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SUMMARY

(1) This thesis describes a series of biochemical

investigations on the rabbjt ear artery. Their purpose was to

determine the neuronal and extraneuronal distributions of the

enzymes monoamjne oxidase (MA0) and catechol-0-methy'l transferase

(CgMT) and to assess their importance in the metabolism of

catecholamines (CA's ).

(2) MAO activity as determined by deami¡atìon of tyramine in

homogenates of arteries was approximate'ly 90% extraneuronal in

distribution. COMT activity appeared to be entirely extraneuronal.

(3) Studies on the uptake of tritiated noradrenaline (3Hrun)

showed that the metabolites formed were: 3,4-dihydroxyphenyl gìycol

(D0PEG), 3,4-dihydroxy mandelic acid (DoMA), 4-hydroxy-3-methoxy

phenyl gtyco'l (MoPEG), 4-hydroxy-3-methoxy mandel ic acid (v¡lA) and

normetanephrine (NMN).

(4) The proportion of metabolites that accumulated in the solut'ion

bathing the arteries greatìy exceeded the proportion in the tissue.

D0PEG was the major metabolite formed.

(5) Based on the change in distribution of metabolites in

the tiSSue caused by chronic denervation or cocaine it was

concluded that DOPEG was the main metabolite formed by neuronal

t',140 and that the formation of NMN was entirely extraneuronal .

This conclusion was consistent with studies on the efflux of the

metabolites from arteries in the presence of PBZ; these studies

showed that inhibition of MAO did not significantìy divert metabolism

of NA from the MAO pathway to the C0MT pathway.
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(6) The function of the extraneuronal COMT was further studied

using tritium labelled isoprenaìine (3HlSO) as substrate instead
)

of "HNA. Isoprenaline was used in view of other evidence that

this amine is not taken up by sympathetic nerves. The results

showed that 3HIS0 is accunlulated by this artery and metaboljsed

by CQMT to form 3-methoxy isoprenal ine (l,leOtSO). Inhibition of

COMT with the inhibitor 3,4-dihydroxy-2-methy'l propiophenone (U0521)

caused an increase in accumulation of 3HISO that was not sensitíve

to cocaine but sensitive to the extraneuronal uptake inh'ibitor

deoxycorticosterone acetate (DOCA). It was concluded that extra-

neuronal accumuìation of 3HIS0 was limited by the activity of COMT.

(7) The preced'ing study revea'led a smali but significant

decrease in the artery content of unchangea 
3HtS0 foì'low'ing

denervation, suggesting that, in the artery at least, there is

some neuronal uptake of isoprenaìine. In case neuronal factors had

influenced the inhibitory effect of DQCA on the O-methy'lation of

isoprenaline, the effect of DQCA on uptake and O-methy'lation of

isoprenaline in chronÍcaì'ly-denervated arteries was examined. The

results were identical to those obtained using innervated arteries,

thus establishing beyond doubt that DOCA's inhibition of O-methyìation

is entirely extraneuronal in nature. This action was expìained in

terms of impaìrment by D0CA of access of 3HIS0 to COMT.

(8) The kinetics of efflux of 3HISO from arteries was examined

to determine whether it was consistent with a multicompartmentaì

System for the uptake and O-methylation of this amine. The results

were consistent with an efflux of 3HIS0 from two compartments of

which the more rapid was similar to that from which 3H¡,I.OISO effluxed.
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(9) In further experiments on COMT inhibited arteries it

was shown that DOCA served to decrease the rate of efflux of 3HlS0

from the compartment from which 3HISO effluxes rapidìy. It was

concluded that the site of action of DOCA in the rabbit ear artery

is a singìe compartment from which both 3HISO and 3HMe0IS0 efflux.

( tO ¡ Some pre'l i mi nary studi es on the metabol i sm of 3HN¡'ttll

by MAO are described which suggest that part of this metabolism is

attributable to neuronal MAO. The metabolism of 3Ht'tMt''l by extra-

neuronal MAO occurs in a compartment whjch is sensitive to DOCA.

(11) The results of this thesis are considered in; (a) relation

to earlier pharmacologicaì studiês orì the functional significance of

neuronal and extraneuronal MAO and of extraneuronal COMT, and (b) in

relation to studies on the distribution of NA and its metabolites

i n other sympatheti ca1 
'ly i nnervated ti ssues .

(12) Included in this thesis are studies relating to

methodologicaì aspects of experiments involving catecholamines

and thei r metabol i tes . These compri sed:

(a) development of a semi-automated colourimetric assay

for the estimation of NA and its metabolites designed as an adiunct

for experiments involv'ing chromatographic separation of these compounds.

(b) development of a thin 'layer chromatographic procedure

for the separation of catecholamines and their metabolites based on

the principal of sodium borate chelation of catechols.

(c) a study relating to the use of the semi-automated tri-

hydroxyindole assay for the measurement of catecholamines in bio'logical

sampl es .

(d) a study of the purity and stability of high specific

activity tritiated catecholamines.
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(e) a description of an electrolytic oxidative

Q-demethylation process for the formation of catecholamines

from 3-O-methyl catechol ami nes.
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c HAPTER 1

I NTRODUCT I ON

During the past decade attention has been focussed on

the role played by cellular mechanisms for the inactivation

of catecholamines (CA's) in the control of vascular sensitivity

of arteries. There is at present strong evidence to suggest

that at least four mechanisms are involved in the control of

cellular and extracellular concentrations of noradrenal ine (NA)

in sympathetical'ly innervated tissues. These are (i) uptake into

sympathetic nerve terminals (neuronaì uptake) (ii) uptake into

effector cells (extraneuronal uptake) (iìi) metabolism by ffiorloâffiirre

oxidase (MAQ) (iv) metabolism by catechol-Q-methyl transferase

(COMT). The experiments to be described in this thesis were

undertaken to investigate the nature of the inactivation mechanisms

for catecholamines in the rabbit ear artery.

It is the purpose of this Introduction to summarise some

properties of the relevant inactivation mechanisms. Subsequently

attention will be dÍrected toward those pharmacoìogical properties

of the rabbit ear artery upon vrhich both the nature and direction

of the experiments to be described in this thesis were based.
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(i ) Neuronal Uptake

It is now widely accepted that in sympatheticaì'ly

innervated tissues NA is removed from the extracellular fluid

and actively transported into the axoplasm of sympathetic nerves.

The influx of NA across the neuronal membrane is referred to as

neuronaL uptake.

The discovery of the ability of postgang'lionic sympathetic

neurones to accumulate exogenous'ly applied catecholamines stemmed

from pioneering studies from the laboratory of Axelrod, which

showed that tissue uptake served to remove intravenousìy administered

catecholamines from the circulation (Axeì rod et aL. 1959; l^lhitby

et aL. 1961). These authors studied the distribution of 3HNA in

different tissues of the cat after infusion with tritiated NA

(3Hrun) and found uptake of 3H¡tR was greatest for tissues characterised

by a rich sympathetic innervation (Wt¡ltUy et aL. 1961). The

refinement of the techniques of autoradiography and electron

microscopy, together with the advent of a specific fluorescence

histochemical procedure for the cellular iocalisation of catechol-

amines, enabled investigators to establish the precise sites of

accumulation of exogenous NA in tissues. Perhaps the most

convincing evidence that catecholamine uptake can occur in

sympathetic nerves came from the studies of Gil'lespie and Kirpekar

(1965) who used techniques simiìar to those described above to

derpnstrate that part of the 3HtlA infr¡sed into the cat spleen

accumulated in the nerve fibres which contain the endogenous

catecho'lami ne.
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The elucidation of the properties of this uptake process

has been the subiect of numerous investiqations in the past

decade. Iversen (1963, 1965) establìshed that neuronal uptake

(referred to as Uptake, by that author) in the isolated perfused

rat heart was a Saturatable process and obeyed lnlichaelis-Menten

kinetics. This process was characterjsed by a h'i9h affinity

for the I isomer of NA (Km 0.27 x tO-6 l¡; Iversen 1967), a lower

affinity for the d isomer (Km 1.39 x tO-6 lul) and a marked dependence

on sodium ion concentration (Iversen and Kravitz 1966). Burgen and

Iversen (tgOS) examined the effects of various sympathomimetjc

amines on the uptake of NA in the isolated perfused rat heart and

estimated the concentrations of these compounds required to produce

a 50% inhibition of uptake of NA. In this way they were able to

reveal the structure-action relationsnips that characterjsed

this uptake process. They observed that N-substjtution of NA

decreased the affin'ity of the amine for the uptake site, thus NA

had a higher affinity for neuronal uptake than did adrenaline (A)

or isoprenaline (IS0). Q-methy'lation of phenolic hydroxyl groups

also served to decrease the affinity of the amine for the uptake

site. Other compounds structurally unrelated to sympathomimetic

amines were also Shown to inhibit this uptake process and these

inc]uded cocaine and the adrenergic blocking agent phenoxybenzamine

(PBZ). There is now considerable evidence supporting the view that

much of the NA in sympathetic nerves'is located within specific

storage vesicles. Von Euler and Hi'lìarp (1956) showed that portion

of the NA present in bovine sp'lenic nerves was associated with

particles that could be isolated by differential centrifugation.
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Since then numerous studies have provided evidence for the

distribut'ion of exogenousìy appf ied radioactjvely IabelIed NA into

intraneuronal storage sites. Potter and Axelrod (1963) shor'red

that the subcellular distribution of 3Hl,¡R in the rat vas deferens

cìoseìy paralleled that of endogenous NA. A s'ignificant amount of

both labelled and non-labelled NA was associated with m'icrosomal

particles which contajned storage vesjcles. The importance of

these vesjcles in the accumulation of l{A by sympathetic nerves has

been demonstrated by the use of reserpine' a drug which interferes

with the'incorporat'ion of NA into storage vesicles. Kopin et aL.

(1962) showed that isolated hearts from rats treated with reserpine
I

rapidly lose tHNA from the t'issues after infusion of the amine

ceases. Iversen et aL. (1965) confirmed these earlier observations

and conc'l uded that a1 though the amount of NA taken up from the

perfusing medium blas the same as for untreated hearts the amine

faited to accumulate in the tissue. Moreover, Kopin OSAZ) showed

in reserpine treated hearts that NA is released not as the unchanged

amine but as a deaminatedmetabolite suggest'ing that storage vesicles

play an important role in control'ling the level of substrate available

to neuronal MAO.

Evidence that neuronal uptake (under certain conditions) is an

important factor in reducing the concentration of NA at adrenergic

receptors has been reviewed recently by Trendelenburg (1966, 1972).

This evidence includes the find'ings that the morpho'logicaì degeneration

of sympathetic nerve terminals in the cat nictitating membrane (van

0rden 1967) and the decrease in ability of degenerating nerve
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terminals to retain exogenous NA (Sm'ith et aL. 1966) are

temporari'ly re'lated to oenervation supersensitivity of this tissue

to NA. The influence of vesicular structures within sympathetic

nerves (under certain conditions) in influencing the concentration

of NA at adrenergic receptors has also been investigated in the cat

nictitating membrane (Trendelenburg 797I) and the rabbit ear artery

(de la Lande and Jellet 1972).

(ii ) Extraneuronal Uptake

There is now strong evidence supporting the view that NA

is ..aken up extraneuronally 'into the effector cells of sympathet'ica]ìy

innervated tissues. The process of transfer of NA from extracellular

fluid onto or into a cell other than neurons is referred to as

eætraneuronaL uptake.

Evidence for the extraneuronal binding of NA is derived from

the studies of Fischer et aL. (tgOS) who noted that a fraction of

the uptake of NA into the sa'livary g'land persisted after denervation

and treatment with reserpine. This observatjon supported an earlier

suggestion by Anden et aL. (tg6g) tfrat some extraneuronal binding

of NA occurred in this tissue. In studies concerned with the uptake

of NA in the isolated perfused heart, Iversen (tg6S) noted that when

hearts were perfused with media containinE NA or A an abrupt and

rapid uptake of amine occurred at about 5 umol 1-1. This phenomenon

occurred at concentrations which were greater than those shown

previously by Iversen to saturate neuronal uptake (Uptaket). This

ne!{ process was also characte¡ised by its ability to lead to tissue

contents greater than those attributable to simple diffusion of

amine throughout the tissue. Furthermore the initial rates of
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uptake could be described by Michaelis-Menten kinetics. Iversen

referred to this new process as Uptakerto distinguish it from

neuronal uptake (Uptaker). The propertíes of this process were

investigated and shown by Iversen to differ markedly from those

seen for neuronal uptake. Uptake, exhibited a low affinity for

dlNA (approximate'ly 250 umol ) but a high capacity for bíncling of

amine. This prosess lacked stereochemical selectivity and both

A and IS0 accumulated in the rat heart at rates greater than those

seen for NA at comparable concentrations. I; contrast to Uptake,

this process was insensitive to cocaine and most of the amine (NA

or A) accumulated by Uptake, was readily removed by perfusing the

tissue with an amine-free medium. Inhibitors of this process

included the 0-methylated derivatives of CAs (viz. normetanephrine

(NMN) and metaneph¡ine (¡,lt¡))and PBZ. A summary of some of these

properties together with a comparison of the properties of neuronaì

uptake appears in Table 1.1.

Extraneuronal binding of NA tly col'lagen and elastin and

accumulation of NA in the cytoplasm of smooth muscle cells folìowing

incubation of the rabbit ear artery with NA in high concentrations

was described QV Avakian and Gil'lesp'ie (tg6e). Gil'lespìe (tg6e)

summarised the properties of Smooth muscle uptake and compared

them with those of Uptake, and Uptake, of lversen. Close similarjties

were apparent between smooth muscle uptake and Uptake, (Tab1e 1.1,

from Giltespie 1968). Subsequent'ly Gil'lespie and Muir (1970) found

considerable species variation in the ability of smooth muscle to

accumulate NA. This accumulation was most prominent in the mouse

and rabbit and poorly deve'loped in the guinea pig.
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There is now considerable evidence suggesting that the

fate of NA in effector cells is related to the metabolism of

this amine by the enzymes MAQ and CQMT. Lightman and Iversen

(fgOg) incubated the rat heart with low concentrations of substrate

(t'tR.14.8 umol l-1; A < 4.5 umol l-1) an¿ showed that, when these

metabolizìng enzymes were inhibited, the contents of metabolites

were stoichiometr icaìly replaced by an accumulation of unchanged

amine. 0n this basis, they revised the theory of a threshold

phenomenon of extraneuronal uptake to accommodate the possibility

that extraneuronal uptake occurred at all amine concentrations in

the rat heart. Consistent with this finding was the histochemical

observation by Burnstock et aL. (1971) tfrat inhibition of COMT and

MAO in the rabbit ear artery lowered the threshold for uptake of

NA from 59 umol l-1 to 0.59 umol l-1.

The physiological importance of extraneuronal uptake remained

obscure due primariìy to the diversity of actions of compounds

known to inhibit Uptaker. However, recently it has been established

that certain steroids reduce both the accumulation of NA and the

formation of metabolites in the rat heart (Iversen and Salt 1970).

These authors concluded that these compounds served to inhibit

Uptaker. This new class of inhibitor has been used recently by

several grolrps of investigators to establ ish the physio'logìcal

signìficance of extraneuronal uptake. In essence these studjes

emphasized the s'ignificance of O-methy'lat'ion as the maior extra-

neuronal pathway and pointed to an intimate relationship between COMT

activity and extraneuronal uptake. A more detailed account of this

relationship appears in the discussion to Chapter I and in Chapter 10.
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*
TABLE 1. 1

Comparison of some properties of uptakel, uptake, and smooth

muscl e uptake of noradrenal 'ine

Uptake, Upta ke, Smooth Muscl e
Uptake

Threshol d
concentrati on
(umol l-1)

< 0.1 > 5.9 >59

Reversibility Not easiìy
removed on
wash i ng

Easi ly
removed

Easi'ly
removed

P87 Marked
i nhi bi ti on

Marked
i nhi bi ti on

Marked
i nhi bi ti on

NMN Sl i ght
i nhi bi ti on

Marked
i nhi bi ti on

Marked
i nhibi tion

Metaran,i nol Marked
i nhi bi ti on

Sl i sht
i nhi bi ti on

Cocai ne Marked
i nhi bi ti on

St i sht
i nhi bi ti on

No

i nhi bi ti on

Col d Marked
i nhi bi ti on

* Based on that of Gitlespie (1968)

PBZ = phenoxybenzamine

NI'ìN = normetanephri ne
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(iii ) MAo

Monoamine oxidase includes a group of enzymes which

oxidatively deam'inate aliphatic and aromatic amines to their

corresponding a'ldehydes. The propertÍes of MAO have been

extensiveìy reviewed (aìashko 1966; Gorkin 1966; Blashko 1972

and Tipton 1972). A summary of some of these properties that ai'e

relevant to its role in the inactivation of intracellular catechol-

amines in sympathetically innervated tissues is shown in Table 1.2.

Many derivatives of phen¡'lethylamines are substrates for MAO

i ncl udi ng NA and i ts 3-O-methy'l rnetabol i te, normetanephri ne (NMN,

Tipton 1972). MAO exhibits stereochemical specificity and has

a greater affinity for laevo than for the dextro isomer of NA

(Pratesi and Blashko 1959). Among the catecholamines whích are not

deaminated by IvlAO are the cr-methyl derivitive of noradrenaline

(cr-methyl noradrenal ine, Blashko et aL. 1937) and the N-isopropy]

deri vati ve of noradrenal i ne ( I soprenal i ne , Hertti ng 1964 ) .

A large number of compounds which inhibit MAO have been

described and many of the biochemical aspects of these inhibitors

are discussed in a recent review by Ho (1972). Two of these

inhibitors, nialamide and pargyline have been used frequently ìn

biochemical and pharmacoìogical studies concerned with the

functional role of MAO.

There is extensive evidence supporting the existence of

multip'le forms of MAO a'lthough it is not entirely clear whether

these forms represent I''[AO from different popu'lations of cells or

different forms of the enzyme within one cell population. Various
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studies have suggested that these multipìe forms exhibit

different physico-chemical properties which include ciifferences

in electrophoretic mobilities (Youdim and Sandler 1967, Kim and

D'orio 1968) substrate specificit'ies (Youdim et aL. 1969) and

thermal stabilities (Youdim and Sourkes 1965). There js accumuìating

evidence that suggests for some tissues that the MAO assoc'iated

with sympathetic nerves is different than that associated with

extraneuronal Structures. This difference has been demonstrated

in the rat p'ineaì gìand (Goridis and Neff 197í, Goridis and Neff 1972),

the rat mesenterjc artery (Goridis and Neff 1973) and the rat vas

deferens (Jarrott 1971). Much of the ev'idence is based on the fact

that the MAO associated with sympathetic nerves (referred to as

type A MAO by Goridis and Neff) is compìetely inhibited at low

concentrations of the MAO inhibitor clorgyline, is relatively

heat stable and deaminates NA and S-hydroxytryptamine (SHf¡. In

contrast the extraneuronal enzyme (called type B MAO) js heat ìabile

and does not appreciably deaminate NA or 5 HT. The MAO substrates

(Tyram'ine and Tryptam'ine) common'ly used in bìochemical and histo-

chemîcal procedures for estimation of MAO act'ivity are metabolised

by both Type A and Type B MAO (Squires 1972).

The availability of histochemjcal procedures for the direct

cellular localisat'ion of MAO has hetped in determining the cellular

distribution of this enzyme in sympatheticalìy innervated tissues.

Extraneuronal MAO has been demonstrated histochemica]ìy in a variety

of tissues which include the rat saìivary 9'land (Aìmgren et aL- 1966

rat heart (Horita and Lowe 1972) and rabbjt ear artery (de la Lande

et aL. 1970). Histochemical evidence for neuronal MAO includes
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evìdence for the movement of MAO down the sciatic nerve (Dafrlström

et aL. 1969).

Less direct evidence for the presence of neuronal and extra-

neuronal MAO in sympathetically innervated tissues has come from

biochemical studies in which a decrease in the MAO activ'ity of

homogenates was observed in some tissues following chronic

denervation. Tissues which exhibìted this decrease included

the rat pineaì gland (Snyder et aL.1965), and the cat nictitating

membrane (Jarrott and Langer 1970). Significãntly however in some

tissues the use of histochemical and biochemical procedures have not

îêvcôìed a decrease in the MAO activity of denervated tissues. These

have included histochemical studies on the rabbit ear artery (de la

Lande et aL 1970)and biochemical investigations of the rabbit ear

artery (Armin 1953) tt¡e rat kidney, heart and small intestine

(Jarrott 1971). Reasons for the failure to detect decreases in MAO

activjty in denervated tissues have been offered by Jarrott (1971).

This expìanation relates to the minimal amounts of MAO in sympathetic

nerves compared to the activities in other cel'ls of the tissue,

the degree of sympathetic innervation of the tissues studjed and

the affinities of the substrates used in these experiments to

demonstrate neuronal and extraneuronal MAO. Evidence for the presence

of neuronal and extraneuronal MAO in blood vessels includes studies

in which the MAO activity in homogenates of isolated adventitial

and media'l structures of the rabbit aorta have been determined

(Veri ty et aL. 7972). In that study MAQ activity was detected in

the adventitia (mainìy neuronal) and media (mainly extraneurona'l),

the predominant activity being associated with the media. MAO

activity has been demonstrated in homogenates of the rabbit ear artery
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(Burnstock et aL. 1972, Armin 1953) and shown histochemica'l'ly

to be present in the smuoth muscle cells of the rabbit ear artery

(de la Lande et aL. 1970). Similar evidence for a neuronal origin

of this activity was lacking at the time at which the studies

described in this thesis were commenced.

The specific role of MAO in the metaboìism of NA has been

elucidated by biochemical stuCies using intact isolated sympathetically

ìnnervated tissues. Although it has been show¡ that MAO catalyses

the formation of aìdehydes from amines in tissue homogenates it is

now well established that in many intact tissues these aldehydes

are of transient existence and either oxidized to their corresponding

acid derivatíves or reduced to the corresponding alcohol. It is

believed that this oxidation is catalysed by an aldehyde dehydrogenase

(Erwin and Deitrich 1966) and the reduction of the aldehyde cataìysed

by an aldehyde reductase (taUakott and Erwin 1970). In keeping with

this concept it has been shown that in many sympatheticalìy innervated

tissues including the rat heart, rat vas deferens and rabbit aorba

that the deaminated metabolites of NA may include 3-methoxy-4-hydroxy

phenyì gl ycol (l,lOpfe ) , di hydroxyphenyì gìycol (DOPEG ) , 3-methoxy-4-hydroxy

vanil'lyl mandel ic aci d (VMA) , di hydroxy mandeì ic acid (DOMA).

A comparison of the pattern of these metabolites between

innervated and denervated or cocaine-treated tissues has enabled

the relative contributions of neuronal and extraneuronal MAO to the

metabolism of NA to be determined. This will be discussed in greater

depth in the discussion section of Chapter 6.
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Table 1.2

Some properties of MAO

Reacti on
cata'lysed

deamination of amines including noradrenaline,
normetanephrine, tyramine and tryptamine to
form corresponding aldehYdes

Cofactor
requi rernent

0
2

Cel I ul ar
local i sation Mi tochondri a

Inhi bi tors
i ncl ude

nialamide and pargyline

.l
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(iv) COMT

Catechol-0-methyl transferase is a cytoplasmic enzyme

that effects the 3-O-methylation of catecholamines and util'izes

the methyì group donor S-adenosyl methionjne (S-AMe) for this

transmethy'lation reaction. Since its discovery by Axelrod (1957)

there have been extensive jnvestigations into the properties and

phys'iologica'l function of this amine. These investigations have

been reviewed recently by Gu'ldberg and Marsden (1975). The

functions and regulatory importance of the cofactor S-AMe have

also been reviewed (Lombardini and Talalay 7967 ).Some of the properties

of tnis enzyme that are relevant to this thesis are summarized in

Tab'le 1.3. The enzyme is not stereochemically specific and exhibits

similar affinities for the d and ì isomers of NA (Axelrod and

Tomchick 1958). There is evidence for multip'le forms of this enzyme

although the biological function and significance of this multiplicity

is uncertain (Guldberg and Marsden 1975). A variety of ínhibitors

of C0MT have been described and include derivatives of pyrogalìo'1,

catechol and compounds that are isoteric with catechols. Inhibitors

used in biochemical and pharmacoloEicaì studies are 3,4 dihydroxy-2-

methyì propiophenone (U0521), pyrogallo'l and tropolone. Some commonly

employed pharmacologica'l agents have been tested for an action on

this enzyme. Thus ascorbic acid was shown to be a weak inhibitor

of COMT (Bìaschke and Hertting 1971). PBZ and cocaine were shown

not to be inhibitors of COMT (Eisenfeld et aL.1967 and Holtz et aL.

1960). It is of interest that the principal metabolites of oestrogens,

the Z-hydroxylated oestrogens have been shown to be inhibitors of

rat liver COMT (Knuppen et aL.1969). This is because the parent
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steroids are included amongst stero'ids which are inhibitors of

extraneuronal accumulation of NA. These parent steroids are

apparentìy without effect on COMT activity in tissue homogenates

(Hapke and Green 1970).

The relative neuronal and extraneuronal disposition of C0MT

is not complete'ly defined. The main reason seems to be the lack

of a histochemical procedure for the cellular localisatjon of this

enzyme. The predominantly medial origins of COMT activity in the

rabbit aorta (Verity et aL. 1972) and the persistance of all or

part of the COMT activity of many tissues following denervation

has been taken as evidence for a predominantly extraneuronal origin

of this enzyme.

In some studies a decrease in COMT activity has been demonstrated

after chronic denervation. In an early study Crout and Cooper (tg6Z)

showed a decrease in COMT activity of the sympathetica'l'ly denervated

cat heart. Subsequently many other groups failed to demonstrate

a decrelse in COMT activity in a variety of denervated peripheral

tissues. One of the reasons may have been that the conditions for

measurement of COMT were not optimal. This follows from the findings

of Jarrott (1971) who showed that an optima] concentration of S-AMe

was required to demonstrate a decrease in COMT activity in the

denervated rat vas deferens. Jarrott demonstrated a decline in COMT

activities after denervation of the rabbit a.nd rat vas deferens

and cat nictitating nembrare.A significant decline was not seen for

other tissues investigated which included the vas deferens of the

guinea pig. The functiona'l significance of extraneuronal COMT
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relates to the metabolism of cytop'lasmic NA in the effector cells.

The functional sign'ificance of neuronal COMT is not clear. In the cat

njctitating membrane the presence of neuronal and extraneuronal

CQMT as demonstrated by Jarrott and Langer (1971) in homogenate

studies is in good agreement with the findings that suggest that

in the intact tissue 3HttR'is 0-methylated at both intra- and extra-

neuronal sites (Langer 1970). However in the rat vas deferens which

also exhibjts neuronal C0MT activ'ity in homogenates (Jarrott and

Iversen 797I) their is no evidence of neuronal Q-methy'lation of

3HruR in the intact tissue (Langer 1970). A possible relationship

between neuronal O-methylation and the biosynthesis of NA has been

suggested by Rubio and Langer (1973). This was based on the

observation that DOPEG, a metabolite formed by neuronal MAO inhibits

tyrosine hydroxyìase activity. Neuronal O-methylation of this

glyco'l may i ndi rect'ly regul ate the acti vi ty of tyrosi ne hydroxyl ase

and in this way the rate of synthesis of NA. Prior to the commencement

of the studies described in this thesis it was shown by Burnstock et aL.

(tglZ) that the rabbit ear artery possessed CQMT activity similar

to that observed for other tissues of the rabbit. There was no

information regardìng the neuronal or extraneuronal distribution

of the COMT activities of this artery. More recently Levin (1974)

has characterized the nature of the metabolites of NA formed'in

intact and isolated adventitial and medial segments of the rabbit

aorta. The results of these experiments will be discussed in

subsequent chapters.
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Tabl e 1.3

Some properties of COMT

Reacti on
catalysed

O-methyìation of catechols including
noradrenal i ne, di hydroxyphenyl gìycoì
and dihydroxymandelic acid

Cofactor
requi rement S-adenosyl methionine

Cel I ul ar
local isation Cytopl asmic

Inhi bi tors
i ncl ude

Catechol derivatives and tropo'lones
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(v) Relationship to pharrnacoloq.y of the rabbit ear artery

Early pharmacological studies on the rabbit ear artery

(de la Lande et aL.1967) indicated that neuronal uptake was

important in determining the sensitivity to NA when it was applied

extra-luminalìy (to the adventitia) but not when it was applied

intra-luminally (to the intima). Their evidence was that cocaine

treatment or denervation marked'ly potentiated extra-luminal NA but

not intra-luminal NA. Since the nerves are located in the adventjtia,

the relativeìy small influence of neuronal,piut. on intra-lumjnal

NA was interpreted as being due to NA having its effect on cr

receptors before reaching the site of neuronal uptake (Figure 1.1).

However it was aìso possible that extraneuronal uptake processes

and metabolism in the media smooth muscle celìs may have limited the

access of NA to neuronaì uptake sites when NA was app'lied intra-

I umi nal ly ( fi gure 1. 2) . An i nfl uence of extraneuronal uptake and

metabolism on NA's access to the sympathetic nerves was suggested

by the histochemical data of de ìa Lande et aL. (1974). Appìication

of intraluminal NA (3 pmo'l l-1) ¿i¿ not restore fluorescence in MAO

inhibited arteries which had been depleted of NA with reserpine.

However some fluorescence was restored when MN (an inhibitor of

extraneuronal uptake) and U0521 (an inhibitor of C0MT) were present.

Pharmacologicaì studies in cocaine treated ear arteries by

Johnson (pfr.0. thesis 1975) indicated a two fo'ld potentiation of NA

responses when C0MT was inhibited with U0521.

Although histochemical evidence (de ta Lande et aL. 1970)

suggests that MAO is mainly extraneuronal in the rabbit ear artery

the pharmacological evidence of de la Lande and Jellet (1972)
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ADVENTITIA

LUMEN

SYMPATHETIC
NERVE TERMINALS

SMOOTH MUSCLE

Fis. 1.1 Diagrammatic representation of the influence of uptake_by-
lf'à"ryrputhetjc nerve terminals on the concentration of NA

in thä imooth muscle of the artery. The direction of the
arrows indicates the direction of diffusion of NA. Thicknesses
of arrows represent concentrat'ions of NA. The model impì ies
free oenetratjon of both extraluminal NA (through the
;à;ãriiriã)-unã intratuminal NA (throush the medja) to tne
sympathetic nerve termi nal s.
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suggests that it is the neuronal MAO which is important in

determining the sensitivity to NA. Potentiation of NA by MAO

inhibition occurred onìy with extra-luminal NA and was lost after

cocaine treatment or denervation. Two questions arising from these

pharmaco'l og'ica'l studi es were :

(i) What is the disposition of COMT and MAO between neuronal

and extraneuronal sites in the rabbit ear artery?

(ii) What is the relationship between these enzyme activities

and the neuronal and extraneuronal accumulation of NA?

Answers to these questions have been sought in the studiec

descrìbed in this thesis.
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ADVENTIT IA

LUMEN

Fiq. 1.2 D'iagrammati c representati on of
uptake, as indjcated 'in Fig. 1

that shown 'in Fì9. 1.1 in that
of restnicted passage of NA th
consequence of extraneuronal u

SYMPATHËTIC NERVE
TERMTNA¡g (containg

MAO)

SMOOTH
MUSCLE

the influence of neuronal
.2. The model differs from
it incorporates the concePt

rough the media, part'lY as a
ptake, and metabol'ism bY COMT.

--- 
-,ooo

_-- -i¡-

\ ¿\ a
\ ,\

,
0

I
II

\

I
t

- -'a

a

I

\--- - 
/

t
\

\-/
I
t

\
\

I

\
\

I

PTAKE\u

COMT(

I
I
I
I

/'' -

ta,
\ I

\r
\



CHAPTER 2
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CHAPTER 2

GENERAL METHODS

The procedures described in this chapter include:-

(i)
(ii)

isolation of the rabbit ear artery

techniques for incubation of isolated segments

of artery

homogenisation of arteries and enzyme assays

technique of surgicaì deneruation

ì iquid scintil lation spectrometry

tests of significance

(iii)
(iv)

(v)

(vi )

(i) TSOLATION OE THE RABBN EAR ARTERY

Male and female semi-'lop-eared rabbits, weighing 1.5-2.5

kg were used throughout the course of this study. They were bred at

the Central Animal House of the University of Adelaide.

Rabbits were stunned, bìed and an incision made in the skin

at the base of the ear. The entire segment of artery (illustrated in

Fig.2.1) was exposed by b'lunt dissection and cleaned of adhering

tissue. Tissues were kept mojst with warm Krebs solution (tne

composition of Krebs solutjon will be described later) and the ear



23.

NERVE

IN

RTERY

Fi g. 2.1 Diagrammatic representation of the convex surface
of [fre left ear of a semi-ìopeared rabbit, ind'icat'ing
the relatjve pos'itions of the central artery, central
vein and auricular nerve.



24

artery segment transferred to beakers containing gassed (95% 0Z

and 5% C02) Krebs solution. The artery was then removed from th'is

solution, blotted lightly on fiìter paper moistened with Krebs

solution and transferred to a Parafilm disc on the weighing pan of

a balance. After we'ighing, the artery was transferred to gassed

(g5% 0Z and 5% COr) Krebs solution at 36oC.

For some experiments (those designed to measure the efflux of
?

tritium ("H) from arteries'in wash solutions, described in Chapter 8)

singìe cannulated arteries were used. Segments of artery were removed

from the ear and weighed using the same conditions as described above.

Immed'iately after weighing a single polythene cannulae was inserted

into the prox'imal end of the artery. The polythene cannulae was then

attached to a g'lass m'icro-pipette which in turn was connected to a

perfusion apparatus (see Fig. 2.3). The glass micro-pìpette served

to permit ease of handling of the artery during its transfer into wash

solut'ions (i.e.eliminated the use of forceps), and at the same time

permitted contjnual 'intra-luminal washing of the artery. It shou'ld be

noted that under these conditions the perfusate flowed into the external

bathing sol ution.

(ii) PROCEDURES USED FOR INCUBATION OF TSOLATED SEGI'IENTS OF ANTERT

Arteries were incubated in glass viaìs containing gassed (95%

0, and 5% C}Z) Krebs solution of the following composition:-

NaCl (120 mmol l-1), NaHCO, (25.0 mmoì l-1), Glucose (5.5 mmol l-1),

Kct (4.7 mmo't l-1), cacl, (2.5 mmol l-1), Mgcl, (1.1 mmol l-1), KH2P04

(1.0 mmol l-1), ethy'lene diamine tetra-acetic acid (EDTA 10.8 umol l-1)

and ascorbic acid (290 umol l-1). Ascorbic acid was added after

equilibration of Krebs solution with 95% 0, and 5% C}Z. Solutions
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were added to glass vials of 2.5 ml capacity and each vial fitted
with a poly-propy'lene tube of smalì internal diameter through which

the gas mixture (95% 0Zand 5% COr) was passed continuous'ly into the

soìution (see Fig. 2.2). The gìass vials were placed in a test tube

rack fitted to a water bath and the temperature thermostatically

maintained at 36oc. The vials were arranged in the test tube rack

in_four para'lìel rows, the first of whÍch contained 2.0 mls of Krebs

solution (for the initial equilibration phase gf incubation), the

second of which contained 1.0 ml of Krebs solution plus the radio-

active compound under investjgation, and the third and fourth rows

contained-2.0 mls of Krebs solution for the washing of arteries. All

artery transfers were made using fine tipped forceps. The conditions

of incubation used for efflux experiments, described in chapter 8,

were similar to those above except that the number of wash vials vras

increased to permit a 30 minute or ìonger period of artery wash.

In the experiments to be described in this thesis drugs were

added to incubation solutions in volumes not exceeding 0.02 ml and r.he

preparations of those most commonìy used were as follows: 3,,4,-

dihydroxy-2-methy'l-propiophenone (U0521 , 2.7 nnol l-1) in 0. g% (w/v)

saìine containing ascorbic acid (0.57 mmol l-1), nialamide (17.5 mmol l-1

in 0.9% (w/v) sa'line with the aid of gent'le heat, DOCA (5.5 mmoì l-1)

and Phenoxybenzamine (pgz 3.3 mmol l-1) in ethanol and cocaine in

0.9% (w/v ) sal i ne.

(iii) HzMoGENrsATrlN AND ENzyME ASSAys

Ear arteries were cleared of adhering tissue and excised

in the same way as described in (i) above. Immediate]y after weighing,

)
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arteries (between 15 and 25 mgm) were placed in jce-chilled tubes

containing sodium phosphate buffer (5 mmol l-1, pH 7.0). This

solution and the artery were then transferred to a motorised teflon-

gìass homogeniser and the artery homogen'ised at 4oC. Portions of

this homogenate were then assayed for the activitÍes of MAO and C0MT

using the methods of Jarrott (lgZta, 197lb) and for protein content

by the method of Lawry et aL. (1951). The methodolog'ical procedures

used for the determinations !úere as follows:

(a ) P|AO assay

_The reaction was carried out in oxygen (02) fiì1ed glass

centrifuge tubes and the reaction mixture comprised;0.025 ml of artery

homogenatê, 0.05 mì of sodìum phosphate buffer (200 mmol l-1, pH 7.8)
t

contaíning 3H tyramine (2 mmol l-1, 20 uci (pmol)-1) an¿ 0.02 ml of

water. Solutions were incubated at 36oC with continuous shak'ing.

Blanks h,ere prepared by replacing the homogenate with 0.025 ml of

water. After 30 minutes of incubatíon tubes were removed and pìaced

in an ice bath and the reaction stopped by the addition of 0.02 ml oî

HCI (1.5 mol l-1). Ethyl acetate (0.5 ml) was added to the mjxture and

the tubes shaken for 5 minutes. After centrifugation,0.4 ml of the

organic layer was transferred to a centrifrrge tube containing 0.1 ml of

HCI (300 mmol l-1) an¿ shaken for 5 minutes. The tubes were centrìfuged

and 0.25 ml of the organic'layer removed and added to scintillatjon vials

contain'ing 15 mls cf Toluene based scintillant solution. The 
-3H 

contents

were measured by 'liquid scintillation spectrometry (to be described

later in this chapter) and the enzyme activÍty expressed in nmols of

product formed per hour per mg of protein. Preliminary experiments
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established that under these conditions of assay the reactjon

proceeded ìinearly with time and protein (i.e. homogenate)

concentrati on .

(b) COMT assay.

The reaction was carried out in glass centrìfuge tubes

and the reactjon mixture was comprised of 0.05 nl of artery homogenate'

0.05 ml of sodium phosphate buffer (200 mmol l-1) containing 3',4'

dihydroxybenzoic acid (2 mmol l-1), 3HS-ud.nosylmetnjonine (100 umol l-1,

20 uCi (umol)-1) an¿ MgCl, (50 mmol 1-1). The reactjon was stopped

after'30 minutes of incubation at S6oC Uy the addition of 0.02 ml of

HCI (t.S nol l-1). The subsequent solvent extraction and estimation of

the 3H labelled O-methy'lated acid were exactly the same as those

described for the estimation of MAO actìvity. The COMT activjty was

expressed as nmoles of O-methylated product formed per hour per mgm

of prote'in. Preliminary experjments established that under these

condi ti ons O-methyì ati on proceeded 'l i nearì y wi th ti me and prote'i n

(i.e. homogenate) concentration.

(c) Protei n esti mat'ion .

The protein contents of homogenates were measured, after

dilution, by the method of Lawry et aL. (1951). Aìiquots of

hornogenates were diluted (usualìy 1:40) in sodium phosphate buffer

solution (5 mmol l-1, pH 7.0) and added to gìass test tubes in a volume

not exceeding 1.0 ml. Standard solutions of bovine serum albumin (gSn)

in the concentration range 10 to 100 pg-m'l-1 *.r. prepared in sodium

phosphate buffer solut'ion (5 mmol l-1, pH 7.0). A reagent mjxture

prepared by mixing 8.0 mls of a solution of CuS0O (32 mmol l-1)
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containing sodium potassium tartrate (41 mmol l-1) with 200 mls
11

of a solution of NarCO, (217 mmol ì-t) in NaOH (100 mmol l-') was

fresh'ly prepared before each experiment. 5.0 mls of this solution

was added, with mixing to diluted homogenates and BSA standard protein

solutions. This mixture was left to stand for 10 minutes. Folin

reagent (0.5 ml of commercjal solution diluted 1:1 with djstilled

water) was then added to all tubes and the opticaì density (measured

at 750 nm) determined 30 minutes later using a Bausch and Lomb

Spectronic 20 photometer. A plot of protein .on..ntration vs optica'l
'ú!

density was constructed for each experiment and from this curve the

protern contents of the diluted homogenates determined.

(iv) ;vþIPATHETT: DENERvATTzN

Ear arteries were denervated by surgical removal of the

homolateral superior cervical gang'lion. Rabbits were anaesthet'ised

with pentobarbitol (I.5% in sterile saline) injected into the marginal

ear vein as described by Murdock (1969). The dose required varjed

considerabìy but was usualìy in the range of 30-50 mg/kg. Close

attention was directed to respiratory depress'ion which occurred with

the use of barbiturate anaesthesia. The injection of pentobarbitol

was continued slowly untiì respirat'ion was decreased in rate and

increased in depth and until the expiratory phase became sìightly

prolonged. At th'is stage the toe reflex was usually weak. The eye

reflex was found to be an unreliable guide to anaesthesia. The neck

region was shaved and cleansed with antisept'ic (Savlon,3% in 70%

ethanol). A midline incision was made in the neck and muscle layers

penetrated by bìunt dissection to expose the trachea and the left
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common carotid artery. The superior cervical ganglion was readily

identifjable posterior to the carotid artery and at a level

corresponding to the upper border of the thyroid cartilage. Pre-

and post-ganglionic fibres were sectioned about 1 cm either side of

the ganglion which was then removed. The wound was closed with silk

sutures. Aseptic precautions were taken throughout and no anti-biotics

were used post-opel^atively.

For experiments described in Chapter 5 arteries were removed

from rabbjts 1-8 days after denervation, those described in Chapter 6

were removed 7 to 14 days after denervation. In addition, for

experiments described in Chapter 5 a group of rabbits were subiected

to sham operations whjch involved exposure but not excision of gangìia

48 hours prior to removal of arteries. For experiments described in

Chapter 7 one group of rabbits was denervated in the normal way and

another group were denervated by removal of both the superior cervical

gang'lia 14 days before the removal of ear arteries.

The effectiveness of sympathectom.y was assessed by fluorescence

microscopy examination of denervated and contralaterai innervated

control arteries as descrjbed by Waterson (tS0S¡. Sections of arteries

approxìmately 5 mm in ìength were frozen in a mixture of acetone and

dry ice and transferred to freeze dryer (Thermovac model FD3) at -500C and

at a pressure of 2.5-6 Nm-2 for 18 hours. The sections were then pìaced

in a one litre jar containing 5 g of paraformaldehyde powder which

had been stored over sulphuric acid at a relative humidity of 70% for

one week. The jar was sealed and p'laced in an oven at 80oC for 60

minutes. The formaldehyde-treated specìmens were then vacuum infiltrated

with paraffin wax at 600C, blocked in paraffin wax, and cut in transverse
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sections of 7 pm thickness, using a microtome (teitz model I2I2).

After mounting in a mixture of Entellan (Merck) and xylol, the sections

were examined using a Leitz microscope with a dark field condenser.

Fluourescence was produced with an HBO 200 mercury vapour lamp using

a 1.5 mm Schott BG12 excitation filter and 530 nm barrier filter.
Photographs were taken using a Leitz orthomat camera and Kodak photofìure

fi lm.

Control sections disp'layed characteristic dense noradrenergic

fìuorescence in the regiorr of the sympathetic neive terminals at the

medial-adventitial border. The success of sympathectomy was indicated

by the absence or sparsity of noradrc;'ergic fluorescence in denervated

arteri es .

(v) LrqurD scrNTrLLATrzN s?ECTRIMETRr

The radioactivity present Ín sclutions containing carbon-14

labelled (14C) o. tritium labelled (3H) corpounds was measured by

liquid scintillat'ion spectrometry using a Packard Model 3310 Liquid

Scintillation Spectrometer. For the measurement of radioactivity in

aqueous solutions, samples (usually between 0.1 and 2.0 mls) were added

to counting vials containing 15 mls of Toluene based phosphor. The latter

consisted of 8.25 gm 2,s-diphenyoxyazo'le (PPO), 0.25 gm of 1,4-bis-2-(5-

phenyìoxazoly'l )-benzene (pOpOp), and 500 ml Triton X100 added to one

litre of toluene.

The procedure of internal standardisation was used to correct for

quenching and for efficiency of counting. This involved determination

of the count rate ("t) for the test sample of unknown activity (a)

followed by a second determination of count rate (rr) after the addition



counting efficiency (E) was derived from E ="2^:.'I and the activity

(a) of the test sample from u = ll. The o....lfune effic'iency of

counting r{as 18-25% for 3H and 60-65% for 74c. The lim'it of detectabi'lity

(aO) of 3H in solutions was derived from the efficiency (E) and the

background count rate (ro) (i.e.uD = þ1. For a count perìod of
v r¡r

1.0 minutes and a 95% probability estimation this was approxìmate'ly

100 DPM for most solutions.
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of 3H toìuene (for samples contaÍn'ing 3H.o*pornds) or 14c tolr.n.
(for sampl es contai n'ing 14C .orpounds ) of known acti v'ity (uf ) . The

(vi ) TESrs oF srGNrFrcANCE

When comparing the effects of different drugs and their

effects under different experimental conditions, students' t-tests

were performed on arithmetic means. The appropriate t-test used,

according to whether the sampìes contajned matched pairs or unpaired

data is indicated in each case. The levels of significance (in the text

as p) are shown where appropriate in the legends to figures or the

footnotes to tables. For convenience the differences between observations

are described in the text as either "significant" (i.e.p < 0.05) or

"not significant" (i.e.p > 0.05). Where this occurs the t-test used,

number of observations and the levels of significance for th'is data

appears in the relevant tables or figures.
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CHAPTER 3

SPECIFIC METHODS; PURIFICATION PROCEDURES

The techniques described in this Chapter were used to purify

manufacturer's solutions of 3H catecholamines and 3H normetanephrÍne

before their use jn studies concerned with uptake and metabolism.

Preliminary chromatographic experiments had indicated that all of

these soìutions of 3H amines contained 3H impurities. A more

detailed investigation into the nature of these impurities and the

stability of 3HCRS during storage appears in the appendix (Appendix 2).

3(i ) Purification of solutions of HCA' s

Solutions of dl3HNA, l3HttR and dì3HIso urere purified by

a batch alumìna procedure based on that previousìy described for the

purification of urinary catecholamines (de la Lande et aL. 1967).

The sample of 3HCA (usually 0.5 ml or 0.5-mCi) was added to a

soìution (4.0 mls) of HCI (10 mmol l-1). The sample was then added

to a disposable poìypropylene tube (30 ml capac'ity) containing

activated alumina (700 mg), EDTA (100 m9) and ascorbic acid (100 mg).

The mixture was agitated with a stream of nitrogen (ltr) UuOUles and

its pH adjusted to and maintained at pH 8.4 by addition of NarC0,
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I
(500 mmol l-'). After 4.0 minutes the bubbling was stopped to

allow the alumina to settle. The supernatant was removed and 20

mls of distilled water added to the tube, bubbled briefly vrith N2

and the alumina again allowed to settle. The wash solution was

discarded and the wash procedure repeated. The 3HCA *u, eluted from

the alumina by the addition of 5.0 mls of acetic acid (300 mmol l-1).

The mixture was bubbled with t'!2 for 5 minutes, the tube centrifuged

(5,000 g for 10 minutes) and 4.5 mls of the acetic eluate removed.

A further 3.0 mls of acetic acid was added to the alumina, shaken

brief'ly and centrifuged. The supernatant was removed and added to

the first acetic eluate. This pooled solutÍon was then centrifuged

(9,000 g for 30 minutes, to remove alumina fines) tf¡e supernatant

removed and stored in polypropylene tubes at 4oC.

The contents of CA (either NA or IS0) in the acetic eluates

were measured using the automated trihydroxyindole (fHI) assay

designed for use with alumina eluates and described in detail in

the appendix (Appendix 1). the 3H contents of eluates were measured

by liquid scintillation spectrometry. The specific activities

(expressed as Curies per mmol) of purified solutions of 3HCA's

were calculated from the NA and 3H contents.

Comments: dl3H¡tR. It wilt be shown later in this thesis that:

(1) manufacturers' stock solutions of dl3HNA contain at least

two impurities which can be isolated by ion exchange paper chromato-

graphy. The batch alumina purification procedure described above

decreases the contents of these impuritìes in solutions of dl3Ht',tR.
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(2) solutions of ¿l3Hl,tR deteriorate with time and the

optima'l conditions of storage include storage at 4oC ¡n polypropy'lene

tubes.

¿l3UISO. PrelimÍnary experiments showed a need for purification

of solutions of 3HIS0 before use in the experiments to be described

in Chapter 7. When samples of non puritie¿ 3HlS0 were cht'omatographed

on sodium borate impregnated thin 'layer pìates (using the procedure

described in the following chapter for the separation of IS0 and

the methoxyìsoprenaline (UeOlSO)) a significant amount of the total
3U applied to the thin layer plate co-chromatographed with non-

tabelled MeOIS0. In contrast when samp'les of alumina puritie¿ 3HlS0

were chromatographed much smaller amounts of 3H were detected in the

MeOISO reg'ion of the p1ate. Elution profiles illustrating this are

shown in Fig.3.1.

3(i i ) Purification of solutions of HNMN

Thin ìayer chromatographic analysis of manufacturers'

solutions of 3Ht'lN¡t showed the presence of 3H material that co-

chromatographed with the catechols NA and DOMA. Solutions of ¿l3Hnl'l¡t

were purified by combjned alumina and ion exchange chromatography.

The sample of 3HNNN (usually 0.25 ml or 0.25 Ci) was

chromatographed on alumina us'ing the batch procedure described above

for 3HCA's. The effluent fraction from the alumina (i.e.the fraction
a

containing "HNMN) was adiusted to pH 6.5 by the addition of HCI

(500 mmol l-1). This solution was then passed through a Dowex 50

(Na+) column using the experimental procedures to be described in
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the following chapter for the isolation of 3HruUru from tissue

extracts and incubation solutions. 3Ht¡N¡t was eluted from the ion

exchange column with HCI (1 moì ì-1) in a v.olume of 15.0 mls. This

eluate was rapidly frozen (with a dry ice acetone freezing mixture)

and freeze dried. The dried sample was redissolved in 2.0 mls of

HCI (10 mmol l-1) containing EDTA (20 umol l-1) an¿ stored in

poìypropylene tubes at 4oC.

Samples of purif ie¿ 3Ht't¡,tt¡ subjected to thin 'layer chromato-

graphic analysis (using the procedure to be described in the

foìlowing chapter for the separation of NA and its metabolites),

showed smaìler amounts of 3H present in the region corresponding

to NA and DOMA than was the case for the non purified sample.

Elution profiles illustrating this are shown in Fi9.3.1.
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CHAPTER 4

SPECIFIC METHODS; RADIOCHEMICAL PROCEDURES

The procedures described in this chapter are those which

were used in the stud'ies of the accumulation and metabolism of

amines to be described later in this thesis.

Thi s methodo'logy compri ses :

3
H

2
Preparation of "H catecholamines

1
Extraction of "H from arteries

Techniques for the assay of 3H amines and their

metabol i tes .

(i ) qREzARATTIN or 3n 
AMTNES ElR TNCUBATTIN

After purification of the 3H catecholamines (described in the

previous chapter) they were present in acetic acid solutions.

Lyophilisation of these solutions removed this volatile acid

and permitted reconstitution of 3H catecholamine direct'ly in

Krebs solution at the desired concentration.

Procedure: The appropriate quantity of 3H catecholamine

(3HlsO o. 3H¡lR) was added to lyophilisation vials and rapidly

frozen wi th an acetone dry 'ice mi xture. Lyophi I i sati on was usual 'ly

compìete within one hour. The amine was reconstituted in gassed

(g5% OZ,5% C}lKrebs solution containing ascorbic acid (290 umol l-1

(i )

(i i )

(i i i )

)
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Tabl e 4.1

The efficiency of extractíon of 3H fro,n arteries

Comoound % of total extracted by HCl

3HNR

3
HISO

97,8 t 0,2 (n = 12)

96.1 t 0.9 (n = 15)

Footnotes

3Values refer to the amount of H extracted by HCI as a

p
3
ercentage of the total 3H p".r.nt in arteries (i.e.
H in HCì wash + 3H in NCS extract).
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EDTA (10.8 umol l-1) an¿ bubbled immediately with 95% 0, and

s% c0
2

Comments:

The efficiency of this process was demonstrated by a recovery

of greater than 95% for both 3H and amine content when analysed

by liquid scintillation countihg ôrìd THI assay. Prolonged

'lyophílisation (greater than two hours) led to losses of amjne

content for some sampìes of 3HIso

(ii) EXTRACTTIN or 3n FRIM ARTERTES

The 3H catecholamines and their 3H metabolites which were

present in arteries at the end of incubation were extracted

overnight with either of the fol'lowing solutions:

1.0 ml of HCI (100 mmol l-1) containing EDTA (22 umol l-1)

2.5 mt of acetic acid (1.0 mol l-
(22 umol l-1)

1 ) contai ni ng EDTA

(1)

(2)

9gu,sgr!:'

HCI was used for the extraction of tritium from arteries prior

to column chromatography. Acetic extracts were used for th'in layer

chromatography. Extraction into acid media eliminated the protein

precipitation step inherent in procedures which involved the

homogen'i sat j on of the ti ssue . The eff i ci ency of thi s extract'ion

technique was estimated by determining the amount of 3H left in the

tissue after ac'id extraction. This was determined after solubilisation

of the tissue with NCS solubi'lìsing agent. Efficiencies of extraction

of 3HNA and 3HlS0 are shown in Table 4.1.



42.

(iii) TECHNTQUES FOR THE ASSAr op 3n 
A,ùrrNES AND rHErR METABzLTTES

(a) The systems for assay 3H catecholamines and their

metabolites (to be described later in this section) required a

method for estimating the efficiency of recovery of the 3H

compounds from these separative procedures.

The widely adopted native fluorescence techniques for the

assay of phenoìic compounds were not used because blank values and

reproduci bi 1i ty were subject to 'large vari atións when th'is procedure

was used i n conjunction r,ri th thi n I ayer chromatography. Instead

the catecholamines and their metahclites were measured us'ing an

automated colourimetric assay based on measurement of the change

of absorbance produced by diazonjum derivatives of these compounds.

For this purpose the para nitroanaline method of visualisation of

catechols and 3-O-methylated catechols on chromatography media was

adapted for use on the Technicon Autoana'lyser.

Sampìes of CA's or metabolites in HCI (300 mmol l-1) were

introdr,ced into the manifold of the Autoanaìyser and made alkaline

by the addition of K2C03 and diazonium derivative formed after the

addition of freshly mixed para nitroanaline and sodium nitrite. The

coloured derivatives were passed through the flow cuvette of the colouri-

meter and the change in Optical Density (0.D.SOS) recorded. The

manifold desjgn and reagent concentrations are shown in Figure 4.1.

A plot of the O.D.SOS vs concentration of NA, IS0 and their

metaboljtes is shown in Figure 4.2.

Comments:

Ascorbic acid or sodium metabjsuìphite could be used as anti-

oxidants during preparation procedures. Because sodjum metabi-
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sulphite gave the least interference in this assay it was used

in preference to ascorbic acid in the following separative

procedures.

(b) Method I

In some experiments the identity of 3H .orpounds 'in

the incubates and tissue extracts was determjned by ion exchange

paper chromatography

Aliquots of the 'incubates and tissue extracts were applied to

strips of Whatman (pgt) paper and run in parallel with non labelled

amines and metabolites. Test solutions were spotted onto cellulose

phosphate paper strips (1.5 cm wide), together with a 20 microljtre

aliquot of a solution contain'ing 10 mmol l-1 of each of the

foìlowing compounds in HCI (10 mmol l-1), Noradrenaline, normetanephrine,

3,4-dihydroxymandelic acid and 4 hydroxy-3-methoxy-mandelic acid.

The papers were air-dried and then deveìoped for a distance of

47.0 cm with ammonium acetate (200 mmol l-1, pH 6.5): ìsopropranolol

(2:1). The strips were dried thoroughly, cut into 1.0 cm sections

and each section eluted for at least 12 hours with 1.0 ml of HCI

1

(300 mmol l-'). The paper segments and the eluates were added to

15.0 mls of toluene based scintillator, and the tritium content

measured. In addition separate strips containing only the cold

marker spots were treated identica'l'ly except after removal from the

chromatography tank, dried and sprayed with diazotized paranitro-

aniline reagent. The Rf values of these control marker spots were

recorded for each bat.ch of papers treated.
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9grysl!::

The above method for separatìng NA and its metabolites

embodies the cellulose phosphate paper chromatographic system

described by Roberts (1962). The efficiency of separation was

confirmed by identification of the native fluorescence of carrier

marker spots under U.V. and the Rf values achieved after spraying

control strips with djazonium reagent.

Co-chromatography of a maior peak of tritíated material with

a non labelled compound was taken as evidence for the existence

of this compound in the orig'inal test solution.

(c) Methods II and III

Methods II and III were used for the separation of the

following cìasses of compounds; bases (¡tR and NMN), acids (OO¡IR

and VMA), glycols (DQPEG and MQPEG), catechols (¡lA, DO¡'IR and DOPEG)

and phenoìs (NMN, VMA and MQPEG). The principles involvecl in the

separation were: catechols but not phenols bind to 41203 at pH

8.4, amines but not acids and g'lyco1s, bind to Dowex 50 (Na+) at

pH 6.4. NA and DoPEG elute from Alr0, with a weak organic acid

(viz. acetic acid), and DOMA elutes with a mineral acid (viz.

hydroch'loric acid). The elution of NA precedes that of NMN from

Dowex 50 col umns washed wi th HCI .

The two combinations of Dowex and Alr0, used were; 41203

followed by Dowex, referred to as Method II and Dowex followed by

41203 referred to as Method III. These combinations and the

identity of metabolites present in the different fractions are

illustrated in Fig. 4.3 and Fig. 4.4 For both Method II and III
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1 umol of NA and of each of its metabolites were added to the

solutions for analysis (i.e. Krebs incubation solutions and ac'id

extracts of tissues) to permit estimation of recovery of these

compounds after fractjonation. Blank solutions were treated in

parallel and these solutions comprised; samples of incubation media
)

containing JHNA not exposed to tissue (i.e. incubate blank) and

samp'les of acìd extraction media containing 3HNA, the 3H contents

of which were similar to the total 3H contenté of tissue extracts.

Chromatographic analysis of blank samples permitted an estimate

of the contamination of each metab.rìite fractìon by 3H not

attributable to the metabolite.

Batch Al^0^ chromatoqraphv:
-------- ¿-J-- --- --

This method is based on that described in the previous chapter

for the purification of 3HCAs and involved addition of test solutions

(either Krebs incubates, tissue acjd extracts, or effluent samples

from Dowex columns) to tubes containing 4i203 (500 mg), EDTA (100

mg) and sodium metabisuìphite (tO mg). Sampìes were adjusted to,

and maintained at,pH 8.4 for 4 minutes with NarC0t (2.0 mol l-1).

The effluent fraction was removed and its pH adjusted to pH 6.4

with HCI (5.0 mol l-1) an¿ stored at 4oC prior to further analysis.

The alumina was washed n two volumes (20 ml) of distilled water,

one volume (5 ml) of acetjc acid (300 mmol l-1), two volumes (20 ml)

of acetic acid (300 mmol l-1) and finally 6 ml HCI (500 mmoì l-1).

It was established that with this procedure non ìabelled NA and

DOPEG eluted with the first (i.e. 5 ml) acetic wash and DOMA with

the HCI wash.
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Sswe¡- !9- s h rqne!s g le phy'

Columns (60 mm x 4O mm) were filled with Dowex 50 (Na+) and

washed for one hour with distilled water. For this procedure all
samples and wash solutions were pumped (Technicon peristaltic pump)

through the columns at a flow rate of 0.5 ml (min)-]. Soclium

metabisu'lphite (10 mg) was added to each test solution (1 to 2.0

ml of either Krebs solutions, tissue acid extracts, a'lumina

effl uent fracti ons or al umi na aceti c el uates ) . These sol uti ons

were adjusted to pH 6.4 and appìied to columns. The columns were

washed with 15 ml of distilled water, the effluent fractions

containing acid and glycol metabolites collected, acidified (pH

4.0) with HCI (5.0 mol l-1) anA stored prior to further anaìysís.

NA was eluted from the columns with HCI (0.5 mol l-1

fractions. NMN was then eluted with HCI (1.5 mol l-
fracti ons .

)i
1)

n5ml

in 5 ml

For Method II VMA was separated from MOPEG by passing the

solution over a column of Dowex I (Cl-) of the same dimensions as

used for Dowex 50. VMA was eluted from the column in 15 ml of a

solution containing HC'l (100 mmoì l-1) anA methanol (6 mol l-1).
Chromatographic profiles illustrating the separation of NA and its
metabolites using these methods are shown in Figures 4.5, 4.6.

Conunents:

. The procedures described above embodied methods reported by

Laverty and Tay'lor (1968) and more recently by Graefê et aL. (1973).

The essential difference between the procedure described and those

reported by the above authors was the use of a peristaltic pump



Fiq. 4.5 The left hand paneì shows the distrìbutions
of NA and its metabolites into fractions
obtained with the batch A'1203 procedure.
Conditions of chromatography and procedures
for estimation of contents of compounds in
fractions are outl ined in the text. Fraction
I corresponds to the 41203 effluent, 2 and 3 to
the water wash, 4 to the acetic eluate,.5 and 6
to the acetic wash and 7 to the HCI eluate.

The right hand panel i'llustrates the use of the
batch Al
of 3H la
sol ution
and arte
(fi I'l ed
drug tre

203 procedure for determining the natu¡e
SeTlä¿ compounds in resting efttux of 3H

s from untreated arteries (open histograms)
ries treated with cocaine during incubation
histograms). Conditions of incubation and
atments are descrÍ bed i n Chapter 6.
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Fi g. 4.6 (a) Shows the elution profile obtained when a solution containing
NMN, M0PEG and VMA (al1 1.0 umol 1-1) was chromatographed on
Dowex-5O (shown as solid line). Also shown,is an elution
prorite for . 'iiiu.ã';; óóijËá'to'.'ä"u'ði"i:ti-unä ñn-(i.ô u'nol l-1)
(shown as dotted line) obtained frc'm a second column run in parallel.
For thesê experiments solutions from both columns were fed into a
two channel automated colourimetric assay and the changes in 0DSOS

continuously recorded. Conditions of chromatography described
in the text.
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with the ion exchange columns. This modification ensured a

constant rate of flow for a]'l columns.

Dowex 50 col umns were re-used and regenerated before use
' 1 a , r-Lby passing NaOH (2 mo'l l-') through the column at 0.5 ml (min)'

for one hour, fol I owed by di sti I I ed water contai n'ing EDTA (26.mmo'l l -1

for one hour, HCI (2 mol l-1¡ for one hour, distilled water (p1us

EDTA) for one hour and finalìy phosphate buffer (200 mmol l-1,

pH 6.4) for one hour

Columns v'/ere re-used for periods of up to two months and

Íêgular'ly checked for their ability to separate non labelled NA

and i ts metabol i tes .

(d) Method IV - Thin 'layer chromatography

P rati on gI-:eupl e: - prier-!9-9h rg[s !9ers phv :

Incubating media were adjusted to pH 6.5 with HCI (1 mol l-1)

at the end of incubation. Prior to fractionation, non labelled

CA's and their metabolites were added to solutions to permit

estimation of recoveries (final contents on thin ìayer plates:

150 nmol of.NA and each metabolite,200 nmol of IS0 and MeOIS0).

Tissue extracts were concentrated by lyophilisation prior

to chromatography. Tissue extracts containing 3HIS0 *.r.
reconstituted in 0.2 ml of a mixture of HCi (100 nmol l-1) ana

ethanol ( 10 mol I -1) . Ti ssue extracts contai ni ng 3HtttA and 3HN¡,IN

were reconstituted in a mixture of acetic acid (100 nmoì l-1) ana

ethanol (t0 mol 1-1). Non labelled metabolites were added prior to

lyophilisation for recovery purposes (1 pmol IS0 and MeOIS0,

1 ¡rmol NA and metabol i tes ) .

)
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3 3
sep aration of HIS0 and HMe0 I S0

The principìe of the method is that IS0 is firmìy bound to

the origìn of a sil ica geì p'late which is 'impregnated with sodium

borate; in contrast, MeOIS0 migrates with the organ'ic solvent.

In the absence of boric acid both amines remain at the origin.

Hence by restrict'ing the borate 'irnpregnation to the lower oortion

of the pìate, the MeOISO m'igrates to the borate'front', where it
becomes hi ghly I ocal i sed ( fi g. 4 .7) . In sol uti ons contai nì ng

a
"HIS0 the assay involves the addit'ion of sufficient non labelled

MeOISO to permìt an estimate of the recovery of MeOISO from this

region of the pìate.

In the assay procedure the test so'lution (contai n'ing 3HMe0IS0

)
and "HISO) is appìied to the p'late after addition of a known amount

of carrier Me0ISO. At the conclusjon of the run, the discrete

MeOISO region (visualized under UV light) is scraped, eìuted in

weak HCI and the eluate counted for tritíum and assayed for the

non labelled MeOIS0 content. The last value permits the estimate

of tritium to be corrected for loss of MeOISO during chromatography

and subsequent extraction. The estimation of 3HlS0 content in

tissues is obtained by subtracting the 3HN.0lSO content from the

total uptake value. (This estimation assumes that there is only

one metaboljte of 3HIS0 present in tissue extracts, evidence for

this is presented in Chapter 7).

Silica gel plates were subjected to ascending chromatography

in freshly prepared sodium borate (200 mmoì l-1) solution and the

solvent front allowed to migrate for a distance of 5 to 7 cms.

The pìates were then removed from the tank, oven-dried (100oC tor
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I hr), and stored at room temperature. The Krebs incubate (0.02

ml) and the concentrated tissue extract (O.t ml) were spotted at

the origins of the borate TLC pìate and dried in a stream of cold

air. The p'lates were then subiected to ascending chromatography,

with a mixture of toluene: EtOH (t:t) for 1 or 2 hours and

then air dried. The carrier compounds on the p'late were visualised

under UV light and the appropriate regions scraped into vials

containing 2 mls of HCI (300 mmol l-1). The tubes were left

overnight or agitated for 6 hours, centrifuged brief'ly and 1.0 ml

of the supernatant counted for tritìum. The remainder of the

so'lution was used for photometric assay of the total Me0IS0

content.

Thin layer pìate blanks were prepared by app'lications of the

same volume of Krebs incubate or tissue concentrate vrithout carrier

MeOISO and the region corresponding to MeOISO was reassayed and

el uted i n HCI .

3 3 Jration of HNA , HNMII on H metaboì i tes:9gpg

The contents of 3H amines and their 3H metabotites in test

solutions were measured after their separation by thin layer

chromatography. The principìe of borate chelation described above

also applied to this method. Silica geì pìates were impregnated

with sodium tetraborate as described above, the onìy difference

being that the concentration of borate was increased to 500 mmol l-1

and the pH reduced to 8.5. Reducing the pH of the borate permitted

some mÍgration of one of the catechojs, DOPEG and hence its separation

from NA and D0MA which remained at the origin. After appìication
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of test solutions plates were subjected to ascending chromatography

with a mixture of (n-Butanoj : ethanol : Tris buffer (250 mmol l-1,

pH 8.5 - 2:1:1). The camier compounds on the plate were

visualized and the regions scraped and eluted as described above.

The contents of 3H and non labelled amines and metabolites were

estimated by scintillation counting and colourimetric assay. An

illustration of the separation of NA and its metabolites on thin

layer plates was shown in Figure 4.8.

Solvent extraction procedures

For a limited number of expe:"iments (descrjbed in Chapter 7)

3HI',t.0tS0 contents of incubation solutions and tissue acid extracts

were measured after separat'ion from 3HISO by so'lvent extraction.

This extraction procedure is based on the principìe that 3Hfq.0lS0

and not 3HISO, can be extracted from aqueous solutions that are

saturated with sodium borate.

To 0.5 ml of Krebs solution (containing 3HIso an¿ 3H¡,le0lsO)

1.0 ml of sodium borate (sodium borate, 500 mmol l-1 containing

NaOH, 20 mmol l-1) was added, shaken for 15 mjnutes and

centrifuged (gOO g for 5 minutes). 10.0 ml of the organic phase

was removed and added to a counting via'l containing 5 mì of

concentrated phosphor. lhe 3H content of the organ'ic phase

was estimated by 'l iquid scintillation counting. The partitioning

of 3HlS0 from Krebs solution into the organic phase was determined

by extracting incubation solutions containing 3HIS0, not exposed

to tissues. The recovery of MeOIS0 was measured by estimating

the amount of 14cl',te0lS0 extracted from Krebs solutions or acid

extraction media containing 14ct',te0IS0 (3,000 dpm).
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An illustration of a borate impregnated thin
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1.0 mì of an acid extract of arteries was adjusted to pH

5.0 by the addition of NarCO, (2.0 mol l'1) an¿ then treated in

exactìy the same way as descri bed above.

14c labelled MeOIS0 was prepared enzymat'ica'l1y by incubat'ion

of non-labelled IS0 witl'r 14C 
SAME in the presence of C0MT. The

14C M.OIS0 was extracted from the rncubation medium and purified

by ion exchange paper chromatography. The purified C0MT preparation

used in this synthesis was prepared from rat íiu.. COMT by the

method of Axelrod and Tomchick (1959).

The incubation mixture consisted of: 0.5 mls of purified

C0MT,0.1 ml of sodium phosphate buffer pH 7.8 (500 mmol l-1),

0.1 ml of Mgcl, (216 mmol l-1),0.1 ml of IS0 (12 mmol l-1), and

0.2 ml ot 14c sRNr (16.6 mmol l-1,60 mci (mmol)-1) After

incubation (90 mins) at 36oC the reaction was stopped with the

additjon of 1.5 mls of sodium tetra borate (500 mmo'l l-1, pH 10.0)

and the 14C N.0ls0 extracted into 25 mls of a mixture of IS0

amyl alcohol and Toluene (t:Z). After extraction the organic phase

was transferred to a tube containing 2.0 mls of HCI (tOO mmol l-1)

and shaken for 30 minutes on a mechanical shaker. The organic phase

was discarded after centrifugation and the aqueous phase containing

the l4C 
MeOISO freeze dried. The freeze dried material was

redissolved in a minimal volume (approximateìy 0.4 ml) of HCI

(tOO nrnol l-1) ano chromatographed on sheets of Whatman cellulose

phosphate (PB1) paper us'ing the conditions described for Method I.

The regìon of the paper containing the 14C N.OIS0 was cut jnto 0.5

cm sections and eluted overnight in 2.0 mls of HCì (50 mmol l-1).

This acid eluate was removed, diluted to 30,000 dpm ml-l and the

solution of 14c N.olso stored at 4oc.
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The recoveries of 14CM.0IS0 from Krebs solutions and acid

extraction media together with the cross contaminatjon of 3HIS0 in the

organic solvent are summarised in Table 4.2. Due to the poor

recoveries of MeOISO from Krebs sol utions this procedure was modified

by replacing the toluene with the solvent mixture isoamy'l alcohol:

to]uene (!:2) and shaking the organic phase (containing MeOIS0) with

3 ml of HCI (300 nmrol l-1). These modifications improved the recovery

of l4e0IS0 and permitted the use of the colourimetric assay procedure

for determ'ination of extracted non labeìle¿ NeOiSO. This modified

procedure was used in experiments described in Chapter 8 for the

extraction of 3HN.otSo and 3HIS0 contents of wash solutions.

General comments

It was noted that hydrochloric acjd extractions of arteries

caused a consistent increase (1.66 t 0.05 fold, n = 30) in the weight

of the ti ssue. Arteries pnevi ous'ly i ncubated wi th 3Ht¡A were extracted

with acetic acid and not hydrochloric acid in view of the find'ing that

IrlA and DOPEG in HCI sol utions decomposed during the 'lyophi I isation

procedure. l.lhen hydroch'ioric acid sol utions containing DOPEG

(1 umol) and NA (1 umol) were ìyophilised and the reconstituted

acid extracts chromatographed on thin layer plates at least 4 bands

of material other than NA or DOPEG were detected under U.V. light.

This did not occur when acetic acid was used nor did it occur for

solutions of IS0 in hydrochloric acid. Fractions from Methods II and

III containing minimal amounts of 3H 
v,rere concentrated by lyophilisation.

These sampìes were added to lyophilisation vials and freeze dried. The

residue was dissolved in 5.0 mls of a solution of HCI (100 nmol l-1)

and ethanol (10 moì l-1), and transferred to a liquid scintillation

vial containing 15 mls of phosphor.
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Method II couìd not be appìied to the estimation of 3H

metabolites present in incubation solutions. This was due to a

relatively ìarge and variable contamination of fractions by 3H not

attributable to the 3H metabolites. It was noted that for acid

extraction media conta'ining on'ly 3HtlR there was a large and variable

contam'ination of the fractions corresponding to NMN and MOPEG. This

was thought due to oxidation of 3Hl,lR during the precedìng alumina

chromatographic stage and the co-chromatography of these oxjdation

products with NMN and MOPEG. Simi'larìy the fraction VMA + MOPEG as

estimated by Method III was'less precise than the other fractions

for the same reasons. A comparison of the contents of metabolites

(incìuding VlilA + M0PEG) in test solution, d.t..mined by Method III
and Method IV is shown in Table 6.3 in Chapter 6 and the results

bear out this conclusion. In contrast to Methods II and III the

thin layer procedure (¡,lethod IV) was characterised by a small and

constant 3H contamination of the fractions NMN, MOPEG and VMA.

To this extent both methods comp'|.êment each other and have both

been used in subsequent studies to be described in Chapter 6. The

abiìity of all three methods to account for the total 3H present in

artery extracts is also discussed in Chapter 6.
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Table 4.2

Properties of thin layer chromatographic and solvent

extraction procedures

Method
Test

sol ution Metabol ite Cross contamination (%) Recovery (%)

Incubate

DOPEG

VMA

NMN

MOPEG

r.27 t o. 25 ( li)
0.63 r 0.0e (20)

0.23 t 0.05 (15)

0.11 t 0.11-(15)

77.8 ! 2.1

39.5 t 1.9

82.6 ¡ I.6
75.7 ¡ I.5

(7r)
( 71)

(i3)
(73)

IV

Ti ssue

Extract

DOPEG

VMA

NMN

MOPEG

2.31 t 0.7e (11)

1.16 t 0.48 (11)

0.51 r 0.le (10)

0.17 t 0.05 (11)

67.0 t 1.8 (75)

42.8 ! t.6 (76)

84.6 t 1.8 (76)

80.6 t 1.8 (76)

IV
I ncubate

Ti ssue
Extract

Me0IS0

MeOIS0

0.023 t 0.005 (14)

0.034 t 0.006 (8)

67 .9 t 3. I (40)

87.1 t 2.5 (43)

Sol vent

Extracti on

I ncubate

Ti ssue
Extract

1.46 t 0.39 (12)

2.7 t 0.48 (7)

4B.e t 4.s (10)

65.1 r 10.o (10)

T4

14

CMe0IS0

CMeOIS0

Footnotes

(3)

( 1)

(2)
vaìue in brackets refers to the number of determinations

tissue recovery values for method IV refer to efficiency of

recovery through 'lyophil isation and th'in I ayer procedure

cross contamination refers to the amount of 3H present in

the fraction not attrÍbutable to the radioactively labelled

metabolite as a ratio of the amount of 3H present in the test
solution expressed as a percentage.
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CHAPTER 5

THE EFFECT OF CHRONIC DENERVATION ON THE ACTIVITIES OF

MONOAMINE OXIDASE AND CATECHOL-O-METHYL TRANSFERASE

AND ON THE CONTENTS OF NORADRENALINE AND ADENOSINE

TRIPHOSPHATE IN THE RABBIT EAR ARTERY
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CHAPTER 5

THE IFFECT OF CHRONIC DENERVATION ON THE ACTIVITIES OF MONOAMINE

OXIDASE AND CATECHOL-O-METHYL TRANSFTRASE AND ON THE CONTENTS

OF NORADRENALINE AND ADENOSINE TRIPHOSPHATE IN

THE RABBIT EAR ARTERY

I NTRODUCT I ON

A'lthough the study of Jarrott (1971) has indicated the presence

of neuronal monoamine oxidase (MAO) and catechol-O-methyì transferase

(COMT) in a variety of sympathet'ical'ly innervated tissues, evidence

of the distribution of these enzymes in the rabbÍt ear artery is

lacking. The early studies of Armin et aL. (1953) on the activ'ity

of MAO in the rabbit ear indicates that there was no change in the

activity foìlowinq chronic denervat'ion. However, the'ir technique

involved manometric estimation of the increase Ín oxygen consumption

during tyramìne oxidation, and this may have been too insensitive to

detect small changes in activity. In the present study, we have

compared the activitÍes of the two enzymes in innervated arteries, and

in arteries at various times after chronic denervation. The assay

procedures employed were those described by Jamott (1971). In

addition, the noradrenaline (NA) and adenosine triphosphate (ATP)

contents have been measured. ATP was included in view of evidence that

it is oresent in NA storage vesicles in sympathet'ic nerves (Schümann,
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1958), and that its concentration declined in the rat vas deferens

following chronic sympathetic denervation (hlestfall and Stitzel, 1973).

METHODS

The central artery of one earin each of 25 loo-eared rabb'its

was denervated by removal of the homolateral superior cervical gang'lion

as described previousìy in Chapter 2 (llethods). The rabbits were

dÍvided into four groups, in which the central ãrteries were excised

24, 48,96 and L92 h after denervation. A fifth group of fjve rabbits

were subjected to sham operat'ions in which the ganglion on one siCe

was exposed but not excised 48 h prior to removing the artery. For

each rabb'it the control was the contralatera'l ìnnervated artery, i.e.

the artery from the opposite ear.

All rabbits were stunned and bled. The central arteries in both

ears were careful'ly cleaned of adhering connective tissue and excised

at the same time. The arteries were then washed brief'ly in Krebs R'inger

so'lution gassed with 95% 0r,5% C}Z and treated as follows:

A proxima'l segment of artery aoproximately 5 mm lonq was rapidly

frozen in a dry-ice-acetone mixture and orepared for fluorescence

histochem'istry as described in the General Methods chapter. The

remainder of the artery was cut into two segments of approximately

equal length and each segment rapidly blotted and weighed. The segment

for anaìysjs of ATP and total catecholamines was placed jn 1.0 ml of

perchloric acid (400 mmol L-l) at 4oC. The second segment was used

for en2yme assay; it was added to 0.4 ml of sodium phosphate buffer

(5 mmol L-1) at pH 7.0. The time between killíng the animal and pìacing
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the segments in the extraction media was approximately 15 min.

Both segments were then homogenìsed at 4oC with a motorised teflon-

glass homogeniser (0.8 ml capac'ity). The perchlorìc homogenate rdas

then centrifuged (10,000 g,30 min,4oC) and the supernatant taken

for estimation of ATP and NA content.

ATP Assay: ATP was assayed by the modification of the luminescence

(firefly) assay by Stan'ley and Wil I iams (1969) . Lum'inescence v'ras

measured on a Packard Tricarb Scintillation Spectrometer with the

circuitry set out of coincidence. Each counting vial contained 1.0 mi

of arsenate buffer (100 mmo'l L-l), 1.C mì of sodium phosphate buffer

(10 mmol L-1) and 1.0 ml of water, in addition to 0.02 ml of samp'le.

To the ATP standards (to-te - to-9 N) and enzyme blanks 0.02 ml of

perchloric acid (40 mmol L-1) was added to each v'ial in order to

correct for acid quench'ing. The net counts accumulated for the first
channel were calculated and the ATP content estimated from the standard

calibration curve which was constructed for each experiment. All assa¡'s

v,Jere carri:d out in trip'licate, and the values obtained were expressed as

moles of ATP per gm wet we'ight tissue or as the ATP content of the

denervated artery expressed as a percentage of the innervated control.

NA Assay: The total catecholamine (A plus NA) contents of arteries

were estimated by the fluorometric trihydroxyindole (THI) method. This

followed isoìation of the amines from the perchloric acid extract by

means of alumina adsorptìon chromatography. The present method has

been described in detail in the Appendix to this thesis and is

essentia'lly the same as that described earlier by de la Lande, Gìover,

and Head (tgOZ), with changes in the concentration of reagents to enable

adaptation of the assay to the Technicon autoanalyser. Thus the reaction
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mixture comprised potass'ium ferrìcyanicle (300 pmol L-1, 1.6 ml min-1),

followed by a pre-mixed solution of sodium hydroxide (2.5 mol L-l,
111

0.8 ml min-'), and ascorbic acid (17 mmo'l L-t, 0.32 ml min-t), mixing

occurring at a stage which permitted maximum lutine formation by the

time the mixture reached the cuvette. The automated assay resulted in

better reproducibility than that previously obtained by the manual

assay and the addition of ß-thioproprionic acid as a lutine-stabilising

agent was found to be unnecessary. The f'luorescence of the THI

derivat'ives of NA pìus A was measured at an emission wavelength of

greater than 485 nm after activation at 410 nm (using a Wratten 8

filter and a 410 nM interference filter, respectively). Although

under these conditions both A and NA contribute to the fluorescence,

the values obtained approximate close'ly to the NA content of the

arteries, since the proportion of A to NA in this tissue is negì'igible

(de ìa Lande and Head, 1967).

1'{40 Assay: The MAO activi ty in the phosphate homogenates of

arteries was estimated in an identical fashion to that method employed

by Jarrott (1971). This method has been described in detail in the

General Methods chapter and involves conversion of 3H tyramine

(2 mmol L-1) to its 3H deaminated products. The latter are then

separated by solvent extraction and estimated in terms of their tritium

content. In the present study, all samples were run in dup'licate and

the blank values estimated by replacing the tissue homogenate with

distilled water.

COMT Assay: The COMT activi ty in the phosphate homogenates of

arteries was assayed by the method of Jarrott (1971), which has been
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described in the General Methods chapter. The nlethod involves

incubation of the homogenate with dihydroxybenzoic acid (2 mmoì L-1)

and S-adenosy'l-t-(3H) methyl methionine (100 umol L-1) (3HsRNr),

followecl by soìvent extraction and estimation in terms of tritium

content of the 3H-0-methylated derivative of the acìd. The on'ly

change from Jarrott's procedure was an increase in the sampie volume

to 0.05 ml occasioned by the small quantities, and low COMT activity'

of the artery. It should be noted that the honrogenates used in the

present study were not dialysed or fractionated prior to assay, since

there was no information available as to the particular or soluble

nature of the enzyme in the ear artery.

Protein: The protein contents of the phosphate homogenates were

estimated after dilut'ion by the method of Lowry et aL. (195i) using

standard solutions of bovine serum aJbumin. The details of this

assay have also been described in the General Methods chapter.

Liquid Scint'illation Spectrometry: The tritium contents of

sampìeS v{ere measured by liquid scintillation spectrometry us'ing a

toluene based phosphor (8.25 gm 2,5-diphenyloxazole (PP0), 0.25 gm

of 1,4,bi s-2- (5-phenyl oxazoìy'l ) -benzene (pOpOp) , and 500 ml Tri ton X

100 added to one litre of toluene). Samp'les were added to 15 ml of

scintillation solut'ion and corrections for efficiency made using

3H-toluene as an internal standard.

Reproducibility: The coefficient of variation fffi Zl for

each of the above assays were estimated on a poo'led tissue extract.

They were as follows: COMT 12% (n = 12); NA 3% (n = 6); AIP 12%

(n = 15).
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The coefficient was not determ'ined for MAO, since there was

data available from a separate study in these laboratories on the

variations between the activitìes in six duplicate samples of rat

brain homogenates. These activities differed by less than 10%, whììe

the coefficient of variation for the whole 12 samples was 9,9%.

AccordinglY, it was not considered necessary to estimate the coefficient

on a s i ng'le pool ed sampl e .

RESULTS

1. NA: The monoamine fluorescence at the media adventítia border

had largely disappeared in all arteries at 48 h after denervation.

However, fluorescence was still present 24 h after denervation, and

chemical assay of four of the 24 h denervated arteries confirmed that

the decrease in content at this time was small (Table 5.1). The

histochemical evidence that monoamines had large'ly d'isappeared after

48 h was aìso confirmed by direct assay (fa¡le 5.1). The mean content

of NA 'tn 20 innervated arteries was 19.5 t 1.3 mole x 10-9 gm-l.

2. ATP: The mean ATP content (t SE) of all innervated arteries was

2.05 t 0.02 mole x 10-6 gm-l (n = 39). hlhen compared with their

contra'lateral control arteries, the denervated arteries showed a

decrease in ATP content which was s'ignifìcant at 48, 96, and I92 h.

The maximum decrease was 32% at 96 h (fable 5.1). At 192 h the

results indicated a s'ign'ificant recovery at this stage of the ATP

contents of denervated arteries to the levels prevailing both at 24 h,

and in the untreated arteries. However, the ATP contents at 192 h

remained significantly less than those of the contraìateral control

arteries, since the latter arteries also showed a significant increase
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TABLE 5.1 Effect of denervation on the contents of NA and ATP

in the rabb'it ear arterY

Each value is the mean r SEM for the number of arteries shown in brackets

Signifjcance refers to p < 0.05 (S) or p > 0.05 (N.S.) when est'imated hy

i¡,Ë puired t-test for the comparisons, innervated artery vs denervated
artery.

rteries from four untreate
nd 1.9$.3 (molesxl0-6gm-1

d nabbits were
, r=4) respectively.

13! 1
(2)

< 1.0
(2)

<7 .7

S

2.2t0.3
(7)

1 .8t0.3
(7 )

BOt 6

S

1.310.1
(5)

0. 9t0. 1

(5)

6Bt 5

S

24t3
(4)

22tt
(4)

99t 15

N.S

1 .910.3
(5)

2.4t0.3
(5)

I27xlj

N.S

10r 4
(2)

<1.0
(2)

<10

S

1 .3t0. 1

(s)

1.1t0.1
(s)

88t4

S

ZIt2
(4)

19t 3
(4)

9?t16

N.S

2.7¡0.4
(B)

2.4t0.2
(8)

89t 6

N.S

I n nervated

Denervated

%
Denerv
I n nerv

Si gni fi cance

I n nerva ted

Denervated

%
Denerv
lnnerv

Si gni fi cance

NA

mol esx10-9 -1)
gm

ATP

mol esx10 -6 -1)
gm

1923624 4B
I 
ot (sham)

Ti ssue
Innervati on

Consti tuent Hours after Denervation

The NA and ATP contenls from a

19.0tl (molesx10-9g*-1, n=4) a

t
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between 96 and 192 h. The content of ATP in the contralateraì

control arteries at 48 h was also less than that of the control

arteries at 24, and at 192 h. The cause of the difference between

the various control values was not apparent. It was not due to the

operating procedure, since the content of ATP in the contralateral

control artery at 48 h was still significant'ly belolv the content in

arteries from sham operated controls at 48 h.

3. C0l4T: The C0l4T activity proved to be low and subject to

considerable variation between arteries. The mean activ'ity t SE

in a total of 43 innervated arteries was 4.3 t 0.3 nMole of substrate

O-methyì ated/mg prote i n/h .

When the data was evaluated usìng the paired t-test, the COMT

activities in the chronic denervated arteries were not significantly

different from the activities in the contralateral control arteries

irrespective of the time after denervation (Table 5.2). Pooling the

data from different days (+g + 96 + I92 h, or 96 + 192 h) in order to

increase the number of paired comparisons also failed to reveal a

singificant effect of chronic denervation on C0MT activity. Surprisingly,

the COMT activities of some of the control arteries differed in that

the activities at 48 h were significant'ly less than those at 24 h.

As in the case of ATP, where a similar trend was evident, the reasons

for these differences between the controì activities were not apparent.

The operation procedure seems excluded as a possible cause, since the

activity of COMT in the 48 h contralateral control arteries retnaitted

significant'ly less than the activity in the correspolìding arieries

from sham operated rabbits.



TABLE 5.2

Each value is the mean r SEM for the number of arteries shown in brackets.

Significance refers to p.0.05 (S), P = 0.05-0.1 (N.S.*)
foi the comparison of innervated vs denervated arteries.
were 4.1t0.5 nMoles 0-methylated/60 mins/mgm protein.

Effect of denervation on the activities of C0MT and MAO in the rabbit
ear arterY

Hours after denervation

N)

and
The

> o.os (N.s.)
OMT activities

p

c
wh
in

en estjmated by the paired t-test
arteries from 4 untreated rabbits

COMT

(nMoles of 0 methylated
product/ 60mi ns )/mgm
protei n

MAO

(nMoles Tyr. Deaminated/
60 mins)/mgm protein

Enzyme

I nnervated

Denervated

, Denerv
/" TnneF

Sì gn'if i cance

Innervated

Denervated

o, Denerv
' innerv

Si gni fi cance

T'issue
I nnervati on

6.5t1 .3
(5)

6.611 .3
(5)

105t 1 1

N.S.

22BtI6
(4)

230¡26
(4)

103t1 5

N.S

24

2.5t0.4
(6)

2.6t5
(6)

103t 17

N.S

I82tI2
(5)

170r10
(5)

94t3
*

N.S.

48

4.9t0.9
(5)

5.9t0.9
(5)

85t11

48(sham)

4. 0t0. 5
(4)

4 . 1t0.8
(4)

108t28

N.S

240t28
(5)

220t28
(5)

91t4
*

N.S

96

3.0r0. 5
(6)

2.6t0 .4
(6)

87 tl4

N. S.

194t22
(5)

172tL4
(5)

9I!4
*

N.S.

192
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4. MAO: The activity of MAO 'in the innervated arteries was much

greater, and the varjat'ion between arteries less, than the correspondìng

COMT act'ivìty. The mean MAO actìvìty (t SE) in 16 innervated arteries

was 210 t 10 nMole of tyramine metabolised/mg protein/h. The activìties

of the varjous control arteries d'id not differ signifìcantly at djfferent

tjmes after denervation, unlike the COMT activities. However, the MAO

activities of the denervated arteries at 48, 96, and I92 h after

denervation were consistently less than the activ'ities of thejr

contralateral control arteries (Table 5.2). Although the djfferences

approached, but did not attain, the p = 0.05 level of signifìcance'

companisons between the pooled actjvities of all denervated arteries

at and after 48 h, and their corresponding contralateral controls

using the pa'ired t-test, revealed a hjghly signìficant difference

(p < 0.01, n = 15). The difference was also highly significant when

the 96 and L92 h values alone were combined (p . 0.01, n = 10). The

percentage changes in MAO activity fo1ìowing denervation, together with

those of CQMT activity and the changes in NA and ATP contents, are

summari sed i n F'ig. 5.1 .

DISCUSS I ON

1. NA and ATP:

The results of fluorescent histochemical anaìysis, and of direct

chemical assay indicated partial loss of NA at 24 h, and virtually

compìete loss at 48 h. The time'intervals are comparabìe w'ith those

reported for the cat n'ictitatjng membrane (Van Qrden et aL. 1967),

but greater than that for mouse and rat irides, the latter being 14

and 16 h, respectively (Sachs and Jonsson, 1973). Presumably the
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percentage chanqes shown for ATP, CQMT and MAQ are derived
from data based on four or more observations.
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different tìmes reflected differences in lengths of postganglionic

neurones, as suggested by Sachs and Jonsson (1973).

The NA contents of the innervated arteries (19.5 t 1.3 x 10-9 mole
1 -Ogm-') are greater than those we reported in an earlìer study (5.24 x 10 '

-tmoìe gm-', de la Lande and Head, !967), and by Neill et aL. (1974), but

are of the same order as those reported by Bevan et aL. (tglZ) (17.88
_o _1x 10-'mole gm-'). The lower values in the earìy study of de la Lande

and Head (1967) probably reflect the presence of connect'ive tissue with

the artery, since, as poìnted out in that study, the arteries were not

rigorously cleaned of adhering tissue. However, there remains a

discrepancy between the present values and the lower values reported

by Neilì et aL. (1974), name'ly (+.t - 4.7 x 10-9 mole gm-l).

-6 1
The ATP contents of innervated ear artenies (e.OS x ro mole gm-

are of the same order as those reported for the rat vas deferens (Z.q x

10-6 mole gm-1, hlestfall and Stitzel,1973), but greater than those

for the rabbit aorta (O.g x 10-6 molê gm-l, Needleman and Blehm, 1970).

Following denervation, the ATP content decreased. The maximum

decrease was 32% at 4 days. This is less than the decrease 'in the ATP

content of the rat vas deferens, which ranged between 50 to 80% according

to the technique of denervation. The time course ís also slower than that

of the decrease in the vas deferens, which is maximal at 1 day (Westfall

et aL., 1975).

l,Jestfall and Stitzel (tgZ¡) also noted that the ATP contents tended

to increase after 2 days and that this was associated with an increas.e in
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ATP synthesis. However, in the artery a trend tolards recovery of

the ATP levels was not apparent unt'il 196 h. It is conceivable that

a slower time course of depìetion in the ear artery may have masked

the effect of an increase in synthesis of ATP.

The proportion (32%) of ATP which disappeared after denervation

may have represented either ATP which was present in the nerves or ATP

which was present in the smooth muscle and whose level was controlled in

some way by sympathetic innervation. 0ur data does not d'istinguish

between these possib'ilities. However, it can be calculated that the

above proportion corresponds to an amount of ATP which is vast'ly:n

excess of the 1:4 ratio of ATP to NA in sympathetic nerve vesicles

(Schumann, 1958). Thus the ratio of the contents of ATP to NA which

dìsappear after denervation, namely (400 nmole g-1) to tlR (19 nmole g-1),

respectively, is approximate'ly 20:I, j.e. about 80 fold greater than the

ratio 'in the vesicles. Similar calculations by Westfall et aL. (1975)

'led to the conclusion that the sympathetic nerve vesicles were not the

source of the ATP lost in the rat vas Ceferens following sympathetic

denervation, and cìear'ly the same conclusion can be drawn for the rabbit

ear artery. However, the possìbility that the source, although not

vesicu'lar, is still neuronal , cannot be compìete'ly excluded at thjs stage.

2. COMT and tt1A0:

The activity of COMT in the arteries from untreated rabbits was

low when compared with the activity of MAO, but was greater than the

COMT activ'ity of the same preparation reported by Burnstock et aL. (1972)

(4.3 c.f. L.7 t 1.2 nmoles/h/mg protein). The difference may have been

due to the fact that the homogenates of the artery were dìa'lysed'in

Burnstock's study but not ì n ours.
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The failure of chron'ic denervation to influence the COMT

act'ivity 'ind'icates that a major proportion, if not all, of this

activity is extraneuronal in origin. Sìnce it is poss'ible that the

variation in COMT activity between arteries may have masked a small

contribution of neuronal COMT to the total COMT activìty,'it should

be noted that in subsequent experiments (Chapter 6) chronic denervation

was shown to increase, rather than decrease, the rate of accumulation
?

of 'H normetanephrìne in intact rabbit ear artery segments 'incubated

in uítz,o with 3H t'lA. The latter finding rejnforces the evidence from

this study that C0l4T is ìarge'ly extraneuronal .

In contrast to the act'iv'ity of COMT, the activity of MAO was high,

showed little inter-artery variation, and showed a small but significant

decrease following chron'ic sympathetic denervation. The smalì magnitude

of the decrease (approximate'ly 10%) impìied that the maior part of the

enzyme activity is. extraneuronal in distribution. This finding confjrms

an earlier suggestion (de la Lande et aL., 1970) that failure to detect

neuronal MAO nistochem'icaììy was a reflection of the failure of the

technique to detect small changes aga'inst a background of predominantly

extraneuronal MAO activity. It should be noted that evidence will be

presented subsequently (Chapter 6) showing that dihydroxyphenylglycol

is the major product of deamjnation of NA by MAQ in the ear artery'

and that the concentration of this metabolite ìn the tissue declìnes

markedly after chronic denervatjon. AccordinglY, the assumptìon that

neuronal and not extra neuronal MAO is of major physiological importance

in this artery has received strong support. The small nature of the

decrease in activ'ity following denervation seen in the present study may

simply reflect the possibiljty that the neuronal I'140 and extraneuronal

MAO have similar affin'itjes for tyramine, although not for NA. This
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possib'ijity is supported by recent biochemjcal evidence that, in rat

mesenteric artery, the neuronal MAO has a higher affinity for NA and

for 5-hydroxytryptamine than has the extraneuronal enzyme (Goridìs

and Neff, 1973). Hence analysis of enzyme activ'ities in the intact

artery employ'ing the natural'ly-occurring transmitter NA as substrate

would appear to offer the best prospects for further elucidating

information on the functional roles of C0l4T and MAO in the action of NA.

In consideri ng the sign'if icance of the smal I decrease 'in MAO

activìty, and absence of change in COMT activity, following denervation

obtained'in the present study, it should be noted that the rabbìt

ear artery is densely innervated compared w'ith many sympathetically-

innervated tissues. Based on NA contents reported here, 'its innervation

is comparable with that of the rat mesenteric artery, where NA content

was measured by Berkowitz et aL, (1972). Previously, Jarrott (1971)

had drawn attention to the possibility that the quantitat'ive differences

between the decreases in enzyme activities accompanying denervation

in different tissues may have simpìy r.eflected different densities

of innervat'ion. However, thìs may be an over simp'lifìcation if tlte

data of Goridis and Neff (1973) on the rat mesenteric artery is taken

into account. These workers reported a 63% decrease jn MAO activ'ity

at day 9 after completing 7 days of treatment with 6-0H dopamìne to

effect chemical denervat'ion. Hence it would appear that the proportìon

of neuronal MAO to extra-neuronal MAO djffers markedly in two muscular

arteries possessing about the same degree of denervation. There is one

qualification to this conclusion, nameìy, in another study Berkowitz

et aL. (1972) were unable to detect a decrease in MAO activity in ihe
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same rat artery subjected to sjm'ilar chemical denervat'ion. However,

a decrease in IIA content obtained by the iatter workers was only

about 50%, so that it is conceivable that the chemical denervation

was not very effective in their study. Unfortunateìy, Goridis and

Neff do not report the effect of the treatment on the NA content of

the vessel.

Another possib'le qua'lif ication is that the tìme perìod al lowed

in our study may have been too brief for the decrease in enzyme activity

to be maxìmal. However, it is of jnterest that Armin et aL. (1953),

in their pioneering study on the rabbit vessel, concìuded that

"amino oxidase persists virtually undim'inished in the denervated

central artery" of the rabbit ear. Their conclusion appears supported

by their data for at least the period of 6 weeks after denervation.

After this period, their results are too variable for interpretation;

thus three groups, each of 5-6 rabbits, at 6-7 weeks after denervation

showed an increase of 8%, a decrease of 26%, and a decrease of 63%,

respective'ly. In vjew of the relative]y crude assay method empìoyed

by these workers, there is undoubtedly an argument for reinvestigating

the effects of denervation on the enzyme activities at intervals of

time beyond 8 days, and using the more sensitive methods of measuring

activity developed since their study.
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CHAPTER 6

THE UPTAKE AND METABOLISM OF 3HNA

I NTRODUCT I OI\i

Foìlowing the results of the previous chapLer,'it was decided to

use NA as substrate in the analyses of the neuronal and extraneuronal

di str j b.¡ tions and functions of C0MT and of f'140. Intact segments,

rather than homogenates, of arteries were used so that some of the

relationsh'ips between the activities of the enzymes, and the activities

of the neuronal and extraneuronal uptake systems could be studied.

The uptake systems are of major importance in controlling the access

of the substrate (NA) to the enzymes; their properties, and those of

the enzymes, have been reviewed in the Introduction.

' In the past decade there have been many investigations into the

accumulation and metabolism of NA in a variety of vascular and non-

vascular tissues, including the rat heart (Eisenfe'ld et aL. 1967),

vas deferens (Langer, 1970), cat njctitating membrane (Langer, I970;

Langer et aL. 1972) and the rabbit aorta (Levin, 1973). In these

studies segments of these tissues were jncubated with h'igh specific
a

activity 3HNA and the contents of 3H¡lR and its 3H metabolites were

measured in the 3H material diffusing from the tissue or present'in the

tissue. The major metabolites which were identified were NMN' VMA'

MOPEG, DOPEG, and DOMA.
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In the present study, the metabolites present in the artery

segments whìch had been incubated with dl3HNA ".r. first identified,

and theìr relat'ive proportions were measured in untreated arteries, and

in cocaine and chronically denervated arteries. In this way, the extent

of the'ir neuronal origin was determined. The identity and proportions

of the metabolites which effluxed into the incubatjon medium, and

ìnto the wash flu'ids after bath washout of the 3HNA, were also examined.

Some of the efflux studies were carried out under cond'it'ions where

both neuronal and extraneuronal re-uptake of the diffusing 3HNA *u,

prevented. This chapter also includes data on the effects of COMT and of

MAO inhibition on the metabol ite distributions.

It should be pointed out that the study is incomplete in certain

respects. This was because unexpected difficulties were encountered

both wjth the purity of the labelled NA and with the efficiency of

the chromatographìc separation procedures used. The probìems of

methodology have been already outl'ined'in Chapter 4 and will be referred

to incidentally'in the Results section. The probìem of the purity of

the labelled NA is presented in an appendix (Appendix 2).

METHODS

Artery segments, weigh'ing between 10 and 35 mg, were incubated

for 60 minutes at 37oC in Krebs solution gassed with 95% 0r- 5% C}Z,

after whjch they were further incubated for 30 ¡ninutes with Krebs

solution containìng dl3HNA (1.2 umol l-1). The arteries were then

washed with NA-free Krebs solutjon for one minute, after which they
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brere placed in 1.0 ml of HCI (100 mmol l-1) conta'ining EDTA (22 vnol

l-1 at 4oC for 24 hours in order to extract the 3H compounds. The

acid extracts, and also the incubation med'ium, were analysed for 3HNA

and the individual metabolites by one of the four methods described in

Chapter 4. For ease of presentation, the methods will be referred to

in this chapter as follows:

Paper chromatography Method I

Adsorpt'ion on al umi na fol I owed by col umn

chromatography on Dowex-SO Method II
Column chromatography on Dowex-50 followed

by adsorption on al um'ina Method I I I

Thin layer chromatography on sodium borate-

impregnated si l'ica ge'l pl ates Method IV

0ther procedures:

Nerve stimu'lation One group of experiments were carried out in

collaboration with another Ph.D. student, D.A.S. Parker, in these

laboratories. Mr. Parker was investigating the effect of drugs on
?

the release of'H from the artery'in response to nerve stimulation.

The present author examined the composition of some of the effluxes

from these arteries. The experimental setup which he used was as follows:

The artery segment was cannulated at its proximaì and distal ends

and perfused jntralum'inally at a rate of 0.30 ml min-l wìth Krebs

solution. The adventitial surface was bathed in 2 ml of Krebs solution.

The arteires were incubated with extraluminal ¿l3H¡lR (0.6 umol l-1)

for one hour, after which they were washed for a further hour wjtfr 3HttR-

free Krebs solution both intraluminal'ly and extralumina'|1y. Extraluminal

bathing solutions were then collected for two successive 8-mjnute
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intervals and the compos'itìon of the 3H material in these solutions

were analysed by Method III. During the first 4 minutes of the second

8-minute period, the artery was stimulated at a rate of 5 Hz for 4

minutes by means of platinum electrodes, one inserted'in the luminal

infìow to the artery, and the other in the extralumjnal bathing medium.

Care was taken to ensure that the electrode in the extraluminal bathing

medium was the anode so that cathodic oxidation of the released 3HNA

did not occur (Append'ix 3).

Chronic denervat'ion: Arteries were denervated 7 to 14 days prior

to removal by the procedure outlined in the general methods chapter

(Chapter 2).

Qlgg_lfgglUgl!: Drugs which were always added to the incubation

medium 15 minutes prior to addìng the 3HNA.o*prised cocaine, U0521,

and deoxycortjcosterone acetate (DOCA). Nialamjde was always added

at least 40 minutes prior to the NA. PBZ was also used in some experiments

and its use is referred to 'in the Results.

Ygfi¡!]ql:, Variations of the above conditions are described in

the relevant section of the Results.

RESULTS

31. Total H

The relative tissue contents of 3H during 30 minutes of incubation

with dl3HNA under identical cond'itions are summarised in Table 6.1.

This Table summarìses the pooled data from the experiments carried out

with dl3HNA d.r.r'ibed in the following pagesr. The results show that
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the tritium was accumulated approx'imately six fold above the levels

to be expected'if the 3H *... simply d'istributed through the tissue

water. The results also ind'icate that chronjc sympathet'ic denervation

or incubation with cocaine decreased the tissue levels of 3H by

approximately 66%, while PBZ caused a decrease of 90%.

Inhibition of l'140 by nialamide tended to'increase, where jnhibition

of C0lt{T by U0521 tended to decrease the accumulation of 3H; neither

tendency was sìgnificant.

These results suggested that the maior proportion - approximately
a

B0%, of the "H was sympathetic neuro¡lal in orig'in, so that the extra-

neuronal proportion constituted approximately 20% of the accumulated 3H.

TABLE 6.1

Accumulation of 3H (expressed as NA nmole g-1

i n arteri es i ncubated wi th ¿l 3Ht'tR

)

Cocai ne
+

Treatment Nil Cocaine Denervn Denervn

PB7
+

PBZ Denervh Nial. U0521

3Conc. H 8.23
t0.59

2.85
t0.41

I

2.30
t0.38

13

I .34
t0.36

0.77
t0. 11

0.62
t0. 10

8.60
t1 .05

6.46
r0.43

N 27 89 I 5 5

Footnote:

1. The data refers to the 3H u..urrlatìon in the artery after incubating

for 30 min with 3HltR t.2 umol.-l ì-1 and washing for one minute. All

changes produced by these treatments t{ere si gnjf i cant (p . 0.05 ) usi ng

an unpaired t-test, with the exception of those produced by \íaìar'lide

and U0521.
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2. l-letabol i tes i n the ti ssue

The main metabolite fractions in arteries incubated with dl3HNA

were identified using paper chromatography (Uetfro¿ t). In these

experiments 6 artery segments were incubated with dl3Ht'lR (S.0 umol l-1,

2.6 curìes mmol-l) to.15 minutes, washed for 30 seconds with amine-

free Krebs solution, and then washed for a further 15 minutes prìor

to assay of the tissue, and of the wash fluid. A typica'l chromatogram

is shown in Fìg.6.1, and the results are summarised in Fig.6.2.

They indicated that 59% of the label extracted from the chromatogram

of the tissue extract *ur 3HNA, 
15% was in the fract'ion (DOMA + DOPEG),

4.6% was NMN, and 4.5% in the fraction (VlulR + MQPEG). In the wash

fluids, the percentages of NA, (oOun + DQPEG), NMN and (V¡lR + MOPEG)

were 30, 22, 11 and 12% respectiveìy.

In subsequent experiments, the three further separat'ion procedures

described in the Methods were used in an attempt to achieve better

resolution and quantitation of each of the individual metabolites,

The three procedures were : (a) alumina ad:orption followed by Dower-50

column chromatography (Method II); (b) Dowex-50 column chromatography

followed by aìumjna adsorptìon (Method III); and (c) thin layer

chromatography on sodium borate-impregnated silica geì plates.

The artery segments were treated identjcally, name'ly, the segment

was incubated with dl3Hnn (1.2 umol l-1) to" 30 minutes followed by a

one minute wash. The contents of 3H¡¡R and metabolites 'in the tissue,

and in the incubating medium were then determined. The data on the

incubation media are described separately. The results on the tissue

levels are summarised in Table 6.2. Their major features were as follows:
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(1) The proportion of the total 3H uptake which was identified
a

as'HNA pìus metabolites varied fronl 100% for Method Iì to 60% for

Method IV. The lower value for the latter method may be a reflection

of the fact that the major proportion of 3H i, in the combined fraction
3Ht'¡A * 3HoONR. 

S'i nce thi s f racti on cannot be quanti tated wi th the

precision of the remain'ing fract'ions, the simpì'ifying assumption of

100% recovery was appìied to its estimate.

(2) The methods are ín reasonab'le agreeme¡t that 3HNA is the

major component of the 3H uptake, representing between 80% and 87% of

the latter v¡hen estimated from the sum of the identified fractions.

(3) There is also good agreement between the methods that 3H

DOPEG is the next major component of the summed uptake of 3H (5.9 - 7.7%)

and this is followed Uy 3H 
DOMA ( 2.8 - 2.g%), and the combined fract'ion

3H l"lopre and 3H vMA ( 2.r - 3.2%). The anaìyses by Method IV shows

that VMA predom'inates in the latter combined fraction. In contrast,

the values for 3H ¡ll,ltt show a very wide spread, from 2 to 8.8% of the
)

summed'H uptake. As discussed in Chapter 4, there is evidence that

Method II probably overestìmated NMN due to crossover from the 3Hit¡A

fraction. (The evidence emerged when the method was app'lìed to the

incubates, where the background concentration of 3HNA ugu'inst which the

separation from 3H nUU occurs is very much greater than in the tissue

extract). The lower values of NMN (Method IV) cannot be attributed

simply to an underestimate of 3H 
¡ttutN by this method because it will be

shown later (Chapter 9) that this estjmate is quantitatjve with this

procedure.



TABLE 6.2

Tissue contents of 3HNA and metabolites (in nmol g -1) estímated

by different methods

Method n 3H 
NA

iI 6 6.4

r1 .5

(80%)

4.2

t0.39

(83%)

H NMN

0.7r
t0.24

( B.B%)

0.25

r0.04

(5%)

H MOPEG

0 .03

t0.01

(0.7%)

0. 53

t0.06

(6.6%)

0.24

t0.06

(2.e%)

TOTAL*
3¡1

8.04

5 .05

4.93

MEASU

TOTAL

8.0

t1.6

6.55

t0.72

8.16

t0.52

3 3 3H VMA

0.17 t 0.04

(2.1%)

3
H DOPEG H DOMA

3 RED
3¡1

co
r.0

III 11

IV

0.16 t 0.05 0. 30

t0.07

(5.s%)

0.38

t0. 11

(7 .7%)

0.14

t0. 03

(2.8%)(3.2%)

7 4.3

t0. 51

(87%)

0.10

r0.02

(2%)

0.11

t0.04

(r.B%)

*Totrl 
,3H is the sum of each of the fractions.
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3. Effect of enzyme inhibition

Four arteries were incubated with dl3HtlR (1.2 umol l-1) in the

presence of the COMT inhibitor, U0521 (55 umol l-1) to" 30 minutes.

A further four were preincubated w'ith the MAO inhibitor, nialamide

(350 umol i-1) tor 45 minutes and washed jn amine-free Krebs solutjon

for a further 15 mjnutes before incubat'ion with dl3Hrun (1.2 umol l-1)

for 30 minutes. The tissue levels of 3HNA and the 3H metabolites were

anaìysed by Method III (Dowex * alumina).

The results (Fis. 6.3) showed that c0MT inhjbit'ion markedly

decreased the tissue content of 3H 
l,tMtt (60%), but d'id not produce the

anticipated decrease in the content of the (VNR + MOPEG) fraction.

The content of 3H 
D0PEG *u, increased although not sìgnificant'ly; the

level of 3Ht'lA was unaffected.

In contrast, nialam'ide did not produce a significant decrease in

the contents of the deaminated metabolìtes, rpr did it s'ignificantly increase the

content of NMN. This was surpris'ing in view of evidence subsequently

presented that nialamide markedly decreased the levels of the deaminated

metabolites in the incubating medium in associatjon with an increase in

NMN. However, in the present experiments, nialamide did cause a marked

increase in the contents of 3H¡¡A in the tissue (Fig. 6.4). The increase

u'ras sign'ificant.

(Note: although jt was tempting to attribute the lack of effect of

nialamide on the deaminated metabolites to a defect of the method used

to separate the metabolites (l4ethod III), it will be noted from other

results presented in this chapter (faUte 6.5) that the same method

indicated a profound effect of nialamjde on the levels of the deamÍnated

metabolites which effluxed from the tíssue afte" 3Ht'lA bath washout).
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4. Effect of druqs and denervation

The effects of cocaine, chronic denervation, and phenoxybenzamìne

were examined on the contents of 3HNA and of the 3H metabolites in

arteries after incubation with dl3HtlR (1.2 umol l-1) tor 30 minutes

as described in Methods. The column chromatographìc methods (II and

III) were used. The results by both methods (Method II Fì9. 6.5,

Method III Figs. 6.3 and 6.4) showed essentially sìmjlar lrends, in

that denervation caused a large and significant decrease in the tissue

content ot 3HtrlA (Netfro¿ II , 78%; Method III , B4%), 3H D0PEG (Method I I ,

87%; Method III,87%) and 3H 
D0MA (Method I,46%; Method II,4I%).

Denervation also caused a s'ign'ificant increase in the tissue contents

of 3H 
NMN (Method I, l3%; Method TI,76%). These results were'interpreted

to mean that the major proport'ion of ttre 3HftR which accumulated in this

artery was in the sympathetjc nerves. The decrease in catechol deaminated

but not 3-0 methylated metabolites was viewed as evidence for a neuronal

origin of the former metabolite fraction and an extraneuronal origin of

the latter fraction. Supporting evidence was prov'ided by experiments

on the effects of cocaìne (30 umol l-1). The results by the two methods

showed good agreement, in that cocaine, like denervation, reduced the

tissue contents ot 3HNA (Netnod rr,71%; Method III,64%), 3H 
DOMA

(Netho¿ rl, Gg%; Method rrr, 7o%) and 3H D0PEG (¡'tetno¿ rr, 87%, Method

lll,7g%). However, the effects of cocaine on the 3H 
NMN contents were

not in agreement in that the Method II series indicated that coca'ine was

without effect on the 3H trll,ltl contents of arteries, whereas the Method

III experiments (F'ig. 6.3) showed that cocaine, like denervation,

significantìy increased (by 86%) the 3H 
NMN contents of the arteries.

This latter finding was viewed as more reliable in view of the evidence

advanced earlier that Method II may have overest'imated the contents of
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NMN. An unexpected result was that with both methods cocaine

significantly reduced (65% and 79%) the 3HtlA contents of denervated

arteries (Figs. 6.4, 6.5), 'i.e. it appeared that some neuronal

accumul ati on of 3Htt¡A pers i sted i n the denervated arteri es , suggesti ng

that denervation may not have been complete.

The effects of PBZ (33 umol l-1) was studjed in view of evidence

(Iversen and Langer,1969) that PBZ'inhìbits both the neuronal and

extraneuronal uptakes of NA. In these expeniments, the PBZ was added

to the incubating medium 30 minutes prior to the 3HNA and was present

during the incubation. The results of the experiments (Figs. 6.3, 6.4

and 6.5) showed that PBZ, l'ike cocaine and denervation, reduced the

3HNA contents of the arteries. However, unìike cocaine and denervation

PBZ deo eased the contents of both the 3H catechol deaminated and 3-0

methy'l metabolites. It djd not further reduce the accumulation of
3Ht'tR in denervated arteries (f igs . 6.4 and 6.5). The estimate of the

3HNA content of the arteries incubated in the presence of PBZ, obtainecl

by pool'ing the data from both series of experìments was 0.42 nmol gm

The estimate for the PBZ+ denervated arteries was 0.'32 nmol gm-1 and

for the cocaine + denervated arteries was 0.48 nmol gm-l. These

di f ferences lvere not si gn'if i cant . Assumi ng that PBZ i nhi b'its both

extraneuronal and neuronal accumulat'ion of 3HNA, the absence of a

sign'ificant difference between the content of 3HtlR in the denervated

1

arterjes and in denervated pìus PBZ-treated arteries (Fig. 6.4) suggests

that under our conditions of est'imatìon there is no appreciable extra-

neuronal accumulation of 3H¡lA in thjs tissue. However, PBZ reduced the

content of all the metabolites in the denervated arteries to levels

approaching the limits of the assays. This suggested that the sources
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of the small proportion of the catechol deaminated metabolites

present after denervation bJere extraneuronal but intracellular in

origin. The dramatic decrease'in the high concentration of NMN in the

denervated arteries was consistent with the intracellular formation

of the Nl'lN by extraneuronal COMT.

5. Incubatin medi um

Method II did not give meaningful results when appìied to each of

the incubating medium of s'ix arterjes. In each,.case the radioactivity

in the NMN and DOPEG fractions in the control solutions (Krebs
a

containing dlrHNA incubated at 37oC without the tissue) was of the

same order or even exceeded that of the activity in test solutions

(i.e. solutions incubated w'ith the arteries). A simiìar probìem was

encountered in some but not alì subsequent experiments when Method III
was emp'loyed instead of Method II. (It became apparent at a later stage

that the problem was not entirely methodoìogical but was compounded

by impurity of the isotope). However sufficient results were achieved

with Method III on incubatìng media to enable a meaningful comparison

with results obtained by Method IV. These media were the solutions
? 1.

containing dì"HNn 11.2 umole l-') in which the arteries had been

incubated for 30 minutes. The results of four experiments are summarized

in Table 6.3 from which it will be seen that both methods show reasonable

agreement with respect to the proportions of DOPEG and NMN. The greatest

difference is in the est'imation of the VMA + MOPEG fraction, which was

approximately five fold greater by Method III than by l4ethod IV. In

view of subsequent evidence that the (V¡'tR + MOPEG) fract'ion in wash

solutions of arteries is less sensitive to the enzyme ìnhibitors as

estimated by Method III than when estimated by Method IV, the present
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TABLE 6.3

Individuat contents of metabolites (nmol g

estimated by Method III and Method IV

1
)

METABOLITE METHOD III METHOD IV

NMN

0.214

0.243

0.009

0.762

0.157 t 0.06

0.tL2
0. 175

0. 138

0. 120

0.136 t 0.02

DOPEG

1.45

0.92

0.2L

0.29

0.72 t 0.34

1.52

I .05

0.44

0.64

0.91 r 0.28

VMA + MOPEG

2.20

1 .80

0. s6

0. 86

1.35 t 0.45

0.31

0.33

0.27

0.2s

0.27 t 0.03
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results obtained for that fraction by Method IV were assumed to be

more reliable. The relative amounts and proportions of the metabolites

in the medium as compared with the tissue based on analyses of a further

5 incubat'ing media and 7 tissues, were as set out in Table 6.4.

TABLE 6.4

Contents of metabol i tes (nmo1 g -1) of 3HltA i n

arteries and incubation media

n DOPEG DOMA VMA MOPEG NMN

Medi um

Ti ssue

9

7

2.4t0.75

0.38r0. 11

0.16t0.11

0. 1410 . 03

0.0910.02

0. 11t0. 04

0. 3110. 05

0.0310. 01

0.3210.08

0. 10t0.02

Total 2.78 0.30 0.20 0. 34 0.42

Rati o Med i um

I ì ssue
0.82 10. 36.3 1.1 3.2

Relative proportion of
the total metabolites

Medium 73%

Tissue 50/"

4.9%

t8%

2.71"

t4%

9.4%

4%

9.8%

t3%

The main features are that D0PEG 'is outstandingly the major metabolite

in both the tissue (50%) and the medium (73%). Whereas the deaminated acids

DQMA and VMA are next in importance in the tissue, the reverse situation

applies to the medium, where the O-methyìated metabolites NMN and MOPEG

are next in importance.

The effects of inhibitors of MAO and of COMT on the composition of the

medium was determined in a separate series of experiments in which the

efflux of metabolites was also examjned. In these experiments, the
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concentratìon of ¿l3Ht'lR was sl 'ightly I ess (0.9 unol ì 
-1) an¿ the perì od

of incubation was 60 instead of 30 minutes. (Djfferent conditions were

uied in order to match those in a separate study in these laboratorìes

by D.A.S. Parker on the factors influencing stimuìation-induced efflux

of transmitter from sympathetic nerves). Four arteries were untreated,

four were pretreated with nialamìde 330 umol l-1 for 45 minutes, and four

were treated with U0521 55 umol l-1 (tfie latter present before and during

incubation, as vrell as in the wash fluids). The results are summarised

in Fig. 6.6.

As with the shorter period of incubation, DOPEG was the predom'inant

metabolite, representing 66% of the total metabol'ites; and MOPEG and NMN

were present in much smaller proportions (6 and 9% respectively). However,

the proportion of VMA (16%) appeared disproportionately much higherin

the one hout'than in the 30 minute incubate (Fig. 6.6; c.f. Table 6.4).

Nialamide-treatment decreased the accumulat'ion of DOPEG, MOPEG,

and VMA each by more than 90%, and at the same tìme increased the

accumulation of NMN by a factor of 2.8.

U0521 decreased the accumulat'ions of Nl'lN and of MOPEG in the

incubation media each by more than 90%. The decrease in VMA was smaller

(40%). The level of DOPEG jn the medium was greater in the U052l-treated

arteries but the increase was not sìgn'ificant (see footnote, Fig. 6.6).

The above effects of the enzyme inhibitors were cons'istent with the

expected roles of l''lA0 in the formatìon of the deaminated metabolites, and

with the anticipated role of COMT in the formation of both NMN, and the

remain'ing 0-methylated metabolites. The on'ly quaìificatjon being that
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I

the levels of VMA in the medium may have been overest'imated because

the C0MT inhibitor d'id not eliminate this fraction.

6. Effl ux

Inlfgdgglgly-!g!g: Ef f I ux of 3H tol 'lowi ng NA washout was stud'ied

under conditions where both neuronal and extraneuronal uptake tvere inh'ibited.

For the latter purpose, PBZ 33 umol l-1 was added to the Krebs solut'ion

immediateìy after bath washout of the incubated 3tlnn. Two series of

experìments were carried out. The first series were carried out in

co-operation with D.A.S. Parker, who was examining the effects of drugs,

including PBZ, on the stimulated efflux from arteries approximate'ly one

hour after their incubation with dl3Hl'tR (0.6 umol l-1) an¿ 1NA (0.3 umol
I

ì-'). The present author took the opportunity of anaìysing the rest'ing

and stimulated effluxes from those arteries. It seemed that th'is would

provide a further test of the neuronal origin of the DOPEG, and in

particular whether it was formed from 3HNA after the latter had been

taken up and stored in neuronal vesicles. It provided also a further

opportunity of testing whether any of the 0-methy'lated derivatjves were

of neuronal origin.

For these experiments two arterjes from each of four rabbits were

cannulated and incubated for one hour with dl3H¡lR (0.9 umol l-1) in small

organ baths. To one of these arteries cocaine 30 umol l-1 was present

during incubation. At the end of one hour, both incubating med'ia were

removed and repìaced witt¡ 3H free Krebs solutions containing PBZ (33 umol
1l-') and the arteries were also perfused intralum'inally at a rate of

0.25 ml min-l with the latter solution. The external bathing med'ium was

rep'laced 3 times at 20 minute intervals. After this time, two lots of

bathing medium which had been in contact with the artery for two successive
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periods of 8 minutes were removed and analysed for metaboljtes. These

samples are described as "rest'ing effìux". During the following 4

minutes the artery was stimulated electrica'lly by means of periarterial

platinum electrodes at 5 Hz for 4.0 minutes, and after a further 4 minutes,

the bathing medium was analysed by method III (column chromatography on

Dower 50 followed by alum'ina adsorption), the efflux of 3H in thjs

solution is referred to as the "stimulated efflux".

The results on the 4 pairs of arteries are shown in Fì9. 6.7 where

the fol I orvi ng f eatures are evi dent, name'ly:

(1) The resting eff'lux consisted (ín descending order) of

DoPEG (StZ or total), NA (22%) and DOMA (I4%). NMN was not derected.

Surprisingly, there was a sign'ificant proportion of 0-methylated products

(14%); however thjs was probably an overestimate by the method, as

discussed subsequent'ly in thìs sectjon. In the arteries which had been

treated with cocaine, the resting efflux was decreased by 84%, the greatest

decrease being jn the DOPEG and D0l4A fractions (by r 94%). Surprisingly,

there was a signìficant residual efflux of 3HNA: poSSibly representing a

non-neuronal but firmìy bound component of this amine.

(2) In the stjmulated efflr*, 3HNA was the major constìtuent (69%)

The proportions of DOPEG and DOMA were correspondingly decreased below

those in the resting effiux; the absolute rates of efflux of these two

metabolites were also less during st'imulation and the difference was

significant for DOPEG but not for DOMA. The effluxes of 3H¡lR and the

metabolites (wÍth the possible exception of VMA + MOPEG) did not increase

during stimulation in those arteries previousìy treated wjth cocaine.

These findings províded further evidence of the almost ent'ireìy

neuronal origin of both the catechol deaminated metabolites'in the resting

and stimulated efflux and, furthermore, suggested that their release was

not dependent on the release of NA. This follows from the failure of
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stirnulation to increase the efflux of the metabolite fraction. However,

an unexpected finding was the possìbìe presence of O-methylated

metabolites, as th'is represented the first indication that there was

neuronal COMT in this artery. In view of its significance, it was

decided to repeat portion of the above experiments using the TLC method

(l,tethod IV) for separating metabolites. The opportunity was taken of

using an even ratio (1:1) of the dl form of NA instead of the uneven

ratio (Itr:7, ì:dl) which had been used in the immediately preceding

experiments. To provide a further critical test,-it was decided also

to examine the effects on the composition of the efflux of an inhibitor

of COMT (U0521) and an jnhib'itor of MAO (nialamide).

As in the preceding experjments, the efflux was measured ìn wash

solutions containing PBZ to prevent re-uptake and metabolism of the
a
"HNA occurring after its release from the storage sites within the tissue.

Six arteries were incubated for 60 minutes with dl3Hrun (0.9 umol l-1

10 Ci/mmol) in Krebs solution at 37oC, and were washed for one minute,

followed by two consecutive 30 minute periods. A further eight arteries

were treated identical'ly, with the exception that in four the COMT

inh'ibitor, U0521 (55 umol l-1) was added to the medium 15 minutes prior

to commencing'incubation, and the other four arteries were first pre-

incubated with the MAO inhibitor nialamide (350 umo'l l-1) for 45 minutes,

followed by a 15 minute wash prior to incubation with NA.

The levels of 3HNA and the metabolites were then estimated by TLC

(Method IV), and in some cases, also by co'lumn chromatography (t"letho¿ III).
Method III enabled the levels of DOMA and of NA to be estimated separateìy.

The results of the ana'lysis of wash fluids by the two methods are in

Table 6.5. All the data which was derived from Method IV is presented in
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TABLE 6.5

Contents of 3HttA and metabolites in wash solutions from individual arteries
estimated by Method III and Method IV

Treatment
t^lash period

(mi n) Method NA NMN DOPEG DOMA VMA + MOPIG

0-30 IV
III

r.92
r.29

1 .89
1.50

0. 51
2.04

42
27

0
0 0.18

Nil
30-50 IV

III
0.81
0.66

N.D
N.D

2.25
r.62

0.33
T.T70. 15

0-30 IV
III

0.27
0.27

0. 87
0. 84

1

0 060
05
84

27
.23

0
1

Nit
0. 18
0. 78

23
060.78

1

0
N.D
N.D

54
.-O

0
0

30-60 IV
III

Nial ami de ,
(350 umol l-')

IV
III

0-30 2.79
4.05

0.78
0. 90

N.D.
0. 18 ulo.

N. D.
I.L7

30- 60 IV
III

0. 15
0.36

1 .38
1.59

N. D.
0. 15

N. D.
0.87nlo.

0-30 IV
III

0.75
0.72

I
2 N.D.

N.D
N.D

56
28

N. D.
0.93Nialamide

(350 umol I
1

)
30-60 IV

III
0.78
0. 84

N.D.
0.15

N.D.
0. s4¡r .0.

N.D
N.D

0-30 IV
IIÏ

4.7r
7 .77

N.D.
0.21

0.30
0.30

N. D.
0. 33N. D.Ni al ami de

(350 umol l-r
30-60 IV

III
3.93
4.38

N. D.
0.27

N.D.
0.39N. D.

N. D.
0.27

0- 30 IV
III

3.36
2.5s

N.D.
0. 60

N.D
N.D

1 .65
].89 0.24

u052i
(55 umol l- 1

) 30-60 IV
III

2.88
1 .95

1

0
N.D
N.D N. D.

77
36

N.D
N.D

Footnotes

(i ) Values are metabolite contents (nmol g
1) estimated on portions of

the same wash solution by Methods III and IV from arterìes previous]y

incubated with dl3HruR (0.9 umol t-1).
The contents shown above as NA determ'ined by Method IV refer to NA + DOM

both assumed to be recovered quantitat'ive'ly by this procedure; D0MA is

not estimated by I'lethod IV (-).
N.D. refers to not detectable'

(ii)

(iii)
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Fig. 6.8. The results indicated that the major 3H.otponents of the
3-H efflux during the first 30 minutes were HNA and DOPEG, wiih much

smaller proportions of NMN, M0PEG, D0l4A, and VMA. During the second

30 minutes only 3H 
DOPEG and 3H 

NA were detected in the efflux. The small
a

proportion of 3H 
D0MA meant that the 3H 

NA + 3H 
DOMA fract'ion was almost

entire'ly 3H ttR. The agreement between the two methods was good for all

fractions except MOPEG + VMA, as shown by the ratios of the contents

measured by the two methods, namely 3H tlR 1.06 t 0.1 (n=12),3H oOp¡e

1.88 t 0.6 (n=6), and 3H t'tN¡l 0.94 t 0.17 (n=6). However, as noted

previousìy with the incubates, the level of (M0PEG + VMA) was lower by

the TLC procedure, the ratio being 0.15 t 0.02 (n=4). Hence these

findings ìndicated that the MOPEG + VMA fraction was probably overestimated

by the column chromatographic procedure and suggested that the seemìngly

neuronal orig'in of O-methylated metabolites in the preceding experinrents

was probably an artefact. l4oreover, it was found that formation of M0PEG

and of VMA were each eliminated in the arteries incubated with either

nialamide or U0521 when assayed by TLC, whereas the formation of this

combined friction appeared unaffected when analysed by Method III (Table 6.5).

The efflux of 3tt OOpfe was undiminished during the first and second

30 minute perìods, in contrast to the other 3H.otpornds present. Thus

the efflux of the other major constituent, 3H NA, decìjned slightly

from the first to the second 30 minutes, while the remaining metabolites

13tt tltltl,3H MOPEG,3H VMA) declined to undetectable levels during the

second 30 minutes.

The efflux from the C0l'1T inhibited arteries differed onìy in that

it did not conta'in any of the 3H-0-methylated components durjng the first

30 minutes. It did not lead to an increase'in the level of the catechol

deami nated metabol i tes .
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The pattern of the efflux was affected to a greater degree by l4A0

inh'ibition. The effluxes of 3H oopre,3H DOMA,3H MoPEG, and 3H 
vMA

were eliminated. This was associated w'ith a marked increase in the

efflux of 3H 
NA during the first 30 minutes. The efflux ot 3H 

NMN was

also increased, although, in absolute amounts, 3H 
NMN still represented

only 16% of the total efflux of 3H. A trace of 3H 
NNN (6% of total 3H)

was also detected 'in the second 30 minute efflux.

The results were entirely consistent wíth the preceding evidence

for a purely neuronal orìgin of 3H D0PEG, but provided evidence against

the presence of C0MT activ'ity in the sympathetic nerves in this tissue.

Otherwìse it was difficult to expìain the fact that the 3H 
DOPEG efflux

was well susta'ined over both the first and second 30 minute periods,

and the fact that when efflux of 3H 
DOPEG was elimjnated by MAO inhibj.tion,

it was rep'laced by an increase in 3H 
NA rather than an increase in 3H 

tltttN

effl ux.

The nialamide treatment was also associated with an increase in the

contents of 3H rema'inìng in the tissue after the 60 minute wash.

Fractionation showed that thir 3H *u, entirely Ûre (3H NA * 3H 
DOMA)

fraction. Its neuronal location was not tested, but can be assumed, in

view of the evidence presented in the next section, that 9I% of the tissue

stores of 3H remaining after a 30 minute wash of arteries which had been

prev'iousìy incubated with t3H NA 1 umol l-1 was eliminated by cocaine

-130 umol I '.
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From the preceding efflux data an estimate was made of the

contents of 3HNA and metabolites remaining in the tislle after a one

minute wash. This was done by adding the total efflux during the 60

minutes washing to the content remaining in the tissue at the end of

thìs period. The latter was shown to be ent'irely the 3H¡lA + D0MA

fraction. The results are shown d'iagrammatically in Fì9.6.9. It
will be noted that the proportion of 3H OOpfe ir¡ the total sum of

(3H DONR + 3Hnn) plus metabolites, when estìmated from the efflux

data is cons'iderably greater than the proportion *h.n actual ìy measured

in the experiments described earlier (tabl e 6.2 or Fig. 6.3). Assum'ing

that the propcrtion of the metabolites in the tissue after a 30 minute

period of incubation is similar to the proportjon after a 60 minute

period of incubation (not measured jn these experiments), the djfference

between the proport'ions of DOPEG is consistent with the persistence of

intracel lular deamination after bath washout of tfre 3H¡tR. Such a

persistence is readily expìained by the exposure of the 3HNA to

neuronal MAO as tfre 3HtrlR leaks from its vesicular storage sites into

the cytoplasm of the sympathetic nerve.

7. Stereospecìficity

In all the precedìng studies, on'ly ¿l3H¡tR was used as substrate.

At a later stage of the study, the laevo form of 3HNA b..ume available

from Amersham in a state of sufficient purity to permit a limited number

of observations on its uptake and metaboJism in the artery. Seven

artery segments were incubated with l3Hnn (1.2 umol l-1) for 30 minutes

followed by a one mjnute wash. The metabolites were separated by the

TLC procedure (Method IV). Fig. 6.10 presents a comparison between the

results obta'ined with I3HNA as substrate and the earlier results obtained
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v,,i th dl3HNA under i dentì cal condi'ti ons . The compari son

suggests that the arteries incubated with the laevo isomer

accumulate more 3H oOpre in the medium and less of the

fraction (3Hnn + 3uoO¡lR) in the tissue than is the case with

arterìes'incubated with the ¿l3HttR. These differences between

the two isomers were significant for 3HnA nut the increase in

DOPEG in the media failed to achieve significance. It is

of interest that the measured accumulation of 3H 
"u, ìess in

the case of the arteries incubated with the l3ttnR than in the

arteries incubated with dl3tt¡tR (6.4 c.f. 8.2 nmol g-1 3Hrun

equiva'lent, respectively). These were paíred arteries; a

paired t-test showed that the difference was significant.

Two further studies v,,ere carried out with the ì3HNA to

examine the effects of inhibition of neuronai uptake (using

cocaine), and of extraneuronal uptake (using deoxycorticosterone

acetate - DOCA) on the efflux and tissue contents of 3H. The

composition of the 3H material was not anaìysed in these

experiments. In both series of experiments, the artery segments

were incubated under conditions identical to those described

earlier, i.e. a 30 minute period of incubation with a substrate

concentration of 1.2 umol l-1. The arteries were then washed

with 3Hl',¡A-free Krebs solution for 31 minutes, during which the

wash solutions were replaced after the first minute and the

l6th minute. The 3H material remaining Ín the arteries after
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31 minutes was then determined. The results are summarised

in Table 6.6.

The experiments with cocaine indicated that it produced

a decrease in the accumulation of 3H (78%), which is somewhat

greater than that shown earlier when the dl3HNA uvu, used as

substrate (66%, Table 6.1). These are based- on the tissue

contents after a one minute wash. These experiments also

revealed that the decrease by cocaine bras manifested during

the first and second 15 minute wash periods, but not during

the first one minute wash. In the course of this series of

experiments, comparisons u,ere also made between two substrate

concentrations (t3HruR 0.16 and 1.2 umol l-1) an¿ two drug

concentrations (cocaine 3.0 and 30 umol l-1). The main

difference between the various treatments was the tendency of

cocaine to decrease the efflux durjng the first 15 minutes only

at the higher concentration of 3HNA (1.2 umol l-1).

One qualification to the result obtained in the experitnents

on cocaine was the occurrence of extremely high vaìues for

the accuntulation of 3H in two of the untreated arteries used

as controls for the cocaine-treated arteries. Exc'luding

the one minute wash values, the accumulations amounted to

17.9 and 19.9 nmol g-1 ot 3Ht',tA equivalence. These values





11 5.

contrasted with the mean values of 6.3 t 0.9 (n=7) obtajned in the

first serjes of expeniments described in this sectionrwith the values

of 7.0 t 0.54 (n=4) obtained in the DOCA experiments, and with the

individual values of 3H accumulation of 6.3,7.1 and 10.8 obtained

in the remaining untreated segments used in the cocaine experirnents.

The experiments with DOCA fajled to reveal a s'ignìficant effect

on the effluxes during any stage of the wash period, or on the residual
3H content of the tissue. This fìnding contrasted wjth the marked

effect of coca'ine and again indicated that extraneuronal uptake and

inactivat'ion 'is of minor importance compared with the neuronal

mechanism in this tissue.

The efflux of 3H during the one minute wash was estimated in

these experiments by multjp'lying the 50 second efflux from the perìod

10 seconds to 60 seconds by a factor of 1.2. The measured efflux

during the first 10 seconds was not included owìng to the probab'le
2

presence of 'H from the incubating medìum. Excluding the values from

the cocaine-series of experiments, the values in 8 arteries where the

one minute efflux was determined amounted to 0.49 t 0.03 nmol g-1 3HttR

equivaìence (n=8). These vaiues corresponded to a mean percentage of

7.2 t 0.72% of the total measured accumulation of 3H in the arteries.

The relativeìy smaller standard error of the absolute values compared

with the percentage values suggests that this efflux, or part of this

efflux at ìeast, 'is independent on the preceding accumulated efflux.

This suggestion is in accord wjth the probabi'lÍty that the one minute

efflux consists primariìy of the components of 3Hl'tA which is distributed

in the extracellular compartment at the conclusion of incubation, and
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which efflux rapidly'immediateìy the 3UNA is washed from the incubating

medium. If the specific gravity of the artery is assumed to be one'

this efflux corresponded ta 41.% of the 3HNA.on.entration'in the

incubating medium.

The size of the extracellular compartment was not determined in

the present series of experiments. However, the concentraticn of 14C

sorbitol which was present'in the tissue following a one mjnute wash

was determined'in four artery segments which had been incubated with

14C sorbitol (8.i umol l-1) tor 30 minutes. Assuming that the specìfic

gravìty of the artery was 1.0, the concentration of sorbitol corresponded

to a compartment size of 0.06 t 0.005 nmol q-1(n=4).Such a compartment

would account for 0.075 t 0.01 nmol g-1 of 3ut'lR. It has been noted

earlier in this chapter that the res'idual 3HNA..*uining in the tissues

after some treatments approached this value, for examp'le, the contents

of 3U¡lA in 6 of the 7 denervated plus cocaine treated arteries included

in Figures 6.2 and 6.3 ranged between 0.11 and 0.24 nmol g-1.

DI SCUSSI ON

1 . ol3H¡lR

Aìthough there are quantitative differences between the results of

the different separative procedures, all agree that the major proportion

(BO-87%) of the 3l.l nraterial which accumulated 'in the artery durìng

incubat'ion was unchanged 3U¡lR. That the artery has accumulated the

amine aga'inst a concenti'at'ion grad'ient js evident from the relative

concentrations of unchanged amine jn the artery and medium (4,2-6.4 nmol g

cf. 1.2 nmol ml-1). S'ince the concentration of amine in the tissue was

I
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determjned after a one minute wash, it is probabìe that very'little of

the am'ine is present in the extracellular compartment. The latter is

approx'imately 0.6 ml per granì in this artery, so that the maximum

contribution which might be expected from this source to the total

tissue content is 0.6 x 1.2 nnlol g-1 of the artery. As jt will be

shown in Chapter B, more than B0% of the sorbitol space in the artery
, ^141S cteareo or C sorb'itol 'in one minute, and the residual sorb'itol

after one minute corresponds to a concentration of NA in the tissue of
_1

0.075 nmol g'. Hence the tjssue content of 3HNA..p.esents 
an

accumulation of the amine which is (a) approximate'ly 3 fold greater

than can be attributed to a uniform d'istribution of the amine in the

tissue in the same concentrations as in the bath'ing medìum; (b)

approximate'ly 6 fold greater than if distributed uniformly in the

extracellular compartment¡ and (c) at least 60 fold greater than the

concentration to be expected to be present in the extracellular compartment

after a one minute wash.

That the major site of accumulation of the NA in the sympathetic

nerves was indrcated by the decrease of 80% or greater in the

accumulation of unchanged amine which occurred during cocaine treatment

or after chronic sympathetic denervatìon of the artery. From this

decrease it can be estimated that the neuronal stores accumula.ted

between 3 and 4 nmol g-1 of the amine. The efflux data on the ¿l3HnR

also gives an indication of the size of the neuronal store, s'ince it was

shown that approximatel y 62% and 30% of the 3H *hich had accumulated in

the artery durì ng i ncubat'ion w'i th dl 3HNA *u, s ti I I present af ter wash ì ng

for 30 minutes and 60 minutes, respect'ively. It is reasonable to assume

that the residual 3H material was almost entirely neuronal, sìnce'it was
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shovrn in the experiments using the laevo isomer of 3HNA that more

than 90% of tissue content of 3H *hich remains after a 30 minute

wash, is decreased by cocaine.

The cocaine or chronic denervation insens'itive 3Hrun *hich is

present in the t'issue is assumed to be contained in or assoc'iated

with extra-neuronal structures. this 3H¡tA amounted to approximateìy

31% of the total unchanged 3HNA *h.n est'imated by Method II for both

cocaine and denervated arteries. By Method III-the estimates were

still approximateìy 30% for coca'ine, but were less (approx'imately 20%)

for chronic denervation. However, in both series of experìments the

residual NA was further (signifìcant'ly) reduced by the two procedures

in combinat'ion so that this residual value (<IO% of total 3H¡¡n) is

probab'ly the best indication of the tjssue content unchanged extra-

neuronal 3HtlR. This content amounted to 0.7 nmol g-1 ny Method II an,l

-10.2 nmol g-' by l4ethod III, and in both cases was not significant'ly

different from the residual values prevaìling in PBZ-treated arteries
_1 -1(0.5 nmol g-'Method II, and 0.3 nmol g-'Method III). The last finding

suggests that this relativeìy small amount of extraneuronal 3HttlR is not

located in the smooth muscle cells. This conclusion follows from

Giìlespie's evídence that PBZ (164 umol l-1) inhibits uptake ot 3HNA

into the smooth muscle cells of the rabbit ear artery (Avakian and Giìlespie

1958). His evidence imp'lìes that the PBZ-insensitive 3HNA must be located

in the artery wall in structures outside the smooth muscle cells and

the sympathetic nerves. Thìr 3H¡lA is not entire'ly due to amine which

has not been washed from the extracellular space, since the latter valuç:

comesponds to only 0.075 nmol g-1 ¡lR. The difference may represent a
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residual contribution from the coìlagen and elastin bound 3HNA

described by Gillespie. The half tjme of efflux from the latter

(t 
" 

0.6-1.8 m'in., Avakian and Gillespie 1968) would not exclude such

a poss'ibi1ity. A more remote possibility is that there may be a

fìrmìy bound extracellular and non-neuronal source of 3Hru4. The

on'ly evidence in support of such a possibil'ity is the observation

(see F'ig. 6.7) that a small but definite efflux of 3Hl'lA *u, detected

one hour after bath washout of 3lt¡tR in arteries-where neuronal uptake
a

of 'HNA during incubat'ion had been'inhibited by cocaine, and in wh'ich

cellular uptake of 3HNA during the washout periocl had been'inhib'ited by

PBl. Although it might be argued that this represents incomplete

blockade of uptake of 3HNA by cocaine, such an argument seems refuted

by the failure of subsequent nerve stimulation to increase the efflux

of thir 3HNA. However it should be'noted that Henselíng et aL. (1976),

in a recent study on the rabbit aorta, found that the firmìy bound 3HNA

in that tjssue appears entirely neuronal (representing vesicular and

cytopìasmic compartments). Perhaps more important is that the validity

of the evidence presented here must be questioned simpìy because the

activity of tne 3H¡lR which was measured in the 8 minute efflux of the

cocajne-treated arteries was close to background.

2. Metabol ism and l4A0

DOPEG appears as the major metabolite both in the tissue and in the

medium during incubation, as well as in the efflux of 3H into the medium

after bath washout of the 3HlltA. Its orìgin from neuronal MAO was

indicated by its virtual eìimination in the tissue by coca'ine or

chronic denervation, and its virtual elimination from both the

incubation medium and from the subsequent 3H etflux by preincubation
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of the artery by nialam'ide. The apparent resistance of the D0PEG

and the other deaminated metabolites in the tissue to n'ialamide

remains puzzling. A possib'le explanation is that the enzyme

was not compìeteìy inhibited, so that metabolites were found in

quantities v¡h'ich were sufficient to a tjssue compartment, but not

to overflow'into the medium. This explanation is not at varjance with

the later observation that the nìalamide treatment eliminated the

appearance of DOPEG in the efflux from arteries-after both washout of

the 3H¡¡A since the latter DOPEG may have been formed from NA after its

binding by vesicles, whereas the tissue DOPEG may have been formed by

a different mechanism, for examp'le, by the actjvity of neuronal MAO

on 3HNA as it was transported into the cytoplasm from the extracellular

medium. l-lowever, a contradiction is posed by the absence of D0PEG in

the 3H material remaining in the artery after a one hour wash period;

clearìy, the latter observation implies that the apparently nialamide-

resistant D0PEG in the tissue after a 30 minute incubation must have

effluxed from the tissue during the wash period. Related to the

possibility that ItlA0 may not have been compìeteìy inhibited in our

experiments, Tarìov and Langer (1971) found that paryglìne pretreatment

failed to affect the concentration of VMA + MOPEG in the spottta.neous

efflux from the guinea p'ig atria, and decreased the concentration of

DOPEG by onìy 33%, i.e. the latter metabolite still formed 2I% of the

efflux of 3H compared with 33% of the efflux of 3H in MAO-intact atria.

In contrast the appearance of DOMA was eliminated by the MAO inhibition.

They also noted that in the rat vas deferens pargy'line pretreatment failed

to elim'inate the'increase in DOPEG efflux which occurred during nerve

stimulation, although again DOl'lA formation was prevented. They concluded
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"DOMA and the gìycol DOPEG are made'in djfferent locations to which

drugs may not have equal access." There does not appear to be definite

evidence of differi ng locat'ions, a'lthough the aldehyde dehydrogenase

and the aldehyde reductase which are responsible for D0t'14 and DOPEG

formation respectively have been shou¡n to have different distrìbutions

in the cell. The former enzyme associated with the mjtochondria and

the latter present'in the cytoplasm of cells from rat brain

(Erwin and Deitrich i966; Tabakoff and Erwin 1970). There'is also a

recent report (Hensel ing et aL.19i6) that pargyiin. (500 umol l-1)

in oíty,o (plus a COMT inhibitor) inhibited the formation of deaminated

metabolites by 95% during ìncubatjon of the rabbit aorta with dl-?HNA,

but this treatment did not prevent the appearance of deam'inated metabolites

up to a level of about 50% of that of l-3H¡tR during the late stage of

eff I ux (Eckert et aL. 1976) . Thus the i nabi I i ty of pargy'l i ne to

abolish the formation of deaminated metabolites was seen when ¿l3HtlR

and ì3HNA,r.r. used and is probab'ly not related to the use of these

different sterio'isomers of NA. However in view of the fjnding of Eckert

et aL. (1976) that pretreatment of rabbits with pargyl'ine, in add'it'ion

to ín o.ítz,o treatment, decreased the formation of the late-efflux'ing

deaminated'metabolites it js more likely that the effectiveness of

pargyìine is related to the intracellular concentration of thìs drug

achjeved in these studies. Consistent with this poss'ibility is the

observati on that i n homogenates pargy'l i ne sel ecti ve'ly i nhi bi ts type B

MAO when this drug is present at low concentrations and inhibits both

type A and type B MAO when present in h'igh corrcentraLions (Squires 1972).

Thus it is possible that in uitro treatment of tissues r^rith pargy'line

results in the inhibition of type B MAO and incomplete inhibition of

type A MAO, the latter form of the enzyme deaminates NA to a greater

extent than the former (Goridis and t'leff 1973). This I jne of reasoning
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although consjstent with the conclusjons of Tarlov and Langer (1971)

requires the presence of type A and type B MAO in sympathetic nerves

and the poss'ible selective formation of DOMA by the type B enzyme

and formation of DQPEG by the type A enzyme. Whilst there is

strong evjdence indicat'ing the presence of a neuronal type A MAO

(Goridis and Neff 1973) there is also support for the existence of

at least two forms of MAO in adrenerg'ic neurons (Jarrott I97l).

Unfortunately the relationship between aldehyde dehydrogenase'

aì dehyde reductase and the type A and type B forms of MAO has not

been determined. Although not an argument in itself that nialamjde

treatment was not compìetely effective in the rabbit ear artery' the

observation of Eckert serves as a reminder that the effectiveness of

inhibition of deamination wjll be influenced by factors such as

duration of treatment. Concentration may aìso be important, for

example, the substrate concentrat'ion to wh'ich the intracel lular

(inhibited) enzyme is exposed is likely to be very different

during incubation than during efflux.

The remaining metabolites are present in much smaller proportions

tfrari OOpEG; for example, in terms of the metabolites which are next in

importance (quantitatively), MOPEG and NMN represent about one-e'ighth

of the proportion of DOPEG in the medium, while DOMA represents about

only one-third of the proportion of DOPEG in the tissue (faUle 6.4).

In viev,, of this result, it is a reasonable assumptíon that the maior

enzymes involved in the inactivation of 3ttt'll are neuronal lnlA0 and

aìdehyde reductase. The site of the aldehyde reductase is assumed

to be neuronal, but the possibility is not excluded in this study thatDOPEG

was formed from the intermediate aldehyde after the latter had d'iffused



723.

from the nerve 'into the surrounding non-neuronal cells. However,

Levin (1974) has shown that DOPEG js the main metabolite formed by

the adventitia of the rabbit aorta, where the smooth muscle cells are

absent, and hence there 'is strong presumptíve evidence that the

reductase enzyme js also present in the sympathetic nerves of the

rabbi t ear artery.

Another feature of the action of nialam'ide in these studies was

that it tended to increase the accumulations of both 3HNA and 3H 
¡t¡'t¡¡

in the tissues. The effect on 3H 
Nl,1N was ulro uppurent in the

incubat'ion medium. The increase in NA observed in the tissue also

occurred in the 3H rvhich effluxed from the t'issue after bath washout.

Thjs result is exp'licable in terms of decreased intraneuronal 'inactivation

of the llA after its uptake into the cytoplasm of the nerve..so that the

leve'l in the nerve is jncreased, and this in turn leads to a greater

efflux of the unchanged amine from the nerve. The increase in the

incubation medium levels of NllN almost certainly reflects the

availability of a greater substrate concentrat'ion of unchanged amine

to thiS enzyme consequent on the elimjnation of neuronaj l'1A0 as a

major pathway for inactivat'ing NA.

That the source of the increased NMN is extracellular NA is strong'ly

indicated by the observatjon that the tendency for the metabolism to'

be diverted tor.¡ards NMN js virtually absent in the efflux of n'ialamide-

treated arteries under cond'itions where the cellular re-uptake (neuronal

and extraneuronal ) of the IrlA wh'ich effluxes from its neuronal storage

sites is prevented by PBZ.

3. Metabolism and COMT.

The resuIts in this chapter hìghf ight the probabif ity that C0ttlT

pla.ys a minor role compared with MAO in the inactivation of NA. Thus
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the proportion of Q-methylated metabolites (approximately 20%) to

the total metabolites 'is :mall both r^/hen the dl or I isomers of 3HNA

are used. However, the probabìlìty that COMT exerts some influence

on the avajlabíl'ity of substrate to the MAO pathway was suggested by

the observation that C0l4T inhibitìon, whij e el iminat'ing the accumulations

of the O-methylated metabolites ìn the incubating medium, did tend to

increase the level of DOPEG 'in the medium. The earlier experiments

indicated that this effect was also associated with an increase in

the content of 3HNA..tuining in the tissue. The results of the

efflux experìments also suggested that the levels of 3HNA in the

wash fltrids of arteries tended to increase under condit'ions of COMT

inhìbi tion. These trends may be explained if inhìbition of C0l'1T caused

a small but definite increase in the concentration of extracellular
3HNA available to the neuronal uptake system. It should be noted that

the data stronEÌy confirms the conclusion from the enzymic studies

(Chapter 5) that the enzyme is almost entirely extraneuronal in

distribution. This followed from the evidence that chronic denervation

(and in one experiment cocaine also) not onìy failed to decrease, bul

significantly ìncreased the tissue content of 3U ¡ll,l¡t. As indicated

already, such an increase can be exp'lained by an increase in the

availability of substrate to the COMT pathway once the maior (MAO)

pathway is el'imjnated. The possib'iì ìty that this effect may have masi.ed

a decrease consequent on the elim'ination of some neuronal COMT actìvity'

was virtualìy exc'luded by the further result that inhibjtion of MAO

diverted the metabol'ite pattern in the 3tt.ftlux from arteries under

conditions where cellular re-uptake of 3HNA *u, prevented, from D0PEG

to NA, rather than to I'll'IN . The word "vi rtual 1y" i s i ncl uded i n the

preceding statement to take jnto account the fact that a "trace" of

NMN did appear in the efflux during the second 30 minute wash period
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from the nialamide- jnh'ibited arteries (Fig. 6.8).

4, Stereos j fi c i ty and metabol i sm

Comparison between the metabolism of the I and ihe dl form of
)
'Ht{R (f i S . 6.10) poi nted to a simi I ar d'istri bution of the metabol i tes,

with the possible exception that the accumulatjon of DOPEG in the

incubating medium tended to be greater jn the case of the I form.

A'l though the di ff erence was not s'ignì f i cant, i t 'is tempti nq to rel ate

this observation to the fjnding of Eckert et aL. (1976) tfrat there'is

a pronounced stereospec'ific'it.y for the leavo isomer of DOPEG formation

in the rabbit aorta. These workers referred to evidence that the

laevo form of the product of noradrenaline metabolism by monoamine

oxidase (1-S,4 d'ihydroxyohenylglycoldehyde) is bound more fjrmly to

aìdehyde reductase than to aìdehyde dehydrogenase. Eckert et aL. (1976)

have also presented evidence favourìng greater bindìng of the neuronal

vesicles for the I than for the dl form of NA in the rabbit aorta. Hence

it is a puzzlìng find'ing that the level of I3HNR tended to be less, rather

than grealer than, that of the ¿l3H¡lR in the rabbit ear artery at the

conclusion of the 30 minute period of incubation witn 3H¡,t4. From the

results obtained by the other methods used in this study, it seems

like'ly that the content of D0l4A (assayed with NA by the method used)

i s too low to expl ai n the smal l er accumul ati on of l 3UtlA. Neverthel ess ,

it should be emphasised that the estimated contents of the combined

fractions of 3HNA and 3HOO¡,IR by the TLC method used are approximate

only, and almost certa'in'ly an underestjmate of the true levels since

the data is based on the simplifying assumption of 100% recovery of

this fract'ion. This quaì ificatjon does not apply to the estimations

of the remajning metabolites by this method.
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5. Conparison with other tissues

DOPEG has been shown to be the main metabolite in the efflux of
3H f.o* the following tissues after their incubation with 3HNA or,

ín the case of jsolated heart, durìng theír perfusion wjtn 3H¡tR; rat

vas deferens (Langer , Ig7o, dl3HNA; Graef e et aL. Ig73, l3HttlR) ,

guinea pig atrium (Tarìov and Langer, t97 L), cat nictitating membrane

(reported ín Graefe et aL.1973, c.f. however, the catechol deaminated

fraction rvas reported to be only a minor compontint in the cat nictitating

membrane -(Langer et aL. 1972), cat spleen (Cubeddu et a1-. 1974), cat

heart (Graefe,1.975, i3nNR), and rabbit heart and rat heart (Boni:ch
?

et aL, I'HNA, to be pub'lished; reported by Graefe et aL. at the 6th

Internatìonal Congress on Pharmacology, Helsinki, 1975).

In the preceding studjes the neuronal origin of the DOPEG in the

cat heart and sp'leen, and'in the rabbit heart, was shown by its

elimination by cocaine, with the quaì'ifjcation that in the rat heart

approximately I0% of the efflux was cocaine insensitive. In the guinea

pig atnia, the neuronal orìgin of DOPEG was suggested by the ability of

bretyìium to inhibit its formatjon (Adìer-Graschinsky et aL. L972).

Bretyìium is considered to be a selective inhibitor of neuronal MAO

as a result of its accumulation in the sympathetic neurone (Furchgott

and Sanchez Garcia 1968). The results on the rabbit aorta also provided

striking evidence of the neuronal origin of the DOPEG, since the

adventitia contains the sympathetic nerves in this region. Levin

showed that DOPEG was no longer the major metabolite when the aorta

without the adverrtitia rvas incubated with 3HtlA. (Comparative data on

the rabbit aorta will be considered as a separate section of this

discussion).
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l-lence the present ev'idence that DOPEG is the main metabol'ite

and is neuronal in origin'in the rabbjt ear artery means that this

tissue conforms to a pattern common to a relatively large number of

different types of synoathetic nerve-effector organs.

Another common feature may be the preferential ox'idation of the

I form ot3HNA to the glycol; as discussed already, this ìs suggested

by the observation that the proportion of DOPEG formed uras greater

f rom I3HNA thun from dl3Hl'tR. Aì though the Í ncrease was not s'ignÍ f i cant,

it is consistent with the same trend described in the rat vas deferens

by Graefe et aL. (1973) and'in the rabbit aorta by Levin (tgZ+).

One of the questions wh'ich has been examined in several of the

above studìes'is whether the metabolites (mainly DOPEG) present in the

wash solutions are formed from 3HttlA prior to its efflux from the nerve

or whether they are formed from 3H¡¡R ,hich has been recaptured by

the nerve while in the process of effluxing from the tissue. One

approach to this questìon has been to examine the effects of neuronal

uptake inhibitíon (cocaine, or desipramine) added during efflux on tle

pattern of the metabolite distribution in the efflux. In this way,

Tarlov and Langer (tgZt) and Cubeddu et aL. (1974) showed that the

DOPEG in the resting efflux in the gu'inea pig atria, and jn the cat

spleen, respectìve1y, was not formed by recapture of the effluv.ing 3HNA.

This conclusion did not apply to the metabol'ites in the stimulation-

induced efflux. Since their formatjon was prevented by cocaine, it
was concluded these represented metabolÍsm of the 3HNA uft.r its release

from the nerves and subsequent recapture. Although the same question

was not specifically examined in the present study, a relevant findìng
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was that DOPEG const'ituted the main metabolite in the efflux from

PBZ-treated arteries. As indicated aìready, this impìies that the

DOPEG was formed from the 3HNA which had accumulated in the nerves

during the wash period. Hence thjs finding points to a further

feature in common between the artery and at least two other tissues.

This sjmilarjty may also extend to the stimulation-induced efflux,

despite the lintited relevant data on the ear artery since the content

of DOPEG in the stimulation-'induced efflux was.-measured only in the

PBZ-treated artery. However, the limited conclusion can be drawn

from the results that stimulat'ion itself does not mobilise or fac'il'itate

in any way the intraneuronal metabolism of 3tttttA prior to'its release.

In fact, rather the reverse applied in the ear artery insofar as both

the absolute and relative amounts of D0PEG declined during stìmulation

as though the mobilisation of NA storage vesic'les may have actualìy

decreased the avajlabiìity of substrate (presunrabty 3Ut'ln leaking from

granu'les ) to the i ntraneuronal MAO.

An'important qua'lification may appiy to the data on efflux of 3H

from the rabbit ear artery in the presence of PBZ, namely, that in the

concentration used(30 pmoì l-1) pgZ was shown by Cubeddu et aL. (1g74)

to increase the spontaneous efflux of 3H from the cat spieen. The

increases amounted to approx'imate'ly 30% and I}t%, respectively, for the

concentration of 30 umol l-1 and 100 umol l-1 concentration. The increases

were due to an increase in the efflux of DOPEG, indicat'ing that this

drug was able to exert a reserpine-like action at the above concentrations.

Aìthough the author's data does not indicate whether a simjlar effect

may have occurred in the rabbit ear artery, there is data ava'ilable

from a separate study jn the candidate's laboratory by D.A.S. Parker

which shows that PBZ increased the resting eff'lux of 3H jn the rabbit
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ear artery. However, the conditions used were not quite comparable,

since the arteries in Parker's study were treated vrittr PBZ for 30

minutes on'ly, and the efflux was not measured untíl a further 30

minutes of washing r,rith PBZ-free Krebs solution. Hence, extrapolatin3

from the data on the cat sp'leen, the poss'ibility cannot be comp'letely

excluded at this stage that 20-30% of the efflux of 3H OOpte measured

in the rabbit ear artery may have r"eflected a direct effect of PBZ on

the neuronal storage of 3HNA which facilitated its metabolism by

the neuronal MAO. Despite this possib'if ity, ii should be stressed

that such an action on the part of the PBZ would not v'iolate the

major reason for studying the efflux in the presence of PBZ, namely,

to provide a further test for the presence or absence of neuronal COMT.

The failure to identify the sympathetic nerves as a source of O-methylated

metabolites indicates another feature common to the rabbit ear artery

and other organs, in partjcular the rabb'it, cat, rat and guinea pig

atria preparatìons, as well as the cat sp'leen. On'ly in the case of

the cat nictitating membrane is there clearcut ev'idence of a neuronal

source (as we'll as the extraneuronal source) of the O-methylated metabolites

The rat vas deferens may be an exceptìon in that it does not norma'lly

release Nt4N spontaneously (Graefe et aL. 1973; Langer 1970) or in

response to stimulation, but does do so once MAO is inhibited (Tar'lov

and Langer 1971). Whether the Nl4N formed under these conditions arises

from 3HNA after its release does not seem to have been reported.

6. Comparison lvith the rabbit aorta

This comparison is considered separately, partly because of the

comîon nature of the tissues and partìy because Levin (1973,1974)

has provided detaiìed investigations on this tissue under conclitions
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cìose'ly resembling those used in the studies on the rabbit ear artery.

The conditions are summarised in Table 6.7. In addition, there have

been a number of relevant studies on th'is preparation reported recentìy

by Trendelenburg and his col'leagues (Eckert et aL. 1976; Henseling et aL.

1976). In Table 6.7 the absolute amounts of metabolites formed in the

rabbit ear artery are compared with those in the rabbit aorta (intact,

adventitia, and media). Since the ccncentrations of 3HtlA were not

identical, their relative proportìons of the metabolites are shown in

Table 6.7. The implications of the comparison aie quite striking. The

comparison shows that the distribution pattern jn the intact ear artery

closelv resembles that of the aduentitia of the rabb'it aorta, where

DOPEG is the main metabolite, and the proportion of llMN is onìy one-

fifth of the total. ,In marked contrast, the pattern in the medja of the

aorta shows that flMN is much in excess of the remaining metabolites

representing 76% of the total metabolites. The distribution of metabolites

from the intact aorta is intermediate between the two. Since the

sympathetic nerves are localised in the adventit'ia ín the rabbit aorta,

as in many other arteries (Burnstock et aL. 1970), it is apparent that

the above comparison'is a further indication that the pattern of the

metabolites of NA in the rabbit ear artery is determined by neuronal MAO.

It is of interest to consider why this should be the case. An obv'ious

explanation is that the ear artery has a much denser sympathet'ic

innervation that the rabbit aorta (Bevin et aL. 1972).

This was shown histochemically, and by direct assay of their NA

contents, by Bevan et aL. (1972). It is also manifested by a much

greater neuronal uptake of 3HttA by the ear artery (Bevan et aL. 1972).

However, there is a second factor to be considered. In the present
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study, segments of arteries v¡ere used so that the amine gained access

to the tissue previously b1, diffusing from the adventitia surface.

The combination of a small intraluminal diameter (.0.5 mm), plus its
probable further occlusion due to the vasoconstrictor action of NA,

means that it is unlikely that significant amounts of NA were able to

diffuse into the t'issue from the lumen. This means that rnost of the

3H¡tA *hich reached the underlying smooth muscle was first exposed to the

sympathetic nerve terminals which are located in the adventitia. It was

appreciated at the outset that the techn'ique wouÍd favour primarily a

neuronal metabolism, and at the time it was thought this would assist

rather than hinder the first aÍm of this study which was to test the

possible neuronal localisation of some of the C0l4T activity'in this

artery. However, the preceding considerations draw attention to an

extremely interesting question, namely, whether, if NA were applied intr¡i-

luminal'ly only, the metabol'ic pattern would then correspond more to that

seen in the isolated med'ia of the aorta. An answer to thìs question

would indicate whether, as seems likely, the pattern of NA metabolism

in the two vessels is essentialìy the same, and the differences may

reflect only (t) the different routes of applicatjon of the amine to the

vessels (intraluminal pLus extralumjnal in the case of the aorta), and

(2) the different morphologies of the vessel 'insofar as the synaptic

gap between the nerves'and the smooth muscle extends over much greater

distances in the aorta, and the relative proportìons of structural

protein to smooth muscle cells are much greater in the conducting-type

of artery represented by the aorta than in the muscular-type represented

by the rabbit ear artery.
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Another interesting comparison between the data of Levin on the

rabbit aorta and that on the rabb'it ear artery is shown in Table 6.8.

This includes the relative proportions of the metabolites in the tissue

and in the incubating medium. As pointed out in the Results, in the

rabbit ear artery the medium to t'issue ratios of DOPEG and of MOPEG are

high (6.3 and 10.3 respectively), whereas those of D0l'14 and VMA are

extreme'ly low (both <1.1). The ratjo for NMN is intermediate in value

(3.2). There is a strik'ing paral'lel both qual itatively and quantitatively

between these ratios and the ratios for the intact rabbit aorta. From

Levin's later study (Levin, I974) it is evident that the ratios quoted

are little d'ifferent for isolated media and for isolated adventitia,

with the possible exception that proportionally more of the VMA effluxes

into the incubat'ing med'ium from the isolated advent'itia. Levjn has

pointed out that the high medium to tissue ratios for the glycols are

consistent with their unchapged nature (compared with the remaining

metabolites) which would perm'it their ready diffusion from cells. Besides

the preceding considerations, the effects of cocaine or denervat'iorr, of

inhibition of MAO, and also differences between the metabolism of the

laevo form compared with the vaecemic form of 3HNA also emphasise

similarities rather than d'ifferences between the two vessels. Thus in

both tissues, inhibition of MAO increased the accumulation of unchanged

3ttNA ,njthin the tissue and increased the accumulation of NMN. Unfortunately,

the total accumulat'ion on'ly of NMN was shown by Levin (1973) and it is not

known whether, as in the ear artery, an increase was observed in the

accumulation in the medium but not in the tissue. The same considerations

apply to the decreases in D0PEG and DOMA seen in their accumulation in

the medium but not in the tissue. Also, in both tissues inhibition of

C0MT elìminated the 0-methyl metabolites but did not increase the tissue
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TABLE 6.8

Comparison of the relative proport'ions of metabolites in

the rabb'it ear artery and rabbit aorta

Relative proportions of metabolites (%)

Metabolite Tissue (a) Medium (b)

REA RA REA RA

Ratio (c )

REA

Med i um

I SSrie

RA

NMN

DOPEG

DOMA

MOP EG

VMA

13

50

18

4

74

48.8

72.9

t7 .2

5.2

16.0

9.8

73.t

4.9

9.4

2.7

40.23

42.62

3.5

11.1

2.6

3.2

6.3

1.1

10.3

0,82

3.67

t4.7

0. 89

9.s2

0.72

Footnotes

(i) (a) the amount of metabolite in the t'issue expressed as a

percentage of the total metabol'ites present in that tissue.

(b) the amount of metaboljte in the incubation medium expressed as

a percentage of the total metabolìtes present in the incubatjon med'ia.

(c) the ratio of the content of metabol'ite in the medjum to the

content of the same metabolite in the tissue.

(ii) The values for the relative proportìons of metabolites and the

medium to tissue rat'ios are taken from Table 6.4 and are based on the results

of experiments in which 7 or more ear arteries (REA) were incubated with
2 _1

dl'HNA (1.2 pmoì l-') for 30 mins.

(iii) The values for the rabbit aorta (RA) are based on the pubìished

results of Levin (tgZ¡) for which 14 segments of aorta were incubated with
a1

dl"HNA (0.3 umoj l-') for 60 mins.
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levels of NA. Finally, it should be noted that, in both tissues, the

metabolite patterns vary in the same way when l3Ht'lR is used instead
t

of dl"HNA, i.e. the formation of DOPEG tends to increase and the

formation of NMN to decrease. Unfortunately, it was not poss'ible in

the ear artery to distinguish between the levels of NA and D0l4A, so

that it is not clear whether the decrease Ín the combined level ìn

the tissue incubated w'ith I3HNA reflected a decrease in one or both.

In the rabbit aorta, there was no difference between the tjssue levels

of NA, but there was a decrease in the formation of DOMA when the laevo

isomer was used.

In summary, the comparison between the two preparations emphasizes

that, despite their different physiological functions, their biochemical

mechanism of inactivat'ing NA show a close simi'larity, the only real

difference being a predominance of neuronal metabolism in the more

highly innervated muscular (ear) artery.



CHAPTER 7
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CHAPTER 7

UPTAKE AND O-METHYLATION OF

3u-rsopRrNALINE

INTRODUCTION

In the preceding experiments some of the propert'ies of the

neuronal uptake system for NA in the REA were characterized, as well

as evidence for extra-neuronal accumulation and O-methy'lation of NA.

Essentia'lly the evidence was the failure of either cocajne or chronic

denervation to decrease the accumulatìon of NA or its O-methylated

metabolites to the same extent as did PBZ. The present chapter provides

further information on the properties of the extra-neuronal uptake and

O-methylation system in the REA. Isoprena'line was selected instead of

noradrenaline for this purpose. The selection of isoprenaline was based

on the following considerations:- (1) it has a lower affinity for

neuronal uptake and a higher affinity for extraneuronal uptake (Iversen,

1967) and (2) it is a substrate for COMT but is not deaminated by l4A0

(Hertting, 1964). Hence, in theory, the use of isoprena'l'ine offered a

simpìer approach to the study of extraneuronal uptake and inactivating

mechanisms. That this reasoning was not entirely iustifjed will be

apparent from the results and hence will be considered again in the

Discussion. The pìan of the experiments was as follows:-
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(1) The amount of unchanged 3HISO present in the artery fo'llowing

a period of incubation witfr 3UISO was measured, together with an

investigation of the nature of the metabolites present'in both the

tissue and the incubation medja. The latter investigation was considered

important to test the assumpt'ion (mentioned ear'lier) that only 0-methyl ation

occurred, sìnce there was evidence of the formation of a deaminated

metabolite of isopr"enafine in mice (Ross 1963) and further evidence from

a recent study that, after oral administratjon oj 3HISO to dogs,3HVMA

was present in the'ir urine (Conway et al.' 1968). There was evidence

also that in man, IS0 was excreted in part as a sulphate coniugate

(Conoìly et al. 7972).

(2) The effects of an inhibitor of COMT (uoSzt), and of an

inhibitor of extraneuronal uptake (DOCA) on the uptake and O-methylation

of 3HlS0 were studied in an attempt to define the extraneuronal processes

involved and their interrelationship. Here it should be noted that the

selection of U0521 and of DOCA was based not onìy on biochemical evidence

of the inhib'itcry effects of these classes of compounds on the two

processes involves (Giles and Miller 1967; Sal t Ig72), but also in the

light of the considerable experience which had accumulated in the author's

laboratory on the pharmacologica'l interaction between these two agents.

As mentioned in the D'iscussion (chapter 10), each of these agents

separateìy caused an increase in activity of the REA to catecholamines

(adrenaline mainly studied), but these increases were not additive. Thus

the aim in this part of the study was to some extent circular, i.e. by

using these agents or tools to explore extra-neuronal uptake processes it

was hoped at the same time to shed further'light on the mechanísms

underìy'ing the'ir pharmacoìogical actions, particularly that of D0CA.
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Towards the latter part of this study it became apparent that

there might also be a neuronal component of the uptake and inactivation

of 3HlS0, again despite the simpìify'ing assumptìon which led to its use

in the first pìace. Accordingìy, there was a third aspect of the study,

nameìy determinatjon of the effects of chronic sympathet'ic denervatìon

on the uptake and metabol ism of 3HIS0.

. It should be noted that thc techniques used in this study for the

estimation of 3Htul.OlS0 are different than those ,that were currently

available, ìn particular the procedures of Hertting (1964) and Bönisch

and Trendelenberg (1973). The reasons for their preference and their

justification have already been d'iscussed in Chapter 4.

METHODS

Arteries weighing from 10 to 30 mgm were equ'i'librated fcr 60 minutes

in Krebs bicarbonate solution gassed with 95% 0r,5% C}Z and containing

ascorbic acid (290 umol l-1) and EDTA (10.8 umol l-1). (The composition

of the Krebs solutjon and the type of incubation apparatus used is

described in Chapter 2 ). After equilibration the segments were incubated

for 30 minutes at 36oC w'ith purified dl3HISO (0.81 umol l-1), S Ci(mmol)-1)

(The purif icat'ion and preparati on of 3tltSO pri or to j ncubat jon ìs described

in Chapter 3). At the end of the incubat'ion period the arteries were

placed in one mil aliquots of amine-free gassed Krebs solution for one

minute. The amines (3HISO and 3HMe0IS0) rvere then extracted from the

artery segment (without homogenisation)'in a solutìon of HCI (100 mmol l-1)

containìng EDTA (22 vnol 1-1). (The efficiency of this procedure was

documented in Chapter 4).
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The uptak" of l4c-sorbitol was used as a measure of the extra-

cellular space. For this purpose arteries were incubated with 14C-

sorbitol (8.1 pmo'l l-1) in the presence of non-labelled 3Hlso (0.81 umol
1l-'), washed for one minute in Krebs solution, and the radioactive

contents of arteries and wash solutions determined as described in

the general methods chapter (Chapter 2).

Treatments

(1) gfgg:: Unless otherwise stated, drugs were added to the

incubation media throughout the incubat'ion witn 3HlSO. Drugs were not

added to wash solutions unless specifícally stated in the text. The

drugs used vrere U0521, DOCA, cocaine and PBZ (prepared as stock solutions

as described in Chapter 2).

(2\ gblqljg-dg!glyg!ig!: E'ither one ear artery, or both ear

arteries, of rabbits were denervated by surgical removal of the

homolateral or both superior cervical gangì'ia 14 days prior to the

removaj of arteries. The surgical techniques and the fluorescence

histochemical procedures used for determining the effectiveness of

denervation are described in the general methods chapter (Chapter 2).

Separation techniques

The nature of the metabolites of 3HISO were determined using the

ion exchange paper chromatographic technique described in Chapter 4,

the non-labelled reference compounds used being IS0, MeOISO, DOMA, VMA,

DOPEG and M0PEG. As indicated in Results, the anaìysis revealed only

3Hplu0lso as a metabolite of 3HtsO. In most of the subsequent studies,
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the 3HIS0 and 3HN.0tSO vrere separated on borate impregnated thi n

layer s'i'lica ge'l pìates as described in Chapter 4. In a smaller

number of arterìur 3HIS0 and 3HMe0IS0 were separated us'ing the solvent

extractjon procedure described jn Chapter 4. Since there were some

puzzling variatjons in recovery values with the solvent procedures,

results based on this method are distinguished from those based on the

superior thin 'layer chromatographic method.

RESULTS

31. Metabol i sm of HISO

The distributions of 3H f.or incubates, and from concentrated tissue

extracts, (the latter concentrated by the lypholysation procedure

described in Chapter 4), were determined on paper chromatograms and

compared with the distribution of non-labelled "putative" metabolites.

(Chromatograms illustrating these comparisons are shown 'in Fig. 7.1,

where it can be seen that there were onìy two significant regions of

3H fot^ bofh tissue extracts and incubates and that these regions

corresponded to the migration of non-labelled IS0 and MeOIS0. In

contrast, test solut'ions of 3tttSO 'in Krebs solution (i.e. not exposed

to arteries) and of 3HIS0 in the acid medium used for extractìng the

artery segments, both gave s'ing1e peaks of 3H on'ly, corresponding to

that of non-labelled IS0. There was no accumulation of 3H in the regir.rns

of the chromatograms that corresponded to the mjgrations of the deaminated

(DOMA, DOpEG) or 3-o-methyl deaminated (vMA, M0PEG) derivatives of IS0.

It was concluded from these findings that the principaì metabolite

of 3HtSo in the REA *u, 3HM.oISo.
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3Hslo (0.81 umol l-1).
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3 32. Accumulation of HIS0 and HMe0IS0

The contents of 3HtSt and 3HMe0IS0 in the tissue, and of 3HUe0tS0

in the incubating media, were determìned in 11 arteries which were

incubated with 3HlS0 (0.81 umol l-1) tor 30 minutes and then washed

for one minute in amine-free Krebs solution. The results are summarised

Ín F'ig. 7.2 and show the following features:

-- (i) The content of unchanged 3HISO in the tjssue (1.06 t 0.19
I

nmol g.-1) is significantly greater than the 3HISO content of the

incubating medìum.

(ii) The tissue content of 3HN.0ls0 is 0.97 t 0.11 nmol' 9 -1,

i.e. onìy a little below that of unchange¿ 
3HIS0.

(iìi) The amount of 3HMe0IS0 released'into the medium is about 4

fold greater than that which is present in the tissue. (This estimate

takes no account that a proportion of 3HN.0IS0 is lost in the one minute

wash. This has been estimated precisely from efflux data described in

the folìowing chapter as 0.35 t 0.02 nmol g -1 (n=4), which means the

tjssue:medium ratio for MeOISO is closer to 1:3).

The relatively small difference between the tissue and meditlm

concentration of unchanged 
3HISO suggested that the 3HtSO may have

been uniformly distributed through the tissue water, rather than

actively accumulated. To test thìs possibility, the sorbitol space

present after a one minute wash was estjmated in another group of 12

arteries. These arterjes were incubated wfth 14C sorbitol 8.1 umol l-1

under the same conditions as in the studjes on ìsoprenal'ine. The mean

sorbitol space was 0.072 t 0.012.*3 g -1 (n=15) whjch corresponded to

u 3HlS0 content of only 0.088 nmol, g -1, i.e.< t0% of the experimenta'liy
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determined value. Hence it was concluded that at least 90% of the
)
"HIS0 that was present after the one minute wash was not contained

in the extracellular space. This latter content corresponds to about

half the tissue mass since the true extracellular space is approximately

0.6 cm3 g.-1. (The value of 0.6 cm3 g -1 was determined in experiments

on the efflux of sorbitol described in the following chapter).

During the experiments on sorbitoì, it was established that the

sorbi to

t 0.01

lsp
.t3

ace of tissues measured after a 10 minute íncubation (0.09
1'

g -', n=6) was not signifìcantly different from that after

30 m'inute incubatìon (0.08 t 0.01 cm3 g.-1, n=6), indicat'ing that the

sorbitol had equilibrated throughour the extracellular space withjn 30

minutes. In addition, the precaution was taken of estimating whether

significant loss of material occurred on to the fiìter paper when the

artery was rap'idly blotted prior to extraction with acid. The loss of

activity represented 16.4 t 4.7% (n=6) of the 14C activity of the tissue.

3. CO|\4T inhibitìon

The erfects of ìncubatìng 5 arteries with U0521 (55 umole l-1) are

summarised in Fig. 7.2. These effects comprised:

(i) Inhibition of 3ttN.0ISO formation, as indicated by decreases 'in

both the t'issue and medjum levels of this amine of more than 90% and 95%,

respectiveìy. Traces of 3HMe0IS0 (0.078 nmol g -1) were detected in all

of the arteries, but could not be detected in one of the incubat'ing

media of the 5 arteries.

(ii) A 3 fold ìncrease in the 3HtsO content of the tissue. The

mean value of 3.19 t 0.49 nmole g 1 tu, now about 4 fold greater than

the concentration in the medium. This difference represented unequ'ivocal

evidence that the free amine accumulated within the tissue. A noteworthy
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feature was that the extra accumulation occurring in the COMT-

inhibited artery (c.f. 2.13 nmole g 1) *u, signifìcantìy greater

than could be accounted for by simple stoichiometric replacement of

the 3Hueolso.

4. D0CA

The effect of DOCA (27 umole l-1) on the accumulation and O-methylation

of 3HlS0 was studied in 10 arteries, including 5 that were treated with

U0521 (27 pmoìe 1-1). Since the DOCA was disso'lVed in ethanol, the

control arteries (n=l2) in these experiments were incubated with

ethanol (173 mmole l-1). The results are summarised in Fig.7.2, where

it can be seen that DOCA caused 69% and 52% decreases in the 3U¡,1.01S0

contents of the tjssues, and of the media. Surpris'ingly, DOCA had little
effect on the content of unchanged 3ttlS0 in the tissue, the difference

between the mean values of 1.56 t 0.13 and of 1.16 t 0.15 nmole g -1

(corresponding to DOCA absent and DOCA present) being not significant

(p ' 0.05, unpaired t-test).

However, when COMT was inhibited, DOCA caused a more marked (38%l

and significant decrease (p < 0.05 unpaired t-test) in the tissue content

of 3HIs0. 'It is of interest that the small amounts of 3HNe0IS0 still
present in the tissue were also decreased by the DOCA.

When compared with values obtained in other experiments on untreated

arteries, the vehicle for DOCA (ethanol) was without significant effect

on the 'levels of 3HMe0IS0 'in thetissue or media. Also, it was without

effect on the accumulated levels of 3HIS0 in COMT-inhibited arteries.

An exception was provided by the tissue levels of 3HISO in the COMT-

intact arteries, which were significantly greater (47%) 'in the ethanol-

treated group.
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In summary, D0CA selectively inhibited O-methylation of IS0.

It inhibited accumulation of unchangea 3HISO when COMT was inhibited,

but did not do so when COMT was intact. The effects of DOCA

contrasted with those of U0521 in that the decrease in 0-methylatiott

produced by the latter agent was accompanied by an increase in the

accumulation of unchangea 3Hts0.

5. Denervation and cocaine

To test the possibility that the DOCA insensitive components of
3HISO accumulation (and also O-methy'lation) may have reflected uptake

of 3HlS0 into nerves, the effects of chronic denervation and of cocaine

on this accumulation and 0-methylation were 'investigated.

The effects of chronic sympathetjc denervation (by removal of

the homol ateral superi or cervi cal gangì i a 14 days ear'l 'ier) are

summarised in Fig. 7.3. The paired contralateral innervated arteries

from the same animals were used as controls. A'll arteries were

incubated for 30 minutes witn 3HlS0 (0.81 umole l-1) rollowed by a r

one minute wash. It wiìl be seen that denervation did not influence

to a significant extent the accumulation of 3HMe0lS0 in the tissue or

medium. However, there was a significant decrease (36%) in the

accumulation of 3HtsO in the denervated arteries.

The effects of cocaine (30 umol l-1) were examined in 6 arteries

in which COMT was intact, and in a further 5 arteries in which C0l4T

was inhibjted by U0521 55 pmoì. The conditions of incubation were

otherwise identical to those empìoyed in the denervation experiments.

It should be noted that the data on the C0MT-intact arteries are less

reliable, since the separations of 3HISO and 3HMe0IS0 were achieved
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with the solvent extraction technique at a time when there were

variations in the efficiency of recovery. However, it was obtained

in the one group of experiments, so that the comparisons between

untreated and coca'ine-treated arteries are probably valid. For this

reason, data is summarised in Table 7.7. It will be seen that it
illustrates precise'ly the same trend as observed in the denervation

experiments, namely, a decrease in the accumulation of unchanged
23Hts0, but no effect on the tissue or media levels of 3HMe0IS0.

The effect of cocaine (30 umol l-1) on the accumulation of 3HISO

in COMT-inhibìted arteries is summarised in Fig. 7.4. (This data is

not si;bject to the qualificat'ions expressed in the preceding paragraph,

since it did not involve separation of 3HlsO and 3HMe0IS0). The main

feature is the lack of significant effect of cocaine on the accumulat'ion

of 3HtS0 under the conditìons.

Since the preceding results po'inted to a significant neuronal

accumulatjon of unchanged 3HIS0, the possibiì'ity existed that this

process may have "masked" in some way an inhibitory effect of D0CA

on the extra-neuronal component of accumulation. In one series of

experiments, the arteries of both ears in each of 6 rabbits were

sympathetícalìy denervated by removaì of both superior cervical

ganglia 14 days previous]y. Both arterjes from each animal were then

incubated wìth 3HIS0, both with and without DOCA, under the sarne

experimental conditions as used in the earlier experiments described

in this section. The results are summarised in Fig.7.4, where it
can be seen that the effect of D0CA is qua'litativeìy similar to that

in the innervated arteries, i.e. it still fails to cause a signìficant

decrease in the accumuiation of unchanged 3HtSO, aìthough decreasing

the levels of 3HNe0IS0 in the tissue and medium. Although the decrease
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TABLE 7.1

Artery contents of 3Hts0 and 3HMe0IS0, and incubation

media contents of 3uue0tS0 (nmol per gm artery)
determjned by the solvent extraction procedure

Treatment n

3Htso

Ti ssue

3

Ti ssue

H-MeO I S0

Medi um

Nil

1Cocaine (30 umol l- )

9 0.43 t 0.05 1.0 t 0.08 4.07 t 0.45

*
0.23 t 0.03 0.95 t 0.07 3.23 t 0.43

* *
0.29 r 0.03 0.12 t 0.01 0.92 t 0.10

6

6
*

Phenoxvbenzami ne
(gE umól l-1)

Footnotes

(i) Results are the mean values (t S.E.M.) for 9 untreated,

6 cocaine treated and 6 phenoxybenzamine treated arteries

incubated with dl3Htso (0.81 umoì l-1) an¿ washed for one

minute in dl3HIS0-fr.e Krebs.

(ii) the 3HtS0 and 3Hl4e0IS0 contents determjned by the solvent

extraction procedure described in Chapter 4.

(iji) * P < 0.05 when compared with controls (unpaired t-test).
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in the tissue levels appears less than observed in the'innervated

arteries, the decrease in 3HMeI0S0 accumulation in the media ìs

equally promìnent.

The effects of DOCA were also examined in 6 C0MT-jnhibited,

cocaine-treated arteries. The results are summarised in Fì9. 7.4.

They show that DOCA continued to exert its normal inhibitory action
)

cn unchanged "HIS0 accumulatjon desp'ite the presence of cocaine.

In summary, the results in this subsection pointed to a s'ignificant

accumulation of 3HlS0 in sympathetic nerves when COMT was intact, but

not when COMT was inhibited. The failure of denervation and of cocaine
a

to influence "HMeI0S0 formation provides strong evidence against the

possibility that the neuronal IS0 undergoes O-methylation. The

results also highlight the fact that the above effects of cocaine and

denervation are opposite to those of DOCA, which depresses O-methyìation

but does not influence 3HISO accumulation when C0l'1T is intact. The

latter effects of D0CA are little affected by chronic denervation

(in COMT-intact arteries) or by cocaìne (in C0MT-ình'ibited arteries).

One qual'ifying feature of the results deserves mention. The

preceding'concìusions, i.e. the effects of chronic denervation, were

based on the use of the contralateral innervated arteries as the

controls. A surprising feature is that the accumulation of 3HN.OlS0

in the medja in those controls js significantly ìess than was measured

in the commonly used controls in these studies, i.e. untreated controls

from rabbits which had not been subjected to any prior treatments or

operations before removal of arteries. The difference can be seen by

comparing the data in Figs. 7.2 and 7.3. The same difference between
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the two types of control is apparent in the case of the arteries

from the experiments where both ears were denervated. These

differences suggest that either the preceding surgery, or the

denervat'ion of one artery, mây have altered the activitjes of COMT

or extraneuronal uptake in the opposite innervated artery.

D ISCUSS ION

1. Metabol ism

The results in this section have provìded a useful jndicatìon

of thc extent, and localisatjon of the accumulation and

O-methylation of 3HIS0 in the REA.

The first experiments described in this section provided evidence

that 3-O-methy'lation was the major metabolic pathway for IS0 jn the

artery. The poss'ib'i1ity that there may have been oxidative deaminatjon

was excluded by the failure to detect s'ignificant peaks of radioactiv'ity

in the regìon of the chromatogram correspondìng to the catechol oI'

3-OMe catechol acids and glyco'ls. Unfortunately, suìphate or

glucaromide conjugates of IS0 were not available for comparison.

However, it is unlike'ly that these highly water soluble derívatives

wouìd behave on the chromatogram like the more lipid soiuble IS0 or

its 3-methoxy derivative and the jdentity of 3tl.0lS0 as the major

metabolite will be assumed for the remainder of this discussion. It
should be noted that another confÌrmation of identity of this metabolite

was jts virtual disappearance when arteries were incubated with the

COMT inhibitor U0521
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The appearance of the 3N.0Is0 in both tissue segments and

incubating media was not surprisìng in v'iew of (i) the earlier evidence

that COMT activity was present in the homogenates and (ii) subsequent

evidence that normetanephrine was a significant metabol'ite of NA in

thi s artery , j nd i cati ng that the am'i ne sti l l ga'i ned access to the COMT

when the artery's cellular structure was intact. Furthermore, these

earlier studies had po'inted to a largeìy extraneuronal site of

O-methy'lation of NA and the present results show that this argument

appl'ies equalìy weìl to 0-methylation of IS0. This followed from the

failure of chronic denervat'ion or of coca'ine to appreciab'ly inf luence

the tissue or bath levels of the methoxy compound. This failure was

complemented by the sensit'iv'ity of these levels to inhibit'ion by D0CA,

which has been shown previously to be one of a number of steroids

which inhibit extraneuronal uptake in rat heart (Salt 1972). The

sensitivity to DOCA can thus be construed as additional evidence for

the extraneuronal localisation of 0-methylation, or alternatively,

can be viewed as an argument to confirm that the site of action of DOCA

in the REA, as in the rat heart, is extraneuronal. Thjs actjon of DOCA

could be expìained in one of two wa.ys, name'ly, e'ither as a direct effect

on the enzyme, s'imi]ar to that of other agents such as U0521, or as an

indìrect effect resulting from inhibition of access of substrate or

cofactors to the enzyme. The former poss'ibiiity seems excluded at

the outset by the evidence that, unlike U0521, DOCA does not cause an

associated increase in the tissue levels of unchanged IS0. The second

possibility is also in accord with the faiìure of various investigators

(including thjs author and others in his supervisor's laboratory) to

demonstrate inhibition by DOCA of O-methy'lation of catechols using

partial'ly purified rat liver C0MT preparations, (S. Byrne, B.Sc. Hons.

thesis (1975); R.J. Head, unpub'l ished observations). 0ther evidence
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supporting the role of steroids in 'inhibit'ing uptake rather than

direct inhibition of COMT has also been presented in the Introduction

(Chapter 1).

The factors controlìing the accumulat'ion of 3HIS0, and its

I ocal i sati on, appear more comp'l ex . Th'i s compì exi ty ari ses f rom the

evidence (i) that this process is partly neuronal in origin when COMT

is intact (ii) that there is a large'increase in the accumulation of

3HISO when O-methylation is prevented; this accumulation is greater

than expected if the IS0 simply rep'laced the MeOISO in the tjssue,

(iii) that this increased accumulation of IS0 when COMT is inhjbited

is entjrely extraneuronal (s'ince 'it is now unaffected by cocaine),

and (iv) that, in contrast to procedures which eliminate neuronal

uptake of catecholam'ines, DOCA on'ly affected the uptake of unchanged

3ulsO when C0l4T is inhibited.

The simpìest exp'lanation of the immediately precedìng f indings

under (i), (ii) an¿ (jii) is that when C0MT is intact, only the

amjne which is taken up extraneuronally undergoes 0-methylation.

Presumably the neuronal IS0 is taken up by the mechanism responsible

for the transport of catecholamines into the cytopìasm of the nerve.

Here it remains intact as a result of the absence of intraneuronal

C0MT and its inability to be deaminated by MAO. The evidence that it

is transported by this mechanism ìs, first'ly, that cocaine exerts a

similar effect to chronic denervatjon on the uptake of unchanged amine

(fable 7.1), and, secondly if one compares the neuronal contents of
)

dl"HNA (i.e. the difference betureen jnnervated and denervated artery

contents of dl3ttt'lR (viz.6.B nmol g -1, seen in Fig.6.5 of the previous

chapter), with the neuronal contents of dl3HlSO (i.e. the difference
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between innervated and denervated artery contents of dl3HlSO (viz.

-10.46 nmol g -t, seen in Fig,7.3), the ratio of these contents

(NA:IS0, 15:1), is not dissimilar to the ratio (33:1) of the

relative affjnitjes of dlNA and dlIS0 for neuronal uptake (Uptakel)

in the rat heart (Burgen and Iversen 1965). The qualifìcation being

that NA and not IS0 is metaboljzed neuronally in th'is artery and

hence the ratio (tS:t) is probably underestjmated.

The failure to detect a neuronal component'when C0MT is inhibited

Ís puzz'ling. This failure was based on the evidence that the increased

accumulation of 3HlS0 in the COMT-inhibited artery was unaffected by

cocaine. The latter finding, Plus the evjdence that DOCA's action

was unaffected by cocaine, provides presumptive evidence that the

additional IS0 which accumulates when COMT'is inhibited is taken up

into extraneuronal structures. However, it is not clear why th'is

additional uptake should have decreased the amount of IS0 in the

synaptic cleft available for neuronal uptake (over and above the rate

of remova'l prevail ìng when COMT was intact). It is poss'ibïe, of course'

that the magnitude of the neuronal uptake has remained unchanged, but

is now relatjvely smal'l compared v¡ith the total uptake so the effects

of inhjbitjon of neuronal uptake are harder to detect. Clearly' more

expe¡imentaì data is required before this discrepancy can be further

ana'lysed.

Perhaps the most interesting feature of these findings 'is the

greater inhjbitory effects of DOCA on the uptake of unchanged am'ine

i n C0l'1T i nhi bi ted conpared w'i th COMT i ntact arteri es . The simpl est

expìanat'ion is that this level is normally kept low by the rapìd
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O-methylation of the IS0, i.e. uptake is rate limiting. Hence a

decrease 'in uptake of IS0 'into the C0MT-containing compartment in

the tissue will be manifested primari'ly as a decrease in the rate at

which O-MeISO is formed. Under conditions of COMT inhìbition, IS0

accumulates in this compartment at a rate determined now more directly

by the rate of uptake. Under these conditions, the inhibitory effect

of DOCA on extraneurona'l uptake is more c'lear'ly manifest as a decrease

in the rate of accumulation. This exp'lanation_is clearìy oversimp'lìfied

and is presented at th'is stage solely to provìde some backgrcruncl to

the studies presented in the following chapter.

Comparison with other tjssues

While this study was in progress, the first of the extens'ive

studies of Trendelenburg and co-workers on the uptake of catecholamines

in rat heart appeared. There are many points of resemblance between

the properties of the IS0 uptake and 0-methylating system in the heart

preparation, and jn the REA. This includes the greater accumulation of

IS0 following COMT inhibition, and differences between the magnitude of

steroid inhibition of this uptake in COMT intact and COMT inhibited

preparati on.

These workers a'lso compared the medÍum and tissue levels of 3H¡,le0tSO

and 3HIS0 in a varÍety of tissues following 30 min incubatjon with

3HISO at a concentration (0.95 umol l-1) close to that emp'loyed irr tlte

present study (0.81 umol l-1). Their summary is shown in Tabl e 7.2,

which also includes comparative data from the present study. It is

noteworthy that the capacìty of the REA for OMe formation great'ly exceeds

all the rat tissues shown with the exception of the rat heart. Another

point of resemblance between the rat heart and REA is the equaìly

prominent tendency for the extra accumulation of 3HlS0 following COMT

inhìbition.



TABLE 7.2

A comparison of the accumulation and O-methylation of 3HtS0 (shown as the means t SE (nmol gr-1) of

n experiments) in the rabbit ear artery and varÍous tissues of the rat

n

3Htso
Tissue Ti s sue

3Hl'reolso
Medi um

Medium(a)

-

I r ssue
3H ISO

Rati o ,3HM.o ISo, blTissue

Rabbit ear artery

Treatment

Nil

U0521 (55 umoì l-1)

Nil

u0521 (1oo umot l-1)

Nit

Nil

Rat ventricl e

ll

il

11

5

11

7

5

4

1 .063

3 .185

0.9L2

L.747

t.077

2 .813

0. 193

0.494

0.117

0. 148

0.431

0.116

0.97t

0. 078

0.185

0.019

0.258

T.T22

0. 113

0.024

0. 029

0.007

0.083

0.044

4.350

0. 195

0.I7 4

0.016

0.254

15.284

0.327

0.098

0. 025

0.015

0. 091

2. 500

4.48

2.50

0. 94

0.84

0. 98

13.62

5.00

0.09

0.39

0.03

0.48

5.83

+

+

I

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

il

Rat aorta

Rat heart

lJ(tr

Footnotes

(i) (a) the ratio of the amount of 3HMe0IS0 in the medjum to content of 3HNe0IS0 in the tissue.

(b) the ratio of the totalanount of 3Hl'¡e0IS0 formed (i.e. tissue pìus medium) to the content of 3HtS0 in the tissur

(ii) ff¡e results for the rabbit ear artery are taken from Fig. 7.1 and are based on experiments in wh'ich arteries were

incubated with dl3HlSO (0.81 umol l-1) tor 30 min. For arteries treated with U0521 (55 umol l-1) this drug was added 30

mins before (and present during) incubation witir 3HtSO.

(iii) The values for all other t'issues are based on the published results of Bönisch et aL. (L974) for which segments

of these tissues were incubated with dl3tllSO (0.95 umol l-1) tcr 30 min. The onìy exception being the values for the rat

heart for which tissues were perfused with dl3HlsO (0.95 umol l-1) for 1.0.0 mjnutes.
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Trendelenberg and co-workers themselves have speculated that

the coronary VeSSels may represent the maìn compartment in the rat

heart 'in which O-methylation occurs (eönisch et aL. 1974). The

points of similarity between the REA and rat heart do not detract

in any way from their suggestions. However it is not poss'ible, from

the ljrnited information obtained in this present study, to deduce

whether the REA possesses more than one compartment for the extra-

neuronal uptake and 0-methyìation of 3HISO as has been described in

rat and guinea p'ig hearts and in the cat nictitáting membrane by

Trendelenburg and his associates. The possible nature of IS0 compartments

and their relationship to those described in other tissues will be

considered in greater depth in the following chapter.

The find'ings from other laboratories suggest that additional

similarities exist between the REA and other vascular tissues, 'in

respect to the'ir ability to accumulate and O-methylate IS0. Included

in this comparison is the study of Bevan et aL. (L972) who have provided

evidence for a predominantly medial distribution of 3H in segments of

rabb'it aorta previous'ly incubated with 3HIs0 (0.1 umol l-1), that was

reduced, but not abolished, in 3H content by prior treatment with PBZ

1

(100 umol l-'). This find'ing is in accord with the predom'inantly extra-

neuronal origin of the accumulation of 3HISO in the REA and consjstent

with the observation (Tab1e 7.1) tfrat PBZ decreased, but not abolished,

the 3H contents of ear arteries. (The possibility of a tissue bound

non intracellular origìn of part of the accumulation of 3HISO in arteries

wi I ì be di scussed j n the fol I owi ng chapter) .
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A recent study, based in part on a histochemical autoradiographic

analysis of the distribution of 3UISO in dog mesenteric artery and

saphenous vein, has provided direct evidence for the extra-neuronal

(smooth muscle) accumulation of 3HIS0 in arteries and veins (Osswald

and Guinmaraes, to be pub'lished; reported at the 6th International

Congress on Pharmacology, Helsinki, 1975). The simìlarÍty between these

tissues and the REA is most striking, for like the REA, treatment of

these arteries and veins with U0521 produced an increase in the

accumulation of unchanged amìne (3HlSO). Furthármore these authors

found that treatment of these tissues with a steroid (Cortexone)

reduced the tjssue content of 3H uno the O-methyìation of 3HIS0.

A'lthough the findings from this study have suggested that at

least 36% of the accumulation of 3HISO in the REA is of neuronal origìn,

similar findings for other vascular tissues are lacking. One exception

being thè recent report of cornísh et aL. (1976), these authors have

provided-evidence for a neuronal uptake of 3HISO in the kitten coronary

artery. In that study they suggest that abou t 30% of the IHISO

accumulation in arteries can be attributed to neuronal uptake. However

it must be pointed out that these authors appeared to have used a

concentration of 3Hlso (20.3 umol l-1) much greater than that used in

this present study (0.81 umol l-1).

Comparisons between the results of this present study and those

reported for other vascular tissues in which the extraneuronal accumulation

and metaboljsm of catecholamines other than IS0 have been examined,

will be considered in the General Discussion (Chapter 10).

In summary it was concluded that many of the properties of extra-

neuronal accumulation and O-methyìation of IS0 seen for thjs artery are

shared by a variety of vascular tissues,
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CHAPTER 8

KINETIC ASPECTS OF THE METABOLISM AND

EFFLUX or 3Hrso

INTRODUCTION

This section comprises a heterecgenous group of experiments

designed to answer specific questions arising from the results of

the preceding section. These quest'ions were:

(1) t.las the inhibitory potency of D0CA on O-methylation of IS0

influenced by the peniod of jncubation?

(2) l^las the inhìbition competitive or non-competitive?

(3) Did DOCA influence the efflux. of 3HISO from this artery?

The first two questìons resulted from the possibility that the

relatjve magnitudes of the DOCA-resistant and D0CA-sensitive components

of IS0 accumulation and 0-methylation may have been influenced by the

particular conditions of incubation, 'in particular the time courses of

accumulation of MeOIS0 in the untreated and DOCA-treated arteries may

have differed at different tjmes during incubation. For examp'le, the

efflux of MeOISO from the untreated preparations may have been initìa'liy

rapid, while that from the D0CA-treated preparatjons initial'ly sìotr'.

If so, estimation after 30 minutes would underestjmate the effects of

DOCA during the initial efflux. The second question involved the
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relationship between the relative concentrations of DOCA and IS0,

since it was conce'ivable that the DOCA-'insensitjve components of

O-methylation may have simpìy reflected competition between IS0 and

the drug for structures controlling access to COMT. The third question

was based on the consideration that analys'is of the efflux curves

might shed further light on the number and sìze of the tissue

compartments invol ved i n IS0 accumul ation and metabol i sm. Thi s

approach was prompted by the extensive analysis of IS0 efflux by

Uh'l'ig et aL. (1974). At the same time, it was óonsìdered important

to assess the nature of the events occurring in the fjrst minute of

washout.

METHODS

The procedures used for incubation of arteries with dl3HlSO

(0.81 umol l-1) an¿ the estimation ot 3HlS0 and 3HMe0IS0 contents of

arteries and 3Htl.OlSO contents of incubates were the same as those

described in the previous chapter (Chapter 7)

The 3HNeOIS0 and 3tlIsO contents of wash solutions were determined

by the sol.vent extractjon procedure described 'in Chapter 4. Brief'ly

this method involved the addition of a saturated solution of sodium

borate (pH 10.0) to Krebs wash solutions and extract'ion ot 3HMe0IS0

(and non labelled MeOIS0) with the solvent mixture Toluene:'isoamyìalcohol

(3:2). The 3HN.0IS0 was recovered 'in an aqueous solution by extract'ion

of the organic mixture with a solution of HCI (300 mmol l-1). the 3H

content of the aqueous solution and the content of non labelled MeOIS0

(used to estìmate recovery) were determined by l'iquid scintillation

spectrometry and colourimetric assay. the 3ttlSO content of the original

wash solution was estimated by the difference procedure described in

Chapter 4.
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Efflux experiments

The washout of 3H amines from artery segments previous'ly jncubated

21
with "HISO (0.81 umol l-') were measured. These arteries were cannulated

prior to incubation so that, at the commencement of washout, they were

perfused (0.¡ ml min-1) with amine-free Krebs solut'ion. This perfusion

was continued throughout the washing procedure. l'lashing involved

transferning the segment into fresh 2.0 ml a'ìiquots of Krebs solution

at 10 second intervals for the first 60 seconds and thereafter at 2

minute intervals for the remaining 30 mjnutes. The wash solutions

were analysed for 3HtsO and 3HMe0IS0 contents after separatìcn of

these amines by the solvent extraction technique described briefly

above and in more detai'l in Chapter 4.

To help determìne the origins of the 3HlsO, which effluxed from

the arter.y, these effluxes were compared with those of 14c-sorbjtol

from arteries prev'iously incubated witn 14c-sorbìtol (8.1 umol l-1)

in the presence of unlabelle¿ 3HIsO (0.81 umol l-1). The effluxes

of sorbitol were expressed in the same units as those usäd for
3HIso (i.e. n mol g-1 min-1).

Analysi s

The effluxes of 3HlsO o.3HM.0IS0 were expressed either as rates

(i.e.n mol g-1 min-1¡ o. as the total amount which had effluxed from

zero time (i.e. cumulative efflux, i.e. n mol g-1). When relevant,

the efflux of 14c-sorbitol was subtracted from that of 3HlS0 so tha^u

the efflux of 3HISo was corrected to exclude efflux fror 14c-sorbitol

space. The 14C-sorbitol space wil'l be referred to subsequently as the



163.

extracellular space or compartment. In experiments where the rates

of efflux were not linear when p'lotted as log rate vs time, the

assumption was made that the curve consisted of at least two

exponentia'l components, and these components were then dist'inguished

by the curve "pee1ing" technique.

The "pee'ling" technique was applìed as follows:

(I) Since a s'ingle exponent'ial declíne is a straight I ine on a

semilogarìthmic p'lot, the last stage of the eff-ìux curve was examined

for linearjty (using a r:uler). If approximateìy linear, a mono-

exponential rate was then calculated from the regression line of best

fit and the values calculated from this regression line were subtracted

from the experimental curve overits enti re ì ength. Thi s i ndicated

whether the earlier part of the efflux curve also approximated to a

single monoexponential decline. If this appeared to be the case,

aga'in a line of best fit was determined. From these two (at least)

monoexponential rates of decline the total amounts of amine (cumulative)

that would have effluxed at these rates were calculated (i'.e. compartment

size) as well as the trvalues for these compartments, i.e. the time

required for one half of the cumulated 3H to efflux from the tissue.

This analysis was performed on the mean values for the various rate

determi nati ons

(II) The second form of ana'lysis was s'imjlar to that described above

except the line of best fit (for the mean of various rate determinations)

was obtained for the last stage of efflux by determining the correlation
t

coefficients (r') between combinations of the experimenta'l1y derived

data and an exponential curve. The method employed was that described
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in the Hewlett-Packard Applications and Programs manual for use

with the HP-25 programmable calculator. This method permitted

calculation of the values a and b for the linearÌzed equation

(lny = lna + bx) describing an exponential function of the form

Y = aebX (a t 0). In this way the regression line of best fit was

calculated (i.e.by estimating a y value for a gÍven x, i.e.V = aebx)

and the values for this regression line subtracted from the experimenta'l

curve over its entire 'length. The compartment size ('i .e. the area under

the curve) was obtained from the value fi and tfre time for the compartment

to halt empty (tr) from the value ry
(III) The final form of analysis was the same as II above except

that all calculations were performed on individual (and not mean) rate

data. This then permitted statistical ana'lysis to be obtained for

both compartment sizes and corresponding tr_ values.

( IV) Tissue Residue. For these experiments the H present in

arteries at the comp'letion of wash (i.e. 3H in the tissue that did not

effìux) was determined experìmenta'l'ly. The amount of 3H that would be

expected to remain in the tissue, due co the termination of wash at a

tíme corresponding to s'low phase of efflux, was calculated from the

regression lines (individuals and not means) for the rates of efflux

describing compartments with the ìargest half times. Any difference

between experimental'ly determined tissue residue and derived (i.e.

calculated) residue was thought to reflect (1) a further compartment

characterised with a very ìarge half time or (2) 3H bound to the tissue

that did not in any way contribute to efflux ('i.e. bound 3H).

3
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RESU LTS

1. Accumulation

The time courses of the accumulation of 3HNe0IS0'in the bathìng

solutions of arteries during incubation witfr 3HISO jn the absence,

and in the presence of DOCA for 60 minutes are shown in Fig. 8.1.

Two concentratjons of 3HISO were used (0.48 and 3.75 umol l-1), and

both the control and D0CA solutions also contained ethanol (123 mmol l-1)

It will be noted that the rate at which MeOISO-accumuìated increased

during the first 5 to 10 minutes, after which it was approximateìy

linear with time to 60 minutes. A similar trend is apparent in the

DOCA-treated preparations, i.e. there was little dÌfference between

DOCA's inhibitory potencies throughout the 60 minute period of

i ncubati on.

The time course of accumulation of 3HUe0lS0 'in the incubation

media and the corresponding time courses of accumulation of 3HIS0 
and

3HN.OISO in arterjes that were incubated with dl3HISO (0.81 pmol l-1)

for 5, L5 and 30 min are shown in Fi g. 8.2. It may be seen that the

rate of accumulation of 3HNe0IS0 in the'incubation media for these

arteries was qualitat'ive1y similar to that seen (Fig.B.1) for arl:eries

incubated with a smaller and larger concentration of 3HtSO. The rate

of accumulation of 3HUe0IS0 in the medium for the period 0 to 5 minutes

of incubation (estimated by extrapoìation fr"om the value at 5 m'in to

zero mjn) was much smaller than that seen after 5 min. A similar trend

for the time course of formatjon of MeOISO (i.e.tissue MeOISO plus

incubate MeOISO) was only just evident (Fig. 8.2), i.e. the injtial
rate of formation of MeOISO (i.e. 0-5 min) was not markedly different

from that seen between 5 and 15 min. The reason for this difference



t5

l0

166.

3'?S¡rmo{ ljl

0'48¡rmd L-t

.T

ts0

MeO I SO

I
tt)

o
E
E

tr'

5

-r
600 30

TIME (min)

c 0_, c 0 ._t
Q.4,8pmo( tlr 3 75ymd L-

n4ú,tL

Fiq. 8.1 The effect of DOÇA (27 umol l-1) on the rate of
accumulation of JHMeOiS0 in incubation med'ia. Shown
ãi. ir,e means (t sEM) 3tt¡leots0 contents (i n nmol g-1)

incubated in the presence of ethanol. All DOCA values
sign!ficantly small.r (p < 0.05) than controls except
for 3HIS0 (3.75 umol l-.t) at 60 mins.

The solid lines show the rate of accumulation of 3Htute0lS0

in ethanol treated arteries, the broken line shows the
corresoondinq rates for DOCA treated arteries. The
contents (nmõl n-1) of 3gtsO and 3H¡,te0IS0 (mean t SEM)

prevailìng'in tissues at the end of incubation and after
a 1.0 minute wash are also shown.



6

t67. I Meotso Torat

. -tl
l; Meolso tnc.

--'iI
(tl

o
Ec

T./

/,f
3

T-. -'- 
-

-.-).

T
It MeOlS0 Tissue

30

II lS0 + MeOlS0

0 15

6

a

C'l

o
Ec

3

-r
/.7-

___--1 ls0
MeOl S0

nt represents the mean (t SEM) of 4 observations
and 30 m'inutes of incubatÍon. Arteries incubated

S0 (0.81 umol l-1).

Fiq. 8.2

0 l5 30

TIME (min)

Upper panel: the rates of lccumulation of 3HNe0iS0

in arteries (tisgue) and incubates (lnc) and the rate
of formation of JHMe0IS0 (Total ).

lower panel: the fate of accumulation of 3Hl,le0IS0,

3Htso än¿ 3Hts0 + 3HMeOIS0 in arteries.

Each p
at 5,^
with r

oi
15
HI



168

can be seen in Fig.8.2 where it is apparent that the content of
3HN.0IS0 in the artery at 5.0 min (unlike the contents at 15 and 30

min) is greater than the corresponding 3HMe0IS0 content of the med'ium.

After 5.0 min the 3HttuOlS0 content of arteries is relatìvely constant

and smaller than the 3HMe0IS0 contents of the incubate, and under these

conditions the rate of accumulation of 3tiNeOISO in the med'ium paralleìs

the rale of total formation of 3HN.OISO (see F'ig. 8.2). These find'ings

were thought to reflect upon a process withjn the arteries that

required an attainment of a particular tissue content of 3H¡¡e0IS0

before the rate of efflux of 3ttN.OtSO into the med'ium became constant

with time, i.e. artery accumulation 3Hl',1"01S0 precedes accumulatiurr of
3HM.0IS0 in the med'ium. The results of these experìments point to a

rapìd accumulation and 0-methyìation of 3HISO in the artery. It may

be seen (Fig. 8.2) that the 3HISO content of tissues at 5 mins represents

78% of that seen at 30 mins of incubation. Similarly the 3HNe0IS0

contents at 5 mins represent 52% of that seen at 30 mjns.

In F'ig.8.3, the rates of accumulation of 3HtteOtS0 haye been

pìotted aga'inst three concentrations of 3HtS0. Sínce the data at the

third concentration,0.Sl umol l-1,'is derived from the 30 minutes

incubation experíments in the preced'ing chapter, the rates in Fig.8.3

have also been calculated at 30 minutes from the data in Fig. 8.1.

An important feature of the curve for the untreated artery in Fig. 8.3

is the evidence of saturation of the 0-methylating system at the

highest concentration of 3HtSO. A similar tendency to saturation,

aìthough 'less marked, is apparent also for the relatfonship between

rate of O-methy'lation and concentratìon of 3HtSO in the DOCA treated

preparatìons. The important feature here is that DOCA's inhibitory
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in the previous chapter.



170

aótion is markedly reduced at the highest concentrat'ion of 3HlSO.

The Same trend is apparent in the case of 3HMe0IS0 contents of the

tîSSues estjr¡ated after the 60 minute period of incubat'ion (Fig. 8.1),

i,e. the decrease jn these contents produced by DOCA is much less at

thé hjghest concentration of 3HISO. It should be noted that, as is

the ease with the 30 m'inute periods of jncubation, the MeOISO remaining

ín the tissue after 60 minutes incubation represents only a small

proport'ion (approx. 14-18%) of the total Me0IS0 generated during

this period. In v'ievr of the finding in the prév'ious chapter suggesting

that D0CA inhjbited the accumulation of 3HtS0 only in COMT inhibited

àrtêries, information as to the competitive or non-competitive nature

of this inhibition was obtained by determining the effect of DOCA on

the accumulation of 3HISO in COMT inhibited arteries at four d'ifferent

substrate (3HtSO) concentrations. For these experiments arteries were

incubated wÍth dl3HlSO (0.08, 0.81, 8.1 and 81 umol l-1) for 30 ntin in

the presence of U0521 (55 umol l-1) an¿ ethanol (173 mrol l-1) and the

3H eontents of these tìssues compared wìth those seen for arteries

Íncubatel under the same cond'itions but in the presence of DOCA (27

_i
umoì l-'). The results of these experiments are summarized in Table

8,1 Where'ít rnay be seen that the magnitudes of inhibition of the

É¡ccumuiation of 3HlS0 caused by DOCA were similar for all concentrat'ions

Of 3HÍSO, It can also be seen from Table 8.1 that the ratio of the

tiSSue eontents of 3H (ìn nmo'l gm-1) to the bath concentration of
3HISO (in nmol ml-1) tended to decrease as the substrate concentratjon

ïnere¿rsed, The Iatter observatjon be'ing consistent with a decrease in

the abiiity of arteries to concentrate 3HlS0 at the h'igher substrate

^('HtSO) concentrations. It was concluded from these experiments that



Footnotes:

(i) shown are the 3H contents (mean r S.E.M., nmo'l S-1) of arteries incubated for 30 min with ¿I3HISO

(0.08, 0.81,8.10, and 81.0 umol l-1) an¿ washed for 1.0 min in amine free Krebs sojut'ion.

(ii) Treatments. U0521 (55 umol l-1) was present jn all incubation media and added before (tS nr:n)

incubation with dl3HlSO. DOCA (final concentration 27 umol l-1) was added (in ethanol) to arteries at the

commencement of incubation with 3HlSO. Ethanol (final concentration 173 mmol l-1) was added to control arteries

at the commencement of incubation.

(iii) (a) refers to the molar ratio of IS0 to DOCA prevailing in the incubation media.

(b) refers to the ratio of the 3H conten'us of arteries (nmol g-1) to the content of 3H originaìly present

in the incubation medium (nmol ml-1).

(c) the mean 
3H content of D0CA treated artelies expressed as a percentage of the 3H content of control

(ethanol ) arteries.

(iv) Sígnifjcance: * these values are significant'ly (p.0.05, unpaired comparison) smaller than the

correspondìng control values.



TABLE 8.1

3The effect of DOCA on the accumu'lation of HISO in COMT inhibited arteries

3HIso
concentra

umol l -

0.08

0.81

8.10

81.0

rISof
tDocAl

0.003

ttr.i 
, roq[* DOCA asc

% control

52.3

73.8

69.2

67 .4

10nt
1

3 H content
n nmol g-1Treatment

u0521 + Er0H

U0521+EIOH+DOCA

u0521 + EtOH

U0521+EtOH+DOCA

u0521 + ErOH

U0521+EtOH+DOCA

U0521 + EtOH

U0521+EtOH+DOCA

2

2

9

9

4

4

4

4

0.304 + 0.018

0.159 + 0.039

3.8

1.9

3.8

2.8

2.3

1.6

1.8

L,2

0.03

0.3

3.0

3.05

2.25

+ 0.044

+ 0.27 lJ\¡

rB.7 ! 1.99

12.95 + 1.66

144.7 + 26.3

97.58 + 0.89
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DOCA's inh'ibitory effect on the accumulation of unchanged amine

was relative'ly independent of substrate concentratjon e.nd hence

reflected a non-competitive mode of inhibition.

2. Effl ux curves

(i) Efflux ot 3His0 and of 3HN.0Is0, and ot 14c sorbitol were

compared by measuring the 3H and l4c.ont.nts of the wash solutions

from arteries fol ìowing theilincubatjon wi th either 3HIS0 (0.81 umol

ì-1) or 14C sorbítol (8.1 umol l-1) for 30 minutes. The relative rates

of effluxes of 3H and of 14C over a 30 minute period of washing are

presented in Fig.8.4. The difference between the two is that the

efflux of 14C declined rapidly so that jt was compìeted by 6 minutes,

whereas the efflux o-f 3H, ulthough also declining rapidìy at first, was

still evident at 30 minutes. The results of this comparison suggested

that the bulk of the 3H which comprised 3itISO in the extracellular

space had also effluxed within the first few minutes.

(ii) The latter suggestion was further studied in a second group

of arteri:s by analysing the nature of the effluxes which occurred

during the first minute of washout (at 10 second intervals). The

results are summarised'in Fi9.8.5, and in Fig.8.6, which shows the

plot of the curves, ìog rate of efflux vs time of washing, during the

one minute period.

The experimental curve contained 3 components; an initial very

rapid efflux (termed I) a second slower but well sustained efflux (II),

a third slower efflux which approached the steady state by the final

time of measurement (about 6 minutes). When analysed by the curve

peeling technique, only the second phase could be defined unequivoca'lly

by a monoexponential rate dec'line, with a trof 0.2 min and a compartment

size of 0.53 nmol g-1. This was assumed to represent efflux frotn the
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extracellular compartment. The efflux from th'is compartment that

occurred within the first minute of wash r{as equivalent to 0.49

-1nmol g'or about 92% of the size of the compartment determined above.

The extracellular space estimate derived from this one minute content

was 0.65 cm3 g-1 and agrees weìì with the estimate of 0.61 cm3 g-1 Uy

Bevan and Waterson (1971) for this artery.

Phase I was attributed to 14C sorbitol whicli adhered to the tìssue

from the incubating med'ium and also to the presence of some of the

latter in the lumen. It should be mentioned tfrat tne arteries were

not blotted or perfused during transfer from the incubate to the first
wash sc¡lution. Phase III corresponded to a small compartment (O.Og

1

nmol g-') with a tu of 1.05 min. However its s'ignifìcance is doubtful

because the compartmental analysis was based on rates of efflux at

only three intervals of time. Fig.8.5 includes only Phase II and Phase

I I I monoexponenti aì rate decl i nes .

The separate rates of efflux of 3HIsO and of 3H¡,t.Olso during the

first one minute were determined'in both untreated and in U0521 (55 umol l-
treated arteries. The U0521 was present 10 minutes before commencing

incubatjon with 3HtSO (0.81 umol l-1), throughout incubation and throughout

washing. The indjvidual rates of efflux of 3UISO from U0521 treated

arteries were significantìy greater than the rates of efflr* of 14C

sorbitol at 0.5,0.66,0.83 and 1.0 minutes. The rates of efflux of
3HISO from untreated arteries were not sìgnìficantly greater than the

rates of efflux of sorbitol. The amounts of 3HISO corresponding to the

differences in rates of 3HlS0 und 14C sorbìtol effiux for the first one

minute of wash were 0.32 nmol g-1 for^ untreated and 0.69 nmol g-1 fo.

U0521 treated arteries.

1
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The curves of the 3HISO rates of efflux from untreated and U0521

treated arteries were sim',llar in shape to those of 14C sorbitol , i.e.

biphasic and best described by two phases of efflux (tentative'ly called

Phase I and Phase II). Phase I was attributed to 3HISO whìch adhered

to the tissue from the incubating medium. The Phase II curves for
3HISO (for both untreated and U0521 treated arteries) were greater

than the Phase II curve fo, 14C sorbitol (see Fjg. 8.6). It was thought

that this may have been due to the efflux of 3HISO which had been present

in the extra cellular space at the end of incubátion together wíth the

efflux of 3HIS0 from additional sites with'in the tissue (the presence

of such sites not indicated Uy 14C sorbitol efflux).

In contrast to the effluxes of 3HisO und 14C sorbitol, the efflux

of 3HMe0IS0 decl'ined only sf ightly during the one m'inute perìod (Fig.

8.6). The total amount wh'ich effluxed was 0.35 t 0.18 nmol 9-1, j.e.

about 36% of that which is normally present in the artery at the end

of incubation and after a one mjnute wash (Table 7.2, Chapter 7).

Assuming that the 3H¡4e0IS0 content of the extra cellular sp.ace fluid

is sim'ilar to the 3H¡,le0IS0 concentration for incubation media after 30

minutes of incubation ('i .e. 4.4 nmol g-1, Tubl e 7.2), then it can be

shown that for an average size artery (i.e. 20 mgm of artery) with an

extra cellular space of 0.65 cm3 g-1 thut the content of 3ttM.0ls0 in

the extra cellular space would be 0.06 nmol g-1. Preswably this amount

of 3HMe0lS0 would efflux'into wash soluticns w'ithin the first minute of

wash. However this value may be underestimated if in fact a local high

concentration of 3H¡,1.0IS0 preva'iled in the extra cellular space at the

end of incubation due to the close prox'imity of th'is fluid to sites of

formation of 3Htl.0tS0. It 'is noteworthy that the ratio of the contents

of 3Hls0 (not attributable to extra cellular 3HIs0) to 3HMe0IS0 (corrected
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for a calculated extracellular 3HN.OISO content) is 1.1:1.0 (i.e.

324:0.293) and almost identical to the rat'io of the contents of
3HISO and 3HMe0IS0 prevai'ling in the tissue after 1.0 minute of

wash i.e. 1.09:1.0 (Table 7.2).

(iii) In another series of experìments, the effluxes of 3HISO

and of 3HN.0lSO were measured durìng 30 minutes of washout. The

cumulative effluxes are shown in Fig. 8.7. (ffris includes the data

shown earlier in Fig. 8.6). The same data is plotted as the logarithm

of the rates of efflux versus time of washout in Fig. B.B. The rates

of efflux of 3HISO from C0MT-jnhibited arteries are also shown. It
will be seen that curves showing the rates of decline in the effluxes

of 3HlS0 from both COMT-intact and COMT-inhibited arteries resemble

each other in shape and each comprises an initial'ly rapìd fol'lowed by

a slower phase. As was evident during the first one minute, the rates

of efflux are greater in the COMT-inhibited arteries. This is in accord

also with the earlier evidence of greater accumulation of 3HlS0'in the

COMT-inhjbited arteries. blhen analysed by the curve peeìing techn'ique,

(Procedure 1., Methods sect.ion) these rates of efflux were well described

by two singìe exponentiaì functions, curves for which are shown'in Fig. 8.8.

These two functions will be referred to as Phase 3 (the initia'lly faster

phase and Phase 4 (the final slower phase). In contrast to the curves

for 3HIs0, the curve showing the ìog rate of efflux of 3Htl.0ls0 versus

time indicated a rapidly declining rate which was monophasic, in that it
clossly approximated to a single exponentiaì function. Its shape was

closer to that of Phase 3 than of the Phase 4 decline in rate of 3HIS0.

(iv¡ DOCA. To examine the action of DOCA (27 umol 1-1) on efflux

of amines, the drug was added (in ethanol) to the incubating medium 5

minutes before washout was conmenced, and was present in all the wash



Fis. 8.7 Cumulative efflux of total 3H and 3H¡,1.0ts0

from arteries oreviouslv incubated with
3HISO (0.81 umô1 1-1) fór 30 mins.

Ordinate: cumulative efflux in nmol g-1
Abscissa: time (mins) after commencement

of wash

Shown are means (t SEM) for 4 to I arteries.
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Fiq.8.B A. Efflux of radioactivity durÍng washout
of segments of a¡teries after an initial
incubãtion with 3Hlso (0.81 umol l-1) in
the absence (solid line) and presence of
U0521 (55 umol 1-1, dotted line).

Ordinate: rate of efflux (nmol g-1
ìog scale

Abscissa: time (min) after onset of
washout

3HISo 
andare vàlues (t SEM) for

IS0 for 4 to B arteries.

-1min '

Shown
3H¡,reo

B. Shown are the individual rates of efflux
(corresponding to Phase III and IV of effìux)
after curve peeìing by Procedure I

.rb
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solutions. The control preparations were treated in an identical

fashion with ethanol alone (173 mmo'l l-1). U0521 (55 umol l-1) rvas

present in all incubating and wash solutìons to ensure inhibition of

COMT. (The selection of 5 minutes before rather than at the end of

incubation, was based on pharmacological evidence (Johnson, Ph.D.

thesis (fgZ0), University of Adelaide) that. the potentiating effect

of DOCA on the constrictor response of the REA to adrena'line required

5 minutes for maximum development).

The rates of efflux of 3HISO in the D0CA-treated and control

arteries are summarised in Fig.8.9. The efflux curves for both DOCA

and control arteries showed the djphas'ic declines described earlier

(i.e.Phases III and IV). The onìy difference between the two was the

tendency for the rates to be s'ignificantly ìess from the D0CA-treated

artery during the first part of the efflux period. Analysis of the

curve for D0CA showed that DOCA's effect was primarìly on the Phase III
efflux of 3HlS0. A more detailed description of DOCA's action on the

efflux of 3HIS0 appears in the followìng subsection.

(v) Compartments. The properties (capacities and t, vaìues) of

the indivi{ual compartments from which the various phases of efflux

occumed were also estimated by the standard mathematical procedures as

described in the methods section. The results are summarised in Tables

8.2 and 8.3. Their nrain features were as follows:

1. Untreated arteries:

(a) a compartment (corresponding to Phase IV of efflux)

contain'ing ma'inty 3HtS0 the content of which (0.7 to 0.97 nmol 9-1) is

similar to tne 3HIS0 content of compartment III (below) but associated

with a much larger tu, value (e to 25 min).
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Footnotes:

(i) The curve peelìng procedures used were described in the methods section and comprised: procedure I'

curve fitting by eye; procedure II, sìngle curve fitted to mean values; procedure III, curves fitted to

individual experiments .

(ii¡ Shown are values for compartment size (in nmoì g-1) and half time (tr) vatues of efflux.

(iii) 14C sorb'itol va'lues represent sorbitol space expreEsed in nmoles of isoprena'l'ine per gram of artery.

(iv) Significance. For 3HtsO untreated vs. U0521 treated, p < 0.05 for size and tr.for compartment IV.



TABLE 8.2

Compartmentaì anaìysis of efflux curves obtained with arteries that were incubated

with either 14c sorbitol (8.1 umol l-1) or ¿l3tltso (0.81 umol l-1) ror
30 mins prior to wash

II
Si ze

nmo'l g- 1

0.53

0.67

0.72t0.05

tr"
min

0.20

0.20

0. 19t0.03

III
Si ze

nmol g
-1

4 0.09

4 0. 1 lt0. 04

tr"
mln

1 .05

0.78r0.07

IV Residue nmol g

t%

mln n Calc'd Expt.
Compound
effluxed Proc.

I
14c sorbi to] I I

III

Si ze

nmol g
-1

Treatment

Niì

nn

4

4

Nil

u0521

II
III
III

I

II
III
III

I

II
III

3HIso

HMeOIS0

3
HISO

L.02

0.28

0.34t0.12

0.14

0.57 4

0.61t0.18 2

0.85

1.24t0.40

1 .6810. 58

1.3

0.82

1 .01r0.19
1.06t0.12

1.0

0.78

0 .7  tA .I7

0.8

I.37t0.32
1.45t0.27

2.3

3 .45

3 .34t0. 13

3.24t0.15

2.0 4

r.42 4

1.49t0.13 4

3 0.87

4 0 .97t0.42

7 0.93r0.28

22.3

24 .9tI.75
19.9t2.9

7.8

10. 04

10.5t1.01

4 4

4

7

co
G)

3

7

4

4

7

0. 18r0.05 0.23t0.0

0.99

1 .49t0.38

0.2s 4

0.2610.08 4

1.6

2.01

7.97!0.49

4

4

4 0.22x0.09 0.38t0.1



TABLE 8.3

3
Compartmenta'l analysis of effjux curves obtained with C0MT inhjbited arteries incubated with dl HISO

(0.81 umol t-1¡ tor 30 mins prior to wash in Krebs solution containing ethanol (173 mmol l-1)
1or D0CA (27 umol l- )

II III IV
I

Treatment

u0521

+

EtOH

u0521

+

DOCA

Footnotes:

Si ze

Proc. nmoì g-

tr" Si ze

min n nmol g

- r.4
- 1.s1

L.77t0.50

th
min n

2.0

1 .98

1 .81r0. 26

tL
'2

min

9.5

11,0

11.7t1.13

Residue nmol g

Calc'd txpt.
c
E

om

ff

3

p
1

ound
uxed

HISO

1 1

Si ze

nmol g
1

n

HISO

I

II
III

I

II
III
III

2.0

3.20

2.62

5

5

5 3.0

5

5

2

3

8.5

9.9

2.6

3 .03

5

5

52t0.44 9.9t0.78 0. 13t0. 01 0.35t0. 08

3

- 0.07

- 0.66

- 1.1210.40 2

5

5

5

coÞ

0

20

.47

2

3

.62t0
- not detectabl e 0. 28t0. 06 0. 3910. 09

as for Table 8.1 except:
(i) based on efflux rates determined 2 m'inutes after commencement of wash

(ii) ethanol added to control incubates 5 minutes before completion of incubation and present throughout wash

(iii) DOCA added to incubates 5 minutes before comp'letion of incubation and present throughout wash
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(b) a compartment (III) with a capacity of 0.7 to 1.6 nmol

g-1 of 3HIso and a tu. vaìue in the range 0.8 to 2.3 minutes. 3HN.oIsO

is included in this compartment because its t, value is on'ly slightly

greater (2.¡ to 3.5 m'in); the capacity (0.9 to 1.3 nmol g-1) is similar

to that or 3Hts0.

(c) a compartment correspond'ing to Phase II of efflux which

contajn, 3HIS0. As discussed aìready thjs compartment is probabìy the

extra cellular space in the tissue. Since the 3HN.0IS0 efflux during

the fjrst two minutes (viz. 0.58 nmol g-1¡ *u, gruut.. than could be

attributed to simp'le efflux from compartment III it is tempting to

place a smal'l proportion of 3HN.0lSO efflux into a separate compartment

(i.e. compartment II).

2. COMT inhibited arteries:

(a) the capacìty of compartment IV was signifìcantly greater

than in untreated arteries by a factor of 2, but the trrvalue was

decreased.

(b) compartment III appeared unchanged in capacity with no

change in l.r. va I ue .

(c) the capacitjes and tu" values of compartment II appeared

to be unchanged (based on mean values only).

3. DOCA treated arteri es:

(a) a decrease (shown by procedures I and II) in the 3HISO

contents of compartment III (i.e.when compared to the 3HIS0 contents

of compartment III for ethanol treated arteries). Ana'lysis of the

indiv'idual curves by procedure III showed that for three arteries there

was no correlation between the observed rates and an exponential decline

in rate corresponding to Phase III of efflux, i.e. the analysis suggested

the presence of only phase IV of efflux.
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(b) no change in the tr, values of compartment IV (i.e.

when compared to the tu. val ues of compartment IV for ethanol treated

arteries ) .

4. Ji:lus-rs:idsq::

The mean 
3H contents of arteries determined experimentally

at the conclusion of the wash period were greater than the mean values

calculated from the regressjon ljnes for the last phase (IV) of efflux,

but only 'in one comparison (U0521 treated arterí'es) was the jncrease

significant. It was noted however that values of 3H content in some

individual experiments were close tn those obtained by calculatìon.

D I SCUSS ION

Accumul ation experiments

(i ) MeOIS0:

The curves of rate of accumulation of 3HNe0lS0 vs time in

the medium containing substrate concentrations of 0.Bl and 3.75 um<¡l l

show a pronounced increase in rate a few minutes after incubation was

commenced. At the lower substrate concentration (0.48 umol l-1) the

initial accumulat'ion of 3HMe0ISO appeared to take a ìonger perìod of

time to reach its steady state. However jn the one group of experiments

where the tissue contents of MeOIS0 were also measured at different times

it was apparent that the formation of 3HN.OlS0 (tjssue plus medium) at

substrate concentration 0.81 umol l-1 was relativeìy constant from the

commencement of incubation. This was because a major proportion of the

3H¡,1.0IS0 formed by the artery after 5 m'inutes of incubation had accumulated

in the tjssue and a smaller proportion had effluxed'into the mediutn.

1
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After 15 or 30 minutes of jncubation the reverse was the case, i.e.

the relatjve proportions of 3HN.0ls0 jn the medium was larger than

that in the tissue. These findings are consistent with the presence

of a low capacity compartment within the artery in which 3HNe0lS0

accumulated after its formation. It is assumed that 3HMe0IS0 is stored

in one compartment on'ly nameìy the compartment III described in the

results. The evidence for this compartment is discussed I ater in th'is

section. The filling of such a compartment in the early stages of

incubation would decrease the amount of 3HMeOlSd which effluxes into

the med'ium; when th'is compaltment was saturated the rate of efflux'into

the medium would correspond to steady state rate of formation of 3H¡'l.OlS0.

The formation and accumulation of 3HtleOISO in the artery must be rapjd

since the 3Htle0lS0 contents of arteries after 5 minutes of incubation

were approximate'ly 50% of that of arteries incubated for 30 minutes.

However it should be noted that the levels of MeOISO in the arteries

that were incubated w'ith 3HIS0 at a concentration of 0.81 umol l-1 do

not reflect the maximum capacity of the MeOIS0 conta'ining compartment.

This follcws from the evidence that the tissue levels of 3HMe0lS0

increased with increasing substrate concentration; for example the

3Hl,t.OlSO contents of arteries incubated at a substrate concentration

-1of 3.75 umol l-'were about twice those seen in arteries ìncubated at

the substrate concentration of 0.81 umol 'l-1.

The possibi'l'ity of substrate saturation of the COMT in this

compartment was also evjdent from these results. This follows from

the shape of curves seen for the plot of rate of appearance of 3HNe0IS0

in the media vs substrate concentration. Thjs curve pìateaus, which

indicates saturation of the enzyme may have occurred at a substrate

concentratÌon of 3.75 umol l-1, i.e. assuming that the uptake of 3HIS0
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into the artery was not itself rate limit'ing. The latter assumption

is tenuous and based only on the observation that the ratÍo of 3HtS0

contents in arteries to substrate concentration are similar at high

(3.75 umol 1-1) and low (0.81 umol l-1) concentrations (i.e. 5:3.75

(Fig. 8.1) or 1.33:1 and 1.063:0.81 (Table 7.2) or 1.3:1. respectively).

(i'i) M,
The accumulation of IS0 appeared to be more rapid than that

of MeOISO since the time content at 5 minutes was about 90% of that

prevailing at 15 or 30 mjnutes. This finding suggests that the substrate

gains rapid access to the COMT. The data (Table 8.1) showed that the

storage capacity of the artery increased over a range of 3HIS0 concentration

in the medjum. Thìs follows from the findìng (in COMT inhibited arteries)

that the tissue levels of 3HIS0, after adjustment for the amount present

in the extracellular space continued to exceed the medium concentration

of 3HlS0 even when the concentration of 3HISO was varied 1,000 fold.

This implies that at least one of the compartments which stores 3ttlSO

following COMT ìnhibition has a high capacity for this amirie.

(iii) QQ94'

'The accumulation of MeOISO in the medium of DOCA treated

arteries possessed a similar time course to that jn untreated arteries,

ie.. the jnhibitory potency of D0CA was about the same at each time

interval measured. This findjng thus excluded the possibilìty (mentioned

in the introduction) that the measurements based at 30 minutes may not

have estimated the fulj extent of DOCA's inhibjtory action. The most

likeìy explanation for the fajlure of DOCA treatment to completely

eliminate MeOISO formation in arteires is competition between DOCA and

the substrate for the 0-methylating compartment in the artery. This
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follows from the observation that DOCA's inhibitory effect on the

accumulat'ion of 3HNe0IS0 in the incubating medìum js ìess pronounced

at high substrate concentrat'ions. The possibilìty that DOCA reduced

the efflux of 3HN.0ISO from these arteries seems unfikely in view of

the evidence presented in the prev'ious chapter showing that DOCA

significantìy reduced both artery and incubate contents of.3HMe0IS0.

Furthermore there is evidence that in rat heart another stero'id

(corticosterone) was without effect on the efflux of MeOISO from that

tissue (Uhli g et aL.1974). In contrast to the apparently competjtive

Ínhibition by DQCA of Q-methy'lation, DQCA's inhibition of the

accumulation of 3UlS0 (in COUf inhibited arteries) was sim'ilar in

magnitude over a wide range (1,000 fold) of substrate concentration.

It seems ljkely that DOCA's action is directed toward on'ly one part of

this accumulation and its mode of inh'ibition is non-competitive. In

view of histochem'ical evidence indjcating stero'ids prevented the

accumulation of NA into the smooth muscle cells of the rabbit ear artery

(Nicol and Rae t972) ìt is tempt'ing to suggest that the DOCA sensitive

component of the accumulation of 3HIS0 reflects uptake into the

cytop'lasm of the smooth muscle cells of this artery. Nicol and Rae also

showed that steroids did not affect the bind'ing of NA to collagen nor

did they decrease the accumulation of NA into nerve terminals" Thus

in view of the evidence presented in the prev'ious chapter show'ing that

there is a neuronal component of the accumulation of 3HISO in t.his

artery and that PBZ does not abolish the 3tllSO content of arteries, it

is possible that the steroid insens'itive component of accumuìation may

in part be accounted for Uy 3HISO being taken up by sympathetic nerves

or by ti ssue el ements such as col'lagen or el asti n.
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Efflux experiments

(i ) UgQISQ:

Anaìysìs of the efflux of 3HNe0IS0 in the first one minute

of wash showed that the amount of 3HtteOISO that effluxed during this

period, represented about 36% of that seen for arteries (seen in the

previous Chapter) after a one minute wash. Furthermore it was shown

that the rat'io of the one minute wash contents of 3HIS0 (corrected for

extra cellulu.3HIS0 present at the end of incuþation) to the corresponding

3HN.0IS0 contents were similar to those prevai'ling'in the tissue after

a one mìnute wash. Thus it is reassuring that the artery contents of

amines shown in the previous chapter (Table 7.2) do reflect the bulk

of the amines present in the cells at the end of incubation and that

the tissue ratio of unchanged am'ine to metabolite was not d'istorted by

exclusion of the 1.0 minute wash data.

The total amount of 3HMe0IS0 that effluxed from these arteries,

1.38 t 0.13 nmol g-1 (shown in the cumulatjve plot'in F'ig.8-7) when

corrected for the amount of 3HtleOISO that effluxed in the period 0 to

1.0 minute of wash, i.e. 1.04 nmol g-1, is similar to the 3HMe0IS0

contents of arteries (shown in the previous chapter, Table 7.2) tfrat

were washed for 1.0 nlinute. It seems unlikely that any significant

0-methyìation of unr:hanged amine l3ttlSO) occurred during the period of

efflux. This finding contrasts marked'ly with that seen for the efflux
a

of 3HNA (Chapter 6) where s'ignìficant rnetabol ism of 3HNA, i.e. conversion

of D0PEG had occurred during 30 and 60 minutes of efflux.

Analysis of the rates of efflux of 3HU.0IS0 in the period 0 to 30

minutes of wash showed that tl"ie efflux of 3HMe0IS0 could be described

by a single exponentjal decline in rate. The tr" for this compartment
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(3.3 mins), although greater than the correspond'ing time for efflux

of materi al f rom extracel l uì ar spaces , was sti l l much snral l er t.han

the t, for compartment IV. Thus in view of the finding that about
4

50% of the steady state tissue content of 3HMe0IS0 was present after

5 minutes of incubation, it is probabìe that in thjs artery there is

a single compartment which rapidly accumulates 3HN.OISO and from whjch
)
"HMeOIS0 rapìdìy effluxes.

(ii) ISO:

In contrast to the efflux of MeOIS0, the efflux of IS0 was

characterised by two phases, one of which (III) had a tu, comparable

with that of the efflux of MeOISO, the other (IV) possesses a much

ìonger tur. It is likely that the rapid phase of efflux reflected loss

of unchanged amine from the compartment from which 3HNe0IS0 effluxes.

(iii) UQ5?1:

COMT inhibition was associated with an increased rate of

efflux of 3HIS0 from arterìes. This observation is consistent with

the findings from the previous chapter which showed that COMT'inhibition

was associated with an increased accumulation of unchanged amine.

SurprÍsingiy the results of the compartmental ana'lysis, based on these

rates of efflux, showed that COMT inhibitjon caused an increase in the

content of compartment IV, j.e. the compartment not described by efflux

of 3Hl,te0lS0. It was antic'ipated that COMT inhibition would have caused

a stoichiometric repìacement of the 3H¡,1.0IS0 in compartment III with

unchanged amine (3HISO). The tu.t thut this did not occur suggests

that the activity of COMT in compartment III regulates in some way the

entry and accumulation of IS0 into compartment IV. Possibìy compartment

III has only a ljmited capacity for unchanged IS0.
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( iv ) DOCA:

The presence of DOCA in wash solutions decreased the rate

of efflux of 3HISO from the COMT 'inhibited arteries. DOCA's effect

seemed prìmarìly d'irected toward the efflux of 3HtSO corresponding

to Phase III of efflux, i.e. the compartment from whjch ¡otn 3HlS0

and 3HMe0IS0 efflux. The latter observation is in accord w'ith the

f':ndings from the prevìous chapter which sholed that DOCA decreased

only part of the accumulation of 3HtS0 in COMT i-nh'ibited arteries.

(v) General:

All of these findings point to the possible involvement of

two compartments in this artery for the accumulation and O-methy'lation

of 3Hls0. These are summarized as follows:

I . Compartment I I I wh'i ch i s characterì zed by :

(a) C0MT activity which'is saturated at relat'ive1y low

substrate concentration and leads to

(U) a rapid formation and accumulation of 3HMe0iS0, and a

rapid efflux of 3HNe0IS0 and unchanged amìne

(ç) ability to store both unchanged amine and MeOISO (with a

'limited capacity for both)

(d) sensitivity to DOCA, with respect to both entry and efflux

of IS0.

2. Compartment IV which is characterized by:

(a) the abi'l'ity to store unchanged amine including the increased

3HtSO content resulting from COMT inhibition

(b) absence of MeOISO activity

(c) a relativeìy slow efflux of 3HISO when COMT is intact but

a faster efflux when COMT is inhibited; the latter efflux'is not

affected (in content or t, value) by DOCA.
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Some possible relationships between the present find'ings and

the prev'iously reported (Johnson and de la Lande 1973) sensitizing

action of DOCA wi j I be treated i n depth i n the genera'l d'iscussi on

chapter (Chapter 10).

(iv) Bsls!iql:hip-!q-q!bqr-!1::us: :

1. Cat nictitatins membrane

From their studies on the cat nictitating membrane in

which neuronal uptake was eliminated by a combirÍatjon of chronic

sympathetic denervat'ion and treatment with cocaine, and metabolism was

inhibited by pargyline and U0521, Graefe and Trendelenburg (I974)

concluded that ¿l3UtlR distributed rapidìy ìnto a quick'ly equi'l'ibrating

compartment with a small distribution volume, followed by a further

slow transfer into a second extraneuronal compartment with a h'igh

distribution volume. They also concluded that hydrocortisone blocked

the entry or accumulation of the 3HttR in the quick'ly equil'ibratinç¡

compartment. The supporting ev'idence included (a) tlre shape of the

time course of accumulation of 3HNR, wh'ich sholed apprecìable

accumulatjon of the amine at zero tjme. This suggested that the

first compartment had filled within the first period of measurement

(about 2 minutes from their Fig. 8). Tested at various amìne

concentrations the extra neuronal uptake could not be saturated and

the inhibition produced by hydroc'ortisone was small and unrelated to

the amine concentration. In contrast when O-methyìation occurred in

C0MT intact membranes the accumulation of normetanephrine was saturable

so that its level in the tìssue achieved equi'librium with the concen-

tration in the medium within severaì minutes. They also showed that

the Michael is-Menten ana'lys'is of the plot of 3HtlNt't formation against
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3HNA .on.entration was consistent wìth the presence of two

methylat'ing systems, one w'ith a high affinity and ìow capacìty for
3HnA th. other wit,h a low affinity and high capac'ity. The analys'is

also suggested that the h'igh affinìty 0-methylating system was

sensitive to hydrocortisone and even then the effect of the stero'id

was non competitjve, 'i.e. relatively independent of the concentratjon

of the substrate. In contrast to normetanephrine accumulat'lon, the

accumulation of 3HNA was neg'ligible, being accgunted for by fi'lìing

of the extracellular space.

Qualitatively, the accumulation and 0-methylation of isoprenaline

resembled that of noradrenaljne, the main difference was a higher

V*u* fo. the fiì1ing of the high affinity comoartment. This made

it simpler to ana'lyse the selectiv'ity of the effect of hydrocortisone

on the two compartments since O-methy'lation in the high affinity

system comprised most of the observed 0-methylation (measured for one

minute in the range of substrate concentration,0 to 50 umol l-1).

Their resultant k'inetjc ana'lysis was ágain consistent with the view

that hydrocortisone inhjbited the high affinity O-methy'lation of

catecholamines. As with noradrenaline the accumulatìon of unchanged

isoprenaf ine aopeared to represent only 'isoprena'line in the extra-

cellular space of the tissue.

Aìthough the data in the present study is limited by comparison,

it shows some possìble sìmilarities and differences between the

propert'ies of the a.ccumulation jn the two tissues (i.e. cat nictitating

membrane and rabbit ear artery). One difference is that when COMT

is intact in the artery the accumulation of 3HlS0 is greater than can
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attributed to the filling of the extra cellular space. However

th'is may not be a genuine difference and may simply reflect different

times of incubation. Graefe and Trende'lenberg (I974) have pointed

out that in an earlier study (Trendelenberg et aL. 1971) they were

able to detect significant extra neuronal accurnulation of unchanged

3HtlR in'isolated membranes wh'ich were incubated wittr 3ttun for longer

periods of time (i.e. 20 minutes). Tvrenty minutes is comparable with

the occasional 15 minute and more commonly 30 mjnute periods of

ìncubation employed in this study.

A point of simiìarity'is represented by the presence in the artery

of a I'imited capacity for storing 3HM.0IS0, as shown by the lag in the

time course of its appearance ìn the incubat'ion med'ium, in association

with a failure of the 3HISO to accumulate further in the t'issue after

15 minutes of incubat'ion. It is not clear from the'ir study, whether,

as in the ear artery, inhibitjon of COMT is associated with a marked

increase in the accumulat'ion of unchangea 3HIS0. One mìght'interpret

their data on 3HNA u..rmulation in the MAO and COMT'inhibíted membranes

as evidence in favour of a similar accumulation of 3HlS0, and the'ir

finding that hydrocortisone exerts a small but definite non-competìtive

inhibition of this accumulation of unchanged 
3HNA u, a further argument

of a simi'larìty between the properties of the 3HISO accumulating systems

in the two preparatjons. The latter follows from the evidence in

this chapter shor'rirrg that the inhibitory action of D0CA is approximate'ly

the same over a thousand fold range of concentratjon of substrate.

Further as in the membrane the accumulation of the unchanged amine

in the C0MT-intact arteries was unaffected by this steroid.
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2. Isolated hearts

A further intensive analysis of the accumulatjon of
3Hlso and 3HMeoISg has been reported'in the rat and guinea pig

heart by Trendelenberg and colleagues (gönisch and Trendelenberg,

1974; Bönisch et aL. 1974; Uhllg et aL. L974).

In their first study, they showed the g-methylation of 3Htso

reached steady state conditjons much more rap'idly than the accumulation
2

of unchanged rHIS0 (j.e. 10 minutes cf. 30 minutes) and that'inhibition

of CSMT,'increased both the accumulation of unchanged amine and the

time requjred to reach steady state condit'ions. They showed also

that the rate of O-methylation under steady state conditions was

identical with the injtial rate of O-methylation. The lack of

para'lleljsm between tfre 3HISO content of the heart and the rate of

0-methy'lation led them to suggest a two compartment model to explaìn

their fìndings, i.e. (i) a C0MT containing compartment which equilibrated

quickly with the extracellular concentration of 3HISO and ìn which the

rate of O-methylat'ion depended exclusive'ly on the concentration of

unchanged amine in the extracellular flujd and (ij) a more slowly

equi'librating compartment wh'ich stored unchanged amine. In the'ir

second report they provjded further information on the compartments

by showing that the rate of removal of 3HlS0 was increased with

increasing substrate concentration to a much greater extent than

could be accounted for by an ìncrease in 3Ht'leOISO formation ('i .e. 30

fold cf. 3 fold) and was associated with a marked earlier attainment

of the steady state condjtions in the case of 3HN.OISO.
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In contrast to the results on the nictitating membrane the

accumulation of unchangeci amine was clecreased by corticosteron:

(non-competitively) while the kinetìcs of O-methy'lation could be

accounted for by a sìngle compartment system wh'ich was competitivel.y

inhibjted by corticosterone. The efflux curves of 3HIS0 from hearts

in which COMT was inhibited showed at least two compartments (other

than extracellu'lar space, and heart cavity filljng). These were

termedcompartments III (tU 10.1 mins) and IU-(tr.=22.6mins).

Both were markedly decreased (to 12-23%) by the presence of

corticosterone in the incubation medium (surprisingly the compartment

termed II and attirbuted to extracelluìar space by Bönìsch et aL.

appeared also to have been markedly decreased). When cort'icosterone

l.tas present in the wash solution only, the separate efflux from III
and IV appeared to be now from one compartment onìy resembling IV ìn

tr. They suggested that corticosterone had delayed efflux from III.

Finally (Uhl-rg et aL. 1974) they examined the effect of cortico.'

sterone on the efflux of 3ttMe0IS0 from a compartment correspond'ing

to III in the rat heart. They showed also that the stero'id inhibited

the appeaì'ance of the 3H¡,l.OtS0 when present during perfusíon with
3HISO. However when added during efflux, it decreased the efflux

of unchanged amine but not that of 3Ul,l.0IS0. Instead it delayed the

appearance of a pecuììar convex'ity of the 3HMe0IS0 curve. Thìs

convexity was attrjbuted to the presence of sufficient unchanged 3filSO

in the compartment III to maintain the enzyme in a saturated state

after perfusion 
"itf,3HtS0 

had ceased. In view of the failure of

corticosterone to modify efflux of 3H¡,l.0lSO, Uhl ig et aL. (1974)

suggested that the two compartment model which best explained their

resuìts consisted of the two compartments in para'llel , botlr of tviriclr
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was able to store unchanged amine, but onìy one of which possessed

COMT activity. The abil'ity of corticosterone to efflux of 3HN.0IS0

when present during infusion with IS0, but not when added subsequently,

was explained in terms of its ability to inhibit influx of unchanged
a
"HIS0 into compartment III (containing C0MT) but to be wjthout effect

on the actjvities within compartment IiI once it had accumulated

unchanged amine. They postulated also that corticosterone decreases

efflux as well as influx of 3HlS0 to account for the abifity of the

steroid to pro'long the appearance of the pìateau of 3HMe0IS0 efflux.

As with the case of t.he analogy with the nictjtating membrane,

the data on the ear artery'is limited by comparison with that on the

isolated hearts, but does offer interesting points of comparison:

(i) The first point is, the artery resembles the heart in its
ability to store unchanged am'ine in excess of that predictable from

stoÍchiometric requirements once COMT js inhibited. This impìies that

as is in the heart, COMT acts normalìy to limit storage of unchanged

ami ne.

(ii) A second similarìty 'is that the compartment anaìysis also

favours twp compartments for storing unchanged amine. The half times

are shorter in the artery than jn the heart (see Table 8.4), but as

in the rat heart there Ís a suggestion that the efflux of 3HIS0 from

compartment III is more sensitive to a stercíd (DOCA) than is compartment

IV. This is apparent from the experimentajìy derived efflux curves.

The mathematically derived monoexponentia'l do not appear to shovr this,

but it should be pointed out that +-he correjation of goodness of fit
of the derived curves for compartment III r,ras much poorer for the

curve with DOCA present than the curve wíth D0CA absent.
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(iii) A th'ird point of sjmilaríty is that the efflux of
3HM.OISO occurs from a compartment in the artery with a t, closer

to compartment III than IV as is the case with the heart.

(iv) An 'important difference is that, in the artery DOCA did

not decrease the accumulation of unchanged amine in artery except

when C0MT uras inhibited. This imp'lies that unlike the heart, the

compartment possessing COMT actìvjty does not normally store unchangeci

amine in excess of that which can be methyìated. This a,qrees with

the failure to observe any ev'idence of convexity in the 3HNe0IS0

efflux curve in the rabb'it ear artery.

(v) Another difference was the failure to observe jn the ear

artery 0-methylation of the accumulated unchanged anrine during efflux

as has been suggested for the rat and guinea pig hearts (Uhlig et aL.

lg74) based on the observation that the cumulated 3H¡,l.OlSO contents

of wash solutions from these tissues were greater than the 3HNe0lS0

contents of hearts measured at the end of incubat'ion.

It is apparent from the above d'is;ussion that whjlst there are

similarit'ies between the rat heart and the ear artery several pronounced

differences ex'ist. In view of the possibility suggested by Bönisch ¿ú

aL. (I974) tfrat the compartments in the rat heart may represent

morphologically separate tissues, one of which may involve vascular

smooth muscle; and in view of the evidence presented in the previous

chapter showing that there was a neuronal component of 3HIS0 accumulation,

it is possible that the differences seen in the above comparison may

be a result of an interplay of separate tissue types within both

tissues. Similar studies, but less extensive than those reported for
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the rat heart, have been described for the rabbit aorta and a

comparison between this vessel and the ear artery is treated in

the following subsection.

3. Rabbit Aorta

The studies of Levin (Levin, to be published; reported at the

6th International Congress on Pharmacology, Helsinki, 1975) and Henseling

et aL. (1976) have shown that in nerve-free segrnents of aorta (in which

metabolizing enzymes were inhibited ) l3Hrun and dl3tt¡tR ;s accumulated

by a rapidly equilibrating process, with a tr" value for accumulation

of about 10 minutes. Furthermcre the accumulation of 3HttR in the

enzyme inhib'ited and enzyme intact preparations is inh'ibited by

corticosterone (Levìn, to be pubìished; Trendelenberg 1973). In an

earlier report Levin Oglq) investigated the relationship between the

time course of accumulation of l3HnR in nerve free aortic segments

and the time course of formation of metabolites. It may be seen from

a summary of these findings (Levin 1974, Fjg. 2) that while the

formation of 3Hl,tMtt was linear with tÍme tfre 3HN¡¡¡t content of the

tissue increased initiaìly and then plateaued at a steady state value.

The initia.l rate of accumulat'ion of l3Ht\A was more rap'id than that of
3H¡t¡,1¡l and the tissue content signif icantly greater than 3HNMN 

when

the latter achieves steady state accumulation. Thus the findings of

Levin for the aorta parallel closely the results of this present study

concerning the time course of accumulation and O-methyìation of 3HISO

in the ear artery.

The di stri buti on of Al3H¡lR i nto extra neurona'l compartments i n

the enzyme inhibited nerve free aorta has been described recently by

Henseling et aL. (1976). The experimental design and the compartmental
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analysis of efflux curves used by the latter authors are similar

to those used for this present study. A comparison of the properties

of compartments seen for the aorta and ear artery together with those

described for the rat and guinea pig hearts is shown in Table 8.4.

The main feature in this comparison is the similarity in compartment

sizes and t,_ values for the two blood vessels. Although the comparison
4

is restricted to the nature of compartments in COMT inhibited preparatíons,

aclditional information concerning the effect of corticosterone on

compartments in the aorta has been briefìy .upo.r.O by Trende'lenberg

(1973). Cort'icosterone reduced the formation of 3HttlMttl Ín enzyme jntact

segments of nerve free aorta and j n U0521 treated segments reduced

the efflux of 3HNA fror compartment III, onìy when the steroid was

present in wash solutions (Trendeìenberg 1973).

It is concluded that many of the properties of extra neuronal

accumulation and O-methy'lation of 3HISO seen for this artery are

shared by a variety of vascular tissues.

Neuronal 3HtsO and efflux

Unfortunately there does not appear to be any information available

relating to a possible contribution of neuronal 3tllSO to efflux. In as

much as the detailed studies of Trendelenberg and col'leagues have been

concerned with innervated, denervated and nerve free preparations,

detailed comparisons between these preparations are not evident. The

study of Henseling et aL. (1976) has indicated that axoplasmic

accumulated 3HNA may efflux in part, with a rate comespondìng to

compartment IV of efflux for the rabbit aorta. Thus in view of

evidence presented in the previous chapter that part of the accumulation

of 3HIS0 in COMT intact arteries was neurona'l in origin, a contributjon



Footnotes:

-1 ) present throughout entire experiment

C cocajne (30 umo'l l-1) present throughout entjre experiment

p pargyìine (500 umol l-1), tjssues incubated with pargyline prior to incubation with dl3HNA

Cort. corticosterone (20 umo'l l-1) a¿¿.d to wash solutions onìy

Doc. DSCA (27 ynol l-1), added to incubates 5 minutes.before washout and present in wash solutjons

ttgH (173 mmol l-1), added to solutions as described for DOCA above

(ii) *These effluxes gave poor correlat'ions with the monoexponentìal decline in rate of efflux

corresponding to compartment III.

(i ) Treatments

U U0521 (ss-tOO umol l
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of neuronal 3HISO to efflux cannot be ìgnored. It woujd seem unlike'ly

that the efflux of 3tttSO from C0MT ình'ibited arteries reflects efflux

of 3HtS0 from neuronal sites. This follows from the finding that

cocaine does not decrease the accumulat'ion of 3HtS0 in COMT

inhibited arteries.

The relationship betvreen COMT activity ard neuronal accumulat'ion
)

of "HIS0 may simply ref ì ect the foì'lowì ng:

(1) in COMT intact arteries the 3Hlso contents are much smaller

than those for C0MT inhibited arteries and the neuronal component of

accumulation represents a s'ignificant proportion of the accumulated

3HISO in COMT intact but not COMT inhibited arteries.

(2) Furthermore if in C0l4T intact arteri.r, 3HIS0 was also bound

to tissue elements (e.g.elastin and coìlagen) tf¡e proportion of neuronal

3HISO to accumulated extra neuronal 3HISO would be even greater than (1)

above. Under these conditions cocaine and not DOCA would decrease the

accumulation of 3HlS0 in COMT intact arteries. The latter assumes

that COMT serves to minimize the extra neuronal accumulatiòn of

unchanged amjne. When this enzyme is inhibited extra neuronal

accumulation of 3HIS0 occurs and this uptake is sensitive to DOCA

but not cocaine.

The relationship between O-methyìation and accumulation may aìso

exp'lain why Nicol and Rae (I972) in their histochemical study observed

inhibition of the smooth muscle accumulation of NA by steroids in ear

arteries not treated w'ith a C0MT inhibitor. The concentrations crf NA

used for the histochemÍcal studies were far greater than those shown

(in tfris present study) to elicjt substrate saturation of COMT. Thus

it is possible that at hÍgh substrate concentratjons accumulation of

unchanged amine occurs in a similar fashion to that seen at lower



204.

substrate concentrat'ions i n the presence of a C0l4T i nhi bi tor; i . e.

accumulation of unchanged amine is inh'ibited by DOCA when extra

neuronal COMT does not serve to significantly decrease the content

of unchanged amine.



CHAPTER 9

3
THE UPTAKE AND METABOLISM OF H NORMETANEPHRINE



205

CHAPTER 9

THE UPTAKE AND METABOLISM OF

3H 
NoRNTTANEPHRINE

INTRODUCTION

In the preced'ing study evjdence was presented in support of a

functional role of catechol-O-methyltransferase in limiting the

extra-neuronal accumu'lation of the catecholamine isoprenaììne.

Isoprenaline was selected because'it was not a substrate for I'140. In

the present study, the influence of extraneuronal l4A0 on the accumulation

and inactivation of an amine which is not a substrate for COMT'

normetanephrine (NMN), has been stud'ied. 3H¡lNtt was select-ed in

part because'it is a substrate for MAO (Tipton 1972) whjch possesses

a low affjnity for neuronal uptake and a high affinity for extraneuronal

uptake (Buigen and Iversen 1965). However, it was also selected because

it is a metabolite of NA in the artery (Chapter 6), and it was of

interest to ascertain whether the further deam'ination of NMN may have

contributed to the formation from NA of the O-methyl deaminated g'lyco1

(MOPEG) and the 0-methy'l deaminated acid (VMA) . ',

The p'lan of the study was to first examine the accumulation cf NltlN

and its metabolites in the medium and tissue following 30 minutes

incubation of ear artery segments with ¿l3Htluttl. The influence on

these processes of an extraneuronal uptake jnhibitor (D0CA), a neuronal
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uptake inhibitor (cocaine), and an inhibitor of MAO (nialamide) was then

examined. In this way it was hoped to determine whether, as in the case

of isoprenaline and COMT activity, the activity of ext:"aneuronal MAO

influenced the accumulation of the NMN, and whether this accumulation

was also sensitive to DOCA.

This study also includes some comparative observations on the

metabolism of NMN by the rabbit aorta. It is apparent front a comparison

of the data of Levin on the rabbit aorta (Levin 1973) and the data on

the rabbit ear artery in Chapter 6 that NMN represented a relatively

major metabolite of NA in the former tissue whén compared with the latter.

METHODS

Incubati on

The same procedure as that cornmonly used in the studies on IS0 and

NA was emp'loyed. Segments of artery were incubated for 30 minutes with

Krebs solution gassed with 95% OZ - 5% C0, contain'ing ¿l3H¡t¡,1¡t (1.03

¡rmoì l-1). The segments were then washed, first for 10 seconds, then

for 50 seconds, after which they were extracted without homogenisation

in a solution of acetic acid (1 nro'l l-1) containing EDTA (22 umol l-1).

The contents of 3HtlNt't and the metabolites were then determined on TLC-

borate impregnated pìates in an identicaì fashion to that describr:d for

NA (Chapter 4, Method IV), wjth the qua'lification that only non-labellecl

NMN, VMA and M0PEG were added as carrier compounds.

In a few experiments, the identities of the metabolites in artery

extracts were further tested by ion exchange paper chrornatography using

the same procedure as ciescribed in Chapter 4 for NA (Method I). In the

studies on the rabbit aorta, segments were incubated under the same condjtior

used for the ear artery except that the 3H¡t¡4tl concentrat'ion was 6.0 umol l-1.

However, the extraction and separative procedures were different. The aorta

segments were extracted with HCI (100 mmol l-1) contajn'in9 EDTA (21.5 umcl l-

and the metabolites separated by a'lum'ina adsorption and column (Dowex-SO

(run*)) chromatography as described in Chapter 4 (Method II).
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3Purification of HNMN

The results of preliminary experiments (outlined in Chapter 3)

had suggested that the manufacturer's stock solutjons of 3HmU¡t

contained 3H materjal that behaved like NA on paper chromatograms

and thin layer chromatograms. Accord'ingly the solutions used for

this study were purified before use using the procedure described in

Chapter 3 and briefly outlined below.

The manufacturer's stock solutions of 3H¡tN¡¡ were treated with

alumjna after which the effluent was adiusted to pH 6.5 and passed

through a Dowex SO (t'ta+) column. The cojumn was eluted with 1.0 N HCI

and the fractjons corresponding to NMN were pooled, freeze-dried, and

redissolved in 2 ml of 0.01 N HCI containíng EDTA. Sampìes of this

solution were added d'irectly to the Krebs solution.

RESULTS

In the first series of experìments, four artery segme.nts from

each of five rabbits were incubated wiuh dl3Ht¡Ntl (1.03 umol l-1) tor

30 minutes and washed for one mìnute in amine-free Krebs solution.

The drug treatment of each segment was as follows: one was untreated;

one was incubated with nialamjde (350 umol l-1) for 60 minutes and

then washed for 15 minutes prìor to commencing incubation with 3H¡INN;

one was incubated with 27 umol l-1 of DOCA and 176 mrnol l-1 ethanol;

(tfre OOCR in ethanol being added 15 minutes prior to commencing incubation)

the remaining segment was jncubated with ethanol (176 mmo'l l-1) alone.

The tjssues, and the incubating medìums, were then fractionated for

¿l3HttN¡l and the putat'ive metabolites 3HMopre , and 3ttvl,tR by thin'layer

chromatography (l4ethod IV, Chapter 4). The method also permitted tests

for the presence ot 3HoopEG and the fraction (3Hrun + 3uooNn).
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The results of these experiments are summarised in Table 9.1.

Their main features are listed below:

(1) Untreated arteries:

3It will be seen that the concentration of H in the tissue

at the conclusion of incubatjon was approximately four-fold greater

than jn the medium. Unchanged 3Htttttttt represented the major proportìon
)

(72%) of this "H, and it is evident frorn a comparison of jts level in

the tissue with the bathing concentration (¡.tt-c.t. 1.03 nmol g-1) that

the artery has accumul ated the 3HN¡¡ttl 
agai nst a concentration gradi ent.

The only metabol ite wh'ich was consistently and unequ'ivocaì'ly

identified in the tissue and in the incubat'ing medìum in all experiments

was MOPEG. In the tirrr" 3HMOPEG represented 7.3% of the total 3H.

The amount of 3ttN0PEG which accumulated in the medium was approximateìy

10-fold greater than in the tissue.

3HVNR was consistently identified in the tissue extracts, but

not in all the incubatjng mediums. Its percentage in the tissue (6.9%)

b,as comparable with that of 3HNOp¡e. However jt was p".runt in onì¡'

two of the three incubating med'ia which were analysed. The contents

in these mediums were 2.4 and 3.0-fold greater than those in the

tissues but the proportions of 3HVNR in the medium were smal'l compared

wi th that of 3HuOpfe . An unexpected f ind'ing was that 
'3H 

or jgi nal ly

present jn either incubation media or tissue extracts was detected in

the regions of the thin'layer plate corresponding to the migrat'ion of

non labelled NA and DOPEG. Furthermore these contents of 3H were greater

than that attributable to the cross contamination of these reg'ions by

?-HNMN. (The procedures used to determine this cross contanljnation

and the extent of contamjnation of the NA and DOPEG regìons ny 3HttNU



(ii) Medium: contents (mean r S.E.M., nmo'l g-1) of 3H¡l¡l¡¡ and 3H metabolites in incubatio;l meiia from treated and untreated

arteries. For some media, 3H metabolites were not detected in al1 samples ana'ìysed (NDA); for these samples, the

metabolite, the artery treatment, the number of samp'les detected and the contents were as follows: D0PEG (Con),

n=l,0.250 nmol g-1; VMA (Con), r1=2, 1.159, 1.083 nmol g-1; VMA (ethanol) n=l,0.678 nmol g-1, VMA (D0cA) n=1,

1.153 nmol g-1. N.D. refers to not detectable jn al'l samp'les analysed.

Wash: 3H contents (mean t S.E.M. nmol g-1) of wash solutions for the period 0.16 to 1.0 m'in of wash.

Si qni fi cance (p vaìues, unpaìred comparisons).

(iii)
(iv)

Ti
EtOH vs DOCA

0.02>p>0.01
0.01>p>0.002
0.01 >p>0.002

p r 0.1

ue
Con vs N'ial amide

SS

p t 0.1

p < 0.001

^ > 0.1

0.01 >p>0.002
p t 0'1

M

EtOH vs DOCA

p t 0.1

edíum
Con vs NialamÍde

0.002>p>0.001
Total

MOPEG

NMN

VMA

DOPEG

3H



Tissue

TABLE 9.1

Accumulation and metabolism of
rabbit ear artery

3

Medium
DOC Con EtOH Nial DOC

HNMN in the

Con

hJash
EtOH

3Total H

MOPEG

NMN

VMA

DOPEG

Footnotes

(i )

Con

4. 33t
0.073

0 . 315t
0.026

3.114t
0.236

0. 29Bt
0.051

0.242t
0.211

3 .94t
0.252

0. 288t
0.036

3. 160t
0.232

0.209t
0.025

0. 055t
0.025

4.30r
0.373

0.039t
0.000

3 .532t
0.426

0.080t
0.000

0. 133t
0. 093

3.25t
0.056

0.155t
0.000

2.25Lt
0.r25

1 .09t
0.t24

0.97t
0. 056

0. 96t
0.050

ttOH Nial Nial D0c

0.98t
0.087

3 .09t
0.77

0 .848t
0.075

2.02t
0.30

0 .862t
0.044

NDA

0. 113r
0.077

0 .806t
0. 139

1 .39t
0.075

I.73t
0. 180

0.865t
0. 114

NDA0.239t NDA

0.000

0.044t NDA

0.000
ND ND ND

Tissue: shown are tissue contents (mean t S.E.M., nmol g-1) of 3H, 
MOPEG, VMA and the contents of 3H based on the

.*i*t., of 3H in the fraction D0PEG, from 5 untreated arteries; 4 ethanol (174 rnmol l-1), 5 nialamide (350 umol l-1),
5 DOCA (27 umol l-1) treated arteries; all incubated with dl3HnUn (1.04 umol t-11 fcr" 30 mins. Values for VMA and DOPEG

are based on 3 determinations.
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have been described in Chapter 4). 3H .or..rponding to NA was not

detected in any jncubates (i.e. from untreated or treated arteries)

but was present in one untreated artery segment and 4 of the remain'ing

segments used for thìs study. In all cases the 3H contents represented

less than 2% of the total 3H pr.r.nt 'in arteries. 3H .o...rponding to

DOPEG was present in the media from 3 of the 4 untreated arteries but

not present jn any of the remaining 16 incubates ('i.e.in medja from

treated arteries). However 3H .orr.rpond'ing to-DOPEG l^/as present 'in

extracts from 3 untreated arteries (compris'ing 5,5% of the total 3H

content) and all of the remaining artery segments used for this study

( see Tab'le 9. 1) .

Whether the results seen for artery extracts could be regarded

as evidence for the formation of 3HNA and 3Hoop¡e from 3HNMN is

difficult to say and will be treated in greater depth jn the discussion

to thjs chapter. However it was mentioned prevìousìy (Nethods) and wi'lì

be reiterated here, that ti¡e 3HN¡'IN used for this study was purified

with a vjew to removing 3H catechol impurities from these solutions.

(2) Nialamide:

Data on five arteries which were pretreated with njalamide
1

(350 umol t-1) tor 60 minutes prìor to incubation witn 3HruNru are jncluded

in Table 9.1. It can be seen that nialamide decreased the mean contents

or 3HN0prG and 3HvNR in the tissue by 88% and 73%, respectively, and

in the incubating med'ium by 96% and 100% respectiveìy. (The 100%

decrease simp'ly means that 3HV¡4A was not detected in any meclium in

contrast to its presence in two of the control medìa). The content of

3H¡tNt¡ in the tissue was increased by l3%. Although this was not
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s'ign'ificant (see Table 9.1) it is of interest that the absolute increase
1

(0.42 nmo'l g-1) is of the same order as the decrease in the 3H¡'lOpeG n

) -1
'HVMA fraction (0.49 nmoj g-'). It should be noted also that the

accumulation of total 3H in the artery was unaffected by níalamide.

Hence the data indicates that there has been an approximately stoichiometrÍc

rep'lacement of the deami nated metabol i tes by 3H¡tl¡tl fol I owi ng MAO i nhj bi t'ion .

(3) Ethanol and DOCA:

Ethanol was used as the vehicle for preparing stock solutions

of D0CA and therefore the control arteries in the experimetrts on DOCA

were a'lways incubated with ethanol (17e mmol l-1) under identical

conditions. The results are summarized in Table 9.1. Comparison with

the data in the untreated arteries (using the unpaired t-test, since it

is not based on pairs of arteries from the same animals), showed that

there was a small, and just signifìcant, decrease in the accumulation of

total 3H in the tissue (see Table 9.1). Each of the metabolites in the

tissue and in the medium tended to be less in the ethanol-treated

preparatìons, bui: the differences were nct significant. The largest

decrease was in the D0PEG in the medÍum, but this was significant only

at the p = 0.1 level. Other data was also available on the effect of
'ethanol in nialamide-treated arterjes (faUle 9.2). The results showed

that ethanol tended to increase the accumulation of 3H Ín the nialamide-

treated arteries, the increase being iust significant (p = 0.05).

A'lthough these results poÍnted to a possible marginal effect of

ethanol on NMN uptake and metabol ism, the numbers on whjch they were

based are small and the effects appeared insufficient in magnitude to

vitíate interpretation of the effects of DOCA, described subsequentìy.
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(4) DOCA and cocaìne

DOCA's action was characterised by a small but sìgnìficant

decrease (LB%)'in the accumulation of 3H in the artery (Table f.i).
This reflected a significant decrease in the tissue contents of 3H¡lMtl

)
and "HMOPEG (29% and 46% respectively); the tissue content of VMA,

and of DOPEG v¡ere unaffected. DOCA also caused a small but not s'ignificant

decrease (I4%) in the accumulation of MOPEG in the med'ium. VMA was detected

in only one of each of the ethanol, and ethanol plus DOCA mediums; DOPEG

was not detected in any.

In a second series of experiments, the effect of DOCA (27 umol l-1)

on the uptake of 3H in four nialamide-treated (350 umol l-1) arteries

jncubated with 3H 
NMN was examined. The control (paired) arteries were

treated with ethanol alone. The results are summarised in Table 9.2.

Compared with untreated arteries, ethanol caused a small (20%) increase

in total uptake of 3H, which was significant at p < 0.05 (unpaired t-test).

DOCA decreased the total uptake by 49%. This was almost twice as great

as the decrease produced by DOCA in the MAO-intact arteries"(see Table

9.1) and suggested that approxìmately 50% of the 3H (presumably 3H 
¡tN¡l)

had accumulated jn an extraneuronal compartment. To test whether there

was also accumulation in a neuronal compartment, the effect of cocaine
1

(29 umol l-l) on the uptake of 3H was examined in another four nialam'ide

treated segments whjch had been jncubated with 3U ¡lN¡1. The results are

also included in Table 9.2. It will be seen that cocaine also decreased

the accumulation of 3H; the decrease (30%) was less than that produced

by DOCA. Although this finding poìnted to a significant neuronal

contribution to the accumulation of 3H 
NMN in the artery,'in consjderation



Footnotes:

(i )

(ii)

Tissue: shown are the tissue contents (mean t S.E.M., nmol g-1 fo. n arteries) of 3H, 
MOPEG, Vl.4A and the

#;t;;-ä; ¡ur.¿ on rhe estimates of 3H in the fraction D0PEG, from cocaine (29 umo'l l-1) treated,

nialamide (350 umol l-1¡ treated, D0CA (27 umol l-1) treated and ethanol (174 mmol l-1) treated arteries;

all incubated wìth dl3HNtilr¡ (1.04 umol f-i) for 30 mins. Values in brackets refer to mean contents fon

corresponding treatments Ín the absence of cocaine shown previously jn Table 9.1.

Medium: contents (mean t S.E.M., nmo'l g-1) of MOPEG in incubation med'ium from cocaine and cocaine plus D0CA

treated arterìes. VMA was not detected in any of the jncubatjon media and 3H.or..rponding to DOPEG found

only 2 media (from arteries Coc + EtOH (0.195 nmol g-1) an¿ [6q + Doc (0.042 nmol 9-1)).

l^lash: contents (mean t S.E.M., nmol g-1) of 3H in wash solutions for the period 0.16 to 1.0 mins of wash.

Siqnificance ( p values, paired comparisons)

3 3
Total H Ti s sue HNMN

(i i i )

(iv)

Nial vs Nial + Coc

Nial + EtOH vs Nial + Doc

Coc +.Et0H vs [es + Doc

0.02 > p > 0.01

p < 0.001

P < 0.01

Coc + EtOH vs Coc + Doc p < 0.01



TABLE 9.2

The effect of DOCA on the accumulation and metabolism of 3H¡UttN in cocaÍne treated arteries
?

and the effect of DOCA and cocaine on the accumulation of -HNMN

in MAO inhibited arteries

3Total H MOPEG

Med i um

NMN+metab. MOPtG

hlash

Total 3
H

1 .125t0.303

0.820t0. 1 37

1.19 r0.11

1.10 r0.01

1.56 t0.063

1.53 t0.089

VMA

0 . 33 5t0. 085

( o. 21)

DOPEG

0.044t0. 013

(0.055)

0. 08410.38

(o.o+q)

TISSUE
NMN

Coc + ¡¿¡P 4 3.04t0.24
(i.o+¡

Coc + DOC 4

Niaì 4 5. 16t0.44

Nial+Coc 4 3.61t0.34

Nial+Et0H 4 6.I7t0.32

N'ial+DOc 4 3.1210.13

1.85t0.16 0.098t0.017 0 .623t0.067 0 .223t0.020
(3.25) (0.16) (2.25) (0.24)

0.12t0.03
(0. 2e )

1 .34t0. 26

(3.16)
i.84

(3.72)

1 .03

(2.6s)

1.03r0.311
(2.02)

0. 38t0. 087

(1.73)
6â

N
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of the finding that extracts of arteries contained 3H that behaved

chromatographicaì'ly like DOPEG, and that these 3H contents decreased

wi th nial amide treatment (Tabl e 9.1 ) , the remote possibi I i ty that the

action of cocaine seen above reflected a decrease in the accurnulation of
3HNA forred from 3H tlt'ttt was explored. Accordingly ac'id extracts of

control arteries and cocaine treated arteries were anaìysed for 3HNA

contents us'ing the paper chromatographìc procedure (Netho¿ t) described

in Chapter 4. These radio-chromatograms showed that there h,as no

significant, amounts of 3H.o.r.rponding to tfre rei'ion of migration of

non labelled NA. In view of this finding together with the observation

that 3H 
NMN is the major 3H.orpornd present'in nialamide treated arteries

(Table 9.1) it was concluded that coca'ine's action in decreasjng 3H

contents of arteries reflected a decrease in 3H 
NMN ìn these t'issues.

Hence, in a final experiment, the effect of DOCA on the accumulation

and metabolism of 3H 
NMN was examined in four pairs of segments which were

incubated in a medium conta'ining cocajne (29 umol l-1) to inhibit neuronal

uptake. The results are summarised in Fig. 9.1

It will be seeî that 3HI',IOPEG and 3HvNR were st'ill formed in the

presence of cocaine. The amount of 3HVNA formed was comparable with that

prevaiìing in the absence of cocaine in earlíer experiments (ethanol

treated), but the amount of 3HuOPrG was considerab'ly less (0. rz c.r. O.2g

-1nrnol g-', respective'ly). Since there was a discrepancy 'in this last

series of experiments between the measured total uptake and the uptake

estimated by the sum of the 3H 
NMI'I plu, 3H metabojite fractjons (tfre

latter summed uptake being on'ly 60% of the former), it should be noted

that the proportion of 3H¡lOpfg in the 'summed' uptake (6.6%) is also much

lower than in the absence of coca'ine (9%), so that the effect of cocaine
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-

Fis. 9.1 A summary of the effects of cocai ne and DOCA on the
metaboljte contents of arteries and jncubation medja,
for arteries_incubated with dl3H¡tN¡¡ (1.03 umol l-1).
Contents of 3HNM¡¡ and metabolites determined by
Method IV.
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on 3HMOPEG formation is probabìy a genuine orre. Cocaine also exerts an

inhibitory effect on the accumulation of 3HNOpfe in the medium. The

amount of 3H¡tt¡N accumulated in the tissue was also less in the presence

of cocaine, both in absolute terms and when expressed as a proportjon

of the summed uptake (72% c.f. e5%).

Compared with its action in the absence of cocaine, in the presence

of cocaine DOCA caused a greater decrease in the total uptake of 3H,

(ZS% c.t.39%) mainìy as a result of a greater inhibitory effect on the

accumulation of 3H ¡lN¡t. Its inhibìtory effect on the accumulation of
3HNOpfe in the medjum was also more marked in the presence of cocaine.

In contrast, it had little effect on the t'issue content of 3HMQPEG,

a'lthough tending to decrease that of 3HVNR.

( 5) One minute wash:

In the preced'ing experiments, all the arterjes were washed

first for 10 seconds, then for 50 seconds, to provide conditions

comparable to those used in the studìes on NA and IS0. The amount of

3H lost in the one minute period was estimateC by multiplying t1",. efflux

of 3H in the 50 second period by 1.2. This estimate is approximate in

the sense that it assumes linearity of the rate of efflux in the whole

of the 60 second period. The values are shown for each experiment in

the relevant tables. It will be seen that they are all in the region
_1of 1.2 nmole g-r tissue, w'ith the exceptjon of the experiments on the

effect of DOCA in the nialamide treated arteries where the values are

(inexpìicably) significantly hìgher (1.5 nmol g-1). This value is

hìgher than that estjmated for the one minute efflux of 3H of arteries
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after incubation wiÛr l3H¡tR (0.44 t 0.04 nmol g-1, Tuble 6.6).

As rvill be seen from Table 9.2, the estimates range from 19 to 33%

of the estimate of the total 3H *hich would have accumulated in the

artery at the end of the incubation, but prior to the one mjnute wash.

The highest % estimates apply to the DOCA-treated arteries where the

accumulation of total 3H *u, least. The composition of this one minute

wash efflux was determined on'ly in the'last experiment in 5 segments,

name'ly three from the cocaine- and D0CA-treated arteries, and two from

their cocajne-alone-treated controls. The analys'es were carried out by

ion exchange column chromatography on Dowex 50 (Ha+), i.e. the first
part of Method III, Chapter 4. The p:oportìons of NMN in the tv¡o control

wash solutions were 86 and B7%; jn the three wash solutions from the DOCA

treated segments were 89,94, and 95%. The remainder in each case was in

the fraction conta'ining aìì the acids and gìycols (j.e. approx'imately
1

0.1 nmol gm-'). The correspond'ing mean proport'ions of NMN in the control

and DOCA-treated tissues were 73 and 6L%. The high proportion of NMN in

the wash solution is consistent with its presence jn the ex.tracellular

space and:'apid efflux followìng bath washout. Holever, if it is assumed

that approximately one-half of the tissue can be represented as extra-

cellular space which is cleared of drug in one minute, it follows that

approx'imat"lv LZiL = 0.55 nmol g-1 of the NMN jn the one m'nute

wash has effluxed from structures other than the extracellular space.

This means that a very consjderable proport'ion (30 to 40%) of the total

tissue uptake of IIMN at the conclusjon of a 30 minute peniod of incubation

(1.34 + 0.55, control;0.62 + 0.55, DOCA-treated, nmol g-1) had effiuxed'

in the fjrst minute in the cocaine (ethanol and DOCA (ethanol) treated

arteries (Tabl e 9.2) .
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Since the smal'l proportion of ac'ids and gìycols in the one minute

wash must have effluxed from structures other than the extracellular

compartment, it 'is of interest that the quantity ìnvolved (tO% of t.Z
1

nmol g-t) represents a ratio to NMN (1:3.9) which is consìderably smaller

than that prevaìling in the tissues (1:2 for the control tjssues and

1 :1 .7 for the DOCA treated ti ssues ) .

6. Rabbit aorta

The tissue contents of 3H ir,3 segments of Éabbjt thoracic aorta

incul¡ated with dl3Ht't¡lt'l (5.4 uol l-1) tor 30 minutes and washed for 1.0

minute, are shown'in Table 9.3. The -esults show that the 3H contents of

these segments were not significantly greater than the concentration of

3HttNt'l in the incubation medium. Inhibition of MAO activìty by nialamide

(350 umol l-1) in a further 3 segments of aorta did not signifìcant'ly

alter the contents of 3H. Unfortunately the 3H contents of wash solut'ions

were not est'imated and hence the total 3H contents of these tissues at

the compìetion of incubation was not known.

Tissuc extracts and incubation media were subjected to alumina and

Dowex 50 chromatography and the 3H contents in the fractions corresponcling

to Vl4A + MOÞEG, NA + DOPEG and DOMA determined. The levels ot 3H in all

of these fract'ions for sampìes of incubation media were similar to 3H

contents due to cross contaminat'ion of these fractions by 3H¡lNl'l (Table 9.3),

the latter observation indicat'ing that the 3H metabolite contents of

these med'ia were So small as to be not detectable by thìs procedure.

In contrast ana'lysis of tissue extracts showed that the 3H p..r.nt in all

fractions was greater than that attributable to the cross conbamirlat'ion of

these fractions by 3tlt'tt¡t't. The contents of 3H O-methylated deanljrrated
aa

metabolites (3HVt'{n + 'HMOPEG) ranged from 13 to IB% of the total 3H

accumulated in the aorta (Table 9.3). MAO inhibition decreased these

conLents of deaminated metabolites in three segments of aorta by



TABLE 9.3

3
Accumu'lati on and metabol i sm of HNMN in the rabbit aorta

Rabbi t

Footnotes

Aorta
treatment

Nil

Nii

Nil
Nialamide

(350 umol l-1)
Ni a I am'ide.

(350 umol l-r)
Nialamide.

(350 umol l-r)

DOPEG + NA

0.L7

0.15

0. 20

0.20

0.15

0.23

Medi um

MOPEG + VMA

Tìssue contents (nnoI g-1)

Tota] 3H ilOPEG + VMA DOMA

(

1

2

3

1

2

3

5.84

4.44

6 .84

4.gg

4.24

5.BB

0.79

0.77

t.2s

0.40

0.34

0. 53

0.r2

0.t2

0.r7

0.076

0.078

0. 126

4.60

4.76

4.23

4.3

3 .51

3.62

(4.45) A

(4.45)

(4 .45 )

(4.4s)

(4. 45 )

(4.45)

0.35 (0.15)

0.18 (0.15)

0.16 (0.15)

0.16 (0.15)

o.20 (0.1s)

0.18 (0.15)

DOPEG + NA

1.83 (1.3e)

t.52 (1.3e)

1.37 ( 1.3e)

r .22 (1 .3e )

1.44 (1.3e)

1.3e ( 1.3e)

t\)
lJ
(O

(i)

(ii )

Tissue: shown are the individual contents (nmol g-1) of 3H,3H O-methyla'ted deaminated metabolites (NOp¡e +

VMA) and the 3H contents of catechols (based on estjmates of 3H in the fractions DOMA and D0PEG + NA) for

untreated and nialamide treated segments of aorta, incubated w'ith dl3HtttNi,¡ (5.4 umol l-1) for 30 mins.

actions (correspond'ing to MOPEG + VMA, DOMA and D0PEG +

%). Also shown (in brackets) are the proport'ions of

but no tissue.
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49%, 44% and 58% respectîvely.

The presence of 3H catechols derived from 3HItltul¡¡ was also jndìcated

from the results of these experiments. The 3H contents in the DOMA

fraction were greater (3.9 to 4.9 fold) than that expected on the basis

of cross contaminat'ion of this fraction by 3H¡tNl,t and decreased in alj 3

MAO 'inhibìted segments of aorta (Table 9.3). Sìmilarly the 3H contents

of the DOPEG + NA fraction were greater (2.2 to 2.6 fold) than that

attri butabl e to the cross contami nati on ny 3Httiltt, but surpri s i ngly were

increased in two of the nialamide treated arterjes (Table 9.3). Although

the reason for this jncrease was not apparent from the data it was thought

to reflect the possibility that DOPEG contributed minjmally to the

contents of 3H in the NA + DOPEG fraction, and as such under conditions

of l4A0 inhibition the decrease'in tissue contents of 3HOOtulR and 3Ho0pEe

was offset by an jncrease in the tissue content of 3HNA. The total 3H

catechol contents (tlR + DOMA + DOPEG) in untreated segments amounted to

0.31 t 0.04 nmol gr-1 o. approximalely 5% of the total 3H p..r.nt ìn the

aorta.

DISCUSS I ON

The results show that the artery has the capac'ity to accumulate

llMN and metabolise it to I4OPEG, VMA, and possibly DOPEG. In untreated

arteries the percentage of the metabolites in the tissue was 20% of the

total (metaboì'ites plus NA). This estjmate is similar to the corresponding

percentage of total metabolites derived from 3H¡lR in untreated arteries

(20, tl and 13% Table 6.2, Chapter 6). NMf,l comprised betvreen 2 and 5%

of the latter; assuming that about 20% of the Nl4N has been further

metabolised during incubation of the NA, one might exoect that this
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further metabolism has contributed at most about 0.4-I% (i.e. one-fìfth

of 2 and 5%) to the accumulated deaminated metaboljtes of NA in the

artery. Alternative'ly expressed, one fifth of the NMN would have

yieìded between 0.02 and 0.05 nmol g-1 of VMA p1us.MOPEG, i.e. between

one-seventh and one-th'ird of the amount of the VMA + MOPEG found in the

ti ssue af terits i ncubat'ion wi tn 3H¡lR. It i s al so concei vabl e that the

M0PEG wh'ich accumulated in the medium of arteries that were incubated

with 3HttA was partly derived fronl 3HNMll u, its im,¡ediate precursor. This

possìbiìity follolvs from the observation that M0PEG accumulated jn the

medium of the arteries incubated with 3H¡tl,lN to yìeld a content of

approximately 3 nmo'l g-1 t'issue. This is approximately equa'l to the

concentration of 3Ht'tN¡t retaÍned in the tissue. Hence'it'is possìble to

argue from the data in Table 6.2, Chapter 6 that, since the metabolism ol'
3HNA."rrlts in a tissue level of 3HtrlNtt of betv¡een 0.1 and 0.25 nmol 9-1,

an equivalent amount of MOPEG in the medjum may have resulted from the

metabolism of NMN. The total amount of MOPEG in the medium was 0.31 t 0.05
1

(n=7) mmol g-r (Chapter 6), so that, as a minimum estimate,.about one-third

of thjs may have stemmed from the metabol jsm of NMN. However, it is

apparent from the preceding extrapolations that the proportion of Nl4N

which js metabolised is too small to suggest that thìs represents a

major pathway in the inactivation of NA.

The data showed that the tissue has a considerabìe capacity to

accumulate Nl'lN. This was approximately three-fold, i.e. onìy s'l'ightìy

below that of 3HnR (:-5 fold) and greater than that common'ly observed
)

with "HIS0 (1.3 fold).
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The experiments with nialamide showed that, while inh'ibiting

the accunrulation of MOPEG:n the tìssue and medium, and of DOPEG in

the tissue, nialamide itself did not increase the amounts of tritiated

material which accumulated in the tissue or the amounts which effluxed

during the one minute wash. Aìthough it tended to increase the

accumulat'ion of unchanged MN, the effect was small (I3%) and not

significant. In this respect, the eftect of inhib,'iting the Ìnactivatjon

of Nl4N differs markedly from that of IS0, where COl'lT inhibition increased

the accumulation of total tt U, a factor of 1.6. This increase included

a three fold increase in the accumulation of unchanged IS0 which was

greater than could be attributed to stoichiometric repìacement of the

tissue by MeOISO by IS0. Presumably, then, the inactivation of llMN does

not act to limit the accumuiation of unchanged NMN to a significant degree.

This conclusion accords well with unpublished observatjons of de la Lande

and Campbell in the author's laboratory. These workers showed that the

contracti'le response to NMN on the isolated rabbit ear arter-v hel ical

strip was not enhanced by preincubatjng the segment with nialamide (350

1

umol l-') for 40 minutes followed by a 15 minute washout. The results of

similar experiments on the rabbit aorta, although limited in numbers,

were not in'contradiction to those described above for the ear artery.

In particular the lack of increase in the accumulation of 3H in I'iA0

inhibited segments of aorta together with the relatively small formation

of O-methyì deam'inated metabol 'ites suggests that thi s ti ssue behaves j n a

similar fashion to the ear artery.

The remaining experiments described in this section offer evidence

as to the site of accumulation of 3H¡tNl,l and its metabolites. Assuming

that cocaine and D0CA select'ive'ly inhibit neuronal and extraneuronal

uptake, their inhibitory effects on uptake of 3H in the nialamide treated
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arteries indjcate that 30% of uptake may be neuronal and a greater

proport'ion (SOZ) is taken up extraneuronal ly into a DOCA-sens'itive

compartment. Unfortunately, the only comparison involving cocajne and

untreated (MAO-intact) arteries was unpaired and mamed by the

discrepancy between the summed uptakes of metabolites plus 3Ht'lfUll, 
and

the experimental'ly determined value of total uptake in the cocaine-

treated group. However, even if the values in the cocaine-treated

arteries are increased in proportion to the measured total uptake, t.he

tissue and medjum levels of NMN remain significantly below those

generated in the control (ethanol treated) arteries. Hence it 'is

reasonable to extrapolate from th'is data to suggest that at least

ê'16---?'22 = 3O%) of the accumulated Nt4l'1, and of the accumulated. 3.16 w

M0PEG, approximately P#-4 = 3I% in the tissue and 49% in the

s of the proportion of these components

is result is surrlris'ing when considered

medium represent minjmum estimate

whi ch are neuronal 'i n orig i n . Th

in the light of the extremely low affinity of dINMN for neuronal (Ur) as

compared with extraneuronal uptake (UZ). Thus the relative affinities

of NMN for U, and U, quoted by Iversen (tgü) are 0.55 and 1785,
Uc

respectiveìy, and the ratios of the ID50's for,F are 0.02 for NMN as,1
compared wiif¡ ¡Z+ for NA. There are several possib'le explanat'ions for

the apparent discrepancy between the low affinity for neuronal uptake

and the effect of coca'ine which suggests that approximately one-half

of the F'I0PEG which effluxes into the medium is neuronal in origin. One

is that this action of coca'ine is extraneuronal. Other than that the

earlier parts of this study have not revealed any unequivocal evidence to

support such an action, this possibility cannot be excluded. However,

de la Lande (1975), in a review of adrenergic mechanjsms in the rabbit

ear artery, could find little evidence from pharmacological studies on
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thìs preparation to support an extraneuronal act'ion of cocaine. A

second possibility ís that the relative affinities of NMÌ'l for neuronal

uptake compared with extraneuronal uptake is considerably greater ín

the ear artery than'in the rat heart, on whjch the data of Iversen

(1967)'is based. Again, this possibility cannot be excluded.

However, a third possibìì'ity is that the neuronal uptake (j.e.Uf)

of NMN is small but ís faciljtated by the subsequent oxidation of Nl'lN

to I,1OPEG by neuronaì [140 in the cytopìasm of the ¡erve. In support of

this possibility there is evidence that NMN is a relative'ly specific

substrate for type A MAO together rtrith NA and S-hydroxy-tryptamjne

(Goridis and Neff 1971). It is a reasonable assumption that extraneuronal

MAO in the rabbit ear artery'is predomìnately the type B form of MAO.

This follols from the pharmacoìogical evidence of de la Lande and Jellett

(I972) that the extraneuronal MAO has little capacity to metabolize flA.

Furthermore earlier evidence in thjs thesis (Chapters 5 and 6) argues;

(i) against a high affin'ity of extraneuronal l4A0 for NA in the rabbit

ear artery (a characteristic of type B enzyme, Neff et aL. l-973);

(ii) for a high affinity of extraneuronaj l{40 for tyramìne'in homogenates

of the rabbìt ear artery (a characteristjc of type A and type B enzymes,

Johnston 19é8). Hence the situatjon emerges that in the case of NlnlN

(i) a high affinity for extraneuronal uptake may be associated with

(ii) a low affinity for extraneuronal MAO while (iji) a low affinity for

neuronal uptake is assocjated with (iv) a h'igh affinity for the intra-

neuronal MAO. Hence it is possibje to explaìn M0PEG formation as the

interpìay of factors (i) (ii) (ii'i) and (iv). Unfortunately the probìem

remains that cocaine decreases the accumulation of NMN.;This; effect of

cocaine is diffjcult to expìain except in terms of accumulatìon cf

unchanged NMN within the nerve, which in turn is scarcely compat'ibìe
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with a rate of oxidation suffjciently fast enough to facjlitate

diffusion of unchanged amine into the cytoplasm. It is possible that

the extent of neuronal accumulatìon of lll"lN jn this study js overestimated

for precise'ly the same reasons offered as explanation for the predomínantly

neuronal metabolism of NA in this artery (Discussìon, Chapter 6) vìz;

most of the Ntt'lN which reaches the smooth muscle of thjs preparatìon is

probably first exposed to the sympathetic nerve terminals which are

located in the advent'itia. That js the presentation of the amines to

the artery in th'is manneì. may in some way favour neuronal rather than

extraneuronal processes.

0f the metabolites which were insensitive to cocajne, about one-

third of the tissue VMA and approximately two-thirds of the MOPEG in

the medium were sensitjve to D0CA, i.e. these represent proportions

of the part'icular metabol ites which are taken up extraneuronal ly 'into

compartments where access is limited by the steroid. It is tempt'ing to

suggest that these compartments are identical with the compartment(s)

which accunulate unchanged lll4N, since it is evident that about 50% of

the unchanged amine is also accumulated in a D0CA-sensitive contpartment.

If so, it is possíble that the compartment has not reached saturation

with respect to any of its constituents, since el jmination of r.rne

fraction (metabolites) resulted in repiacement by, but not further

accumu'latìon of, unchanged am'ine. However, much more intensive anaìysis

wilì be needed to define such a Dossibi'lìty, preferably along the lines

used by Trendelenberg and colleagues in the elucidation of the jnter-

relationship between amine storing compartments for NA and IS0'in various

tissues. However for such an analysis due consideration should be paid

to the fact that NMN (like DOCA) is a potent extraneuronal uptake

inhibitor in contrast to the catecholamjnes NA and IS0 whose O-methylated

metabolites are potent jnhjbitors of extraneuronal uptake (i.e.llMN and
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MeOIS0 respectiveìy, Mireyìees and Foster 1973). The point beìng that

extraneuronal metabolism of Nl4N (by MAO) would tend to decrease the

tissue content of th'is extraneuronal uptake inhibitor whereas O-methylation

of the catecholamines would tend to increase the contents of extra-

neuronal uptake inh'ibitors.

Catechol formation

Limited evidence supoortìng the formation of 3H catechols from

3H¡tN¡l 
came from the results of studies on ttre raú¡it ear artery and

the rabbit aorta. The evidence supporting demethylation of 3Htl¡'lttl in

the ear artery was restricted to the fjnding that 3H material, co-

chromatographing with non labelled D0PEG, rvas present in most artery

extracts. The occas'ional appearance of 3H material, corresponcfing to

NA, in these acid extracts may weìì have reflected the rapid deamination

of the intermediate 3HtlA. However there was no evidence of 3Hl'lA formation

Ín MAO inhìbited arteries although in l4A0 inhibited segments of aorta

there was an'increase in the 3H content of the fraction corresponding

to NA + DO/EG (thought to be mainly 3H¡lR). In view of the fact that 3H

catechols were detected primarily in extracts of tissues prev'iously
.??

incubated with "HNMN, it is possìble that demethy'lation of "HNMN occurred

subsequent to incubation (and prior to chromatography) and was cataìysed

by the acid extracts of tissues. Consistent wjth this possíbility is

the evidence (to be presented in Appendix 3) showing that demethylation

of Nl4N may occur'!n aqueous solutions under specific condit'ions and that

this process is oxidative'in nature. If this process of demethylation did

occur in the tissue during incubation, the fact that the amounts of 3H

catechols formed represented onl,v a smalj proportion of the total 3H in

these tjssues, suggests that such a process would be of minor biochemical
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signìficance in terms of the molecular rearrangement of NMN. However

a sim'ilar conclusion m'ight not apply to pharmacological investigations

for the formation of the catecholamine (¡lR) may be in part responsÍble

for the responses 
-elicitedl by solutions of NMN on pharmaco'logical

preparati ons .
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CHAPTER 1O

GENERAL DISCUSSION

It is the purpose of this discuss'ion to summarize the results

of the author's studies and to comment on their significance in

reìation to the pharmacological properties of the rabbit ear artery.

1. MAO

It was shown in Chapter 5 that approximately 90% of the l"lA0

actjvity, with tyramine as substrate, was extraneuronal in

distrjbutìon in the rabbit ear artery. This accorded well with

earlier histochemical evidence that MAO activity, w'ith tryptamine

as substrate was extraneuronal, and also with biochemical.evidence

of de I a Lande and Johnson (1972) . l'hese authors measured the

concentrations of NA in wash solutions from denervated arteries that

were previously incubated with NA jn a high concentration (118 umol l-1)

and showed that the NA concentrations were much greater when l4A0 was

inhibited than when it was intact. They concluded that extraneuronal

deamination represented the major pathway for the inactivation of NA

when the amine concentration in the bathing solution was high. However',

the pharmacoìogical study of de la Lande and Jellet (L972) failed

to show an influence of extraneuronal l4A0 on the sensitivity to

extraneuronal NA. These authors concluded that neuronal rather than

extraneuronal MAO plays an important role in the response of this
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artery to NA. The subsequent studies in this thesis, part'icuìarly

in Chapter 6,, bear out their conclusion.

The experiments on 3HNA showed that DOPEG was the maior metabolite

of llA present'in both tissues and incubation nled'ia as well as in

the efflux of 3H into media after washout. That the maior proportion

of th'is metabolite was derived from neuronal MAO, was indicated by

its decrease in tissue contents from denervated or cocaine treated

arteries and its elimination from the incubat'!on medium and efflux

in n'ialamide treated arteries. In view of the latter, the ìncreased

accumulation of NA seen in nialamide treated arteries suggests that

neuronal MAO serves to decrease the axopìasmic contents of NA.

Consistent with this view was the observation that the efflux of
a
"HNA was greater for MAO inhibited than for MAO intact arteries.

The results also suggested that MAO was virtually the only

mechanism for the neuronal metabolism of NA. This followed from the

failure of l'140 inhibition to divert a signifjcant proport'ion of the

3HNA *hich effluxed from arteries, to a COMT pathway at iii¿:cated

by an increase in the efflux of 3HNA and not 3Htl¡,ltt. The experiments
a

on'HNA aìso provided evidence for a firmly bound component of NA

accumulation. This evidence will be considered later in th'is

discussion. All of these findings po'int to the possib'iìity that

neuronal uptake of NA in this artery was followed by retention

(presumabìy ìn storage vesicles) and deamination but not 0-methylatìon.

The presence of extraneuronal MAO was indicated by the observation

that both 3HNA and 3H¡tt'ltl were deaminated in cocaine treated arteries

and 3HNA was metabolized by MAO in denervated arteries. The results
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of these experiments suggested that the extent to which extra-

neuronal MAO contributed to the inactìvation of NA was minor

compared with that of neuronal MAO. This conclusion was based on

the relativeìy small proport'ions of deaminated metabolites which

persisted in cocaÍne treated and denervated arteries. However,

these proportions do not provide a precise estimate of the

contribution of extraneuronal MAO bccause the data does not include

the effects of denervatìon and cocaine treatment on the levels of

the metabolites in the medium.

It was seen that denervation dÍd not lead to a significant

increase in the tissue contents of O-methyìated deaminated

metabolites in arteries incubated with dl3HNA, which contrasts

with the increase of 3HUfqN in these arteries. This is an argument

for a less important role of extraneuronal MAO than that of extra-

neuronal C0MT in limiting the extraneuronal accumulation of NA. The

)
studies on "HNMN were consistent with this view because inhibition

of MAO caused a small, but not significant increase in the. artery
a

contents of "HNMN.

Aìthough the effects of cocaine and denervation on the tjssue

levels of the metabolites have provided some'insights into the role

of MAO in the inactivation of NA in this artery, there are obvious

deficiencjes in the data presented in Chapter 6. There is a need

for further experimentation to determine:

(i) the effects of cocaine or chronic denervation on accumulation

of metabolites of dl3HtlR in the medium

(ii ) the tissue and medium contents of metabolites following

incubation of denervated or cocaine treated arteries with the laevo

isomer of NA.
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(iii) the metabolites present in the one minute wash solutions.

In regard to (iij), the metabolite contents in wash solutions

from two arteries were determined durjng the preparation of th'is

manuscript. The results showed that the metabolite contents of the

wash solutions represented one sixth of the total content of

¡netabolites in arteries after the one minute wash and their

rel atì ve proporti ons were as fol I ows : NA 0. 55 , DOPEG 0 .20 ,

M0PEG 0.09 , NMN 0.08, VMA 0.08 ( Kennedy, J . , pr:ì vate communi ca lì on ) .

There is an apparent paradox betleen the results of the enzyme

and histochemical studies which suggest that the MAO activity wa:

largely extraneuronal and the results of the pharmacoloq'ical and

biochemical studies urhich have emphasised the importance of neuronal

rather than extraneuronal MAO for the inactivation of NA in this artery.

One possibìe exp'lanation is that the rate of neuronal uptake of NA

is sufficiently greater than that of extraneuronal uptake at low

concentrations of NA, and this serves to make relatively more

substrate available to the neuronal enzyme. A second possìbiìity,

mentioned in the discussion section of Chapter 6, was that the

predominantly neuronal metabolism of NA seen in those experiments

may have reflected an extralumfnal exposure of arteries to NA. It
follows that there is a need to examine the metabolism of 3HttA apptieO

intralumjnal'ly sìnce one of the arguments in favour of the importance

of extraneuronal MAO, advanced by de la Lande and Jellet (1972), was

the failure of responses to intraluminal NA to be potentiated by

inhibition of MAO. A third possibjlity reflected a djfference in

the neuronaì and extraneuronal distributions of the type A and B
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forms of MAO described by Goridis and Neff (1973). Tyramine (tne

substrate used for enzyme assays) and tryptamine (the substrate

used for histochemìcal procedures) are deaminated by type A and

type B forms of MAO (Squires 1973). Because'NA is deaminated by the

type A form the possibil'ity arises that extraneuronal MAO in the ear

artery comprises mainìy type B MAO. It was thought that the experiments

on the deamination of 3Httttlt'¡ described in Chapter 9 might provide

further information concerning these two forms _of MAO in the artery.

This was because NMN is a relativeìy specific substrate for type A

MAO (Goridis and Neff 1972) with a high affinity for extraneuronal

uptake (Burgen and Iversen 1965). The results pointed to the presence

of some type A within the nerves since there was a significant

decrease in the formation of M0PEG by cocaine. 0n the other hand

it was not known whether the extraneuronal metabolism represented a

smal I portion of extraneuronal type A MAO or a smal ì degree of

metabolism of NMN by the predominating type B form. This point

might be resolved by further investigations of the effects of the

specific inhibitors, clorgì'ine (type A inhib'itor) and depreny'l

(type B inhjbjtor) on the formation of deaminated metabolites of NA

and of nPrÑ i n the i ntact artery.

2. COMT

The experiments in Chapter 5 indicateci that COMT activity in

artery homogenates was not decreased by sympathetic denervation and

therefore it was concluded that the COMT activity was main'ly extra-

neuronal. This conclusion proved to be in accord with the distribution

of metaboljtes described in Chapters 6 and 7. The predom'inantly
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extraneuronal origin of COMT was ind'icated by:

(i ) the finding that the content of 3Ht'lNN in the tissue after

incubation with dl3HNA *u, increased by chronic sympathetic

denervation and by cocaine treatment.

( i i ) the fai I ure of MAO i nhi bi ti on to di vert neuronal metabol i sm

to a COMT pathway.

(iii) the finding that O-methy'lation of 3HISO was not decreased

by sympathetic denervation or cocaine treatmenü in contrast to the

decrease in accumulation of unchanged am'ine.

The smalì proportjon of 3tl¡¡Ntt ,'ompared with D0PEG in bc¡th the

medium and in arteries that were incubated w'ith 3H¡lA suggested that

the extraneuronal C0MT pathway is less important functionally than

the neuronal pathway for the inactivation of NA. Johnson (pfi.0.

thesÍs, 1975) showed that inhibitÍon of COMT in the rabbit ear artery

potentiated responses to NA, A and nerve stimulatjon and that this

potentiation was not decreased by cocaine. Besides confirming that

extraneuronal C0MT was physioìogicalìy important in the inactivation

of catecholamines, the findings of Johnson accord well with a

predominantly extraneuronal origin of this enzyme (tfris pharmacologica'l

evidence has been presented in part in the study of Head et c¿T. 1975).

3. UPTAKE AND ACCUMULATION

The data presented 'in Chapter 6 emphasised the 'importance of

neuronal uptake of NA in the artery. The results showed that the

tissue contents of dl3HNA *.". decreased by sympathetic denervation

and by cocaine treatment. Besides confirming that the sympat-het'ic

nerves were the major sìtes of accumulat'ion of 3H¡lR in the artery,

this finding supports the pharmacological evjdence that neuronal
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uptake is functional'ly important when NA is appl'ied extraluminally

(de la Lande et aL. 1967).

The effects of denervation and of cocaine were addìtive in

decreasing the artery contents of 3HNA so that these contents now

approached those prevai'l 'ing i n PBZ treated arteri es . Si nce PBZ

prevents both the neuronal and extraneuronal accumulation of NA in

sympathetically innervated tissues these results imp'lied that:

(Í) there was no s'ignificant extraneuronal accumulation of NA

(ii) that either cocaine or chronic sympathetic denervation

possessed an additional extraneuronal action

(iii) cocaine treatment was not compìete1y effective in prevent'ing

neuronal uptake of 3HNA or that chronic sympathetjc denervatjon was

i ncompl ete .

Evidence supporting (iii) above came from the observation that

approxìmately 10% of the tissue content of 3H present jn arteries

after 30 minutes of wash was insensit'ive to cocaine. The -possib'ility

that cocaÍne in a concentration of 30 umol l-1 ¿id not comp'letely

prevent the neuronal uptake of NA cannot be ignored. It is of

interest that the magnitude of the potentiation to extraluminal NA

by coca'ine observed'in the study of de la Lande et aL. (1967) was

about ten-fold. This implies that the nerves had extracted about

90% of the applied NA before it reached the underlying smooth muscle.

This value Ís not too different from the estimate in the present

study that nerves account for at least 80% of the NA taken up by

the artery. The finding that cocaine caused a further decrease in

the accumulation of 3HltlR'is in accord with the observation of de la

Lande (tgZS) tfrat cocaine caused a small increase in sensitivity to
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NA in sympatheticalìy denervated arteries. Regardless of the

exp'lanat'ion, the evidence for extraneuronal accumulat'ion of NA

was less precise than that for neuronal accumulation. There ìs a

discrepancy between these findings and the results of prev'ious

hi stochemi cal studi es on th'is artery rvhi ch showed an accumul ati on

of NA in the smooth muscle cells of arteries after incubation with

NA (Avakian and Gil'lespie 1968). Holever, as pointed out previously,

the substrate concentration in the hìstochemical studies was far

greater than that used in the present studies. The possibilìty

exists that accumulation occurred at the high substrate concentration

because the extraneuronal metabolizing enzymes were saturated and

as a consequence did not signìficantìy decrease the cytoplasmic

concentration of unchanged amine.

lhe pharmacoìogical ev'idence suggests that the extraneuronal

uptake system is less'important than that of the neuronal uptake

system in the control of sensitivity to NA. It was found by Johnson

(ptr.l. thesis 1976) that the extraneuronal uptake 'inhjbitor OOCn

enhanced the sensitivity to NA less than two-fold in innervated

arteries and about two-fold in cocaine treated arteries. This

contrasts with a ten-fold increase in sensitivity produced by

cocaine (de la Lande et aL. 1967).

3HIso and 3HNNN

In Chapter 8 evidence was presented to favour both neuronal and

extraneuronal accumulation of IS0 and extraneuronal O-methylation by

COMT. A'lthough the O-methyl ation v/as sensiti ve to DOCA, the

accumulation of 3HIS0 was on'ly sensitive to DOCA under conditions of

4
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C0MT inhibition. These findings and the observatjon that C0MT

inhibition markedìy increased the accumulation of 3HIsO suggested

that there was an intimate relationship betlveen the activities

of COMT and that of DOCA in the artery.

The kinet'ics of efflux of 3HISO was studied in an attempt to

shed further light on the relat'ionship. The results (Chapter 9)

pointed to the presence of at least two compartments for the

accurnulation and O-methy'lation of 3Hlso. One ót these appeared

to be responsible for. the formatìon of MeOISO, and posslbly for

storage of unchanged amine. The access to this compartment was

sensitive to DOCA. The second compartment was less sensitive to

DOCA, and only stored unchanged amine. Unfortunateìy time did not

permit the'logìcal conclusion to this study, namely to examine the

efflux of 3ttlS0 from denervated arteries. This rnay have indicated the

compartment associated with the neuronal accumulatjon of 3tttS0.

The studies on 3HnUru are of interest because they indicated that

D0CA also inhibited access of amine to an extraneuronal compartment

containing MAO. Whether th'is is the same compartment which is

responsibie for the 0-methyìation of 3tlISO remains to be determined.

The pharmacoìogica'l studies which are most relevant to the

present studies on 3HISO are those of Johnson (pfr.O. thesis 1976).

He shovred that the vasodilator action of 3HIS0 on the rabbit ear

artery was potentiated 3 to 4-fold by DOCA, but this effect was

manifested only at low substrate concentratjons (range 0.16 to 0.23

nmol l-1). At high substrate concentrations (6.1 umol t-1) when

3HISO was vasoconstrictor, the potentiating effect of DOCA was
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greatly decreased. These find'ings were interpreted as evidence

that the uptake system wh'ich influenced the concentration of 3HISO

at its receptors, possessecl onìy a limited capacity for 3HIS0, ro

that it became saturated at the higher substrate concentration.

Johnson also examined the interaction between the sensìtis'ing

actions of DOCA, and of a COMT inhibitor (U0521) on the vasoconstrictor

Fesponse of the artery to adrenaline. He showed that the maximum

sensitising actions (3 to 4 fold) of these age4ts were not additive,

i.e. neither agent potentìated in the presence of the other. These

findings were similar to those of Kaumann (1972) on cat heart. Kaumann

proposed the concept of a high affinity'lovr capac'ity compartment for

catechojamines which is of major importance in remov'ing the amine

from the vicinity of the receptors. This concept has subsequent'ly

received support from the extensive biochemical and pharmaco'logìca'l

studies of Trendelenburg and his colleagues (Bönisch and Trendelenburg

1974). TheÍr studies were discussed in relation to those on the ear

artery in Chapter B.

A possible relatìonship between the present findings and the

pharmaco'logical sensitising actions of U0521 and DOCA is represented

in Fig. 10.1. It is assumed that extraneuronal uptake and subsequent

0-methyìation of the catecholamine decreases the concentration of

the latter at the receptors in the smooth muscle. By interrupting

uptake and hence O-methy'lation, D0CA diverts amine to the receptors

and thus enhances the response. The potentÌating effect of U0521

on the response to a low concentration of catecholamine can be

explained as follols; in the absence of COMT activity, the unchanged



DOCA.+

238.

¡SO MeO!SO

R

COMT active

COMT irractive

R

.,--------l

DOCA 
-+

tso

Diagrammatic representation of the influence of uptake
and 0-methylat'ion on the concentration of isoprenaline
at the receptors in the smooth muscle of the rabbit
ear artery. The di rect'ions of the arrows i ndicate
the directions of isoprenaline fluxes.

I
I

t

Fis.10.1

MeOISOtso
COMT

so
I
I
I
I

¡so
eoffT



239.

amine accumulates in its storage sites to a level which results

in a considerable increase in the efflux of the amìne back into

the region of the receptors. This expìanation assumes (a) that

the amine which accumulates jn the absence of C0MT activity has

little, if any, influence on the concentration of amine which reaches

the receptors and (b) that the physiologicalìy 'important component

of extraneuronal uptake has very little capacity for storing unchanged

amine. The second assumption (b) is necessary-to expla'in the failure

of DOCA to sensitise the artery in the presence of a COMT jnhibitor.

If unchanged am'ine which accumulated after its uptake was of

physio'log'ica1 importance (i.e. in ìncreas'ing the concentration of

amine at the receptors), then inhibition of this uptake should

enhance the response to the amine. The fact that this does not

occur in the COMT-'|nhibited arteries is readily explained if, under

these conditions, D0CA caused a decrease in efflux of unchanged amine

from low capacity (readiìy saturable) storage sites as a secondary

consequence of i nhi bi ti ng uptake .

The morpholog'ical Iocalization of the hjgh affinity 1ow capacity

COMT contãining compartment may weìì be associated wjth cellular

membranal structures of the smooth muscle cells. Although there is no

direct evidence for such a location so that its existence ìs highly

speculatjve, it is consistent with the finding that part of the COMT

activity of the rabbit aorta is assoc'iated with the microsomal

fraction (Verity etaL., L972). Such a location is illustrated in

figure 10.2 and may help to explain some of the results of this

thesis. At low concentrations of catecholamines COMT activity or
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the product of this activity would serve to reduce entry and

hence accumulation of unchanged amine into the cytoplasm of smooth

muscle cells. Under these conditions catecholamines rryould be

prevented access to the mitochondrial MAO and this would account

for the minimal extraneuronal accumulation and deamination seen

in Chapter 6. At higher substrate concentrations COMT would be

inhibited and no'longer serve to prevent access of amine into the

smooth muscle cells. Under these cond'itions catecholamines may

accumulate and be deaminated by MAO. The possibility that the COMT

products of catecholamines reguìate this entry into the cytoplasm of

smooth muscle cells comes from two sources. Firstly, the O-methylated

derivatives of catecholamines are non-competitive inhibitors of

extra-neuronal uptake. Second'ly, the COMT inhibitor U052f is not

an amine and unlike 0-methy'lated catecholamines causes an increased

accumulation of unchanged amine. If the concentration of catecholamines

at the receptors is regulated by the content of 0-methylated

catecholamine in the high affinity 'low capacity COMT containing

compartment,then thjs would be characterized by an initial decrease

in catecholamine concentration at the receptors due to uptake of

unchanged amine into this compartment. This would be followed by

a time dependent increase in catecholamine content at the receptors

due to the filling of the compartment with O-methylated catecholamine.

This ìeads to the possibi'ìity that this compartment may we'|1 be part

of a membranal receptor-complex located on the smooth muscle cells

of the tissue.
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In conclusion this study has emphasized the importance of

the processes for the uptake and metabolism of catecholamines in

vascu'lar tissues, and has attempted to provide insights into the

biochemical mechanisms responsible for the pharmaco'logicaì properties

of these tissues.
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INTRODUCTORY NOTE

This section comprises a heterogenous series of investigations

related to the studies described in the main body of this thesis.

The studies included in this appendix are concerned primari'ly

with methodolog'ical aspects of experiments involving catecholamines,

and although cons'idered important, these investigations were not

directly concerned with the inactivation of catecholam'ines in

arteries and for this reason have been treated separately. These

studies include:

(1) The app'lication of the semi-automated THI assay to the

measurement of catecholamines in biological samples.

(2) A study of the purìty and stability of high spec'ific

activity tritiated catecholamines.

(3) A description of an eìectro'lytic oxidative 0-demethylation

process for the formation of catecholamines from 3-O-methyì catechol-

ami nes .
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APPENDIX 1

SEMI-AUTOMATED CATECHOLAMINE ASSAY

I NTRODUCT I ON

A convenient and sens'itive assay for catecholamines (CR's)

was a major requirement for many of the investigations undertaken

for this thesis and for many of the clinical and pharmacologìca'l

experiments conducted 'in this laboratory. Because of the

reìativeìy ìarge number of samples required for ana'lysis, attention

was focused on the use of automated analytical procedures for the

assay of CA's. Most of these procedures are based on the fluorometnic

trì-hydroxyindoìe (fUl) assay first described by Ehrlen (lg+S) and

Lund (1949 a, b, c) and later modified for automatic analysis by

Merrills (nîz¡.

Despite the fact that automation of the THI assâ.y represents

an improvement over the exi st j ng manual assays i n reproduci bi'l 'ity

(f iorica 1965) 'its useful ness is I jmited by the procedures requ'ired

for the purification of the catecholamines. These proceclures can

be divided into two classes:

(a) those based on the analysis of CA's in acetic aciC eluates

from alumina'columns, and

(b) those based on hydrochloric ac'id eluates from cation

exchange resi ns.
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However in prelìminary experiments it was noted that:

(1) neither chromatographìc procedure (and hence automated

method) was ideal'ly su'ited for the analysis of CA's in the three

commonly Í nvesti gated bi ol og'ica1 samp'les , vi z . uri ne , ti ssue and

pì asma.

(2) the eluates from either chromatographic system were only

compatible urith the automated procedure designed for that eluate.

(3) both alumina and ion exchange purification procedures

when used alone were unsatìsfactory for the determjnation of p'lasma

CA's .

In view of the foregoing, the possibility of increasing the

versati'lity of the standard Technicon Autoanalyzer was explored to

permìt the routine use of three automated procedures each designed

to compliment those chromatographic systems which prov'ide adequate

purification of CA's with minimal samp'le preparation time. This

present study describes the modifications employed, the use of ihe

three different procedures, and the r-osults of experiments jn which

the CA contents of urjne, tissue and p'lasma were determíned.

METHODS

Apparatus: In these experìments a Technicon Autoanalyser train

was used which ut'ilized the following moduìes:- sampler (l4odel II),
proport'ionÍng pump (Model II) and fluorometer (Model II). The

Technicon necorder was replaced with a more versatile rnulti-range

potentiometric recorder (nikadenkì I'lodel B 16i). This replacement
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required minor alteratjons to the Rikadenki recorder and these

i ncl uded :

(1) The insertion of transistor emitter follower circuit to

match the impedance of the two systems (Fluorometer and Recorder).

(2) Insertion of a 6 pole and 2 way switch on the recorder

to permit its use as either a normal or fluorometric recorder.

For the routine ana'lysis of samples the sett'ings on the

fluorometer (Sample aperture and Full Scale Record) were set

maximally and the sensitivity resulted in an increased level of

detectabi'lity by permitting measurement of fluorescence in the 0-1

mjlliVolt (mV) attenuator setting on the recorder. In practice

it was found that this control of sensitivity over a wide range of

attenuator settings was extremely convenient, particularly with

sampìes having widely divergent fluorescence contents, for it
removed the need to alter the fluorometer settings as was required

when used in conjunction with the fixed range Technicon recorder.

Automatic analysi s: In principle the assay was identical for all

three semi-automated procedures and jnvolved fluorometric

rn.usr.erént of the CA contents of acid eluates from either alumina

or ion-exchange columns. The autoanaìyser performed the foiìowing

functions:

(1) automatic sampìing of unknown and standard solutions of

CA's at a sampìe rate of 20 hr-l (wash: samp'l e 2:L).

(2) neutralizatìon of these solutions to pH 5.0 - 6.0.

(3) oxidatìon of the CA's with potassium ferricyanide.

(4) formation of the fluorescent THI derivatives by the treatment

of the oxidized amines with sodium hydroxide in the presence of a

lutine stabilizing agent (ascorbjc ac'id or thiog'lycolì'ic acÍd).
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(5) estimation of the fluorescence produced by THI derivatives.

The fluorescence hras continuously measured at the foìlowing

wave-lengths: activat'ion 410 nM (Interference fjlter), emìssion at

>485 nM (Wratten #B sharp cut filter). The essential difference

between the three semi-automated procedures was the use of three

different buffering soìutions (acetate, phosphate cr borate) to

achieve neutralisatjon of the three acjd eluates (acetic,

hydrochloric and boric acids, respectively). In the experiments

where the i ncli v'idual CA contents noradrenal í ne (tlA) and adrenal i ne

(A) were determined the differential lutine stabilization procedure

described by Robinson and Watts (1965) was used. The degree of

quenching of fluorescence of test soìutìons was estimated by the

internal standardization technique of Crout (1961) and non-oxidized

blanks were prepared by the method described by f'lerrills (1963).

PROCEDURES

1. Uri nary catechol ami nes :

Sampìe collection. Twelve hour urine samples were collected in

plastic containers containing a solution of ascorbic acid (20 mg)

in 20 ml of HCI (500 mmol l-1). From each subject two tlvelve hour

samples were collected, one representing a day collection (0900 to

2100 hours), the other a nìght collection (2100 to 0900 hours). The

volumes were measured and a representative aliquot of the collection

stored at -10oC.

lelgb_elglinq_Clfq[qlggfgpby: The frozen urine samples were

thawed and filtered (l,thatman Filter Paper No. 1), and to a 20 ml
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aì iquot of the fil trate tritiated nonadrenal ine (3H¡¡n) es x to3 apm)

was added to permit internal recovery estimates. The sampìe was

added to disposabìe poìypropy'lene tubes (30 mt capacity) contain.ing

activated alumina (700 mg). The alumina was suspended in this
solution with cont'inuous nitrosen bubbling, and the pH adjusted to

and maintained at 8.4 with Sodium Carbonate (1 mol l-1) for 5 rninutes.

After this time the nitrogen was discontinued, the alumina particles

allowed to settle and the supernatant then discqrded. Distilled
water (zo mls) at 4oc was added to the tube, bubbled bríefìy with

nitrogen, and the ajumina again allowed to settle. The wash solution

was discarded and this wash procedure was then repeated. The cA,s

were eluted from the alumina by the addition of 5 ml acetic acjd

(300 mmoì l-1) an¿ bubbled vrith njtroqen for 5 minutes. The tubes

were centrifuged (5,000 g for l0 minutes) and 4.5 ml of the acetic

eluate removed. A 1.0 ml portìon of the elutes was taken for estimation

of the tritiut (3H) contents by 'liquid scintillation spectrometry usirig

the method described in the genera'r methods chapter (chapter 2).

The recovery of cA's was estimated by comparing the total 3H in th.
acetic eluate with the amount of 3tl added initialìy to the urine sampìe.

llggfg:Sglgg_g::gy: Samples of acetic eluates were added without

pH adiustment to autoana'lyser cups and processed at the rate of 20 per

hour. The automated procedure is a modification of that described by

Fiorica (1965), and is illustrated by the flow diagram showing the

reagent concentrations, pump tubing sizes and manifold configuration

(Fig.A.1). Standard solutions of NA and A (O.tZ - 1.2 umol l-1)
in acetic acid (300 mmol l-1) were included with each batch of urine

samples and, after assay, used to construct a calibration curve.
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The NA contents of sampìes were estimated by measuring the

fluorescence of samp'les after rep'lacement of the ascorbic acid

with thiog'lycollic acid. The CA contents of the urine (expressed

as nmol (24 hours)-1) w.r. obtained after correcting for blank

value, recovery from alumina and volume of original sampìe.

2. Ti ssue catechol ami nes :

In these experiments tissues (adrenaìs and vas deferentia) were

taken from untreated rats and from rats treated with guanethidine
1

(25 mg Kg-', i.p. every second day for six weeks - control an'imals

receiveC a correspond'ing injection of saline). The rats were killed

by decapitation and the relevant tissues rapidìy excised, and weighed.

The tissues were then washed 'in Krebs-bicarbonate solution and placed

in tubes containìng 2 mls of EDTA (30 mmol l-1) in HCI (t00 mmol l-1).

These tissues were not homogenised but left for 24 hours at 4oC and

the CA determination made on dilutions of this clear acid extract.

The samples were diluted in HCI (500 mmol l-1) to permit measurement

on the 0-10 mV scale of the recorder, and their CA contenti determir.ed

using the manifold arrangement shovrn in Fig. A.2. This automated

procedure.is based on the method of Viktora et aL. (1968). The A and

NA contents were estjmated separateìy for the adrenal glands bui for

the vas deferens the total CA measured and expressed as NA. Estimates

of non-oxidized blanks and degree of quenching were performed on

representative samp'les and the CA contents expressed as nmol g-1 o.
1

¡rmo'l g-' after correction for blank and quench values.

3. Pl asma catechol am'i nes :

Sample collection and preparation. 25-30 m'trs blood were taken

from an ante-cubital vein of human volunteers with a heparinized



25I.

I¡JAS H W€LL

r
BLUE 500 nmol L-r HCI

o.2h PHOSPHATE +5ooÉJ
Krra(cN)e l--r pH.6.5
SAM PLE

AIR

IH FI{OSPHATE BUFFER

PH' 6.5
lN Nq0H

AIP.

2.5 N NaOH

o.27. ASCoRûrC AclD
o_B Tc.A

I wHrTg

GREY

0. t"1. c s.¡'1.c. DI I oRAilGE

I REÞ

U/ASTE
¡ ELUE

LPUHP

FLUOROÈTEfER

FIG. A.2. Flov¡ diagrarn for the auto-analyser hrhen used for

the assay of tissue catecholamines. The diagramatic

notations are the same as described in the legend of Fig.l.

Samples (standard solutions of catecholamines and test

solutions all in 500 mmol HCl) were processed at 20

determinations HR-i.

*-l
I

D

s.Ì,t. c. Ho

RED

I ORANGE

I 8LUÉ

¡ RÉÞ

D.¡r.c.

ñr
s.m.c.

DER



252.

disposable syringe. In these experiments the subjects were p'laced

on a horizontal tiìt table and blood samples taken after 30 minutes

resting in the supine position. The table was then tilted to 600

(feet down) from the horizontal and blood samp'les taken exactly 10

minutes after tilt was commenced. The blood was added to and mixed

gently in chilled centrifuge tubes conta'ining heparin and EDTA (50 mg).

The tubes were centrifuged within 10 minutes of collection'in a

refrigerated (4oC) centrifuge, (t,5OO g for 20 ¡inutes) and the

pì asma removed.

The p]asma proteins were precilitated by the addition of an

amount of perchloric acid (4.0 mol l-1) to give a final concentration

of 400 mol l-1. The samples were centrifuged (10,000 g for 30

minutes) and the clear supernatant removed. The protein pe'llet was

mixed with 3.0 mls of perchloric acid (400 mmol l-1) centrifuged as

above and this supernatant pooled with the first.

4lgnile-Cl9_etÞelli!e_g!lgte!ggfCp!.y : The perch'lori c. aci d

extract containing the CA's was added to a polypropy'lene tube

containing activated alumina (700 mg) and EDTA (100 mg) and treated

as described for the isolation of urinary CA's, the onìy difference

being that the CA's were eluted with 9 mls of perchloric acid (50 mmol

ì-1). The perchloric eluate (7.S mls) was adjusted to pH 6.0 with
I

NarCO, (100 mmol l-') and poured into a glass column contain'ing

Amberlite CG-50 200-400 mesh (0.3 mls, Na+ form). The columns were

washed with distilled water (7.0 mls) and the amines eluted r¡rith boric

acid (600 mmol l'1) in a voìume of 2.0 mls. This eluate was stored at

4oC and analysed within two hours.
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[]ggfg:gg!çg_q:lgy: The CA (ltR + A) contents of the borate

eluates were determined after assay using the automated procedure

schematically outlined in Fì9. 4.3. For these determinations the

fluorescence of the eluates was estimated using the maximum sensitivity

setting on the recorder. For each batch of sampìes a calibration curve

from 3.0 to 60 nmol l-1 in sodium borate (060 mmol l-1, pH 7.0) was

constructed. Recoveries for this procedure were estimated on sampìes

in which known amounts of NA and A (0.00 nmol) were added to plasma

and the CA contents determined. Under these .*¿itions of anaìysis

both A + NA contrjbute to the fluorescence estimated. However, in

these experiments the catecholamine contents of plasma samples were

derived from the NA calìbration curve and expressed as total CA (i.e.

A + NA content). This procedure was adopted in view of the minimal

contents of A in normal human peripheraì plasma samp'les (0'Hanlon

et aL. 1970) and the difficulties 'involved in accurate determination

of these small A concentrations.

RESULTS

Gene_ral : l^lith all three semi-automated procedures the fluorescence

intensity produced by pure so'lutjons of A and NA was linearìy related

to the concentration of the CA's. t^lith the mod'ifications described

to the Technicon Autoanaìyser traìn there was a linear relationship

between the attenuator settings on the recorder and the concentration

of both CA's in the range 10.0 nmol l-1 to 100 umol l-1. A typÍcaì

recording illustrat'ing the responses obtained for a series of NA

standards is shown in Fig. 4.4.
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FIG. .A.4. Illustrates the fluorescent responses produced

by a series of pure noradrenaline (NA) standard solutions

in the range of 3.0 to 60 nmol L-l when using the auto-

analyser manifold as shown in Fig. 3.
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SpecÍficity: The s pec'if ici ty of one of the semi -automated

procedures was investigated by determining the contrib.ltion of the

fluorescence of several anaìogs of NA and a selection of naturaì1y

occurring compounds. Standard solut'ions of these compounds were

assayed directìy (without chromatographic purification) using either

0.2% w/v ascorbic acid or I% w/v th'iog'lycollic acid as a stabiìizing

agent. The results of these experiments are summarized in Table 4.1

where it can be seen that when ascorbic acid was used ne'ither the

O-methylated or deaminated metabolites of NA or A contributed

significantly to the fluorescence estimate. 0f the biochemical

precursors of NA onìy 3,4 dihydroxy phenyìalanine (L-D0PA) produced

any significant fluorescence (t.gf"). The structurally unreìated

biogen'ic amines tested were also without effect. Significantly

however, tv'/o synthetica'lìy prepared cornpounds, (3,4 dihydroxyphenyl )

+2-'isopropy'l -ami noethanol ( Isoprenal i ne ) and 1-a-methy'l -3,4 di hydroxy

phenyìalanine (a-methyl-DOPA) contributed significantìy to the

fluorescence estimate (85 and 20% respectiveìy).

In contrast when thioglycollic acid was used as the stabilizing

agent onìy NA produced any significant fluorescence and the compounds

i soprena'l i ne, a-methyì DOPA and adrenal i ne produced mi nimal fl uorescence.

A typ'icaì recording i'llustrating the fluorescence produced by NA, IS0

and A when ascorbic acid was used as the stabilizing agent and the

abolishment of this fluorescence for A and IS0 with thioglyco'llic

acid is shown in Fig. 4.5.

Urine analysis: The CA contents of alumina eluates of urine

samples were considerab'ly in excess of the limit of detectabi'lÌty

for both NA and A. In addition al'l samples tested produced minimal



257 .

TABLE 4.1

Relative fluorescence of Adrenalìne (taken as I00%) and of
related compounds (all 6.0 umol l-1) using ascorbic acid

and thiog'lycol I ic acid stabi I isation (TGA)

Fluorescence Units

Compound
Ascorbi c

Aci d TGA

l -Adrenal i ne

dI- Isoprenal i ne

I -Noradrenal i ne

ì -a-Methyl -3,4-di hydroxy
phenyl al ani ne

I -3,4 d'ihydroxy phenyi al ani ne

a-Methyì noradrenal i ne

Adrenol one

3-Hydroxy tyramine

dl -Metanephrì ne

dl -Normetanephri ne

Methoxy i soprenaì 'ine

3,4-Di hydroxy pheny'l g'lycol

Bi s - 3-methoxy-4-hydroxy pheny'l
gìycoì

4-Hydrcixy-3-methoxy mandel ic acid

3,4-Dihydroxy rnandel ic acid
d1 -Synephri ne

5-Hydroxy tryptamine
3-Methoxy tyrami ne

Tryptami ne

Tyrami ne

Tyrosi ne

Hi stami ne

100

B5

60

20

r.94
1 .78

1. 15

0. 84

0. 18

0.1

0.04
< 0.02

< 0.02

< 0.01

< 0.01

0.06

0.03

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

< 0.5
< 0.5

0.5
0.5

60

1.

0.

0.

0.

0.

0.

63

1

69

2

2

1

1<0

< 0.01

< 0.01

< 0.01

< 0.01
< 0.01
< 0.01
< 0.01

< 0.01
< 0.01

< 0.01
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T.G.A ASC. ACID

FIG. 4.5. Comparison of responses to pure solutions of

adrenaline (A), isoprenaline (ISo) and noradrenaline (NA);

(all O.irumol l,-l) using either O.2Z w/v ascorbic acíd or

LZ w/v thioglycollic acid (T. G.A. ) on the auto-analyser

manifold shown in Fig. 2.
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non-oxidÍzed read'ings (. 5% of the oxidized samples fluorescent

read'ing). For a series of 18 normal subjects the mean (t SE)

excretion of NA was II2.36 t 7.8 nmol (24 hours)-1 und the corresporrding

A excreti on 26.46 t 5.86 nmol (24 hours)-1. These values are similar

in both CA content and the ratio of NA to A, to those reported

previous'ly for normal subjects (tZO.47 t 76.4 nmol NA (24 hours)-1,

30.4 t 16.8 nmol A (24 hours)-1 Crout (1961)). The diurnal excretion

of NA and A was determined on these samples and it was found that

the mean (t SE) rate of NA excret'ion during the night period (52.47

t 4.98 pmol min-l,2100 - 0900 hours) was significantly smaller

(p. 0.001) than that excreted during the day period (103.53 t 7.92

pmol min-l,0900 - 2100 hours). A sjmi'lar pattern was observed for

A where the mean (t SE) rate of excreted A during the night period

(10.7 t 3..09 pmoì min-l , 2Ioo - 0900 hours) was also signifr'cantly

(p . 0.0025) smaller than the corresponding day value (26.0 t 6.04

pmol *in-l,0900 - 2100 hours). These findings agree weìì with the

values originally reported (Von Euler et aL. 1955) for the-diurnal

CA excretion in man. In that study the excretion rates for NA

(57.64 pmo'l min-l,2300 - 0800 hours, 135.29 pmol min-l,0800 - 2300

hours) and'A (6.52 pmo'l min-l,2300 - 0800 hours,25.0 pmol m'in-1,

0800 - 2300 hours) were determìned by bioìogica'l assay. The mean

recovery of the internal standard (3Hrun) in this series of experiments

was 82%.

Tissue analysis: In this study the CA contents of rat adrenals

and vasa deferentia were estimated after d'irect THI assay of acid

extracts of these tissues. For both tissues the values found by

this procedure agreed weìì with those reported in other studies where



260.

chromatographic purification of tissue extracts preceded THI assay.

Using this method the NA content of untreated rat vas deferens

was found to be 50.1 t 10.7 nmol g-1 and the A and NA contents of

the adrenals 2 .20 t 0.30 prnoì 9

respecti ve'ly.

1 and 0.50 t 0.067 umol g
I

The NA contents of vas deferens from rats treated w'ith guanethidine

showed a marked decrease (86%) to 6.7I t 1.13 nmol g-1. in contrast

the A and NA contents of the adrenals of guanethidine treated rats

were 1.63 t 0.24 umol g-1 and 1.03 t 0.15 pmo'l 9-1, respectìvely.

Although these resuits showed no change in the total CA content

of the adrenals of treated and untreated animals (i.e. 2.66 t 0.39

-1 -1¡mol g-' and 2.69 t 0.36 umol 9-', respectively) a change in the

individual A and NA contents was found. These findings are in accord

with the reported properties of this drug viz. guanethidine treatment

results in degeneration of the adrenergic neurons of the rat,¿as

deferens but is without effect on chromaffin cells (Evans et aL.1972).

A'lthough direct analysis of the acid extracts of these tissues prodt'ced

non-oxidized blanks that had higher values than the reagent blank,

(i.e. tlCl, EDTA diluted in HCI 500 mmol l-1) tne quenching associated

with these test solutions was minimal (.7%).

Plasma analysis: The CA contents of pìasma samples were

determined by THI fluorometric assay of their corresponding boric

acÍd eluates. The fluorescence produced by these purified plasma

extracts in this series of experiments ranged from being equivalent

to the lower limit to detectability (¡.0 nmol NA l-t) to thirteen

,
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times this value (39.0 nmol NA l-1). The average recovery of NA

added to plasma (externa'l standard) was 74%.

The periphera'l venous plasma CA (A + NA) contents of 18

normotensive male subjects who had rested in the sup'ine position

before sampìing was determined. The mean (tSt) p'lasma CA contents

of these samp'les was equìvalent to 1.60 t 0.31 nmol NA l-1. This

value is with'in the range quoted for simiìar studies in whjch the CA

contents were determined fluorometrically (t.48. nmol l-1, 0'Hanl on et

aL. 7970,8.32 nmol l-1, Anton and Sayre,7962) and similar to those

where the contents were determined radio-chemicaì1y (t.S t 0.27 nmol l-1,
Enge'lman et aL. 1968). Samples taken from the same subjects ten

minutes after they were tilted at 600 (feet down) from the horizontal

position sholed a significant (p.0.001) increase in peripheral

plasma CA content, and the mean (rSE) values being 3,67 t 0.69 nmol l-1.

This increase (2.3 fo'ld) compares favourab'ly with the 2.1 fold increase

seen in a similar study by F'luck and Salter (1973).

DISCUS SI ON

In vi.ew of the fact that there is no reported automated method

for the purification of catecholamines from bioìog'ical extracts the

only advantages offered by the semi-automated methods described for

the assay of catecholamines relate to the tri-hydroxyindole determination.

These advantages have been well documented (Merrills 1963, Fiorica 1965,

Robinson and Watts 1965) and relate primarily to the increased

reproducibility associated with automation of this assay. In contrast

there has been limited investigation into the suitabi'lity of the

purification procedures used in these studies and as such many of the
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methods described are either too cumbersome or lack the spec'ificity

required for accurate determinations. In this study we have modified

the standard Technicon Autoanaìyser and this has permitted the use

of purification procedures which are more ideal'ly suited to the

analysis of catecholamines in urine, tissue and p'lasma. To compliment

these purìfication techniques three semi-automated systems were used

and although thìs approach necessitated the use of three different

autoanaìyser man'ifolds it was found in practice-to be relatively simple.

This was due to the fact that using the conditions described, the

fluorometer settings, filter combinations and sample speed were the

same for all three assays and it was found that the change over time

from one procedure to another took less than ten minutes. One

important consideration in the design of these procedures was that

for all three assays the acid extracts of eluates were added dìrectly

to the sampìer tray and the neutralization of these samp'les processed

automatically by the Technicon Autoanalyser. This step further

simplified the assays and minimized the possibility of loss of CA's

associated with either the manual neutralization of these acidic

solutions or during the storage of samples on the sampler tray prior

to assay. For the ana'lysis of urinary catecholamines the combination

of the alumina batch procedure previously described (de la Lande

et aL. 1967) with the minor modifications to the automated procedure

of Fiorica (1965) proved extremely convenient. This batch anaìysis

can be performed more rapidìy and with less preparation than the

existing alumina column or ion exchange techniques.
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Aìthough accurate estimations of CA's in test solutions

usual'ly require samples free from interfering material (Crout 1961)

the use of the automated procedure of viktora et aL. (1968) enabled

us to explore the possibility of direct analysis of the CA contents

of tissue extracts without chromatographic purification.

This concept was based on (i) the highìy specific nature of

this assay and in particular the lack of interference of the

precursors and metabolites of NA and other bÍogenic amines; (2) the

previous findings from this study (chapter 4) which indicated 'that

tritiated noradrenaline l3Hnn) tfiat is accumulated in sympathetÍcaìly

innervated tissues after incubat'ion with 3HNA .un be quantitat'ive1y

extracted by placing the tissue in smalì amounts of weak HCl. This

procedure does not require homogenisation and the final extract is

recovered free from the bulk of tissue. Although these studies were

confined to est'imates of the NA content of rat adrenals and vasa

deferentia it is possible that this extremeìy simp'le procedure may

provide an extreme'ly rapid screening technique for determining th<:

catecholamine content of selected tjssues: the principle beìng that

for those.tissues where this method indicates a change in the NA

content of the tissue the remainder of the acid extract may be

purified by ion exchange column chromatography and a more accurate

determination made. In contrast to the determination of the CA

contents of tissues and urine the m'inimal amounts of NA and A present

in peripheral venous plasma require the use of more exact'ing purificatjon

procedures. It was found that the semi-automated procedures of

Fiorica (1965) and Viktora (1968) were of limited value in these

studies. In both of these methods, the presence of interfering
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material in column eluates and the dilution of the CA's associated

with the compìete elution of these amines from the columns made

accurate determinations difficult. However, the development of

an automated assay based on the use of sodium borate has permitted

the use of the hÍghly spec'ific separative procedure described by

Renzini et aL. (1970). This latter technique overcomes the

problems assocjated with the existjng co'lumn procedures by

produc'ing a highly purìfied and concentrated eluate.

Fínally, the accuracy of these procedures was determined by

comparing the values obtained from samples of urine, tissue and

plasma with those reported for similar studies using different

technìques. These techniques were examined for their ability to

show changes in the CA contents of test solutions using physioìogica'l

or pharmacoìogical regimes known to alter the concentrations of CA's

in test sampìes. In all cases the values found in this study were

within the range of values quoted for sjmilar studies using either

fluorometric or radio-chemical techniQues.
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APPENDIX 2

TIIE PURITY AND STABILITY OF TRITIATED CATECHOLAMINIS

I NTRODUCT iON

The experiments to be described in this append'ix relate to

the purity of the high specific activity tritiated catecholamines

that were used in the studies described earl'ier in this thesis.

There was strong ev'idence supporting the view that

manufacturer's solutìons of 3H catecholamines were not pure and

that these label'led compounds deteriorated upon storage. This

evidence was based on the following:

(1) previous find'ings from this laboratory had indicated
'a ?-

that the manufacturer's solutions of "H dl NA contained "H

material other than NA and that the NA contents of these solutions

were less than those stated (Head and de la Lande 1973).

(2\ both manufacturers and users of high specific activ'ity

tritium ìabelled compounds had acknowledged the fact that these

labelled compounds are more unstable than their non-labelled

counterparts (Bayly and Evans 1963).

As regards the latter, little information was available at

the time this study was commenced concerning the most suitable

conditions of storage of these compounds and the type of
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procedures required to remove 3H impurities from these sampìes.

A more disturbing feature of this type of instab'ility was

shown by Persson and l^laldeck (1970), who provìded evidence

suggesting the existence of aromatic ring hydroxylated derivative

of 3HnOpR in one manufacturer's stock solutions of this compound.

This observation was'in accord with the well documented process of

hydroxyl rad'ical formatìon that occurs with some high specific

activity tritiated compounds (Bayly and Evans 1968). It became

apparent that in addition to the now widely accepted oxidative

suscepti b'i ì i ty of catechol ami nes ('i .e. autoxi dati on ) , addi ti onal

decomposit'ion of these amines was possible due to self radiolysis.

The products of autoxidation and self radiolysis may be 3H labelled

and structurally related to compounds which particìpate in, modìfy,

or impair adrenergic funct'ion (i.e.the products of self radiolysis

are hydroxyì substituted catecholamines and those of autoxjdation are

i ndol ami nes ) .

The experimental approach adopted for this study was as follows:

(1) to estimate the NA and 3H contents of manufacturer's stock

solutions of 3H catecholamines on arrjval and to determine the optinraì

condÍtions of storage of these compounds.

(2) to exarnine the chromatographic behaviour of selected
)

sampìes of "H catecholamines with the view to developing a

purífication procedure.

(3) to examine the affinity of 3H lub.lled impurjties for

the neuronal uptake system.



266.

As this investigation proceeded it became apparent that the

conditions of storing 3H catecholamines was an important factor

in determining the stabiìity of these compounds. Consequent'ly,

in conjunctÍon with the manufacturer, certain samples of 3H¡lA

were prepared and stored under conditions different from those

routjnely used for commercial samp'les. Included in this study is

an evaluation of the use of these different storage procedu;'es.

METHODS

Catecho'lami ne Assays

thg11gql_4::Cy : The catechol amÍ ne (NA and I S0 ) contents of

samples were assayed using two semi-automated procedures, both of

which have been described in the prev'ious appendix. The semi-

automated procedure adapted for the estimation of CA's in HCI

solutions was used to determine:

3HttR

(1)

and
3

the NA and IS0 contents of.manufacturer's solutions of

HISO.

3(2) . the NA contents of solutions of

periods of time in the 'laboratory.

(3)

col umns .

H dl NA stored for various

the THI fluorescence of fractions from Dowex SO (rua+)

The semi-automated procedure adapted for the estimation of

CA's in boric acid solutions was used to measure the THI fluorescence

associated with fractions from Amberlite IRC-50 columns.

In experiments where the contents of CA's in manufacturer's

solutions of ¿l3H¡lR solutions stored in the 'laboratory were determìned,
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these estimates were performed in dupìicate. It was assumed for

this study (unless otherwise stated in the text) tfrat the

estimates of catecholamine contents by the manufacturer and those

determined in this laboratory were both correct. 0n this basis the

term "pereentage puz,íty" was used to describe these solutions of
3H catecholamines, and represents the ratio of the catecholamine

contents found by assay in this laboratory to those quoted by the

manufacturer expressed as a percentage. Estimates of fluorescent

quenching and btank determinations for test soiutions were made

using the procedures described in the methods section of the

previous appendix.

pigLggiggl_C::Cy: For selected batches of manufacturer's

so]utions of 3HNA, their NA contents were determined by bioìogical

assay using the isolated perfused rabbit ear preparation of de la

Lande and Harvey (1965). Briefly this ìnvolved measurement of the

change in perfusion pressure that occurred when solutions of NA

or test solutions conta'ining NA were injected into the perfusion

stream bathing these arteries. For these assays aliquots of batches

of 3Hl,¡A were di l uted (usual ìy 1 : 100) i n sal i ne sol uti on contai nÍ ng

ascorbic ãctd (290 umol t-1) and injected into the perfusion stream

in a volume not exceeding 0.3 ml. To determine the contents of

tNA and dlNA the changes in perfusion pressure produced by 3HCA'-

were compared to those of non-labelled I and dlNA.

Specific Activity Determinations :

the 3H contents of manufacturer's stock solutions of 3HCA's

were determined by the'liquid scintillation spectrometric procedure
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described in the general methods (Chapter 2). Aliquots (0.10 ml)

of the manufacturer's solutions and aì'iquots (0.1 ml) of the

samp'les that were diluted for CA assays, were analysed for their
3l-l contents and the vaìues obtained, together with the estimates

of their CA contents, used to calculate the specific activity of
3HcA's in these solutions.

Storage of Sampì es of ¿l 3HltR

The effect of djfferent conditions of storage in the stability
of NA was examined. A diagrammatic representation summarising

these conditions is shown in Fig.4.6 and these conditions comprised:

(1) storage ot dl3ttNA (0.06,0.6 and 6.0 pmol l-1) in glass

vials at -10oC and +4oç.

(2) storage of dl3Hrun (0.6 umol '¡-1) at -100C and +4oc in

polypropylene tubes, to which were added solutions of ethanol and

3,4-dihydroxy phenyl acetic acid (D0PAC) to give a final

concentration of 8.7 mol l-1 and 59 umol l-1 respective'ly.

Additional notes:

Samples stored at -10oC were not frozen with a freezing soìution

(e.g. acetone-dry ice mixture), but added directly to the freezer

cabinet at the commencement of the study. For each particular

storage regime, solutjons of 3¿l 
HNA were added to multip'le g'lass

vials and polypropy'lene tubes. hlhen subsequent determinations were

performed on these solutions dup'licate vÍals were removed from the

freezer cabinet (-tOoC) thus ensuring that each of the sampìes

frozen was only thawed once for these studies.
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3 -1

+ 40C

- 100c

EtOH

dt HNA (0.06, 0.6 and 6.0 umol l

GLASS

¿l3H¡rn (0.6 umol t-1)

POLYPROPYLENE

Fig. 4.6

)

+ 40C

- tooc

y'rto¡1

\ DoPAc

,t

\ DOPAC

Dìagrammatic summary of thç conditions of
storage of solutions of dlrHNA.
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Two different storage temperatures (-tOoC and +4oç¡ ¡¡s..

chosen because Bayly and Evans (1968) showed that the temperature
5

at which "H compounds of high spec'ific activity are stored is an

important consideration in the stab'i1ity of these compounds.

These authors also showed that EtOH and aromatic alcohols retarded

the deterioration of certain 3H labelled compounds of high specific

activity. D0PAC was chosen because it v¡as a catechol acid and as

a
such could be easiìy separated, 'if requìred, from dl"HNA by e'ither

solvent extraction or ion exchange chromatography.

Chromatoqraphic Procedures :

(1) Al umi na : The procedures used in these experiments ulere

based on those described earlier for the purification of 3HCA',

(Chapter 3) the onìy modification be'ing the replacement of acetic

acicl vrith perchlorjc acid (50 mmol l-1) tor the elution of catechols

from the alumina. To these perchìoric eluates ascorbic acid was

added to g'ive a final concentration of 290 umol l-1.

(2) Dowex 50 ( Na
+ ): The perchloric eluates from the alumina

procedure were adiusted to pH 6.5 (with NarCOr 200 mmol 'l-1) an¿

chromatogiraphed on columns of Dowex 50 (Na+) using the procedure

described previousìy (Chapter 4).

(3) Amberl Íte IRC-50: Solutions of 3H¿ltttR containing ascorbic

acid (290 umol l-1) at pH 6.5 were chromatographed on columns (f x

10 cm) of Amberlite IRC-50 in a similar fashion to that described

for the purification of plasma catecholamines in the previous appendix.

The only difference was that the colurnns were eluted in three

successive concentrations of boric acid (0.066,0.13 and 0.66 mmol t-1)
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(4 ) lgpgf-ghfgßlqgf qply : 3HCA' s were separated from othe r
a
"H compounds present in test solutions by descending chromatography

on celIulose phosphate paper (trlhatman P.81). This procedure was

described i n detai'l 'in Chapter 4.

(s) Ml-lgygI-gllglg!ggfgply: In these experiments the thin

layer chromatograph'ic procedure routineìy used by the manufacturers

was empìoyed. Briefly, this involved application of small vo'lurnes

(0.02 ml) of test solutions together with non labelled NA (100 nmoles)

to the origins of siìica gel p'lates. These plates were chromatographed

in the solvent system, n-butanoì : acetic acid : water (12 : 3: 5)

air dried and the migratiorr of non labelled NA on these plates

determi ned after vi sual i sati on under UV 'l i ght. The s i'l i ca geì on the

thin'layer plates was scraped into tubes and the ge'l eluted overnìght

in HCI (300 mmol l-1). the 3H contents of these solutions v{ere

then determi ned.

(6) Radiochemi cal pgfily: The paper chromatographic procedures

v4,ere usel to obtain evidence for an association of 3H with NA.

The term "RadiochemieaL purity" refers to the proportion of the

total 3H thut co-chromatographed with authentic NA in these systems.

Tissue Experiments:

Treatments: 4 rabbits and 4 rats were injected with reserpine

(i.p.,2.5 mg Kg l) Zq hours before removal of the rabbit ear

arteries and rat vas deferentia. 2 rabbits and 3 rats'injected

with salìne (f.O ml i.p.) served as controls. The effectiveness of

reserpine treatment for these tissues was assessed by the fluorescence

histochemícal procedure (described in the general methods, Chapter 2)
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and by THI assay of the endogenous NA contents of vas deferentia

(using the procedure outlined in Chapter 5 for the estimation of

NA contents of ear arteries). For all of these assessments a

segment of ear artery was taken from each rabbit and a segment of

vas deferens was taken from each rat.

Incubation: 4 segments of rabbit ear arteries (ranging from

3.0 to 7.0 mg of tissue) were individually incubated in Krebs

solutìon containing Nialamide (350 umol l-1) tor 45 minutes. They

were incubated for a further 15 minutes in Krebs solution containìng

U0521 (55 pmol l-1), then transferred to Krebs solutions (1.0 ml)

contajning dl3HNA (0.6 pmo'l l-1) an¿ U0521 (55 umol l-1). For two

arteries D0CA (25 umol l-1) was present in solution throughout the

period of incubation. After incubation all arteries were extracted

overnight in solutions of HCI (100 mmoì l-1) containing EDTA (2I.5

umol l-1). The procedure for this has been described in detail in

Chapter 4. 4 vas deferentia were treated similarly except that DOCA

(27 urnol l-1) was present in aLL of the incubation solutíons after

treatment of the tissues with nialamide. Two of these vas deferentia

(combined. weight of 190 mg) were added to jncubation solutions (tO.O ml)

containing 3HNA (0.6 umol l-1) an¿ U0521 (55 pmol ì-1). These vas

deferentia were incubated in this solution for 45 minutes, removed,

and repìaced with the remaining two vas deferentia which were also

incubated for 45 minutes. Both groups of vas deferentia were extracted

overnight ìn 10 mls of HCI 300 mmol l-1. In these experiments

soìutions of incubates and tissue acid extracts (concentrated using

the lypholysation procedure described in Chapter 4) v¡ere chromatographed
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on ion exchange paper. In addition the individual acid extracts

of arteries ancl a pooled extract of vas deferentia were assayed

for their NA contents (using the method described in Chapter 5)

and the specific activity of 3HtrtR in these solutions determjned.

RESULTS

3The purity of l4anufacturer's solutions of H

')/2
Catecholamines: The CA and oH contents of 19 batches of "HCA's

were determined immed'iately after the arrival of these solutions in

the loboratory, (aqueous solutions containing 3HCA's arrived at

ambient temperature in gìass containers which were sealed under

nitrogen gas). The percentage purity of CA's and the 3H contents

of these solutions are shown in Table A.2 where it can be seen that

for al'l but two batches (3HlsO samp'les 2 and 4) the amine contents

were less than quoted. In contrast the 3H contents of alì samples

ana'lysed were very similar to those quoted. It can also be seen from

Table 4.2 that the percentage purities of 3HISO were generat'ly mucfi

greater than those for e'ither dl or l3HNA. Surprisingìy the quoted

specific ãctivities for all batches of 3HIS0 were identical (10 Ci

1

(mmol)-1) wf,ereas the specific activities quoted for both ¿l3tl¡tR
â1

and I"HNA ranged from 6.1 to 13.0 Ci(mmol)-'and 4.1 to 10.3 Ci

1

(mmol)-' respectively. It was thought that a relationship may have

existed between the quoted specific activities and the percentage

purities of NA for these solutions. However there was no obvious

correlation between the specific activities of either dl or ì3HNA

and the percentage purities of these amines.



Footnotes:
(i

(ii)

(a) The ratio of the catecholamine contents found
by assay (chemical or biological) to those
quoted by the manufacturer, expressed as

a percentage.
(b) for these samples the 3H contents were very

similar or identical to those quoted by the
manufacturer.

aII samples arrived in the laboratory as aqueous
solutions in glass containers at ambient
temperature and assayed as soon as practicable
after their arrival.



274.

TABLE A.2

3CA contents of stock solut'ions of HCA's

3dl HNA

Quoted

Laboratory Specific Act'iv'ity
number ( ci (mmol )-1)

Quoted Percentage Puritya

ontent Chemi
i ml 

_1) Assay
cal
(%)

3H.
(mc

Bi oì og'ica'l
Assay (%)

1

2

3

4

5

6

7

B

12.0

7.7

13.0

L2

6

1.0 12.2

10. 5

42.r
t5 .0

52.5

20.0

55.0

40.0

9

91

I
1

0b

0b

ob

36

11.

9.

12.

I0

I
6

6

2

2.0

1.0

1.0b

1.0

3I HNA

4.7

8.1

10.3

8.9

I
2

3

4

1 .0b

1.0

1.0

1.0

b
5.3

65.0

65.0

60.0

6

3dl HISO

I
2

3

4

5

6

7

10.0

10.0

10.0

10.0

10.0

10.0

10.0

0

0

0

0b

0

.0b

1

1

I
1

1

1

I

71.0

100.0

86.4

100.0

77.0

98.0

b

ob

80.0



275.

' 
For selected samp'les of 3HruR (raule 4.2; |13HNA samples

1, 2,3 and 4, I3HNA sampìe 1) the NA contents were determined by

chemi cal and bi oì ogi ca'l assay . The resul ts shovln i n Tabl e A.2

indicated that the NA contents were less than those quoted by the

manufacturer and the individual percentage purìties agree close'ly

with those based on chemical (THI) assay.

It was concluded that these differences in the contents of

NA reflected either: (i) a decrease in the amine contents of

samples after the CA's had left the manufacturer, or (iì) a

discrepancy between the contents determined in this 'laboratory

and those determined by the manufacturer.

Ile -eIIeç ! - 
g I- I I IIe re ! ! - : !e re e e -e e ! 

-d 
I ! j g l: - 

ql 
- ! ! e - : !s Þ i I ! !v

of 3HNA,
A'l 'iquots of one batch of dl 3tlnn (sampì e 5 , Tabl e A. 2 )

were diluted in HCI (t0 mmol l-1) and stored under a variety of

conditions (outlined in the methods section). The NA contents of

these solutions were determined by chemica'l (THI) assay at intervals

during a period of 0 to 15 months of storage and the resuits of these

experiments are sunrnarised in Table A.3 and Fig. 4.7.

The most striking feature of these results was that the storage

of dl3HNA ut -10oC in g'lass containers led to drastic decreases in

the NA contents. These decreases were related to the time of storage

and were observed for all 3 concentrations of 3HUR studied (Tabìe 4.3).

Sampìes stored at 4oC in gìass vials ajso exhibited a time dependent

decrease in NA contents. In contrast storage of dl3HltlR in polypropyìene

tubes at either -10oC or+4oC resulted in much srnaller decreases in NA

contents, and the addition of either ethanol on DOPAC to sampìes of

¿l3H¡¡R stored in poìypropyìene tubes serves to reduce even further

this rate of decline in NA contents (Fig. 4.7).
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TABLE A.3

The effect of storage temperature on the stability of

of 3HcA'"

Footnotes:

(i)

(ii¡

Values represent the ratio of the NA contenLs

determined after 3, 4, 7 ox L4 months of storage

,to the contents determined immediately before

storage, expressed as a percentage.

all samples were stored in glass via1s.

1I"øt3%12Z252-10

6.0

0.6

0.06
<1?40%872942+4

<1?r. 3å2.22239õ-r0

<1%13?542903+4

2225B%9621008-10

€,!e"77210 0?97 e"+4

14743

Storage
Temperature

(3)

dl 3n¡¡

'nmol-L

A
-1

Months of Storage
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FIG. A.7 The rate of decline in the NA contents of

solutions of 3udttta (o.64moI l,-1) stored undei different

conditions. Samples stored frozen (-tOoC) or as aqueous

solutipns (+4oc) in glass vials (- ) or plastic tubes

(----), and in plastic tubes containing EIOH (8.7 mol L-I,
-'t-----Et) or DOPAC (59iumo1l. -, -----D). Ordinate: the ratio

of the NA contents found after storage to the contents

determined. before storage, expressed as a percenLage.

Abiscissa: Storage time in months.
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In conjunction with the manufacturer 3 special batches of
a

dl"HNA v{ere prepared and these samples sent to this raboratory in

po'lypropyl ene contai ners . Most of these sol utions were aci d'if i ed

with hydrochloric acid (final concentration 100 mmol r-1) before

packaging and sent either at ambient temperature or frozen. Sampìes
?

of dl"HNA not treated in this fashion (i.e.aqueous solutions in

glass contajners) sent from the manufacturer at the same tjme served

as controls. The NA and 3H contents of alì sar¡ples were determ'ined

immediate'ly after their arrival in the laboratory. The percentage

purity and conditions of storage for each batch of dl3HNA u..
summarized in Table 4.4. The results were interpreted as follows:

(1) samples that arrived in glass containers at ambient temperature

had NA contents much smaller than the quoted values.

(2) samples that arrived frozen, aciclified and in poìypropyìene

tubes had NA contents that agreed more close'ly with the quoted values.

Despi te the I imi ted number of sampì es avaì I abl e for i_nvesti gat'ion

it was poss'ible to draw at least one c¡nclusion from these resu'lts;

viz. that deterioration of 3Ht'tA occurred for samples sent under routine

conditions during transit from the manufacturer to the laboratory.

9bfqUglggfgpby: In the following experiments further evidence

was sought regarding the possible deterìoration of sampìes of 3HNR.

For these experiments solutions containing 3Ht'{A were analysed by

column and paper chromatographic procedures with the view to isolate

a fraction of 3H material other than 3HlrlA from these solutions.

(a) Col umn chromato ra : For this experiment, portion of a

batch of dl3H¡ln (sampìe 3, Tabl e A.2) which was shown to contain NA
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TABLE A. 4

cA contents of stock sorutions of 3Hat¡la stored during
transit from the manufacturer to the laboratory under

a variety of different conditions.

Footnotes:
(i)

(ii )

(a) the ratio of the catecholamine contents found
by assay (cheniical) Èo those quoted by the
manufacturer, expressed as a percentage.

Samples arrived in the laboratory as aqueous
solutions (ambient temperature) or frozen (dry
ice (CO2) conÈainer) in glass or polypropylene
(poly p. ) tubes and assayed as soon as practicable
after their arrival.

22

23

43

69

I
90

76

7B

68

68

70

22

22

7I
4s

aqueous, glass
frozen, glass
aqueous (HCl) poly p.
aqueous (HC1) poly p.
aqueous, glass
f rozen (HCf ) poly p.
frozen (HCl) poly p.
f rozen (HCI ) poly p.
frozen (HC1) poly p.
frozen (HCI) poly-p.
f rozen (HCI) poly p.
aqueous, poly p.
frozen, poly p"
frozen (HCI) poly p"
aqueous, glass

12.2
20. 0
17. 5
L7.s
20. o
9.7
9.7
9.7
9.7
9.7
9.7
8.0
8.0
8.0

I8. s

I
2

3

4

5

6

7

I
9

10

11

T2

t3
L4

1s

Percentage
Purity (a)

(Chemica.ì-

assay A)

Storage conditions
during transit

Quoted
Specific Activity

(ci lnuno1¡ -1,
Laboratory

number
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contents (by chemicaì assay and bioìogical assay) smaller

than that quoted by the manufacturer was chromatographed on alumina

followed by chromatography on Dowex 50 (Na+). The distribution of
3H into the various fract'ions associated with these procedures were

determined and the results of this ana'lysis illustrated in F.igs. A.B

and 4.9. These results showed that after chromatography of the

solution of dl3HNA on alumina at pH 8.4, approximately 90% uf the
a
'H originaìly present in these solut'ions was bound to the alumina

and subsequently eluted with the acid eluate (F'ig. A.B). when thìs

eluate was adjusted to pH 6.5 and passed over a column of Dowex 50

(tlu*) the bulk of the 3H ('90%) was bound to the resin (Fig.A.9).

when this column was washed with hydrochloric acid the fractions
a

containing "H also exhibited specific THI fluorescence. It was

apparent from the expeniments that thele was no significant separation

of 3H impurities frorn 3H¡tA *ith these two procedures.

In contrast when an aliquot of this same batch of 3HNA 
was

passed over a column containing a weak cation exchang. reìÍn
(Amberljte IRC-50) a significant proportion (ts%) of the total 3tt

appìied djd not bind to this resin. This effluent fraction failed

to exhibit specific THI fluorescence and when this column was

eìuted with increasing concentrat'ions of boric acid a further two

peaks of radioactivity, one of which showed spec'ific THI fluorescence

were obtained (Fig. 4.10). Despite the fact that this procedure

showed the presence of two fractions of 3H not attributable to 3HI.JA

3H in these fractions represented only 39% of thethe sum of the '
)

total "H app'lied to this column. This value approached, but did

not achieve, the percentage difference (58%) between the NA contents
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FrG. 4.8 The distribution in fractions, after batch
alumi-na chromatography of a sorution of dt3HNa (sample 3

Tabre A-2). Note that the major proportion of the total
3__-H r-s associated with the acid eluate (EL) fraction and

much smaller amounts present in the effluent (ErF)

f raction and wash solutions (W1, Í¡,12) . Ordinate: total
a
'H (cpm) per fraction.
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FrG. 4.9 The distribution of 3H in fractions after ion
exchange (Dowex -so (Na+) ) column chromatography of the acíd
eruate fraction from the batch alumina fractionation
irrustrated in Fig. A. g. The figure illustrates the
coincidence of fruorescence (determined by THr assay)

and radioactivity (determined by tiquid scintillation
spectrometry) in the acid eruates from this column.

ordinates: the NA contents (in nmolml-I) and 3" contents
(in cpm) of f ractions . Abscissa: the number of ( 2 . Ornr )

fractions.
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determined for tne 3H¡¡R in this laboratory and those quoted by

the manufacturer. Unfortunately because this procedure involved

the use of strong boric acid not suitable for bio'logícaì investigations

this line of investigation was discontinued.

(b) Paper chromatography: The nature of the 3 H compounds

present in batches of dl3HNA *ur. determined using the ion exchange

paper chromatographic technique described in the methods section.

The distribution of 3H on these chromatograms Was qua'l'itative'ly

similar for all batches of 3Ht'tR analysed and r^ras characterised by

the fol'lowing features :

(1) a major peak of 3H thut cochronratographed (rf 0.2)

with non labelled NA, and

(2) two smaller peaks of 3H with rf's of 0.5 and 0.8.

These features are íllustrated in Fig.4.11 which shows the

chromatographic distribution of 3H from two batches of ¿l3H¡tR

(sample 8, Table A.2 and sampìe 1, Table 4.4). Both of !!_.r. samples

had identical quoted specific activ'itles (I2.2 Curies (mmol )-1) but

were seen previously to differ markedly in their NA contents, (40%

and 22% respectively). The proportions of 3tl thut co-chromatognaphed

with non labelled NA was equivalent to 89% and 75% of the total 3tt

recovered from these chromatograms. It was again apparent that the

radiochemical purity of these batches of dl3HNA *.r. greater than

the apparent NA purity. However a dífferent interpretation of these

data was possible, name'ly that the 2 fold difference in the NA

contents of the two batches of ¿l3Ht'tR was associated with a 2 fold

increase in the amount of 3H that chromatographed with an rf of 0.5,

and a smaller increase (0.5 fold) in the content of 3H that

chromatographed with an rf of 0.8.
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FIc. 4.11 The distribution of 3__-H on ion-exchange paper

chromatograms for 2 samples of at3Uua (Sample g Table

A.2, upper panel; sample I Tab1e A.4, Iower panel)

illustrating 3 peaks of 3" on these chromatograms.

Conditions of analysis are outlined in the text and

the migration of non labelled NA shown for each paneI.

Ordinate: 3H content (cpm) of chromatogram e.luates.

Abscissa: distance (cm) from origin.
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The follow'ing experiments were undertaken to expìore the

possibility that a relationship existed between the amounts of 3H

detected in these two regions and the NA contents of these batches

of dl3HttR. sampìes of ¿l3HnR which were shown to have decreased NA

contents after prolonged storage (i.e. the dl3HNA ,to.ed in glass

vÍals at -100c shown in Fjg.4.7) were analysed by this procedure

and compared with sampìes that exhibited on]y minimal decrease in

NA content (i.e. the solutions of dl3HNA ,to.ed in polypropylene

tubes containing DOPAC at -10oc shown in Fig.A.7). The results of

these experiments are shown in Fig.4.12 where it can be seen that:

(1) for the samp'le in which the NA contents were seen to

decrease by 20%, the bulk of the 3H (86%) co-chromatographed with

non labelled NA and on'ly smaller amounts of 3H (4.7% and 6.3%) were

present in the reg'ions of the chromatograms with rfs of 0.5 and 0.8

respecti veìy.

(2) for the sampìe in which the NA contents decreas.ed markedìy

on storage (i.e. by > 99%) only 13% of the total 3H ...ou.red from

chromatograms co-chromatographed with NA. The major proportions

(28% and 43%) of the 3H on these chromatograms being assoc'iated with

the two regions of the chromatogram with rfs of 0.5 and 0.8.

These findings were confÍrmed by thin jayer chromatographic

analysis, and the distributions of 3H on thin layer plates is shown

in Fig. 4.13. It was concluded that the time dependent decline in

NA contents of samp'les of 3HNA *u, accompanied by a decrease in

radioactive purity of these NA solutions. Despite this conclusion,

and as pointed out previously, the estimates of radioactive purity

(based on chromatographic ana'lysis) were not in agreement with the
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FrG. A. 13 The distributions of 3H on thin layer
chromatograms for the two sampres shovrn in Fig. A.r2.
conditions of analysis are outlined in the text, and the
migration of non labelred NA in this system shown for
each paner. ordinate: 3H contents (cpm) of chromatogram
eluates. Abscissa: distance (cm) from origin.
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percentage NA purity (determined by chemical assay). It v¡as

possible that these values of rad'ioactive purity were over-

estimated due to the presence of u 3H impurity in solutions of

¿l3ttt'tR which co-chromatographed witf¡ 3Ht¡R but did not exhibit

spec'ific THI fluorescence. Support for the existence of such an

impurity can be seen from the results of the paper chromatographic

experiments described above ¿rnd shown in Fig. A.I2. It may be seen

that the sampìe stored in glass at -10oC for 14 months had onìy 1%

on the NA content originally present, despite the fact that 72% of

the total 3H origina'lly present in these sampìes co-chromatographed

with non labelled NA. The latter observation takes into account
2

that the total 'H eluted from paper chromatograms represents greater

than 70% of the 3H applied to these papers and the loss of 3H frot

these stored samples was not greater than that expected on the basis

of the half life of decomposìtion of 3H (viz < I0% in 14 months).

These findings were consistent with the possibility that a 3H

impurity which co-chromatographed wjth NA but did not pr-oduce

significant THI fìuorescence was present in these solutions.

Unfortunately it was not known whether a similar impurity existed

in the orig'inal manufacturer's solutions of 3HNA or to what extent

this impurity, if present, contributed to the dìscrepancy between

radjochemical purity and apparent NA purity.

Aìumina purification of solutions of 3HNA markedly decreased

(60% and B5%) the contents of the 3H material that co-chromatographed

wìth rfs 0.5 and 0.8.

Ti ssu ee [9!!g: The purpose of these experiments was to

determine to what extent sympathetically innervated tissues would

accumulate the 3H irpurities known to be present in batches of dl3H¡tR.

erl
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The experimental approach adopted involved the foì'lowing:

(1) estimation of the contents of 3H impurities present in

isolated rabbit ear arteries and rat vas deferens that were

incubated with dl3HNA, and

(2') determination of the specific activities of 3Hl{A

present in acid extracts of ear arteries and vas deferentia that

were i ncubated wi th dl 3HttlR.

To simplify the approach described in detail in the methods

section the following treatments were used:

(1) rabbits and rats were injected with reserpine 24 hours

before removal of the tissues to decrease the endogenous NA contents

in these tissues and to limit the availability of vesicular binding

sites for 3HtlA in the sympathetic nerves of these tissues. It was

hoped that this treatment would reduce the dilution of 3HtttR with INA

normally present in the nerve terminals of these tissues and eìiminate

the disparity that would occur jn the binding of the d and I isomers

of dl3Ht'lR to neuronal storage vesicles.

(2) All of these tissues (with the exception of two ear arteries)

were in.rbat"d with dl3HtlR in the presence of the extra neuronal

uptake inhibitor DOCA (see Chapter 7).

(3) The NA metabolizing enzymes MAO and COMT were inhibited

by incubating these tissues with nialamide and U0521. It was

anticipated that these treatments would reduce or eliminate the

formation of 3H metabolites of ¿l3H¡¡R, the presence of whích would

have rendered interpretation of the chromatograph'ic data difficult.
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Rabbi t Ear Ar lgly: The effectiveness of reserpine treatment

was confirmed for the 4 rabbits treated, by fluorescence histochemical

ana'lysis and characterised by the absence of specific noradrenergíc

fluorescence in the ear arteries from these animals. The results

of experiments in which these arteries \^,ere incubated witfr ¿l3HtlA

(0.6 umol l-1; sampìe 1, Table 4.4) tor 30 minutes included the

fol I owi ng observations :

(1) all artery extracts showed only a single peak of 3tl 
on

paper chromatograms which co-chromatographed with non labelled NA

(Fig.A.14).

(2) atl incubation solutions exhibited 3 peaks of 3H on paper

chromatograms (Fig. 4.14) with 3H distributions quaìitatively similar

to those seen in Fig.4.11.

(3) the specific activities of 3HruA in acid extracts of enzyme

inhibited arteries (33.5 and 30 Ci (mmol )-1) an¿ enzyme inhibited

DOCA treated arteries (16.4 and 22.6 Ci (mmol)-1 *e". greater than

the specific activity quoted for this batch of dl3HtlR (I?.:2 Ci (mmol)-1

but less than that determined in the laboratory (55.5 Ci (mmo'l)-1).

B3!,-yg:-9glgfç!g: The NA contents of vas deferens from

reserpine treated rats (7.1 nmol g-1¡ *.r. markedìy smaller than

the NA contents of control (saline treated) rats (44.4 nmol g-1) an¿

provided evidence for the depletion of NA stores in the reserpine

treated rats. The procedures used in these experiments in which vas

deferentia were incubated with dl3Hun (0.6 umol l-1, sample 2, Table

4.4) have been described in the methods section and the results of

these experiments are summarized as follows:
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(1) acid extracts of all vas deferentia produced two peaks

of 3H on paper chromatograms (Fig. 4.15). The peak contain'ing the

greatest proportion of 3H, co-chromatographed with non labelled NA,

the other was identical in rf value (0.8) to one of the impuritíes

seen previousìy (Fig. 4.11). The 3H content of this latter peak

represented 5.5% of the 3H that was present in the peak attributable

to NA.

(2) incubation solutions produced 3 peaks of 3H on paper

chromatograms (Fig.A.14) similar to those seen in Fig.4.11 for

the manufacturer's solutions of dl3Hrun. Samples of incubates taken

at 0,45 and 90 minutes of incubation were identical in their

distribution and contents of 3H. The 3H contents of the material

that chromatographed with an rf value of 0.8 represented 8.9% of

the 3H attributable to 3HNA on these chromatograms.

(3) The specific activíty of 3tltlR'¡n a pooled acid extract of

all of these vas deferentia (5.8 Curies (mmol)-1) *us less than that

quoted for this batch of all 3H¡lR (20 Curies (mmol¡-1¡ and less than

than determined ín the laboratory (86 Curies (mmol)-1).

It was concluded from all of these results that there was no

significant accumulation of 3H impurities in these tissues. This

assumption takes into account the fact that the impurities characterised

by rfs 0.5 and 0.8 were not detected ìn artery extracts and onìy a

very small proportion of one of these impurities detected in

extracts of vas deferens. It was thought that this latter

observation reflected the larger amounts of tissue per volume of

incubation medium (ZO mg mì-1) used in these experiments than used

for the ear artery experiments ( 10 mg ml-l¡. Thus it is possible
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that small amounts of these impurities may have accumulated in the

sympathetic nerves of these tissues. In view of the fact that

the nature of these impurities is unknown this data does not

preclude a functional role of these compounds ín experiments

of this type.

The observation that the specific activities of 3HttA seen in

acid extracts of these tissues were less than those seen for the
a

respectìve batches of dl"HNA will be commented on in the discussion

secti on.

DISCUSSION

The present findings have shown that the catecholamine contents

of certain sampìes of commercial'ly availabl.3HNA and 3HIS0 were

consistently smaller than the contents quoted by the manufacturer.

The reasons for this discrepancy were not immediate'ly apparent but

were thought to reflect one of the fol'lowing poss'ibilities:

(1) a difference between the values of CA contents measured by

the manufacturer and those measured in this laboratory

(2) a decrease in the CA contents of these solutions that

occurred subsequent to the manufacturer's assay and prior to the

assay in this laboratory.

Unfortunateìy the CA contents of these solutions were determined

by the manufacturer many weeks before they were measured in this

laboratory thus it could not be assumed that there was a constant

error in the measurement of these contents either by the manufacturer
a

or in thís laboratory. The point is that these solutions of "HCA's

may have deteriorated during this period of time. Support for the

validity of the CA contents of 3H¡tA determined in this'laboratory
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came from two sources:

(1) the assay procedure is highly specific

IS0 (see Table 4.1 in the previous append'ix)

(2) the manufacturer's samples of 3H¡tR ¿i¿

fluorescence produced by non labelled NA and did

fluorescence other than that attributable to the

NA.

for the NA and

not quench the

not produce

fl uorescence of

The possibility that the THI assay underest'imated the contents
2

of "H labelled but not non labelled NA was also investigated. This

possibility was based on the fact that formation of the THI

derivative of NA necessitates the loss of the g-H (or ß - 3H)

substituent (Pichl er et aL. 1968). Hence any differences assocjated
)

with the cìeavage of C-H or C -'H bond may have resulted in a

difference between the fluorescent yield of 3H labelled and non

labelled NA. Because the results from the biological assay agreed

closeìy with estimates based on the THI procedure, it wa.s assumed

that any differences in the fluorescence produced by 3H lubull.d

and non ìabelled NA were minimal.

The findings from this study have provided direct evidence for

the decomposition of 3H¡tR in so'lutions. It was shown that the NA

contents of solutions of 3H¡lA decreased with time of storage in

the laboratory and that these decreases were related to the nature

of the storage conditions. From these observations it was possìble

to speculate as to the type of process responsible for the decreases

in NA contents. It v,ras seen that the addition of ethanol and DOPAC

to solutions of 3HNA inhibited the rate of decrease of NA contents

in these solut'ions. These observations are consistent with the

proposal that ethanol and aromatic a'lcohols afford protection to a



297.

a
wide range of "H compounds against the products of self radiolysis

(Bayly and Evans 1968). Storage in polypropylene containers also

served to reduce this decompositjon. Whether thís was due to the

physica'l nature of the container, or to the leaching of compounds

from it that afforded protection for 3HNA *u, not known.

Further evidence supporting the decomposition of 3HNA in

aqueous solutions came from the results of paper chromatograph'ic

experiments. Analysis of manufacturer's stock solutions of 3HNA

showed the presence of two fractions of 3H materiaì, other than

those attributable to 3HNA.

In the absence of information as to the identity of the 3H

impurìties it was not known whether these impurities were formed

by a process of autox'idatjon or self radio'lysis. In view of the

fact that these two impuritjes did not bind to alumina at pH 8.4,

and migrated without retardation on ion exchange paper, it is ìikely

that these compounds are not catechols and are weaker bas.es than

the parent catechol ami nes.

The.significance of 3H impurities in solutíons of 3HCA's

relates to the possibility that these compounds may accumuìate in

sympathetically innervated tissues. Thus it was reassuring to find

that there vJas no evidence for accumulation of these impurities in

arteries. Experiments on the rat vas deferens permitted an estimate

of the degree to which one of these 3H impurities accumulated in

this tissue, and the results indicated that this accumulation was

extreme'ly small. In these studies attention was focussed only on

the abi'lity of a neuronaì uptake mechanism to selectively remove
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3HNA and not 3H impurities from the bathing medium. Hence the

possibility of extraneuronal accumulation cannot be ignored.

A more disturbing aspect was the evidence suggesting the

presence of a 3H impurity in solutions of 3Hrun thut behaved in

paper chromatographic systems like NA, but did not exhibit the

THI fluorescence characteristic of this amine. This conclusion was

supported by the observation that a peak of 3H that dÍd not produce

THI fluorescence but eluted in a similar fashion to NA from weak

ion exchange columns. A similar finding was reported by Persson

and Waldeck (1970) who provided evidence for the presence of 3H

impurities in solutions of 3HOOpR virtually indistinguishable from

DOPA on paper chromatographic systems.

l,,lhether the tissues accumulated the 3H impurìty that co-

chromatographed with NA was difficult to ascertain. It was noted

that the specific activjties of 3Ht'lA in acid extracts of the tíssues

were smaller than those determined for the stock solutions of 3HNA,

which was consistent with exclusion Ly the tissues of 3H material

that did not produce specific THI fluorescence.

In sunrnary, it was concluded from the results of this study that

solutions of 3HCR's are particularly unstable and require regu'lar

purification.
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APPENDIX 3

ELECTROLYTIC O-DEMETHYLATION OF METHOXYCATECHOLAMINES

INTRODUCT ION

During the course of experiments designed-to estimate the

output of noradrenaline from sympathetic nerves in the rabbit

ear artery, it was observed that the application of current to

Krebs bicarbonate solution contain'ing normetanephrine or metanephrine,

in the absence of tissue, considerably enhanced the vasoconstrictor

acti vi ty of these sol utions .

In the present communication, evidence is presented that

the passage of current causes eìectrolytic 0-demethy'lation of

metanephrine and normetanephrine to their parent catecholamines.

MATERIALS AND METHODS

Catechol amj nes (noradrenal ine, NA; adrenal i ne, A) or thei r

3-methoxy anaìogues (normetanephrine, NMN; metanephrine, MN) were

dissolved in Krebs bicarbonate or 0.9% w/v saline solutions gassed

with 95% oxygen and 5?á carbon dioxide and maintained at 37oC.

Current was passed through the solution by means of two

platinum electrodes approx'imateìy 8 cm Ín ìength and positioned
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I cm apart. In mcst experìments the current source was a Grass

model S-44 stimulator. Voltage and frequency were standardised

at 70 V and 5 Hz except where othen¡rise indicated. Solutions treated

in this way will be described as stimulated.

In those solutions containing ascorbic acid (600 mmol l-1)

the nomenclature ascorbic-Krebs or ascorbic-saìine will be used.

Bioassay The only modification to the method described in the

prevÍous appendix (Appendix 2) tor the bioassay of catecholamines on

the rabbit ear artery was the use of a double cannulated artery and

the addition of cocaine (3 pmol 1-1) an¿ S-hydroxytryptamine (tg
1

nmol l-') to the Krebs solutÍon to enhance sensitivity. For assay,

solutions were injected intraluminally in a volume not exceeding

0.3 ml .

Fl uorometri c anal.ysi s : The catechol ami ne ( ¡tA or A) contents

of samples were assayed by the semi-automated trihydroxyindole (THI)

methoC (fig.A.1) described in detail in the first chapter-of this

appendix (Appendix 1). Briefly this procedure involved the automated

sampling.of catecholamines in acetic acid (300 mmol l-1), oxjdat'ion

at pH 5.8 with potassium ferricyanide (300 mmot l-1) Uutfered with

sodium acetate (1.5 mol l-1) an¿ lutine formation with alkaline-

ascorbate (tlaoH (2.5 mol l-1), ascorbic acid (17 mmol l-1)). The

lutines were est'imated fluorometrical'ly at the fol'lowing wave lengths:

activation 395 nm (interference filter), emission > 485 nm (hlratten

No. B sharp cut filter). Under these conditions A and NA, but not

MN and NMN, contribute to the fluorescence estimated. Standard

solutions of A and NA were dissolved in Krebs solution or saline,
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depend'ing on the nature of the test solution, and made (300 mmol I

with respect to acetic acid.

In other experiments, the catecholamine contents of stimulated

solutions were monitored continuously using a modification of the

above procedure. In these experirnents, a small portion of the sample

was rernoved from the organ bath (0.1 ml min-l), mixed with ten times

its own volume of acetic acid (300 mmol l-1) an¿ added to the oxidant.

Krebs solutions containing the 3-methoxycatechoíamines were assayed

for non-THI fluonescence. Subsequentìy, current was passed through

the solution and THI fluorescence was measured. Known concentraEtons

of catecholamines in Krebs solutions were used as standards.

$pectrophotornetric analysis: The visible absorption spectra of

the catecholamines and their 3-methoxy derivatives were examined

photometrically using a unicam Sp 1800 spectrophotometer. where

such an analysis indicated the existence of an aminoch.oru*, the

absorption maxima (¡, max) of the solution and the rate of increase

during the passage of current was estimated continuously at the

wavelength. In these experiments, the amine was omitted from the

physio'logicaì solution in the reference cuvette-

Paper chromatoqraphy: Catecholamines we re separated from thei r
3-methoxy analogues by descending chromatography on ceìlulose phosphate

paper (Whatman, PB1) according to the procedure outlined in Chapter 4.

For these experiments 20 y1 aliquots of stimulated saline solution

were appìied to the paper, airdried and chromatographed in isopropanol:

* laminoehrom refez,s to the highly coLoured cgeLie oridntion produets

g- ( 3, 4 dihyfu'orgphenyL) -etVrylanines and reLated pnocluets (Heacoek et

aL. 1958)f.

1



302.

1ammonium acetate 200 mmol l- , pH 6.5, 2:1. For comparison,

20 ul aìiquots of unstimulated saline solution containìng the

individual catecholamines and their 3-methoxy derivat'ives were run

in parallel. After the solvent had m'igrated approximately 40 cm,

the papers were airdried and either sprayed with fresh'ly prepared

diazotized paranitroaniline or cut into 1 cm sections. Sections

were eluted overn'ight in 2 ml of saline (pH 5.5) containing ascorbic

acid (600 mmo'l I -1) . The sal i ne el uates were assayed e'ither

fluorometrically or by bioassay.

RESULTS

The vasoconstrictor activities of unstimulated ascorbic saline

soìutions conta'ining MN (2.3 ¡rmo'l l-1) are illustrated in Fig.4.16.

It will be noted that only the stimulated solutions elicited a

response and that this response and that to NA were largeìy abolished

by phentolamjne (2.0 umol l-1). The results were identical when Krebs

solution was used instead of saline.

By pìacing the electrodes 'in separate solutions and connecting

the two solutions with a moist filter paper bridge, it was established

that the constrictor activity appeared in the anodic compartment.

Omission of ascorbic acid, or the use of distilled water instead of

saline or Krebs solution, led to loss of constrictor activ'ity.

It was concluded, from the preceding experiments, that the

appearance of constrictor activity depended on the presence of

electrolyte and a reducing agent, and involved oxidation of metanephrine

since it occurred at the anode. The following experiments indicated

that the constrictor material was the corresponding catecholamine:



303.

100

50

NA
6

NA
18

NA
30

MN
750 750

MNst NA
18

StMN
750

0 Phent

Responses to noradrenaline (ruR), and unstimulated
(MNSt) solutjons of metanephrine. All doses
(umol x 10-6) were injected intraluminally. At
the arrow, phentolamine was perfused intralumina'lly
in a concentration of 2 uM. 0rdinate: perfusion
pressure in mn Hg.

Fiq. 4.16



304.

1. Measurement of the fluorescence of solutions of MN

11
(0.5 mmol l-') or NMN (0.5 mmol l-') in ascorbic Krebs, when

assayed by the THI procedure, showed that stimulation of these

soìutions was accompanied by an increase in fluorescence (Fig.

4.17). The increase was linear over the period of stimulation (15

min.). That the fluorescence possessed identical characteristics to

the corresponding catecholamine (A or NA) was indicated by r'ts

failure to appear when the order of adding potass'ium ferricyanìde

and the alkali-ascorbate solution in the THI assay procedure was

reversed. In th'is respect, pure solutions of A, and of NA, behaved

identically to the above stjmulated solutions.

2. In the course of the preceding experiments, it was shown

that the fluorescence produced by stímulating solutions of MN was

specific for A. ThÍs was achieved by repìacing the ascorbic acid

in the THI assay by thiogìycollic acid, since the latter permits

the formation of the fluorescent lutine of NA but not A (Merrills

1963). Under these conditions, fluorescence develope¿ wf'en solutions

of NMN, but not l,lN, were stimulated.

3. biazonium sprayed ion exchange paper chromatograms of

stimulated solutions of MN and NMN indicated the presence of spots

which co-chromatographed with pure A and NA, respectively (Fì9. A.18).

These spots were not detected in unstimulated solutions. Eluates of

the same regions from unsprayed papers displayed vasoconstrictor

activity on the rabbit ear artery and catecholamine-like fluorescence

when analysed by the THI procedure. This is illustrated for MNM in

Fig. 4.19. In contrast, the chromatograms of stimulated solutions
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of ascorbic-Krebs or ascorbic-saline containing NA and A were

identical with those of their unstimulated solutions.

4. In the absence of ascorbic acid, a red colour developed

in Krebs or saline solutions of NMN and MN during stimulation.

Líke the vasoconstrictor activity, co'lour formation was restricted

to the anodic compartment. Ion exchange chromatography of these

solutions 'indicated that the spots were co-chromatographed with the

catecholamines, as described 'in 3 above, were now greaily decreased

in intens'ity, both when tested by diazonium spray.ing and by THI

fluorescence assay of the paper eluates. Eluates of the same regions

also fajled to dìsplay constrictor activity.

Ascorbic acid-free solutions of NA or A also become coloured

during stimulation. when analysed spectrophotometricalìy, the

rmax values of the coloured solutions of NMN and of MN proved to

be identical to those of the coloured solutions of NA and of A

respectively (Fig. A.20). These maxima were the same as t_hose

reported for adrenochrome (+gz nl4) and noradrenochrome (aga nM) by

Heacock and Mattock (1963). Hence the term aminochrome will be used

subsequently to describe the coloured material (see Methods). It is

of interest that the absorption spectrum of the aminochrome found in

the stimulated MN (and also A) solution is quaìitativeìy simijar to

that reported for adrenochrome by Beaudet (1951) and by stock and

Hi nson ( 1955 ) .

The rate of formation of aminochrome during stimulation was

measured by the change in 0D at 480 nM and was found to be linear

with time. The rate was greater for A than for NA and greater for

MN than t'lMN (Fi g . A. 21 ) . It wi ì I be noted that some ami nochrome h,as
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formed in the ascorb'ic-free Krebs solutions prior to stimulation.

This did not occur when ascorbic acid was present.

DISCUSSION

The results indicate that the vasoactive substances which are

produced urhen current is passed through solutions of MN or NMN

resemble the corresponding catecholamines in the following respects:

(a) Vasoconstrictìon was mediated with authentic catecholamines.

' (b) fne materials co-chromatographed with authentic

catechol ami nes .

(c) The materials possessed the same THI fluorescence as the

catechoì ami nes .

A scheme which accounts for the formation of a catecholamine

(II) from its parent 3-methoxycatecholamine (I) is outlined'in

Fig. A.22. The scheme is based on the mechanism for the oxidation

of guaicol by periodate described by Adler and Magnussan f1959).

Their mechanism involved oxidative demethoxy'lation of the methoxy

group, as.well as the oxidation of the phenofic hydroxyì group, to

form the corresponding O-benzoquinone. The scheme shown in Fig. 4.22

involves the oxidation of the 3-methoxy-4-hydroxy amine to the

corresponding O-benzoquinone and the subsequent reduction of the

latter to the correspond'ing catecholamine in the presence of ascorbic

acid. In the absence of ascorbic acid, cyc'lisation of the 0-benzo-

quinone to the corresponding indole occurs (adrenochrome or

nor-adrenochrome) (III), thus accounting for the colour formed in

the ascorbic-free solutions after the methoxy amines were

stimul ated.
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absence.
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The significance of the electro'lytic 0-demethylatÍon of NMN

or MN to the normal activity of the sympathetic neuroeffector

systems in uiuo is not known. However, it has important implìcations

for the use of the methoxy derivatives of catecholamines as

pharmacological agents for inhibiting extraneuronal uptake of the

I atter ami nes . Obvi ousìy, i n studi es deal i ng w'i th the rel ati onshì ps

between stimulation of the nerves and response (functionaì or

metabolic) of the tissue, the technique of field stimulation as a

method of stimulating the intramural nerves is contra-indicated

where the methoxy ana'logues are added in high concentrations to

the solutions bathing the tissue. Even in the absence of added

NMN the electroìytic O-demethylation may represent significant

artefact in such studies, since NMN is a major metabolite of the

NA released from sympathetic nerves (see Chapter 6).
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DRUGS

I -adrenal ine bi tartrate
coca ine hydroch'l oride
diaì lybarbituric ac'id (DIAL)

DOCA (a-pregnen-21-ol -3, 20-dione
ace tate ))

d,I -7-"H i soprena'l i ne hydrochl ori de
(specific activit'ies I isted in
Append'ix II)

3-methoxy'i sop re na I i ne

niaìamide

I -noradrenal ine bitartrate
d,l -7-3H noradrenal ine hydrochloride
I -Z-3H noradrenal i ne

(specific activities listed in
Appendix II)

dl normetanephrine hydrochìoride
¿l -Z-3H nornretanephrine hydrochl oride

(Specific activity 2.8, 3.1 Ci
(mmol ) - 1)

pentobarbitoì (Sagatal )

S-adenosyl -l -methi on i ne
)

S-adenosyl -l -"H methy'l methionine
(specifiç activity 5.6, 10.0 Ci

(nu'noì )- t¡

S-adenosyl-l-14C methyl methionine 1

(specific activity 56 mC'i (nrnol ) 
-')

Tyrami ne, hydrochl ori de
3u

Koch L'ight Laboratories

MacFarl ane-Smi th

Ciba

Steral o i ds

Amersham

Boehri nger

Pfi zer

Koch Light Laboratories

Amersham

Amersham

Si gma

New England Nuclear

May and Baker

Ar¡ærsham

Amersham

Amersham

Si gma

Amersham

Upjohn
Sigma

Tyramine hydrochì ori de

iipä.ïii;;;;i;iiv o.e ci (mmor )-1)
U0521 ( 3' ,4'-dihydroxy-2-methyl

propiophenone)
d,l isoprenal ine hydrochloride

Atl other reagents were of analyticaì grade purity.
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