (Ca1ne and Reid 1973)

may have been at least part'ly e'lucidated by this study.
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SOURCES OF DRUGS AND CHEMICALS

ascorbic acìd

ammonium acetate (Analar grade)

cocaine hydrochloride
diethyldithiocarbamic acid sodium salt
diethyl ether (Anaesthetic ether B.P.)

di sul fi ram

L-dopa

dopami ne hydrochloride

ethanol absol ute AR grade

hal othane

i sopropano'l

lignocaine 2% + adrenaline 12.S ug/ml

DL metanephrine hydrochloride

NCS solubi lizer
nialamide

L-noradrenal ine bitartrate monohydrate

paraformal dehyde

pentobarbi tal
phentoìamine methane suìPhonate

PPO {2,5-diphenyloxazoìe}
P0P0P {1,4-bis-2- (S-phenyl oxazolyl )-

benzene]

reserpi ne

ß thujapl icin
tropol one

L-tyrosine
U0521 {3',4-di hydroxY-Z-methYl -

propi ophenoneÌ

urethane

xyl ene (AR)

Koch Light Laboratories

Brìtish Drug Houses

MacFarl ane-Smi th

May & Baker

Drug Houses of Australia
Ethnor

Koch Light Laboratories

Koch Light Laboratories

Ajax Chemicals

ICI

BDH

Astra Chemicals Pty Ltd

Sigma

Nuclear Chicago

Pfi zer

Koch Light Laboratories

Merck

(Sagatal) - MaY & Baker

(Regitine) - Ciba

Koch Light Laboratories

Koch Light Laboratories

(Serpasil) - Ciba

Koch Light Laboratories

K and K Laboratories

British Drug Houses

Upj ohn

Koch Light Laboratories

Ajax Chemicals
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The dose of each lvas expressed as the weight of the salt
except ìn the case of nialamide, noradrenaline, phentolamine and

reserpine in which the weight of the base was used. Drugs used

in tissue experiments were dissolved in 0.9% sodium chloride
unless otherwise stated below.

Preparation of drugr

i. Dopamine hydrochloride was dissolved in cold ascorbic

saline (Appendìx 2). Further dopamine dilutions were also made

in cold ascorbic saline. Al1 dopamine solutions were kept ìn

ice for the duratjon of the experiment.

ii. L-dopa was dissolved in warm (¡ZoC) Krebs solution
gassed with C0Z/02 containi'ng ascorbic acid 50 ug/ml'
immediately before use.

iii. Noradrenaline bitartrate was dissolved in ascorbic

saline. Further diìutions were also made in ascorbic saline.

iv. Niatamide solution (a) for perfusion of artery segments.

The requìred amount of nialamide was dissolved in approximately

20-30 ml of saline (0.9% NaCl) with the aid of gentle heat.

This solution was then made to the required volume with warm

gassed Krebs bicarbonate solution immediateìy before use.

(b) for pretreatment of animals. The required weight of

nialamide was dissolved by the aid of gentle heat in saline
(0.9% NaCl) and cooled to 370C before iniection.
v. Disulfiram. The required we'ight of dìsulfiram was

dissolved in a few drops of absolute ethanol. This was then

added to a large volume of saline (0.9% NaCl) with shakìng

unti I dissolved.
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APPENDIX 2

Reagent For¡nul ¡e

Krebs bicarbonate solution
NaCl 6.9 g

KCI 0.35 s

CaCl2 (ml 10/" solutìon) 2.8 g

MgCl 2 (ml 10/" sol uti on ) 1 . 0 9

NaHCO3 2.I g

KHZPO+ 0.16 s

Glucose 1.0 g

Glass distilled deionised water to 1 litre
Gas - 95% 02 5% CjZ

Reference; urnbz,eit, w.W. and others.
Manometv'ie Teehniques anå Tíssue MetaboLísm.

Butgess PrþLication Co., MínneapoLis' 1-949.

Ascorbic sal ine

Ascorbic acid 0.01% in normal (0.9%)

saline adiusted to pH 5.5 with NaOH.

Bra.y's sci nti I I ant

PPO 4 g

P0P0P 200 mg

naphthalene 60 g

methanol (absolute) 100 ml

ethylene gìycol 20 ml

dioxane to 1000 ml

Reference: Bray, G.A. A sínrpLe effieient
Liquid scintiLLation method for eotmting

aqueous soLutions ín a Liquid seintíLlatíon
counter,. ArnLyt. Bì.ochem., 1:279, 1960.
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Acetone - ethanol

acetone

ethanol absolute

Di azoti sed -nitro:anÌlin t Proporti ons

Sol. (1) P-nitro aniline 0.2% in distilled water 1

Sol. (2) NaNOZ 2.5% in distilled water L

Sol. (3) NaCOg 5% in distilled water 2

Solutions (1) and (2) are mixed, then solution (3) added.

The reagent was freshly made prior to use.

Toluene scintillant

1

1

PPO

dimethyl P0P0P

tol uene

3g
300 mg

to 1000 ml



4.5

APPENDIX 3

Apparatus and Techniques

A. Perfusion experiments.

1. Polythene cannulae were drawn from sterivac polythene

tubing in sizes No. 3 (proximal cannula) and No. 2

(distal cannuìa). The distal cannula was U-shaped,

and was supported by a metal hook.

2" The constant volume roller pump was designed by

0. Saxby, Department of Pharmacology, Oxford Univers'ity,

and was manufactured in the Medical School workshop,

University of Adelaide.

3" Pressure changes in the artery lvere measured with a

Palmer mercury manometer (Condon model) recording on

a Palmer Kymograph drum.

4. Field electrical stimulation was provided by a Grass

Stimutator (model 54) via two platinum electrodes.

B. Hel i cal stri P exPeriments.

Length changes in the helical strips were recorded via

a Harvard Heart/Smooth muscle transducer, through a

Rikadenki double channel flat-bed chart recorder.

C" NA fluorescence histochemistry.

1. The freeze dryer used was a Thermovac model FD-3-

The pump was not provided with a gas ballast.
2. Paraformaldehyde powder (Merck) was stored (in 5 g

amounts) over 34% vlv H2S04 at a relative humidity of

70%. The acid was changed every 2 weeks.

3. The apparatus used for vacuum infiltration was

manufactured by the National Appliance Co. and was

operated using a water vacuum.
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4. Tissue sections were cut at 7 microns using a

Leitz model L21,2 mìcrotome.

5. The tissue sections were examined by fluorescence

microscopy using a Leitz microscope with a dry

dark fÍeld condenser. Fluorescence u,as obtalned

with a HBO 200 hl mercury vapour lamp using a 3 mm

Schott 86 12 excitation filter and a 510 millimicron
barrier filter. All artery sectìons þ,ere photographed

on examination by a Leica Camera with microscope and

exposure meter attachments. Photographic exposures

varied between 10 and 30 seconds, using Kodak

Photoflure film deveìoped in Ilford ID2 developer.
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