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In recent years much information has accumulated about the
¢

synthesis, storage and release of noradrenaline in sympathetic nerve

endings. Tyrosine, the amino acid precursor, is taken up by the nerve

endings from the extracellular fluid and converted to dihydroiyphenylaik

lanine by tyrosine hydroxylase, the rate-limiting enzyme of the sequence.
Dopamine is sequentially synthésized from dihydrokyphenylalanine by
decarboxylation in the cytobiaéq'fsllowed'by its transformatién into
norad?snaline. This fin;fég;ﬁthetic step, mediated by the enzyme
dopamine-beta~hydroxylase, takes place in dense-cofed vesicles located
in the varicositiés of the adrenergic nerve endings. The transmitter,

in assoclation with adenosine triphosphate, is held'in the vesicles
protected from metabolic degradation by cytoplasmic monoamine oxidase
until nerve stimulation. ‘ ‘ - .

A basal efflux‘of néradrenaline, perhaps due to random vesi-
cular discharge, is convertéd by the arrival of the nerve impulses into
massive transmitter dischérge int9 the neuro-effeqtor synapse. This
liberation of noradremaline is believed to occur by the process of exo-
cytosis, a mechanism whereby the vesicles move toward-and fuse with the
neuronal membrane,- followed by extrusion of the contents of the veﬁ}cleé
into the extracellula} space. This process requires the e%tracellular
presence of ;alciqp ions. A high c&gcentration of transmitter in the

vicinity of the'adrénergic nerve endings is produced by exocytosis since -

release is from a point source. It may be taken ﬁp into the nerve

.endings by an active transport process even before it reaches the post-

synaptic receptors, * The steep concentration gradient between the nerve



-

endings and the effector provides the driving force fo} dif?usion of
the.transmitter to its sites of action, Once at the postsynaptic locus,
'the_transmitter can either diffuse further into the extracellular fluid,
or combiné with the éppropriate receptors and then exert a physiological
response. ' The transmitter is vulnerable té'a second uptake process,
located postsynaptically. After.transportation into neuronal or extra-
neuronal ‘tissues, the transmitter may either be definitely metabolized
by monoamine oxidase or by catechol-O-methyl transferase separately or
in sequence.

. Although in a.varlety of tissues this complex of events serves
a host of functions, two presently unresolved basic concerns are apparent.
How 1s the neurosecretory process regulated and what reduces the quantity
of the active transmitter once it is at the receptor sites and thereby
- terminates its action.

Adrenergic transmitter release in the cardiovascular system is
regulated by vasomotor centres located in the brain. Vasomotor centres
are tonically active and generate a slow rate of impulse discharge tp.
efferent vasoconstrictor nerve fibers. Baroreceptors, which are sensory
stretch receptors located in the walls of the large systemic arteries,
detect changes in systemic pressure through a stretch sensitive System
of afferent fibers. These receptors transmit signals to central vasomotor
-centres which adjust their activity and consequently the amount of trans-
mitter released at the autonomic nerve terminals, The baroreceptor, the

vasomotor centre and the efferent connections thus form a systemic negative

feedback loop. The concept of régulation of transmitter release at éﬂﬁ



nerve terminal level itself is recent and not well established,.. and

fdrmé the basis of this thesis. ‘It is presumed that when the concen-

tration of the transmigter at the synapse reaches a threshold level,

neuronal receptors are activated tﬁus inhibiting subsequent transmitter -

liberation. Feedback control is thought to be, mediated by specific

receptors located 6n the neéve terminals - the so-called presynaptic

feceptors. The pregent studijillqprovide evidence to'suggest strongly

_that the proposed presynaptic adrenergic receptors do not serve a

routine physiological function under ordinary conditions of neurotransmission.
Termination of transmitteg‘action réfers to the reduction of

the quantity of active molecules in the postsynaptic receptor region, and

the end of the response. It was at first spéculated that the process is

analogous to the one described for the chdlinergic.system where the

released acetylchpiine is rapidly broken down by cholinesterase, and a

- metabolic equivalént to an esterase was sought, Later studies showed that

the neuronal and extraneuroﬁ;l uptake of intact adrenergic transmitter

at the ner;e—effector junction, processes that are not reported to be

Particularly eventful foa'the cholinergic system, participate directly

in termination of noradrenaliné action. Additionally, the physical

diffusion of transmitter away from the receptor reglon 1s also involved

in ending the response. Thus, the transmitter is exposed to several

possible terminating mechanisms once it has reached the sites of action.

Much effort has been made to determine the relative importance of neuronal

and extraneuronal processes in terminating the action of noradrenaline.w

The present study will show that extraneuronal processes are of critical

significance in terminating action in nerve activated vascular smooth

muscle,
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A, Historical backgrog?ﬁ\'

In 1956, Browﬁ and Gi;lespie set out to examine the relation-
‘ship betyeen the frequency of nerve stimulation and Ehe améﬁht of trans-
mitter output (Brown and Gillesple, 1956)., It was observed that the
amount of noradrenaline in the splenic vénous blood of cats, after nerve
stimulation, increased with increasing frequency and reached a maximum
at 30 Hz, It theregfter deeclined with frequency and at 300 Hz it was
barely &etectable. This output. - frequency relationship was due neither
to a variaé}on in the duration Sf sample collection time nor to an in-
creased noradrenaline degradation by monoamine oxlidase, the only mode of
transmitter inactivation recognized at that time. Th;ﬁﬁost significant
finding was that two haloalkylamines, namely phenoxybenzamine and
Dibeﬁamine, enhanézﬁ‘the noréd;enaline output as much as ten-fold at
10 Hz, although they were ineffectivg at frequencies higher than 30 Hz.
A similar enhancement was subsequently observed in the colon and the
small intestine of the cat (Brown et al., 1958). vSince these halo-
alkylamines were well known alpha-adrenergic receptor blocking agents
(Nickerson, 1949; Furchgott, 1955), 1t was concluded that physical com-
bination of the liberated noradrenaline with t@e postsynaptic alpha-
receptors was a prerequisite for the'destruction and removal of the trans-
mitter, in a manner analogous to that once proposed for acetylcholine .
(Zupancic, 1953) and that this combination was prevented by covalent
binding of the receptor with the antagonists. The decline of noradrenaline
output, aS‘Qell as the ineffectiveness of the adrenergic blecking agents

at higher frequencies of stimulation, was attributed by Brown and Glllespie

. f



pfimarily to the fallure of impulse conduction by the small postgan-

glionic nerve fibres. e

The di;covery, that phenoxybenzamine enhanced transmitter efflux,
highlighted our dignorance of the specifics of adrenergilc nerve fuﬁction
and Initiated an era of research in autonomic phafmacology, st lifongoing,

directed towards the clarification and precise enunciation of nedronal

mechanisms of transmitter release.

*B. Preludes to the presynaptic alpha-adrenergic receptor hypothesis
”

Mariy possibilities were suggested by interested investigators
in an attempt to explaln the enhancement of séimulation—induced trans-
mitter overflow by phenoxybenzamine, These efforts include: blockade
of neuronal uptake; inhibition of mpnﬁamine oxidase and of catechol-0-
methyl transfera;e; blockade of extraﬁedroﬁal uptake; and even an
antagonist-induced increase in flow rate of perfusate through the organ

under study, washing out large amount of trapped transmitter.

1. Neuronal uptake

The first attractl alternatijve to the proposal of Brown and
Glllespie that postsynaptic recé;tor binding is a prerequisite to trans-
mitter inactiﬁation appeared, almost casually, in 1960 at the CIBA Sympo-
sium on Adrenergic Mechanisms (Brown, 1960; Paton, 1960). W.D.M. Paton
of Oxford claimed that since there is a similarity in the frequency-
transmitter output relationship in the spleen and adrenal medulla; that
postsynaptic effector eQents are irrelevant to transmitter secretion,

For in the experiments with adrenal medulla, unlike that with the spleen,’
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catecholamined were collected before they'feached the receptor sites at
the target organs. Further, based on experimenEs shoﬁing‘thatlphenoxy— -
benzamine enhanqed tfansmitter output from thé spléen to a greater extent
at lower than at higher stimulation frequency, he refleéted that a phenoxy-
benzamine-sensitive amine uptake process (presumably neuronal) is active
at low rates of stimulation. Since these results could be explained
witﬁout'a linkage to posésynaptic-receptorx;ites, Paton then suggested
that the ohservations 3? Brown and Gillespile coulg represent a mani-
festation of the action of phenoxybenzamine to inhibi; aﬁine uptake back into
the catecholamipe-releasing tissues.p This novel hypothesis readily
"avoids the temptation to suppose that spe;ific‘feceptors'themselvés also
destroy the drug they receive - a notion, to my mind, rendered exceedingly
implausible ..." (Paton, 1960). The prgposal of nguronal uptake was
described by Brown as "a.most attractive heresy" anﬁ no unanimous
agreement was reached.

Support for the uptake of catecholamines into tissues continued
to increase. JH-noradrenaline disappears rapidly from the blood of cat .
and mouse after intravenous injection and is found retained in the heart,

spleen and the adrenal gland (Whitby et al,, 1961), organs that are

densely innervated by sympathetic nerves. This tissue uptake of noradre-

.naline was demonstrated to obey Michaelis-Menten Kinetics (Dengler, Spiegel

and Titus, 1961; Demgler et al., 1962), suggesting that the process is
saturable and that the amine is transported into a specific compartment,

Following the removal of the superior cervical ganglia of the rat the

accumulation of injected noradrenaline in the now denervated salivary gland °



was much reduced (StromBlad and Nicgerson, 1961), providing striking'
gﬁédeﬁce for a neufanaiqéocus of the uptake process., Similar findings
were also reported by others that the uptake of M-noradrenaline into
cat salivary gland and skeletal musclé vasculature was redused by 90%
after chronic denervation (Hertting et:al., 1961). These observations;
added to compelling evidence from autoradiographic and electron‘ﬁicroi
scopic studies (Wolfe et al., 1962), suggest strongiy that sympathetic
nerve endings are sites of catecholémine uptake and retention.

A variety of phafmacological agents have subsequently been
shown to block the neuronal uptake of catecholamines (ﬁ;elrod et.al.,
1962), including the compound that received considerable early attention,
namély phenoxybenzamine. The inhibitory effect of phenoxybenzamine on
ugggke has been shown in the heart, kidney, spleen and adrenal gland of
cat (Hertting et al.,, 1961; Farrant et al., 1964); the heart, spleen,
uterus and duodenum of rat (Axelrod et al., 1962; Farrant et al., 1964):
and the skeletal muscle vasculature of dog (Rpsell, Kopin and Axelrod,
1963). ' It is iﬁterestipg to note one deviant cobservation: Dengler and
co-workers falled to demonstrate an effect of Dibenamine, also a halo-
alkylamine, in concentrations from 10° % to 10™% M on the uptake of 3h-
noradreﬁaline in slices of cat spleen, although they demonstrated that
cocaine at 1079 M completely inhibited the uptake process (Dengler,
Splegel and Titus, 1961).

It was first believed by some investigators that uptake of

catecholamine into neuronal tigsue was mediated by special sites, e.g.

particular cytological loci on nerve membranes, and that the binding of

-
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the transmitter to these sites was a crucial part of the uptake process.

Nevertheless; the identity of such sites was not clear and added confusion

Lk

to the concept, since they\were inappropriately termed "recept&fg;—wﬁiéﬁ ~
related them to the alpha- and beta-adrenergic ieceptors that mediate

phySiological responses (GillegkiflJ}968)' It 1s unlikely, however, thatdffik;->¥
adrenergic receptors in the physiological sense are by any means related

to the neuronal uptake process. For example, phenoxybenzamine at a
concentration that prevents the neuronal uptake of noradrenaline in the
vascu;aturé of cat kidney does not Slock the response of the t£55ue to the

amine (Farrant et al., 1964), indicating that the effects of phenoxyben-

zamine on uptake and on postsynaptic responses are unrelated, Similarly,l -
in the rabbit ear artery the beta-adrenergic blocker propranclol, at a
concentration high enocugh to block beta-receptor mediated respomnses (5 x

107° g/ml),. does not inhibit the neuronal uﬁiake of noradrenaline {Avakian

and Gillespie, 1968), mitigating ;gainst the likely involvement of beta-
recepto?s, at least as we understand them, in the uptake procesé.

At first, the discovery that phenoxybenzami;e inhibited neuromal
uptake séemed to provide some guide to the interpretation of the overflow
experime;ts. It was suggested, for example, that it accounts for the
enhancement of transmitter overflow in the skeletal muscle vasculature of
dog (Rosell, Kopin and Axelrod, 1963). Thig was based on the observation
that phenoxybenzamine at a particular concentration (10”7 M) inhibited
both neuronal uptake of amine and enhanced the stimulation-induced over—
flow of transmitters. However, it was soon realized that these two effects-

" of phenoxybenzamine, if not totally unrelated, could at least be dissocilated.



Othér'alpha-antagonists, such as phentolamine, do not affect the uptaké -
process, .In moderate concentratioﬁs, but inﬁrease stimulation—induce%‘
transmitter®overflow in the same manner as does phenoxybenzamine, This
was shown in rat iris by Farnebo and Hamberger (1971a) aﬁd in rabbiﬁ .
heart by Starke, Montel and Wagner (1971). Also, the potent neuronal
uptake inhibitor cocaine was reported to have no effect on transmitter
efflux in tissues such as the cat sbleen (Blakeley, Brown and Ferry, 1963;
Thoenen,‘HUriimanﬁ'and Haefely, 1964)-and colon (Boullin, Costa and Brodie,
‘1967). The latter .observation is particularly noteworthy since phenoxy-
benzamine does elevate traAsmitter efflux in cat colon (Brown, Dévies and
Glillespie, l§58). Another neuroﬁal uptake.inhibitor, desipramine, in-
creasea transmitter overflow in the rat iris, but to a considerably lesser
extent than did phenoxybenzamine (FarneEo and Hamberger, 1970a). An

r
interesting finding was that desipiramine,in a concentration (1077 M) which
was maximally effective in blocking neuronal uptake, produced an additional
increase in transmifEer overflow when given iu~fﬁ; presence of an effective
concentration of ;heﬁoxypenzamine. A similar result was reported by
Starke and colleagues (Starke, Montel and Wagner, 1971) when desipiramine was

[
given together with phentolamine in rabbit hearts. Several lines of

.ﬂgidence at that time did not support the view that alpha-adrenergic
blocking agents enhance transmitfter feiease by an inhibitory action on

neuronal uptake of catecholamines. As summarized by one group "lt appears

" R

very unlikely that interference with uptake and storage by nerve endings
plays an important role in the augmentation by haloalkylamines of noradre-
naline output from organs during stimulation of thelr adrenergic nerves"

{Kalsner and Nickerson,‘1969c).
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2. Monoamine oxidase and catecﬁol—O-methX} transferase

In 1928, Hare described an enzyme in liver extracts that
Q;idized tyramine. Following thislwork, Blaschko, Bichter and Schlossmann
(1937) identified an enzyme in liver which catabolized adrenaline. It is
now known that.both enzymes are the same entity, namely monoamine oxidase,
which c&rrieé out oxlidative deamination of moncamines. This enzyme was
found rbutinely in sympathetically innervated effector. organs (é.g. rabbit
blood vessel, Thompson and Tickger, 1951; cat 1ris and nictitating mem-—
brane, Robinson, 1952; cat vasculature, Burn and Robinson, 1952) and based
on the observation that its activity decreases fallowing sympathetic nerve
denervation, it was concluded that monoamine cxidase is located in sym~
pathetic neurones {(Burn and Robinson, 1952; Snyder, Fischer and Axelrods
1965; Jarrott, 1971). Additional histochemical and pharmacological
evidence indicate’ the presence of this enzyme in extraneuronal tissues,
e.g. cardlac tissue (Horita, 1967; Lowe, Reilchenbach and Horita, 1971) andA
vascular smooth muscle ceils (Kalsner and Nickerson, 1969c¢c; Su and Bevan,
l97li de la Lande and Johnson, 197251

| Three decades after the initial discovery of monoamine oxidase,

Armstrong, MeMillan and Shaw (1957) reported the presence of large amounts
of an O-methylated metabolite 3-methoxy-4-hydroxymandelic acild, presumably
converted from noradrenaline, in the urine of -patients with pheochromocytoma.
This initiated a search for an O-methylating enzyme and soon thereafter
catechel=0-methyl transferase was indeed isolated from liver extracts

(Axelrod and Tomchick, 1958). This enzyme is present in numerous tissues

(Axelrod, Albers and Clemente, 1959) and specles (Axelrod and Tomchick,
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1958) and the denervation technique was used to reveal the anatomical
A . ’
location of the transferase. It appears to be located mostly In extra-

neuronal tissues since the enz;;e activity remained essentlally unaffected
- after chronic nerve: section (e.g. rabbit ocular tissues, Waltman and
Sears, 1964; dog heart, Potter et al,, 1965; dog kidney, Nagatsu, Rust
and‘DsQuattrq, 1969). However, {t should be noted that a claim for an

additional neuronal locus for the transferase was recently made_(Jarrott,

1971).

w

Although both monoamine oxidase and catechol-O-methyl transferase

are important in the degradatidn of circulating catecholamines, their

function in the adrenergic neuro-effector system was for some time unclear,

’ : -
For instance, monoamine oxidase was_ance presumed to have a role to in-

activate released ‘transmitter quivalent to acetylc inesterase 1n the

cholinergic system.. This concept was proposed byiﬁurn (1958) who stated

" .....that in the neighbourhood\of the sympathetic nerve endings.,,....

there is an enzyme - amine oxidas¢ -~ which exéerts the same function as

cho;inesterase.at the endings of cholinergic nerves;"' It is now recognized,
‘hith the discovery of the extraneur¢nal uptake proLesé for catecholamines

(Kalsner, 1966; Iversen, 1967), that in the disposition and catabolism
of adrenergic transmitter these zymes do not function by themselves 

alone, but instead act together |with the extraneurénal uptake process in a

¥
In the early 1970's, as a ré t of various inv:::iféEIGns, there
; emerged a picture\qf the metabolic inactivation r line, applicable

particularly to vascular smooth muscle (Kalsner,and Nickerson, 1969a;

+

—mutually dependent way.,

e
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Levin and Fﬁ%chgoft, 1970; Kopin, 1972; Guldberg and Marsden, 1975).
=, ) / . '

——

Noradfenaline, after r;legse‘into the synaptic gap, and having reached ~
the receptor region, is taken up into effector cells where it is pre-
dominantly O-methylated. If catechol-O-methyl trans}erase, a cytoplasnic
enzyme, is blocked, monoamine oxidase, a particle bound enzyme, serves

as an altefnate extraneuronal[hechanism and takes over the role of
transmitter biotransformition (Kalsner and Nickerson, 1969a; Kopin, 1972).
Uptake of noradrenaline into nerfn terminals and the catabolism of the
transmitter by neuronal monoamine oxidase are of less direct contribunion
to transmitter inactivation. Incidentally, storage of the re-captured
transmitter into vesicles in nerve endings largety prevents the transmitter
from destruction by monoanine oxidase (Kopin, 1972)._ Elsewhere it was

proposed that neuronal‘catechol—O—meﬁhyl transferase (Jarrott and Langer,

1971) O-methylates the transmitter afteri;ts neuronal re-uptake (Langer, ®
\ .
\

Stefano and Enera, 1972). However, considering the protection of the re-

captured transmitter by wvesicles, 1t is unlikely that catechol-O-methyl

transferase, which is only questionably present in neuronal tissue, serves

a role as important as does moncamine oxidase in the neuronal catabolism

—

of adrenergic transmitter.
At present there is very little known about the ef

—

hibition of individual enzymes on stimulation-induced transmitter overflow.

fect of in-

-

Brown and Gillespie (1957) were unable to show any change in noradrenaline

overflow, measured with a bicassay technique (blood pressure in the pithed
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noradrenaline) in rabbit ear aftery after treatmeﬁt of the tissue with
iproniazid or with the catechol-0-methyl rgnsferase inhibitor pyrogallol.

In contrast, Langér (1970) reported that inhitftion of monoamine oxidase

(by pargyline) or of catechol-O-methyl transferase (by pyrogallol) in- R
c¢reased the efflux of 3H—noradrenaline, isolated'by chromatographic
procedures, in cat nictitating mémbrane previously primed with
*H-noradrenaline.

Stimulation-induced efflux of intact transmitter is enhanced
after both metabolic enzymes for noradrenaline, catechol-O-methyl trans-
feraée and monoamine oxidase, are inhibited. 2Zimmerman, Liao and Gisslen
(1971) observed, in a perfused dog kidney preparation, that after admini-
stration of iproniazid ang the catechol-O-methyl transferase inhibitor
tropolone, catecholamine efflux (detécted biochemically) was significantly
increased during renal sympathetic nerve stimulation by an effect not
attributable fo'thé blockade of the tissue uptake of noradrenaline. In
other experiments Hughes (1972) reported that pretreatment of rabbit vas
deferens or portal vein with pargyline .and tropolone enhanced the efflux of
noradrenaline (bloassayed) in response to field stimulation by 2.5- to 3-fold.

It should be noted that differences in the results between in-
hibition of the one or both enzymes may not be solely a consequence of
different degrees of metabelic inhihitioﬁ‘(i.e. in one case é single enzyme
wheregs in the other case both eﬁ;ymes are inhibitedj. Other féctors,
such as type of éissue, expefimental condifions and stimulation parameters,

may also contribute to these contrasting obervations. For example, the

length of the diffusﬂeyﬁl path between the site of transmitter release and — -
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the superfusing medium is likely to be different in various tissues.
Liberated transmitter is susceptible to different extents of enzymatic
destruction, by passing through variable tissue spaces, before it is

collected in the superfusate. 6P of enzyme inhibition on

stimulation-induced transmitter overflow thus represents not only the
result of an interruption of transmitter inactivation at the receptor

sités, but also a modification of its fate en route to the effiuent.

"

These effects and their implications, as of this moment, remain largely

unexplored,

ﬁﬂ- S In any event, efflux of noradrenaliné_and its metabolites into
the perfusate of organs or tissues cannot be a re¥iable index depicting
the fate-of the transmitter at the receptor r glon. Lt is the events

occurring specifically at the recepfor regidn that determine the magnitude

and duration of tissue responses. F mple, since there is an abundance

. of ﬁbssible inactivation mechanisms, and some of them work in series, in-
hibition of one enzyme alone need not and does not as a rule aiter
transmitter—induceq responses (Kalsner, 1977).

| At the first CIBA Sympos}um on Adrene;gié Mechanisms, Furchgott
(1960b)made the suggestion that ﬁheqpxybeﬁzamine may enhance stimulation-

induced efflux by blocking metabolic iﬁactivation of transmitter, The

demonstration that phénoxybenzamine reduces tissue accumulation of meta-
bolites of 3H—noradrenaline in the perfuséd rat heart (Eisenfleld, Axelrod
and Krakoff, 1967) seemingly provided experimental support for this inter-
pretation. However, it was soon recqgnized that thé effect of phenoxyben-
zamine on the accumulation of 3H-metabolites was critically dependent upéh
the integrity of the tissue under study. When the haloalkylamine at a E)
. /

~

B
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concentration of.lO_5 M was administered to heart homogenates, no reduction
in 3H-noradrenaline metabelism by deamination or O-methylation was evident
(Eisenfield et al,, 1967). It thus appeared that phenoxybenz;mide has no
direct inhibitory effect on monoamine oxidase or catechol—O-methyl'trans—

rd
ferase but acts in some unique way to prevent catacholamine metabolism,

3. Extraneuronal uptake

Extraneuronal uptake as a terminating pProcess in noradrenaline
action was initially proposed by Kalsner (1966, 1969a) who, in an attempt
to assess the importanée of varicus processes in ending the action of
sympathomimetic am;nes, ghowed that in rabbit aorta, the effector responses
to noradrenaline, adrenaline and norefedrinewere enhanced by haloalkylamines
and by the steroids 17 beta-estradiol (referred to as estradiol hereafter),
progestercne and desoxycorticostercne. The steroid potentiation was
abolished by pretreatment of tissues with inhibitors of the extraneurongl
enzyme catechol-O-methyl transferase but not easily attributable to di;ect
enzyme inhibition (Kalsner, 1969a). The administration of the neuronal
uptake inhibitor cocaine had no effect (Kalsner, %35??)7\ The results .
demonstrated that. the augmented effector responsé:is independent of blockade
of the neuronal uptake process but inst%ad is asgsociated with extraneuronal
processes of amine inactivation, ‘

Subsequently, Kalsner and Nickerson (1969) used the oll jmmersion
technique to study the effect of GD-131, a haloalkylamine similar to pheno-
xybenzamine but with less alpha-adrenergic blocking activity, on the in-

activation of amines in the rabbit aorta. Undér these conditions, by

« preventing the diffusion of amines away from the postsynaptic receptor

”
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region, the rate of relaxation cf the aorﬁa strip is a primary index 'of
the amine inactivation due to intrinsié factors. It was found that both,
cocaine and the compound GD-131 reduced the rate of relaxation of strips
contracted by noradrenaline. When the strip; were pretreated with the
monoamine oxidase inhibitor iproniazid and the catechol-O-methyl trans-
ferase dnhibitor tropolone, the effect of cocalne became more profound

whereas that of GD-131 did not. This obervation, i.e. the effect of

cocaine was additive to enzyme inhibition but that of GD-131 was not,

f

suggested that these agents did not exert their effects by the same
mechanism, Further, since the reduction of noradrenaline inactivation
caused by -exposure of the tissue to GD-131 and by inhibition of both
enzymes weré of the same extent, 1t was conleded that the majof action
of GD-131 1s to impede access of amines to the sites of enzymatic‘de— ‘
-\\)-gradation, a site which is "cocaine-fesistant" in nature (uptake of amine
into effector celis). Kalsner and Nickerson (1969c) then suggested that
following sympathetic nerve stimulagion "the largest part of the releééed'
© mediator is.distributed in thé intracelluylar wateﬁfbf non-nervous elements
/3ﬁ the‘tissue (presumably efﬁéctor cells)",

~ ‘
Iversen studied the tissue uptake of catecholamines at various

—
perfusion concentrations in thé isclated rat heart (1965). Hg observed
that there 1s a second phése of uptake of neradrenaline occurring. at high
concentrations {(4~5 pg/ml), in addition to the one shown previously '

‘(Iversen, 1963) when low concentration$ of the amine (Oié'ug/ml) were used,
o S )
if‘rate of uptake is plotted against tle noradrenaline concentratfon in

the pérfusate, the curve turns steeply upward following an initial plateau

stage, Nevertheless, Iversen made nc attempt to relate this second phase
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of amine uptake with extraneuronal tissues but simply described it as a

"novel" -process. He suggested that a neuronal mechanism is involved in

both phases of amine uptake, based on the observa;ion that foilwoing

immuncsympathectomy of the rat-the uptake of no;adrenaline in the heart

is reduced ﬁith elther low or high perfusion céncentratiéns of the Pmine.
K

He concludedJ‘that both uptake processes are assoclated with sympathetic

nerve fibreé in the heart" (Iversen, 1965). It is now reéognized tha;
this second phase of amine u;take represents an extraneuronal érocess,
earlier proposed by Kalsner and Nickerson, thch is qualitatively and
quantitatively different from its neuronal counterpart. Of particular
importance is the fact that this process is susceptible to idhibition by
Pharmacological égents distinct from those which block neuronal uptake.
For example, extraneuronal uptake is inhibited by normetanephrine but not
by cocaine or metaraminol, two|potent neuronal uptake inhibitors.

There is strong evidence to s;bstantiate the claim that phenoxy-
benz;mine inhibits the eﬁt?aneuronal uptake of noradrenaline. Uptake of
SH-noradrenaline in the rat heart, in the presence of cocalme, is further
reduced by phenoxybenzamine (Eisenfeld, Axelrod and Krakoff,.l967). Since
the coﬁcentration of qocaine (10_“ M) 1is high enough‘to maximally inhibit
neuronal uptake, the action of phenoxybenzamine must be elsewhere,
Additionally, since the tissue accumulatiop of'metabolites of 3H-noradrenaline,
namely normetanephrine, deaminated catechols and O-methylated-deaminated
products, was also decreased by(the antagonist, 1t appears that phenoxyben-

zamine prevents the metabolism of 3H-noradrenaline by impéding the éntry

of the 3H-transmitter into extraneuronal tissues,  Eisenfeld and colleagues
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showed,<;y comparison of intact tiésues and tissue homogenates, that direct
enzyme Inhibition was not involved. A similar finding was made.with
*

e phentolamine in this study, Elsewhere, Lightman and Iversen (1969) showed
that phenoxybenzamine reduces the accumulation and metabolism of 3-
noradrenaline in the rat heart when the neuronal uptake process 1s blocked
by metaraminol and suggested that phenoxybenzamine is among the most
potent inhibitors of- extraneuronal uptake égain substanpiating the earlier
findings of Kalsner and Nickerson with GD-131, Langer (1970) also claimed
an extraneuronal action of phenoxybenzamine in the cat nictitating membrane.
These aceumulated findings have led to sﬁgculation that the effect of
phenoxybenzamine o# transmitter overflow 1s at least partly due to its
inhibitory action on extraneuronal up;ake.

Separately, evidence not in favour of such an interéretation of
phencoxybenzamine action, began to emerge. For example, some inhibitors of

extraneurcnal uptake devoid of alphag-adrenergic blocking action, have no

effect ;n trgfnsmitter overflow. Normetanephrine, at
ations of up to 107" M, does not affect the overflow in either the
iris (Farneb€ and Hamberger, 197la) or the guinea-pig atria (McCulloch,
Rand and Story, 1972). An9ther extraneurcnal uptake inhibitor, cortico-
gterone (Kalsner, 1969a; £§ersen and Salt, 1970), does increase overflow in
vas deferens of rabbit (Hughes, 1972), however, the increase (36%) is muéh '
smaller than that induced by phenoxybenzamine (360-400%). When the vas
deferens is pretreated with cocaine at. a concentration (5 pg/ml) that-
eliminates possible complications caused by neuronal uptake of catecholamings,

corticosterone induces a 4-fold increase, whereas phenoxybenzamine produces

an 8-fcld increase in transmitter overflow. This difference is not 1likely
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to be due solely to the relative potencies of these agénts as inhibiltors
of extraneuronal uptake, The concentration of phenoxybenzamine which
inhibits extraneuronal uptake by 50% (ICsg) in the rat heart is estimated
to be 2,5 M (Lightman and Iversen, 1969). The ICsd forlcorticosterone
in the same tissue i1s 2.6 uM (Iversen and Salt, 1970). These two agents
therefore have a similar potency to block extraneuronal uptake, yet their
effects on transmitter overflow are drastically different, ‘This clearly
sqggests that phenoxybenzamine and corticostercone act via different me-
chaﬁisms in increasing the overflow of noradrenaline.

Additional evidence supporting a lack of relationship between
the inhibitien of‘extraneuronal uptake of catecholamine and the enhancement
of transm{tter overflow 1s available.ﬁ)Kirpekar and Wakade (1970} reported
that GD-131, described as a potent extraneurcnal uptake inhibitor, had no
effect on the overflow of transmitter from the intact cat spleen following
sympastgfic nerve stimulation., In fact, the o#erflow at high frequency
of stimalation was decreased by GD-13l. Control studies showed tht pheno-
xybenzamine increased the transmitter overflow by more than 10-feld under
identical experimental conditions. A similar discrepancy between the
effects of GD-131 and phenoxybenzamine on efflux wasrnoted by Farnebo and
Hamberger.(l97la) on the isolated rat iris. These results cannot be mean-~

ingfully interpreted solely on the basis of extraneuronal uptake blockade.

4, Flow rate
The effect of blood flow through the organ under study on the
amount of transmitter appearing in the venous effluent during nerve

stimulation has been of concern to Investigators. Carlsson and co-workers
. ]
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(Carlsson, Folkow and H#ggendal, 1964) have emphasized the importance of
5100d flow on the amount of noradrenaline recovered in the blood-perfused
%
hind limbs of cat. Under control conditions the amount of noradrenalipe
in the venous effluent increases in response to sympathetic trunk
stimulation. During exercise Sf the thind limﬁ induced by stimulation of
the sciatic nerve, sympathet%s stimulation cduses a greater increase in
noradrenaline efflux. The authors concluded that qormally the release of
noradrenaline into the venous blood is restricted by the vasoconstrictién
accompanying syﬁpathetic stimulation. This restraint can be overcome by
counteracting the vasoconstriction'(e.g. by muséle exercise-induced
vasodilation), presumably due to local metabolites, thus producing a
marked increase in noradrenaline efflux, Therefore, to confound possibi-
lities, it was also thought that the enhancing effect of phenoxybenzamine
on transmitter release might be due partly to its antagonism of an ‘alpha-
adr;nergic receptor-mediated vasoconstriction. This possibility was dis-
missed subsequently by Higgendal (1970) who, in proposing the concept of
trans-synaptic regulation of neurotransmission (to be discussed latet),
showed that in the cat hind limb phenoxybenzamine substantially increases
transmitter overflow even when blood flow was maintained high by muscle
exercise, ‘

Further evidence against any speculation that the increase in

d flow is a cause of alpha-antagonist-induced enhancement of transmitter

overflow iIs pgovided by the constant-flow experiments of Kirpekar and Puig
(1971). Theylfound that in the cat spleen, phentolamine and phenoxyben-

zamine both increased by nearly 4-fold stimulation-induced noradrenaline
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overflow even when the tlssue was perfﬁsed at a constant flow rate. A
gimilar observation was reported for the vasculature of dog skeletal
muscle (Resell, Kopin and Axelrod, 1963). Perhaps the most conclusive
evidence against blood flow as a key factor in the effect of phenoxyben-
zamine was obtained when simple tissue models were employed (e.g. isolated
vascular strips). Local circulatory influences are eliminated in such
preparations but phenoxybenzamine still enhances transmitter overflow
(Su‘and Bevan, 1970; present s;udy).

The above 5;scribed investigations illustrate vividly the com-
plexity of the meéhanisms of action of phenoxybenzamine on neﬁrotransmission,
yet none of these mecH;;isms taken alone, or perhaps even together, appear
to explain satisfactorily the enhancing effects of the compound on

transmitter overflow. This limitation has given incentive for another

proposal - the presynaptic alpha-adrenergic receptor hypothesis.

C. The presynaptic alpha-adrenergic receptor hypothesis

1. The statements

, The concept of peripheral presynaptic inhibition was inicially
introduéed by Paton and Vizi who found that in guinea-plg ileum the output
of acetylcholine elicited by nerve stimulation was reduced by exogenous
noradrenaline and adrehaline. They concluded that the decrease in acetyl-
choline output Qas‘a result of "presynaptic inhibition mediated by alpha-
receptors" (Paton and Vizi, 1969). This postulate was later applied to
adrenergic transmission and was advanced in the same year from laboratories

in Sweden by Farnebo and Hamberger (1971a), in the United States by Kirpekar

and Pulg (1971) and in Argentina by Langer and co-workers (Langer et al.,
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1971). It was proposed, based on known observations that phenoxjhggaﬁgine

increases the efflux of tritium with nerve stimulation, that sympathetic

’

. . -

nerve endings are endowed with inhibitory alpha-adrenergic receptors,
Coﬁbination of these sites with noradrenaline is presumably inhibited by
phenoxybenzamine, releasing the nerve endings from presynaptic inhibition
by neurally liberated noradremaline. Thus, the presynaptic alpha-receptors
are presumed to mediate a negative feedback system’ triggered when the amount
of the transmitter at the synaptic gap reaches a threshold level, restric-
ting the quantity of transqitter reieased per pulse, This hypothesis was

. also elaborated by Starke (1971),in Germany on the basis of the converse
finding that two alpha-agonists, namely phenylephrine and naphazoline,
decrease noradrenaline overflow from the rabbit heart on cardiéc nerve
stimulatiqg.

Although the four groups refefred to above used different tissue
models, the foundations of the hypotﬁesis were similar and it was based
mainly on two sets of observations: 1) phenoxybenzamine enhancés nor-
adrenaline output elicited by nerve sti;ulation, 2) noradrenaline and
some other alpha-agonists inhlblt transmitter efflux. Since these agents
are known to act on postsynaptic alpha-adrenergic -receptors to bldck and
elicit physiological responses respectively, and since the inhibitory
actions of the agonists on transmltter release could be partially or com-
pletely blocked by known postsynaptic alpha-antagonists (Vizi et al.,

1973; Langer, 1973), it was presumed that these two classes of drug inter-—
;ct with a presynaptic set of alpha—recéptors to regulate neurotransmission;
However, experimental evidence to substantiate the hypothesis 1s very

limited.

L¥]
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That phenoxybenzamine enhances “transmitter efflux is not in

doubt and has been confirmed by investigators using a variety of tissues,

as summarized in the following table:

Mouse

Rat

Guinea-pig’

Rabbit

Dog

Tissue

vas deferens

atria

portal vein

superior cervical ganglia
aorta

vas-deferens

atria
intestine

pulmonary artery

portal vein

éuperior cervical ganglia ..

vas deferens
spleen

kidney

‘adipose tissue

Reference

Jenkins, Marshall and
Nasmyth, 1975

Farnebo and Hamberger, 1974
Higgendal et al., 1972
Vogel et al., 1972

Bell, 1974

s%e, 1973

McC och, Rand and Story,
1972

Henderson, Hughes and
Thompson, 1972

Su and Bevan, 13970
Hughes, 1972

Noon and Reoth, 1975
Hughes, 1972

de Potter et al., 1971

Zimmerman, Liao and Gilsslen,
1971

Fredholm and Hedqvist, 1973

Additionally these early data with phenoxybenzamine were

supported by other observations with the alpha-blocker phentolamine, e.g.

——

N ———

in cat aorta (Langer et al,, 1975) and dog spleen (de Potter et al.;, 1971},
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confirming stiﬁulatﬁpnminduced overflow enhancement of 3H-transmitter by
it as well. However, simila; studies with still other alpha-antagonists ;
and under more precise test conditions were not available. According to
the presynaptic alpha-receptor hypothesis, phénoxybenzamine and phento-
lamine modify transmifter release during sympatheFic stimulation by an
interruption of the negative feedback loep which would normally.be
activated when the noradrenaliné concentration in the synapse reaches a
i

threshold level. Thus transmitter release is "disinhibited" by pre- _/,
sfnaptic alﬁha-receptor blockade and consequently an increaséd amount is
collected from the overéiow. |

During the development of the hypothesis, two commen concerns
were apparent; 1) is the increased overflow of tritium aftef phenoxy- ~.;
'benzamine a real measure of noradrenaline release? 2) is the effect of the
antagonist due to an:action on the postsynaptic effector ceil or on the
ﬁresynaptic nerve terminals? |

That the increase of overflow reflects an actual increase of
noradrenaline release has been implied by the inadequacy of other expla-
nations related to neuronal uptake, extraneuronal uptake, enzymatic de-
gradation and flow rate, ' Direct evidenge comes from the finding of de
Potter and co-workers that efflux oflboth.noradrenaline and dopamine-beta-
hydrox&lase is increased during nerve stimulation in the ﬂoé spleen after
adminisgratio;'of phenoxybenzamine (de Bdtter et al., 1971). Dopamine-beta—
hydroxylase is present in thé noradrenafline-contalning vesicles (dense-
cored vesicles) and is relgé;ed-coniggJitantly yith noradrenaline during

stimulation of sympathetic nerve endings, presumably by exocytotic ex-

pulsion (Gewirtz and Kopin, 1970; de Potter et al,, 1969). Control
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expé;iments Qith éocaine showed‘thgt the uptake irhibitor enhances,
although to a lesser eitent than ddés the adrgnergic antagonists, the
overflow of noréij:ualine but.has no effect on the output of dopamine-
beta—hydr&xylase, - macromolecyle WhiChCi? not-é subsérate for the
uptake process..-These observations Sugges% that phenoxybenzaminq
facilitates the process of exocytosis by some undefined ' mechanisms ;nd
that the increase in ngradrenaline overflow afﬁer treatment of tissues
with these agents fepresents an actual increase in transmitter release,

An early, now‘discarded hypothésis related the effect of

[

" adrenergic antagonists on efflux to trahs—synaptic regulation, Haggendal ;::::)

(1970) observed that the amount of noradrenaline released during sympathetiq
. v

nerve stimulation in the vasculature of oat skeletal muscle 1s negatively
1

correlated with the peripheral vascular resiéEance; and that this relation-

ship remains unchanged'féllowing administration of phenoxybenzamine,

- Also, phenoxybenzamine enhances fransmitter output and such enhancement

is much greater thaﬂ that induced by another alpha-antégonist, ergotamine,
Since ergotamine was reported to have a direct stimulatory actign on some
effector organs, namely nictitating membrane énd spleen of cat (Salzmann

et al., 1968), Hdggendal reasoned that tﬁe smaller enhancement of efflux
obbefved after ;he ergog.alkaloid is.dhe.to a greater ''reactive state of the

effector cell" (as compared to that after phenoxybenzamine). On elabo-

ratipn of this conclusion he then pht forward the theory of trans-synaptic

*regulation which proposed that the effector cell modulates fransmitter

/

release by means of chemical medfhtor"crossing the synaptic 'gap (Hﬁggéhdal,
1970; Folkow, Haggendal and Lisander, 1968). According to this scheme the

responge magniltude of® the effector cell is of.prime importance: the amount *

-
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of transmitter released per nerve impulse will be reduced if the effector

is at a suprm-excited state., It was presumed that adrenerglc antagonists

-

interrupt the proposed trans-synaptic regulation by "depressing' the
'

effector cell response and that more transmitter is released as a result

of the disinhibition,

This theory was seemingly supported by an observation of Farnebo

1

and yalmfors (1971) on mouse vas deferens. They reported that papaveriae,.
‘a non—-specific smoo;h muscle relaxant devoid of alpha-adrenergic receptor
blocking activity, at high concéntration (10:“ M) enhances stimuiation—
induced overflow of 3H-transmitter and concémmitantly decreases mechanical

responses. Further, in contrast to its potentiating effect on the gulnea-

-

pig vas deferens (Ohlin and Stromblad, 1963), phenoxybenzamine inhibits
the contractile responses of the mouse vas deferens to field stimulatiom.

More importantly, such inhibition of mechanical responses is associated
Py
with an increase in SH-transmitter overflow. Conversely, the alpha-

‘adrenergic agonist methoxamine increases mechanical responses but reduces
efflux of -tritium. Thus, it was concluded that transmitter release is
modified by alpha-antagonists and alpha-agonilsts indirectly'via their

priﬁary effect on altering postsynaptic effector responses, This con-
i

clusion also implied that alpha—adrenergic receptor is not necessarily

2z 51
an essential component of the regulatory mechanism for trffismitter release,

a contention that is in fact opposed to the presynaptic alpha-adrenergic

receptor hypothesis which assigns a crucial role to the adrenergic site.

J‘/‘

+
The chemical mediator that functionally connects the effegkopv

=,

cell and the nerve terminals was thought to be prostaglandin E which could”

x
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be.detected in the perfusate of various .tissues after sympathetic stimu-
lation ér after infusion with exogenéus noradrenaline (Junstéd and Wennmalm,
1973; Davies, Horton and Withrington, 1967; Bennett, Freidmann énd Vane,
1967). ﬁ;wever, unlike phenoxybenzamine, exogenous prostaglandin of the E
;eries produce all three possible effecté on the stimulation-induced

; .

) release pf transmitter, Prostaglandin E may increase (Davies and Withrington,
1968), decrease (Hedqvist, Stjdrme and Wennmalm, 1970) or have no effect
(Fredholm and Hedqvist, 1973) on the overflow of noradrenaline: While

the éheory of trans-synaptic regulation may be applicable in some tissue
models;ait has not beeg widely apcepted. In 1975, %fgggndal, who originally
proposed the theory, reported the falilure to demonstrate changes in |
stimulation-induced transmitter release form the portal vein following
mechanical manipulation of the vessel (Haggendal, 1975). He then declared

a "partially chénged view", and with regard to regulation of trénsmitter
release he stated '"the mechanism of the greatest importance,

appears to be,localirzed presynaptically",

s é

Most dnvestigators believe thaé the'sitelof action of pheno;y—
benzamine to alter transmitter efflux is pre;;zaptic. This is supported

in part by.the pepeated fiéﬁing that phenoxybenzamine enhances stimulation-
induced noradrenaline release in cardiac tissues (Starke, Montel and
Schumann, 1971; McCulloch, Rand and Story, 1972; Farah and Langer, 1974,

where the postsynaptic adrenergic receptors are mainly of the beta-type.

In these preparations phenoxybenzamine does not inhibit the postsynaptic

\
'

responses to nerve stimulation, this demonstrating the irrelevance of the

posfsynaptic effector response to transmitter release., TFurther evidence

-
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in support of a presynaptic phenoxyﬁeﬁzamine—sensitive gite was provided
by studies on cultured cells from the rat superior cervical ganglia.
Several days after organ culgure axonal sprouts, which resemble sympathetic
rierve endings and take up 3H—noradrenaline, start to g;ow from the

\
ganglioﬁic cells. Phenoxybenzamine at high concentration (3 x 1073 M)
doubled the field-stimulation-induced overfloQ of noradrenaline from such
sprouts (Vogel et al.; 1972). Since postsynaptic effector cells are
absent in the cultured axonal sprouts, the site of action for phenoxyben-
zamine 1s concluded to be presyn%ptic.

Although phenoxybenzamine increaées transmitter.overflow
consist§§tly, the amount of the'enhancement is far froﬁ uniform. The
maximal enhancement inducedﬁby the haloalkylamine varies from 2-fold in O
the dog kidney to 38-fold in the rabbit wvas deferens, According to Hughes
(1972), this variation is Sresumably due to different densities of
adrenergic nerve innervation in these tissues. More recently, Bevan (1978)
has emphasized this issue and suggestéd that the concentration of releaéed
transmitter in the synaptic gap during nerve stimulation 1s a function of
the neuro-effector distance. In the densely innerggted tissues the con-
centration of released transmitter would be higher than that in the sparcely
innervated preparations due to the high discharge concentration of trans-
mitter and the restriction of physical diffusion of the trgnsmitter éway
from the synaptic gap. In that case phenoxybenzamine, by removing the
presynaptic alpha—recepﬁor—induced restraint on transmitter release,

produces a proportional greater magnitude of effect on stimulation-induced

efflux of 3H-transmitter in densely than in thinly innervated tissues.
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However, differences in efflux enhancement occur without seeming relevance :
to densities of nerve innervation. For example, phenoxybenzamine increases
thé stimulétion—induced overflow of 3H-noradrenaline by 2.44-, 1.5é—, 1.95-
and 1,90-fold in the cat nictitating membrane (Langer, 1970), guinea-pig
vas deferens (Stjdrne, 1973d), rabbit pulmonary artery (Borowski, Ehrl
and Starke, 1976) and rat portal vein (Ddhlof, Ljung and Ablad, 1978),
respectively, yet the nerve densities of the two former tissues are known
to be much greater than that of the other two.

As emphasized earlier, anotheg key observation repeatedly em~
ployed in support of the presynaptic receptor hypothesis is the find%ng
that the stimulation-induced overflow of transmitter in several diverse

tissues 1s decreased by noradrenaline and some other alpha-agonists. The

observations are summarized as follows:

Tissue Agent Reference
Mouse vas deferens neradrenaline Farnebo and Malmfors,
‘ 1971
Rat vas deferens noradrenaline Vizi et al., 1973
Guinea-pig vas deferens noradrenaline Stjarne, 1973a, 1973b
methoxamine
Rabbit heart noradrenaline Starke, 1972a, 1972b
oxymetazoline
naphazoline .
phenylephrine
ear artery noradrenaline McCulloch, Rand' and

Story, 1973
pulmonary artery noradrenaline Taube et al., 1976

superior cervical methoxamine Noon &nd Roth, 1975
ganglion
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Tissue Agent . Reference
Cat aorta isoproterenol Langer et al., 1975
spleen noradrenaline Kirpekar et al., 1973
phenylephrine
! methoxamine

: 1soproterencl

nictitating - noradrenaline Lahger, 1973

membrane ’ '

in many of these studies cocaine and/or normetanephrine were
incorporated routinely into the- physiological saline to eliminate possible
interference of neuronal and/cr extraneurcnal uptake on the transmitter
releasé‘(e.g. Stjarne, 1973a, 1973b; McCulloch, Rand and Story, 1973;
Starke, 1972a, 1972b). Thus, presumably, the decrease in transmitter
overfiow iﬁ the presence of noradrenaline or other alpha-agenists is not.
due to an a;tion on disposition and biotransformation of the transmitter.
.The possibility of an inhib%tory action of éhese agents on nerve impulse
conduction was excluded by Starke (1972b)‘based od the observation that
oxymetazoline and naphazoline, both at a concentration (1077 g/ml) which P
has no apparent local anaesthetic activity, reduce significantly the
stimulation-induced transmitter overflow in the rabbit‘heart.' In fact, most
alpha-agonists employed in these overflow\studies do not have local
anaesthetic effects. A dilution by the exogenous unlabelled noradrenaline
of the pre—loqded 3H—nogﬁdrenaline tissue store is also unlikely. In the“$
rabbit heart following incﬁbation with 3H—noradrenaline, the administration
of cocaine at a high concentration (2.5 x 1073 g/mi) to inhibit the
neuronal uptake of subsequently administered unlabelled nora&renaline did

not prevent the urlabelled amine from inhibiting the stimulation-evoked

overflow of 3H-transmitter (Starke, 1972a). I
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Since its broposal in 1971, the presynaptic negative feedback
hybothesis has gained widespread and generally uncritical acceptance by
the scientific community. Interest in the hypothesis is; asing and
othe; facets of presynaptic regulation and the implications Wh derive

from them are belng explored.

2. The g;esyn_ptic alpha-receptors as a separate class of receptors

The presynaptic alpha-adrenergic receptor is postulated to be
similar to but different from its "classical" postsynaptic counterpart.

The idea stems from the finding that fer many alpha-agonists and alpha-
antagonists there are discrepancies.bétﬁeen their potencies in altering
transmitter release {i.e. presynaptic effect) and in modifying effector
responses (i.e, postsynaptic effects}. The results are difficult to
interpret-aésuming a homogenous group of alpha-receptors, and it has-
been proposed chat.twq_classes of alpha-receptors existi one mediates
postsynaptic mechanisms and i1s designated alpha-1 receptor,nthe other
.mediates presynaptic mechanisms aﬁdlis designated alpha-2 receptor
(Langer, 1974).

For example, it was found that in the isolated rabbit pulmonary
artery (Starke, Endo and Taube, 1975), the concentrations of alpha-agonists
which produced 20% of. the maximal contraction showed an order of potency
of: adrenaline » noradrenaline > oxymetazoline > n&PhaZOline > phenylephrine >
tram;zoline > alpha-methylnﬁiadrenaline > methoxamine; and for the agonist
concentrations which reduced the stimulation—induced overflow by 20% \E“

~

was: &adrenaline > oxymetazoline > tramazoline > alpha-methylnoradrenaline >

noradrenaline > naphazoline > phenylephrine > methoxamine. Differences in

o
N
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pre— and postsynaptic "potencies" were also reported for alpha-antagonists:
phenoxybenzamine is more potent in blocking postsynaptic responses than
presynaptic sites in ‘the rat portal vein (Haggendal et al,, 1972) and in
the cat spleen (Dubocovich ana Langer, 1974). 1In both preparations,
éhenoxybenzamine at 1078 to 3 x 1078 M abolishes the mechanical response
to nerve stimulation, but the incrkase in transmitter overflow is sub-
maximal: a further increase in phenoxybenzamine concentration results in
additicnal enhancement of the transmitter overflow. Monitoring the heart

. _0‘ .
rate of the pithed rat, the presynaptic potency for the rate-increasing

effect of alpha-antagonists was phentolamine » piperoxan » yohimbine .
tolazoline » chlorpromazine » phenoxybenzamine » thymoxamine (Drew, 1976},
This effect is presgmed due to a presynaptic action since postsynaptic
alﬁha sites are sparse in rat myocardium. However, in this study the com-
parison of potency was made using deoses of antagonist which reversed 50%
of the bradycardia.induced by a standard dose of cleonidine (100 ug/kg), a
pPresynaptic receptor agonist, during continuous cardiac sympathetic
stimulation. The experiment fails to account for the possible chaﬁges in
sensitivity of the cardiac tissue with prolonged nerve stimulation, Also -
it does not deal Qith complications resulting from the interaction between
the antagonists and a mixed "biophase'" pool of exogenous and endogenous
agonist, nor does 1t account for a possible lack of specificity in the
effect of clonidine on cardiac\nérve stimulation (Scriabine et al., 1970;
Scriabine and Stavorski, 1973; Robson and Antonaccio, 1974). The post-

synaptic potency of antagonists was also determined by blood pressure

measurements In response to clonidine and it was reported that phentolamine
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was the most potent and chlorpromazine the least effective antagonist.
Nevertheless, this potency relationship may not necessarily be correlated
with presynaptic potencies since 1t was determined b& comparison of the
shift df the clonidine vasopressor dose-res&éﬁ?e curves, an index which
is procedurely di;ferent from that utilized to assess the presynaptic
potencies.

Recently, other 1nve§tigators examined the heterogeneity of the
pre—~ and postsynaptic alpha-receptors. Steppler and collgagues {Steppler,
Tanaka and Starke, 1978) examined the pre- and postsynaptic effects of
phényiephrine and tramazoline in the auto-perfused hind leg of rabbit in
which nerve stimulation was carried out by stimulating the distal poftion
of a sectioned lumbar éympathetic chain. They observed that phenylephrine,
but not tramazoline, is more potent in the activation of postsynaptic
receptors (which resulted in an enhancement of perfusion pressure) than
in stimulating presynaptic receptors (which resulted in an inhibitfon of
stimulation-evoked blood pressure rise). While the order of pre~ and post-
synaptic potencies for phenylephrine were in accord with those reported
eariier in‘the isolated rabbit pulmonary artery (Starke, Endo and Taubé,
1975), that for tramazoline were not. Over a moderate concentration range
(1076 to 3 x 10-&‘M), tramazoline increased the basal perfusion pressure,
in a dose-dependent manner, from 7.5- éo 43-fold of the control value.
With the same concentraticn range the agonist inhibited the stimulation-
evoked préssure rise by ;; average of 34% to 627 (at 1 Hz). Tramazoline

thus behaves as a potent postsynaptic and also a potent presynaptic alpha-

agonist, In the rabbit pulmonary artery, however, this compound was among
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) the most potent pres;naptic but the weakest postsynaptic alpha-agonists,
The discrepancy in the postsynaptic petencles of tramazoline in different
tisgues has”led‘the authors to raise the concern that "it would be pre-

- mature to consider all presynaptic alpha-receptors as one pharmacologically
homogenous group and all postsynaptic alpha-receptors as the second,
distinct homogenous group'".

Earlier it was also reported that in the auto-perfused hind-
quarters and hindlegs of cat an inconsistency was noted in the pre- and
postsynaptic effects of clonidine when compared with in vitro experiments

- (Haeusler, 1976). 1t was demonstrated that a very hiéh dose of clonidine
(100 yg/kg, 1.v.) is required to block the stimulation-evoked increase in
perfusion pressure but a significantly lower dose of clonidine (30 ug/kg,
i.v.} elevates blood pressure and perfusion pressure, and does so without
any detectable effect on the response to sympathetic stimulation. The
results indicaéed t;at clonidine has a preferential postsynaptic action.
This is contradictory to the conclusion of in vitro experiments on rabbit
pulmonary artery (Starke, Endo and Taube, 1975) and ear aréery (Steinsland
and Nelson, 1975). " In their experiments clonidine behaved as a preferential
presynaptic alpha—aéonist. There is at present no satisfactory explanation
for these conflicting results although species differences are frequently
clted; as one group of investiéators comments ''perhaps cats in general are
usually resistant to presynaptic inhibition by clonidine" (Steppler, Tanaka
and Starke, 1978). It/égéild be noted that in the in vivo experiments cited

above the accessibility of circulating clonidine to the pre- and post-

synaptic sites of action was not considered as a possible factor contri-
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buting to the conﬁfasting observations. 41n the superfused vascular
strips the agonist is equally accessible to béth pre—‘and postsynaptic
sltes of action, whereas i# the auto-perfused hindleg the intraveqously.
injected clonidine would have to overcome barriers (e.g. vascular smooth
muscle) to reach the nerve terminals. ’This,may explain why a higher dose
of clonidine is required to have a/détectable effect on neurotransmission
than on effector responses. e

The evidence supportﬁng the existence of a distinct class of
presynaptic alpha-receptors in‘to trast to the "classical" postsynaptic
alpha~receptors is only preiimiﬁary and circumstaptial, Furthér, the
possibility that some compounds ;éhieve thelr presynaptic effects via loci

unrelated to the proposed presynaptic alﬁﬁh;receﬁ rs has not been con-

sidered seriously,

3. Mechanism of efflux inhibition and enhéﬂcement

’

A critical role for caleium in adrenergic neﬁrotransmission has been
well established. 1In the cat spleen and the guinea-pig vas deferens the
amount of transmitter release on sympathetlic stimulation is a function of
external calcium concentration (Kirpekar and Misu, 1967; Johnson et al.,
1971}, Elimination of the calcium from the perfusate almost completely
inhibits the release of noradrenaline. In guinea-pig vas deferens, the
adrenergic transmitter overflow with changing calcium concentration, in
the presence of phentolamine or phenoxybenzamine, reflects the function.of
external calcium in the release of traﬁsmitter (Stjarne, 1973c).

Few substantial proposals are availlable about the mechanism of

presynaptic feedback inhibition. One which is widely accepted is the

3
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"calcium theory" which postulates that the negative féeqback loaop,
activated by alpha-agonists, operates‘by inhibition of calcium influx
into the nerve endings, restricting the amount of transmitter released
with each pulse. Adrenergic antagonists, by blocking these otherwise
activated presynaptic siﬁes, enhahce transmitter release. The theory
is based mainly on the observations that presynaptic antagonists in-
crease transmitter overflow induced by nerve stimulation or potassium,
actions which require calc%?m; but not that by tyramine, which 1s known
to release transmitter by alnon-exocytotic and non-calecium dependent
process (Brandao et al., 19é0). For example, in the perfused rabbit
heart oxymetazoline decrgaseg*and phentolamine increases the release of
noradrenaline induced by potassium, but these compounds have no effect
on transmitter release elicited by tyramine (Starke and Montely 1974),

The effectiveness of alpha-agonists and alpha—antagolists in
altering potassium-induced tfansmitter overflow also implies thaL these
adrenergic compounds do not interfere with the co;ducbion of nerve impulses,
since high potassium depolafizes the nerve endings through a mechanism .
which does not involve the condugtion of impulses,. namely by reduclng the
electrogenic potassium gradient across the plasma membrane (Haeusler et
al., 1968; Kirpekar and Wakade, 1968).

One notable facet of the calcium theory 1s that excessive intra-
neuronal accumulation of‘the divalent cation at high frequencies of stimu-
: lition, or after alpha—antagonis;s, is purportgd to "desensitize" a hypo—

thetical calcium receptor thus accounting for the ineffectiveness of the

!
presynaptic feedback loop at very high frequencies (Kirpekar, Prat and
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Wakade, 1975), This is based on observations in the caffspleen, perfused
with low calcium (0.5 mM) Krebs solutiﬂn, that phencxybenzamine induces |
about 5-times more °H-noradrenaline output at a high (30 Hz) than at a
low (5 Hz) frequencies (Kirpekar, Prat and Wakade, 1975). 1In control
spleens perfused with normal Krebs solution, however, phenoxybenzamine
increases the release of noradrenaline most at 5 Hz, an effect about 3
times greater than at 30 Hz. The authors concluded that the alpha-
antagonist facilitates feléase by allowing large amounts of calcium to
enter the neurone and that the decreased output observed at high frequency
is a result of flooding of the nerve terminals with the divalent cation.
This would be ;voided if the calcium level in the bathing medium is main-
tained artificially low. This proposal has inteﬂtionally been advanced
to account for the frequency-output relationships observed with the ;lpha—
antagonists and alpha—agqnists.

Langer and co—workers (Langer, Dubocovich and Celuch, 19753)
reported greater enhancement oflg§§lux in 'low calcium by phenoxybenzamine ‘
" with cat spleen, suppbrting furgher the theory that calclum is an inter-
mediate link between ‘resynaptic receptor act%ﬂhtion and transmitter
release. During perfusion with standard calcium Krebs solution the en-
hancing effect of phenoxybenzamine on transmitter release {expressed as .
the ratio of total radiocactivity detected during the treated and conérol
stimulation periods) at 5 Hz was about 2.5 times that at 30 Hz., Lowering
the calcium concentration to 0.26 mM increased the effectiveness of
phenoxybenzamine at 30 Hz as compared to.th;t.obse;ved in spleens perfused

with standard Krebs solution. He interpreted this as reflecting "a re-
P _ -
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covery in the regulatory role of prejunctional alpha~adrenoceptor
1

mechanism", présumably by avoiding a2 calcium-induced desensitization
(Langer; Dubocovich and Celuch, 1975).

Another piéce of evidence supporting the calcium fheory is the
parallel observation that some alpha-agonists, e.g. clonidine in guinea-
pig va; deferens (Néstfa;; and Leighton, 1976) or noradrenaline in cat
spleen (Langer, ‘Dubocovich and Celuch, 1975), conspicuously decrease the
t?ansmitter overflow at moderate and high stimulation frequencies (5 and
30 Hz) when the tissue is exposed to low calciﬁm perfusate; whereas in .
contrast these agents do not have adny effect on overflow at these fre-
quencies if the tissue is perfused with standard or high calcium medium.
This presumably feflects‘a botentiation of the action of alpha-agonists
to Iimit calcium inﬁlux into adrenergic nerve terminals by the low level
of the divalent ion in the extracellular medium. The failure of these
agents to alter transmitter overflow under standard or high calcium
condition is attributed, as described above, to a desensitization o? the
calcium receptors. This proposed mechanism for the_presynaptic alpha-

receptor feedback system will be analyzed later in the discussibn-chapter.

4. Physiological and pharmacological significance of preszﬁaptic alpha-

adrenergic receptors

There are many studies on the physiological role of the pre-
synaptic alpha-receptors. However, a clear picture has not yet emerged

and the evidence accumulated so far is controversial. Since alpha-

- antagonists block postsynaptic effector responses in most innervated organs,

there have been technical difficulties in monitoring post—éynaptic effects

—

i
L
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secondary to nerve stimulatioﬂ. For this reason most work deqéénéd to
w ’
. . : . LY
study the physioclogical role of presynaptic receptors was performed on
preparations coﬁtéining primarily beta-receptors such as cardiac tissue.

In the search for a physlological role for presynaptic receptors,

investigators often made the assumption that 1f the bresynaptic negative

feedback loop is functionally important in regulating adrenergic neuro-
transmission, then the selective interruption of‘the‘looa should'enhance
the effector cell response as a resﬁ;t of augmented transmitter release
(Lokhandwala and Buckley, 1976; Langer, 1977; Prew, 1979). However,

there 1s some evidence opposing a physiological role of the presynaptic

system. For eiample, studies with the perfused heart showed that phento-—

lamine has variable effects on the heart rate during sympathetic stimu-
lation. Depending on concentration, phentolamine may incr%ése;(Langer,
Adier—Graéchinsky and Glorgi, 1977) or have no effect on (Farah and
Langer, 1974; Langer, Alder-Graschinsky and Giorgi, 1577) the pogitive
chronotropic responses to nerve stimulation. However, this compound
significantly enhdnces'stimulagion—induced.transmitter overflow 1n'both
instances. Als;, although a mo&erate doéé of'phenoxybenzamine.(B.i X.
1077 M) increases ;he transmitter release by 5.7-fold in the perfused
cat heart, the postsynaptic effector response (heart rate) was not
;ffected (Farah and Langer, 1974). Similar discrepancies were evident
in exper;ments with isplated accelerans nerve - atrial preparation of

guinea-pig, Phentolamine increased more than 3-fold the transmitter

release during sympathetic stimulation but produced no significant éigsjfﬂ\

on the mechanical response (AdleruGraschinskj'and Langer, 1975). This - {\.
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observation was assumed due to a negative chronotropic action of N

phentolamine which compensated precisely for the_gffects of an aug-
mented transmitter release. Apparent support for this Interpretation
was subsedueﬁtly obtained from the finding that phentolamine antagonizes
the responses of the atrial pacemaker to noradrenaline. It was reported
that phentolamine significantly decreases the basal heart‘fate in guinea-
plg atria and that it shifts to the'right the dose-response cg}ve for
exogenous noradrenaline on heart rate (Langer, Adler-Graschinsky and
Gio%gi, 1977). However, no such explanation is available for phenoxybenzamine:

Studies in vivo were also performed to elucidate the significance
of the presynaptic system, Most ofteh the cardiac chronotropic response
to sympathetic stimulation ip thé vagotomized, spinal sectionég:gnimals
was taken as a measure of presynaptic aqtivity. I:\dogs, phentolamine
significantly potentiated the positive chronotropic responses to stimu-
lation of the cardioaccelerator nerve.(Lokhandwala and Buckley, 1976;
Constantine, Weeks and Muschane, £978).- Additionally, agonists such as

\ . .

noradrenaline, adrenaline and phenyleph;ine decreased heatt rate upon

nerve stim%&atioﬁ (Lokhandwala, Coats and Buckley, 1977). Although these

findings are suggestive for a physioloéTEgl role of the presyhaptic alpha-

_ receptors, 1t would be preméture to reach such a verdict before an exgmi—

nation of some other contradictory observations. For example, it has been

. . ) L8 N
reported that phenoxybenzamine has no effect on heart rate during sympathetic

stimulation in the pithed rat (é’ang and Lee, 1973) and vagotomized dog
(Yamaguchi, de Champlain and Nadeau,‘}977)m The potent adrenergic agonist

xylazine was shown not to reduce the cardiac rate response to nerve
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sﬁimulation in the vagotomized dog (Antonaceio and Robson, 1973)., 1In
the rabbit heart, another alpha-agdnist Bay a678l (2 - ( ;ﬁethyl-G-ethyl—
cyclohexylamine) - 2 - oxazéline) does reduce the heart rate, however,
the ihhibitory effect of the agonist on stimulation-induced norhdrengline
output and on heart rate are not correlated (Werner, Starke and S?huma
1972). Bay ab781 at 5 x 10719 M inhibits the output of transmitter in a
d;semdependent manner with-a maximum inhibition of 60% at 5 x 1079 M,
However, the heart rate is not reduced by the compound until the concen-
“tration r;gﬁhéB\l.G X 40_9 M. The lack of parallelism between the pre-
synaptic and posts;naptic events would suggest th&at the presynaptic feéd—
back serves no immediately definable physiological role.

It ;as been observed that thé effectiveness of alpha-agonists to.
inhibit and that of alpha-antagonists to potentiate.transmitfer‘releése
are most at low rate of stimulation, reflecting interference qf‘these
compounds with the presynaptic feedback loop - arne
and Brundin, 1977; Dubocovich and Langer, 1974if::22;ly, Hurlimann and
Thoeﬁen, 1965). However, at the moment there is no ﬁﬁanimous view on the
frequency range at which the presynaptic feedback loop should operate most

~ —

efficlently, For.instance, Yamaguchi and co-workers (Yamaguchi, de
Champlain and Nadeau, 1977) suggested that the feedback mechanism is mainly
activated at high frequéngés of stimulation (10 to 30 Hz), based on the
observation that the catecholamine level in the coronary slnus blood of
Ehe dog decreases in that frequency range, following cardiocaccelerator

nerve stimulation,

One early report that scruntinized the presynaptic alpha-receptor
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hyﬁbthesis was that of Antonacclo and co-workers (Antonaccio,;Halley and
Kerwin, 1974). They attempéed to clarify the-functional significance of
the presynaptic control of noradrenaline release. The effects of several
alpha~agonists and of phentglémine on the cardiac response.to postganglionic
sympathetic stimulation at 0.3 to 10 Hz were examined in the vagotomized
dog. Their observaticns are in contrast to those of mest other workers.
Of these alpha-agonists tested (namely, noradrenaline, phenylephrine,
clonidine and naphazoline), only clenidine at high doses decreased the heart
"rate on sympathetic gtimulation; the other agoniéts had no significant
effect. Phentolamine similarly did not alter the heart rate. The authors
conclﬁggd that ";He;e results do not support the hypothesis that sympathetic
nerves %F?»Hnéé; a functionally significant feedback loop mediated by
’ alpha-recep;ors."

On the other hand, Lokhandwala and co-workers (Lokhandwala,
Coats and Buckley, 1977) claimed a clear inhibitory effect of noradrenaline
and phenylephrine on canine heart rate during syépathetic stimulatiop.
They used a similar animal medel (vagotomized dog) and experimental pro-
cedures, In fact, the cénditions were almost identical in the two.studies.
For example, the anasthetics-(pentobarbital) and the: dose (35 mg/kg) used;
the site of sympathetic stimulation (cardiac nerve posterior‘to stellate
ganglion) ; thé rocute of drug administration (intravenously into the
femoral vein), the dose (0.1 - 0.2 wg/kg/min for noradrenaline and
2,25 pg/kg/min for phenylephrine) and exposuré time (15 minutes). Also
similar were the sfimulation fréquencies (an overlapping range from 0.3

to 1.0 Hz) and voltage (supramaximal voltage}. The only different parameter
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was the pulse duration: in Antonacclo's experiment 5 msec waq_&sed,

a value which is ten times greater than that employed by Lokhangwala's
group. It 1s presently uncléar what sort of influences such a
variation has on the presyﬂ;ptic effectiveness of alpha-agonists, and
if it is a contributing factor to explain the marked difference .in the
observations made in the two studies;

It has been suggested that the proposed fgedback loop. provides
an explanation for the therapeutic effects of some drugs. Examples are
the alpha-agonist clonidine (Starke and Altmann, 1973) aﬁd the alpha-
antagonist prazosin (Constantine, Weeks and Meshane, 1978), both used
clinically as antihypertensives and presumed to act via presynaptic
mechanisms. However, until the controversy concerning the physiological
slgnificance of the presynéptic feedback loop is resolved, any pharma-

cological implications are difficult to accept,

5. Current status ofythe Hypothesis
Von Euler (1979) in a recent conference on presynaptic receptors
commented "from the observations made in recent years it appears that
activation of presynaptic receptors represents a mechanism having a
wide application in the contfol of autonomic neurotransmission'. Current
considerations of the hypothesis have seemingly circumvented theoretical
concerns and diverged into two aspects: 1) application of the hypothesis
to various clinical situations; 2) ramification of the concept to
still other receptor and organ systems. ‘. -
The most commonly quoted clinical relevancé of presynaptic

receptors-is perhaps the explanation of the anti-hypertensive effects of

t:%
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clonidiné.by feedback inhibition (Yamaguchi, de Chaéplain and )Nadeau,
1977; Starke and Altmann, 1973; Roach et al., 1979; Van Zwieten, 1980).
Evgp the ceqtral hypotﬁnsive action of clonidine is postulated to bg
mediated presynaptically (Starke and Altmaﬁn, 1973; Van Zwieten, 1980),
based on the finding that clonidine stimulates central élpha—adrenqrgié
receptors (Anden and Strombom, 1975). This latter action is blocked
by the preferential presynaptic alpha-antagonlsts rauwolscine and
yohimbine (Van Zwieten, 1980), -Elsewhere the hypothesis 1s suggested
to explain facets of mood regulation (Puech, Lecrubier and Simon, 1979),
narcotic tolerance and deﬁendance (Starke, 1977} Schwartz,11979),
-;ntidepression (Langer, 1979) and treatment of schizophrenla with
neurcleptics (Langer, 1979)., The trend for thé widespread clinical
application of the hypothesis'is nicely shown by quotipg Langer from a
recent article in which he stated ".....1it islthefefore possible that
highly selective, présyﬁaptic eceptor agonists or antagonists may become
a generation of Aew drugs with ‘different and, hopefully, useful thera-
peutic properties" (Langer, 1980).

That the céncept of presynaptic regulation is not l£mi£ed to
the peripheral tissues has already been pointed out. It has been ex-
tended to the central nervous system (Starke éna Montel, 1973; Farnebo °
and Hamberger, 1971; Strombom, 1975; Taube, Starke and Borowski, 1977)
on the basis thg; alphauag;n?st decreases and alpha-antagonist increasesa=
H-transmitter release during field stimulation of ﬁrain slices. .The

hypothesis also ‘serves to contain observations with many other receptor

systems, These include the presynaptic beta-adrenergic (Adler-Graschinsky
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and Langer, 1975), dopamine (Hertting et al,, 1979), adenosine ;
{Hedqvist and Fredholm, 1976) and presynaptic prostaglandin receptors

(Hedqvisf? 1970;. 1976). These éystems follow the same theoretical

principles exemplified by the alpha—gdren&rgic recé%tor hypothesis

and are thoughf to play a local regulatory role, either inhibitory or

facilitory, at different types of synapses. Although a detailed review

on these receptor systems is not.the intent here, it should be péiﬁted

out that there are numerous inadequacies in the experimental support

for these receptor systems as functional entities.

6. Challenges to the Hypothesis

The first challenge to the presynaptic receptor concept

appeared 1n 1979 when Kalsner discovered that in guinea-pig vas deferens

phenoxybenzamine increased both the transmitter output and the mechanical

response elicited by a single pulse stimulation, a condition where the
' ~

possibllity of a negative feedback function is eliminated (Kalsner,‘

.

1979). More evidente was provided from the same laboratory to support 

a call for a re-examination of the hypolhgsis. These studies will be
described latér in the Discussion sectidgn. In short, after the evolution
and the subsequent uncritical acceptance of the presynaptic alpha-receptor
concept during the past two decades, a re-examination of the hypothesis

Ad)

at present seems approprlate and indeed ;;asrative. qF-
' N TN

D. Termination of agonist action and sensitization of adréng;gic

_effector response

By definition, termination of agonist action is the reduction
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in number of active agonist molecules at the postsynaptic receptor
sites‘{Kalaner, 19?7), a process which, if impaired, may cause sensi-
tization of the effector response to the agonist and prolongation of
its duratipn (Kalsner, 1976). Diffusion of agoni%F away from the
synaptic cleft, along with neuronal and extraneuronal uptake processes

f

“and enzymatic metabolism, can all influence termination of agonist
action and induce sensitization of the effector response. There are
contrasting views as to which of these processes plays the determinant
role in terminating agonisé action (de la Lande, 1975; Kalsner, 1975;
Folkow, 1976). The effect of the neurcnal uptake inhibitor cocalne on
seﬁsitization of effector responses to nerve stimulation or exogenous
noradrenaline has been récognized for some time (Rosenblueth and

Cannon, 1932; Fleckenstein and Burn, 1953; Trendenlenburg, 1959;

de la Lande, 1978). This phenomenon is éenerally attributed to an
action of the agent-to. inhibit the rapi& uptake of amines Iinto adrenergic
nerve terminals and is considered as supporting evidence for the crucial
role of neuronal uptake in agonist inactivation (Trendelenburg, 1959;

de la Lande, 1975). An in vivo study demonstrated that cocaline signifi-
cantly enhances the increasé in blood pressure induced by noradrenaline
as well as prolonging the half-1ife of igjected noradrenaline in the cat.
Since.the increase in blood pressure 1s positively correlated to the
concentration of noradrenaline in the plasma, it was concluded that
"eocaine causes supersensitivity to norepinephrine by delaying its

inactivation" (Trendelenburg, 1959).

Kalsner and Nickerson, on the other hand, disputed the unitary
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(i.e. neuronal) mechanism of cocaine action based on results obtained
from oil-immersion experiments. The oll-immersion technique involves
the replacement of normal Krebs solution by mineral oil in the tissué
bath. Under these conditions the diffusion of amines away f;om the
"biophase" is prevented and an accurate assessment of the influencé of
the neurbnal'uptake on termination of agonist action made possible
(Kalsner and Nickerson, 1968). A series of tests were conducted using
rabbit aorta to clarify the mechanism of cocaine potentiation (Kalsner
and Nickerson, 1969b). Cocalne potentlates the responses o noradrena-

line, but it does the same to methoxamine, a synpathomimetdc agent

which is known to be resistant to neuionél uptake. In f%e aortic

strips depleted of enddgenous noradrenaline by reserpine, cocaine po-
tentiated significantly the resEonse to histamine but not 5=
hydroxytryptamine. 0il immersgon experiments revealed that the inactivation
of 5-hydroxytryptamine (determined by the half-recovery tim; in oii), but
not that of histamine, was decreased by cocaine. These observations
clearly demonstrated that potentiation of effector response is not
necesgsarily a consequence of impairment of agonist inactivation by nerves
but that they appear to be tﬁo events sometimes ;;related to each other.
It was concluded that, at least in éhe rabbit aorta, cocailne potentiates
effector response also by an as vet uﬁknown‘mechanism on the effector

cell, and not only by its well-known action to black the neuronal uptake

of ‘amine. ’

- The dissociation of cocaine-induced supersensitivity and its

action to block neuronal uptake was also observed by some other investi-

gators (Davidson and Tnnes, 1970; Varma and McCullough, 1969; Bevan and
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Verity, 1967; Greenberg and Long, 1971). For example, Davidson and

Innes reported that contractile responses to noradrenaline and the

beta-adrenergic agonist isoprenaline were potentiated by cocaine in

igsolated spleen strips of cat (Davidson and Innes, 1970). In separate
experiments iﬁ spleen of reserpine-pretreated cats, measuring uptake

of noradrenaline and isoprenmaline, it was found that cocaine effectively
inhibited the tissue uptake of noradrenaline but did not affect that of
isoprenaline, Further, cocalne produced sengitizations of similar
magnitude in fresh rabbit aorta, nictitating membrane and spleen of cat
and in the same tissues after prolonged storage at low temperature
(Varma and MeCullough, 1969), a confirmation of earlier findings by
Kalsner and Nickerson (Kalsner, 1966; Kalsner and Nickerson, 1969b).
Cold storage 1s known to allow selective loss of nerve but'not effector-
cells, This was confirmed B? the finding of Varma and McCullough that
cocaine inhibited the uptake of 34-noradrenaline in fresh but not in
cold-stored tissues. In nerve-free preparations of rabbit aorta the
potentiation of responses to noradrenaline by cocaine still remalns and
is comp;rable in size to that obtained with control tissues (Bevan and
Verity, 1967), again suggesting a dissociation between the two prominent

effects of cocaine. Greenberg and Long (1971) concluded that cocaine

enhanced the response of rat vas deferens to noradrenaline by blocking

the neuronal mechanism, but did not exclude the possibility of a direct
action of cocaine on the effector cell. In fact, they suggested that
cocaine increases the smocoth muscle permeability to calcium and that this

may explain the cocaine—induced‘supersensitivity.'



There are other findings, however, which support the ;oncept

that potentiation of adrenergic responses by cocaine is necessarily a
consequence of bleckade of neuronal uptake, Guimdraes and Branddo
studied tﬁe iﬁactivation of noradrenaline in the cat spleen using the
oll-immersion techniques of Kalsmer and Nickerson (Guimaraes and Branddo,

T“They~em2&?yed different concentrations of cocaine and examined

the effect éf—EﬁZ*QE&pc on relaxation c¢f the spleen after oil immersion.

Significant positive correlations between cocaine concentrations and

3

increases in relaxation time ;gﬁ also between increases in relaxation
time and response sensitivity @ere observed, in disagreement with the
e;periments of Kalsner and Nickerson on rabbit aorta. The authors
concluded that cocaine-induced supersensitivity is at least to some
extent the result oflan action preventing inactivation cof agonist by
neuronal-.uptake.

Still more support for the unita;y hypothesis of cocaine
éction comes from Trendelenburg (1971; 1974). He criticized the oil-
immersion technique as unsuitable for the study of amine inactivation
because o0il traps exogepous amine in the effector cell (Kalsner in a
recent review (1977) has cqmmenteé that with this technique no evidence
for reflux of agonist from either neuronal or extraneuronal sites was
obtained - see discﬁssion below). Instead of using oll-immersion,
Trendelenberg used a general wash-out method derived ﬁroh earlier work
of Kalsner and ﬁickerson (Kdlsner, 1966; Kalsner and Nickerson, 196%b),

which involved contracting the rabbit aorta strip with sympathomimetic

aminesland then recording the relaxation of the préparaEion in physioc-



50

logical Krebs solution. It was féund that inhibition of elther
catechol=0-methyl transferase or moncamine Oxi;;se alone prolonged
relaxation time after noradrenaline-induced contractions. In contrast,
if the strip was contracted by amines which are not substrates for the
enzymes, (e.g. methoxamine and phenylephrine for catechol-O-methyl
transferase, or pethoxamine for monpémine oxidase) then inhibition of

* the corresponding enzymes produces no effect on the relaxapion.
Additionally, if either the neuronal or the extraneurcnal thake was
blocked by cocaine or corticosterone respectively before the strip was
contracted by noradrenaline, an acceleratioqﬁbﬂ the relaxation was
observed. On the basis of these findings the author suggested that at
first exposure to the sympathﬁmimetic amines, the neuronal and extra-
neurcnal compartments are '"loaded"” with amine which- then SPOHtaéEBHSlY
leaves the tissue sites during the subsequent wash—ou£ period, The
amount of amine accumulation depends on amine concentration, the acti-
vity of degradative en;ymes'and the functicnal capacity of neuronal and
extraneupconal uptake processes. Inhibition offenzymes and uptaké
Vprocesses results in the respective prolongation and shortening of the
relaxation due to corresponding but complex thanges in the amount of
intact amine retained in the nerve terminals and efertor cells. There

. “ 1s other s:upport: for}\the efflux of unchang‘ed amine from temporary

neurcnal (Loffelholz, 1972; Lindmar ané Laféelholz, 1974) and extra-
neuronal (Bomisch and Uhlig, 1973) stores.

Trendelenberg concludes that the oil-immersion technique,

because of the elimination of the diffusional path, would tend to "trap

R S <
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the amine" in the temporary stores and therefore lead to over-
estimation of the relaxation. In response to Trendelenburg's study,
Kalgner (1971) has pointed out that; a) the concentration of amines
loyed in pertinent experiments were moderate {from 1 x 10”8 to

3 x lO_é g/ml); b) relaxation after contractiops induced by noradrenaline
and adrenaline was not prolonged after moncamine oxidase inhibition;

c) another study has shown that only after exposure to high concen-
tration of noradrenaline (1 x 1073 g/ml)‘was the am}ne detectable in
e#traneuronal tissues (Avakian and Gillespie, 1968); d) exposure to
the extraneuronal uptake inhibitor GD-131 did not dffect the relaxation
_rate af strips already contracted by noradrenaline after both monocamine

-

oxidase and catechol-O-methyl transferase were inhibited (an increase

in relaxatibn rate wo;ld be expected 1f_intact no:adrenaline were

stored temporarlily and then released from the neurcnal éna extraneuronal
sites). All this dcoes not support Ehe claim of a neuronal or extra;
ﬁ;;ronal site of aminé accumulation during oil-immersion as suggested
‘by Trendelenburg.

In-thg late 1970's, some degree of compromise between the two

groups was reached (Kalsner, 1977). Kalsner (1975) reported a pro?,
longation of relaxation in rabbit aortic strips contracted withrporad—
renaline in Krebs solution when moncamine oxidase, catechol-O-methyl
transferase and neurcnal uptake are all inhibited. Under these conditions
only two inactivation mechanisms, i.e. extraneuronal uptake and diffgsion

into the bathing medium, are left functional. It was concluded that the

slow relaxation is caused by the efflux of the previously entrapped

R ——
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agonist from the extraneuronal sites during washout period. The same

conclusion was reached by Trendelenberg and Henseling (1976). However, ﬁ

y "when the diffusional path is also eliminated, i.,e. in ojl-immersicn

experiments, extraneuronal uptake serves as the mogt important terminating

mechanism, ' ' ) K
The claim of “bi~-directional fluxes"of noradrenaline to and

from extraneuronal compartments rests heavily on the obseévatioq that

in rabbit aorta depleted of enddhenous.horadrenal;ne Stores and with

neurcnal uptake as well as both metabolic enzymes inhibited;lintact

3H-noradrenaline is detected In the bathing medium during a washout

.period after priming the tissue with the labelled transmitter (Henseling,

?ékert, and Trendelenburg, 1976). " This cbservation, together with sub—
se&uent studies of the kinetics and efflux pattern of various metaholites
of 3H-noradrenaline during the wash-out period (Henseling, Gragfe and, S
Trendelenburg, 1978), is regarded as "directé evidence for gﬁe ;fflux of
noradrenaline from the extraneuronél sites. Speculation was madejthat

such efflux also.occurs in tissués immersed in oil (Hens;ling, echt—

steinér and Trendelenberg, 1978): However, results from the efflux
experiments describéd above do not reflect precisely the spati;l and
temporal dynamics of the accumulation and dissipation of noradrenaline
at the recepter region. This has been recently emphasized by Kalsner

(19794d) who commented that the overflow of radioactivity from tissues

previously exposed to 3H-transmitter is a parameter reprgsenting results
' 4
of complex events, both known and unknown, occuring at neuronal and extra-

neurcnal sites. It is therefore not a reliable index of events dufing the

[
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‘.course of response. An acceptable measure for the study of terminating -
. r - ¢
-

- mechanisms is the response duration (either in Krebs solution or in oil).

. " The concept of extraneuronal "bi-directional fluxes', based on evidence

b

\\, . obtained frqﬁ overflgw.experiments, is less direcEandumavGidably ope
) . - - . :
}

- , . . —~—

-
to criticism. _ '
- . .
- . . -
P + The relative importance of neurpnal and extraneuronal.uptake
. o -

~ ' //—"’iﬂ termination of agonist action obviously dependé on many factors, in
— particular the experimental conditions and the type of tissue studies.

mm——

y v The relative contribution of‘}ndividual processes in terminatibn of the
action of released transmitter in autonomic effector organs,,ucéer‘ig }
vivo conditions, is not presently clear. 'Perhaps.the findiﬁg'ofiHughes
(1972) can be used to illustrate the complexity of the situation. The

\ author reported that in rabbit vas ceferens, corticosterone, the extra-
. _ neurcnal dptake inhibitor, increeses noradrenaline re¥é2;e upon sympathe-
' tic stimulation by 30\— 40%, but in prepa}ations pretreated with cocaine
. . the steroid causes a 300/ increase in noradrenaline‘yutput. The effect

of cocaine is also much enhanced in tissues pcetreated with corticosterone.
‘It é;s cohcluded that 'there is‘a dynamic balance in the distribution of

. _ . : {
noradrenaline between'the qeuronal and e;treneuronal uptake_ﬁ%qﬂ%nisms.

ine\becomes

- . When one of these mechanisms ?q\blocked,_more noradre
23

. .available to the remaining process and its relativh fmportance increases".

- The conclusion is comcigiﬁle with the ccncept of multiple mechanisms of

inactivaqigk\propégeaxby Kalsner (1977).- He suggested that terminating
. Y : N .

» " mechanisms may hork either in parallel (multiple“mechaﬁisms).or i:lﬁeries

(alternate or "back—up".mechanisms). The inhibition.of'cifferent-eubérqups

. ’ ! -

&
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will have different effects on the amplitude of the effector response,
The sole functioqﬂg} terminating meéhénisms is to end agonist
action, biéikade of which may cause sensitization.. An important deter-
minant of sensitizatioﬁ, however, 1s the cohtrol‘of the availability of
agonist to the receptor region. This is attained.by either increaéing
the émount of transmitter released, or by eliminating possible access
barriers glong the agonist route éo the receptor (Kalsner, 1976). One
of the most common access barriers is the nerve plexuq_found in vascular
preparations. For example, in the rabbit eaf artery it has béeﬁ shown
. that the ne;qg Plexus is located circularly in the adventitia adjacent
to the media (Waterson and Smale, '1967). G%gﬁ«phe agonist i; coming
from the extraluminal side, as in the case’ of noradrenﬁiine administered

-

extraluminally. to.isolated perfused preparations or by'nerve release,
the agonist is subject to'ne;;;ﬂal uptake before it reaches the_effector
cell. Thus, thé rabbit ear artery has provideé a useful tissue model
for the study of seﬁsitization of effector respons ée la Lande, Frewin
and Waterson,_i967i)de 1a'pande, 1975). Iﬁ later chapters, discussions
on response sensitization will be presented based on datalﬁbtained from
perfused branches of bovine-rédial artefies. |

In short', termination of agonist action and sensitization of .
effector response-.are two sometimes separate processes., Much controversy
has arisen in the past because of lack'of discrimihation between these
t#o‘processes, e.g., as in.the case of the'unitéry hyﬁothesis ?i cocaine-

induced supersensitivity. More work is ﬁeéessary for a better under-

standing of these processes.

Ra,
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Experiments were performed on 1solated arterial preparations
v obt;ined from cattle, dog and guinea-p’g. Krebs~Henseleit (Krebs)

solution aerated with a 95% 0, - 5%/662 mixture and maintained at 37°C
was qsed for-superfusioﬁ, perfusion, incubation and bathing of tissues.
The Krebs solution was of the following composition (mM): NaCl, 115.3;
KCL, 4.6; CaCl,, 2.3; MgSQ,, L.1; NaHCO,, 22.1; KH,PO,, 1.1; '
giucosg; 7.8; witﬁ EDTA added (C.03 mM) to prevent heavy metal catalyzed
oxidation of catecholaﬁines. In some experiments cocaine and/or

normetanephrine were routinely added to the Krebs solution to block

neuronal and extraneuronal uptake of noradrenaline respectively.
a

A. Drugs
The drugs used and their sources were:
1.  adrenaline bitartrate, K & K Laboratory, Plainview, California, U.S.A.
2. chlorpromazine hydrochloride, Poulene, Montreal, Quebec, Canada.
3. cocailne hydr&chloride, May & Baker, Dagenham, England,
4, Dibenamine hydrochloride, Smith, Kline & French, Montreal, Quebec,

Canada,

dopamine hydrochleride, Mann Research Laboratory, New Yorkj‘UTS‘Am\

guanethidine, CIBA, Dorval, Quebec, Canada. | ~

-
N s

=estradicl, Calbiochem, La Jolla, Californiaﬁ’ﬁ;}.A.
ew

8. 1goproterencl hydrochloride, Winthrop Laboratory, N rk, U.S.A.

9. methoxamine hydrochloride, Burroughs Wellcome Co., Research

Triangle Park, North Carolina, U,S.A.

. 10. metoclopromide hydrochloridet‘McNeil Laboratory, Don Mills, Ontario,

N [
Canada.

.

e —— ]
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11, l-norﬁdrenaline-bitartrate, Calbiochem, La Jblla, California, U.S.A..

12. dl-noradrenaline bitartrate, Calbiochem, La Jolla, California, U.S.A,

'13. normetanephrine hydrochloride, Calbiochem, La Jolla, California,
U.S.A.

14, oxymetazoline hydrochloride, Schering Coxp., Bloomfield, New Jersey,‘
U.S.A.

15, phenoxybenzamine ﬁydrochloride, Smith, Kline & French, Montreal;
Quebec, Canada, | \

1é. phentolamine hydrochloride, Ciba-Geigy, ,Summit, New Jersey, U.S.A.

17. phenylephrine hydrochldride, Mann Research Laboratory, New York, U.S.A.

18. pimozide, McNell Laboratory, Don Mills, Ontario, Canada.

19, tetrodotoxin (lyophilized), Sankyo, Tokyo, Japan.

20..tolézoline hydrochloride, K & K Laboratory, Plainview, California,

U.S.A.

All drugs, except those descihbed beiow, were diluted to stock

soluticns of 10~ 3 g/ml in 0.01 N HC1 and incorporated directly into Krebs

.

solution with proper dilution. Stock solutions were stored frozen up to
three days except_ dopamine, which was always prepared fresh because of
the high susceptibility of this agent to oxidation. The haloalkylamines
phenoxybeniamine and Dibenamine, when used in high concent;ations-(e.g.
107° g/ml), were dissolved diréctly into a large volume of Krébs solution
with intense agit;tion. For lower concentrations the haloalkylamiqgs

were dissolved in acidified propylene glycot tc a concentraéion of 1072 g/ml

and stored at 0°C. Dilutions were madé on th day of use wiﬁh 0.01 N HCl.

¥

Pimozide and 17 beta-estra made inté stock solutions of 1072 g/ml.

\-.../ 1
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with absolute ethanol. Dilutions were performed fresh in the same
manner as witﬂ the haloalkylamineé. The amount of propylene glycol
and ethanol used were—kept to a minimumz the highest_concentraéidn of
the vehicles employed was 10° % vol % (0.1 ml in 1000 ml of Krebs

solution), a concentration which produced no detectable effect on _. ji
tissue response,

B. Perfusion of branches of radial artery of cattle

Front legs of cattle of either sex were removed immediately
after sla;ghter and transported to the laboratory from a local slaughtgr
house. The animals were executed either by gun shot to the head or by
cutting open the throat and then bleédiqg them. The total transpertation
time from slaughter house to laboratory was routinely about 20 minutes.
Th% main branch off the distal portion of the radial artery, approxi-

mately 50 cm in length, was dissected out and cleaned of visible fat and

connectl tissue. The vessel, with all its small branches tied, Qas
then cannulited at both ends with polfethylene tubing essentlally as
described by De LaALande and Rand (1965) for éhe rabbit ear artery. The
preparations were suspended in individual 30 ml muscle baths contalning
Krebs solution and connected to gravity—feed appamatus which perfused the
vesseld with Krebs solution at a constant preséure of 60 mm Hg (Fig, 1).
Witp this apparatus thé.intraluminal perfusate and the extralumina; bathing
fluid are separated and any leakage of perfusate from the lumen into the
extraluminal space would be detected by an i®rease in the bath fluiJ

level. 1If such leakage happened, the preparation was either taken out of

the bath and its branches re-tied or it was discarded. A record of the
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Figure 1. Diagram of the apparatus for perfusion of branches of bovine

radial artery, showing flow recorder in off posithion. A, 1inlet for warm
(37°C) and oxygenated Krebs perfusate (gravity feed); B, platinum wire
electrodes; €, muscle chamber; D, artery; E, oxygen inlet; F, Andrews
outflow recorder; G, electric magnet (on/off controlied by an electronic
timer); H, stopper with spring recoil mechanism; I, chamber for fluid/air
displacement; J, piston pen recorder; K, kymograph; 1., perfusate ocutlet,

2
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flow rate of perfusate through each artery was provided by a modified
Gaddum outflow Tecorder {Andrews, 1952} writing on a slowly revelving
smoked kymograph drum. The outflow récorder was a fluid/air displacement
device with-the on/off interval controlled by an adjustable electronic
timer. The volume of air displaced over a fixed period (4 to 8.seconds)
was transmitted to a ﬂlston recorder Yriting vertically on a kymogréph

-

drum. The height of each vertical strgke of the writing lever was pro-

al to the air volume and thus to the volume of perfusate flowing
through the vessel lumen. The exact flow rate was determined.by prior
Lad

calibration of the recorder. Vasoconstrictor respenses induced by Oki

nerve stimulation are represented by a reduction in flow rate.

Perilarterial nerve stimulation was performed by means of a pair
of platinum electrodes arranged around the prbximal end of each artery
over the area where the perfﬁgzin cannula lay within the artery. The
nerves were stimulated at supramaximal voltage with biphasic pulses of
1l ms bulse width delivered by Grass model 5S stimulators. Supramaximal
voltage was determined for each preparation by priming‘stimulations at
5 Hz and 30 volts with voltage increasing in 5 volt incrementg. A volt-
age which was 257 above that which produced maximal vasoconsEéEEEE§;
(approximately 55 to 65 volts) was routinely used in all subséqggnt ;esfﬁfﬁti
Dose-response curves to noradrenaline administered extraluminally were
evoked by adding the drug directly into the Krebs scolution in the muscle
chamber. Responses to intraluminally administerdg noradrenaline were
obtained by injecting the agonist slowly, at a fixed vehicle volume of ?

0.2 ml., into the lumen using a-needle inserted proximally into the Latex

tubing connecticn. - ‘ . \\

T
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After a 60 minute equilibrium period, vessels were stimu-
lated for 2 minutes at each test frequency, 0.5, 1, 2, 5, 7.5,_and 10 Hz,
There was a 5 minute recévery time between stimulations and this period
was sufficient fo¥ the vessel to re-establish the pre-stimulation flow
rate, After complétion of the frequency .response serles, dose response
curves to extraluminally and intfaluminally applied noradrenaline were
obtained. Following the first series of tests either cocaine (1073 g/ml;
3 x 1075 M), or estradiol (1075 g/ml, 3.6 x 1075 M), or the two combined
were introduced into the perfusion medium. The drugs were added extra-
luminally ‘to the muscle chamber and intraluminally to thé Kregs perfusate.
A second series of tests, identical to the first one in sequence, was
performed 30 minutes after expesure to, and in the presence of, the
uptake inhibitors, - Control experiments, in the absence of cocaine and

estradiol, showed no significant difference between the first and the

3
8

second serles tests., *

¢

C. Isotonic mechanical fesponses of vascular strips in bath

Vascular strips were prepared according to the method of

Furchgott (1960), Fresh vessels were obtained and placed in a Petril dish
containing Krebs éolution at room temperature. After removal of adherent
fat and connective tissue, the vegsels were cut into spiral strips using
the following procedure, The preparation was held in one hand and was
rotated towards a pair of fine scissors heid in-the other h;nd such that
a continuous incision was allowed. For some vessels too.small in size to
be manipufated, é;g. the guinea-pig aorta used in superfusion experiments,

a small polyethylene tubing was inserted into the lumen through‘the whole
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length of the vessel and the vessels rotated while being cut with a
fine scissoras:. The preparation was kept moistened with Krebs solution
throughout the procedure. Strips obtained with.this teghnique have an
angle of about 15° to 20° between their circular smooth muscle layers
and the long axis of the spiral coil.

For isotonic contraction experiments, strips of branches of
bovine radial artery, 3 x 23 mm in length, were used. Both left— and
right~-hand spiral strips were used and responses from these two types of
strips were not significantly different. The strips were attached at
both end; with threads and imﬁersed in 15 ml muscle chambers containing
Krebs solution maintained at-(37°C). ' One end of the strip
was tied to a fixed glass rod whigh was also used to deliver oxygen into
the bathing medium at a moderate EEEE,Sa few bubbles per second).— The'
other end of the strip was‘connecfed, via the thread, to a free moving
lever with a counterbalanced weight of 1 g. Isotonic mechanical responses
of the strips were recorded by the lever which wrote on a slowly moving
kymograph with a 6.8-fold magnification.,

. ' F

The strips were allowed two hours for equilibration in the bath,
PDuring this period the bathing medium was replaced with fresh Krebs solu-
tion every 30 minutes. The spontaneous muscle tone developed in the
equilibration period was of insignificant amplitude compared to the
noradrenaljne- or patassium-induced contractioh. Dose-responses of the
strips were obtained by adding drugs directly” into the bathing medium in
31“816.(p0tassium) or cumulative doses (noradrenaliné). At the end of
each experiment strips were treated with the noﬂ-specific smooth muscle
relaxant sodium nitrite (10°3 g/ml, 1.5 x 1072 M) to determine the total

muscle tone,
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D. Tissue accumulation of 3-noradrenaline

The accumulation of M-noradrenaline in the branches of bovine
radial artery, and the modification of it by drugs, was examined. N ;
Freshly obtained arteries were cut longitudinally into two JalyeS each
welghing approximately 100 to-lSO mg. Each pair of .vessel segments was
placed in a glass viél containing 20 ml of warmed and oxygenated Krebs

solution, The vials were incubated in a constant temperature water bath
(3700) and the\:;ssels were aquilibrated for 6C minutes with a change of
the medium every 20 minutes. At the end of the equilibration period Fhe
preparations, selected randomly, were divided into foyr,groups. One

group was further incubated with cocaine (1075 g/ml, 3 x 1075 M), one
group with estradiol (1075 g/ml, 3.6 x 10 3 M), one group with both
cocaine and esgradiocl at the above concentrations, and the final control

. .

h;:;:b~uieh’ﬁ;?2—free Krebs solution. After incubation for 30 miputes,

the preparations were exposed to dl-noradrenaline voitartrate at 6 x
10_7 M for an additional 20 minutes., All drugs wede replenished and kept
in the respective incubation media during this period The Krebs solution
containing the labelled transmitter was prepared by diluting a stock
solution of 3 x 107 P M 3H—dl—noradrenaline 20 times with'non-radioactive //
dl-noradrenaline bitartrate. The tritiated amine was obtained from a

batch with specific activity of 8.7 or 1ll.4 mCi/mol at a concentration

of 4,5 x 107°> M (New England Nuclear Corp.). The 3H-noradrenaline stock
solution was made with ascorbic acid {50 pg/ml) and stored frozen in

smpll aliquots under nitrogen. Aliquots were thawed only once, immédiately

before use.

g
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After the incubation, the tissues were rinsed, blotted, welghed
and élaced in scintillation vials containing 2 ml of tissue solubilizer
(Protosol, New England Nuclear Corp,) and 0.2 ml of distilled water. ‘Tﬂe
vials were left overnight in a water bath at 50°C andrtiSSue radioac;;vity
was subsequently &etermihed by scintillation counting. Scintillation'

fluid was prepared by mixing 42 ml Liquifluor (New England Nuclear Corp.)
with one litre of toluene, i.e. 4 g PPO (2, 5-diphenyloxazole) and 50 mg
___ POPOP {1, 4-bis [2(5—pheny1—oxazolyl)] benzene} per ii;;e of toiuene.
/,J/g;;\!/To‘each vial containing the Fissue digest, 15 ml of the scintillatien .
fluid was added and the samples were counted to a 1% errcr in a Beckman
LS-150 counter with automatic external standardiza;ién to determine
efficlency. Tissue radioactivity was expressed as disintegrations per
minute (dpm) per gram of tissue (wet weight); The concentration of

*%-dl-noradrenaline in the incubation medium was confirmed for each

experiment by counting the radicactivity in 0.1 ml aliquots.

E. Superfusion of arterial strips previously labelled with 34-noradrenaline
W

1. Tissue preparation !

A varlety of arteries from different species was used. These

.S:\\\K“ included the radial, renal and facial arteries of cattle, the aorta of

guinea~pig, the aortic, renal, femoral and carotid arteries of dog.
\ .

‘\ Bovine facial and renal arteries werée dissected out promptly

.

MP:2frer execution of cattle at the slaughter house, immersed in cold (4°C)
previously-cxygenated Krebs solgtiog and transperted iﬁmediately to the
laboratory. The dissection of the radlal arteries from the previcusly

{



. weighing between 10-20 kg were used. The animals were initially anaesthe-
. s

removed front legs of cattle was done in the laboratory.

- Albino gulhea-~pigs of either sex welghing between 400-600 g
were used for.some experiments. The animals were kept in the animal
care centre and maintalned on a commercial dieé. Tap water was allowed
ad libitum. Animals were killed by cervical dislocation and the segment
of aorta from the heart to the dlaphram dissected out. 'Aortic étrips

]

were always used in pairs,. cut®{orm the same vessel, of which one was

-~
"

tested with drug and the other used as control.

For the experiments with canine preparations, mongrel dogs

2
rd

tized with sodium pentobgrbitél (30 mg/kg) injected intravenously inm the -
forelimb and then killed by -introduction of ai£ into the ciéculation.

The aortic, renal, femorai and éarotid arteries were @issected out and ,,)
used prémptiy.‘

" “.After dissection, all arteries were Immediately immersed in
warmed and previously oxygenated Krebs solution and cleaned of loose fat
and connective tissues, Accordiﬁg to‘fhe procedures descriped above, the

preparations were éut'spirally into stéips of different sizes: 2 x 40 mm

" for bovime fdcial artery, 4 x 30 mm for bovine renal and radial arteries, .

3 x 30 mm for the canine tissues and 2 x 30 mm for the guiﬁea—pig aorta.

2, Incubation of tissues with 3H-nofadrenaline

Two types of radiochemicals were used. For the bovine tissues,
15[7—3H]-n0raq;enaline hydrochloride with dpecific activity of 12 mCi/mol
was employed. Another radiochemical, 1—[7,8—3H]-noradrenaline hydrochloride

[y

o . ‘ e
o

PP
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with sﬁecific activity of 10-13 mCi/mol, was later found to give more

satisfactory results and was therefore used in subsequent experiments
with‘dog and'guinea-pig tissues., Both radiochemicals were obtained
from the Radiochemical Centre, Aqefsham dilgted to a stock solution ..

of 100 uCi/ml in ‘ascorbic acid (50 ug/ml) and stored at 4 C‘in’g//l \\;

aliquots under nitrogen gas. The incubation medium'was prepared by

adding 0.4 ml of the stock radiochemlcal solution (fqoluCi/ml) to //’—’"\

3.6 ml of Krebs solution. _ - | . /*,::>;f’/’;/
Vascular étrips were incubated for 60 minutes in ﬁ//I of

.n'
warm and oxygenated Krebs solution conti;ning the radiochemical with an

activity of 10 uCi/ml and a concentrasdion of 6.7-10.0 x 10”7 M. - They

»
-

were then washed with fresh Krebs solution and mounted onto a superfusion

appafatus. i . .

¥ '
. %k ~/’ .
3. Superfusion of vascular strips ‘ :

Strips were éuperfused by the technique of Su and Bevan (1970),

Each prgparation was suspended vertically under tension between‘a’férce
displacement transduéef (or in'some cases one end of a lever with counter
balance‘weigﬂt) énd a fixed giass rod. The initi;l.tension-was 1 g for
the guinea-pig aorta, 4 g for the bovine renal arﬁery'and 2 g for all
other tis;ﬁes. A pal 'of platinum wire electrodes was placed on opposite
sldes 6f'Each strip wh as superfused with warm and oxygenated Krebs

solutfon at a constant flow rate under a gravity feed apparatus. ' The

-strip and the electrodes were carefully posifﬁoned'such that the space

between them was filled with superfusate to ensure propér electrical
’

conductivity and nourishment of the tissue. Flow rate was & pl/min
. ‘
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.

-ekcgpt for faclal értery'where it was 5 ml/min. Strips.and electrodes

o

were encldsed in individual-glassﬁjacketed chambers warmed with circu-

w ' . -
lating hot/ water to minimize heat loss from tissues. Cocaine {3 x 1075 M

r bovine radial artery, 1 x 107° M for ali athers) was routinely added
to the Krebs superfusate, and for experiments with gulnea-pig and dog

tissues, normetanephrine (1 x 1073 M) was also incorporated'inpo-the

L
~

superfusing meﬁium.

] S : no
Mechanical responses were recorded lsometrically by Grass force -

‘displacement transdubegs-(modéi'FT03) which converted mechanical signals
)y .. . .

into elecﬁrical‘signa;é. The latter was amplified by Grass low-level
D.C. pre-amplifiers (model SPl) anq,reéorded by a Grass polygraph (model .
: ‘ . A -

5D). Ih some expetiments,‘oﬁly the efflux of 3H-transmitter was.of
¢ . : ’ -

interest ‘and thus the mechanical response was not ‘recorded.

4, Stimulation parameters, efflux of 3H~transmifter and general protocol

i'iffpﬁ equ&libragibﬂ;,the strips were superfused for at least 90 .

& =

minutes befbrg-the onset of the experimental protocol. This period wasm
sufficienﬁ'tb obtain a.steady basal-efflqk of SH-transinitter.
. : \

Transmural stimulation of the strips'aas performed using Grass

LS a
-y N )/ i}

model $S6 stimulators.A fixed number of biphasic pulses of 1.0 nis duration

}

at supramaximailvoltage and ‘at the desired frequencies were delivered to

the sﬁrips. Depending on the slze and thiékness 6f the preparation, current

passing through the tissues 4y ried between 80 to 160mA as measured by
“F,

an oscilloscope., After an initfal 60 minutes of superfusion, strips were

pﬁéméﬁ with a test stimulation at 5 Hz® for 1 minute. Ihis‘prqcedure enabled
- N . -}'
y o . 18

f/

|
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an assessment of tissue viability and also eliminated employment of the

. <
possible erroneous results with the first stimulation as reported by

qthérs (Su a;d Bevan, 1970; Nedergaérd and Schrold, 1973}).

Basal and stimulation-induced efflux of rgdioactivity,from
Fhe tissues was determined by assaying 1.0 ml aliquots of supérfusate
collected in vials by a fraction collector rotating every 2 minutes.for
the bovine radial artery or:4 minutes for all other preparations. The
aliquots were then transferred to vials containing 10 ml of pre-mixed
couﬁting_cocktail (Aqueous Counting Scintillant, Amersham) and counted
to a_lz error in a Beckman LS-150 or LS-8100 scintillation éounte; with
autpmatic external sténdardization to dete:miqe efficlency. Counts

represent the total radioactivity from the suﬁerfusate. Basal efflux

was expreséed as disintegrations per minute (dpm).and referred to as

the radloactivity detected in the sample collected immediately before

stimulation. Stimulation-induced efflux was calculated as the diffe?ence
between bagal efflux and the total dpm detected in the samples céllected
during'énd‘ immediatevly after stimulation. In most instances the radio- .
activity returned to bésal levels 'in the.secohd post-stiﬁulation col-
lection: Howévgf, in some cases {(such as thé bovine facial and radial

arteries), where the overflow of 3H-transmitter was relatively high, four

_post-stimulation samples.were collected to enable the detérminatién of an

"entire sdimulation—inhuced efflux, Transmural stimulation was always

o

begun at ﬁhe'onset of a 2 minute (ox 4 minute) .cbllection perilod.

In experiments involving thé effects of a single drug on
. } '
stimulation—induced efflux, each strip was stimulated first at one of. the

-

(&)
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desired frequencies, followed after at least 12 minutes by. stimulation
at a second frequency. ip s&me preparations, a total of four different
‘frequencies, given in random order; were tested. The strips were then
treated with the drug under study for the desired period and'a second
serles of stimulations“identical in sequence to the first was performed.
Depending on the ﬁature of the drug, a wash-out perlod was introduced

before the second stimulation series. Control stripsAreceived_no drug

\\\_’_;J’treatment but had the identical sequence of transmural stimulations (

performed on them.® Protocols for specific experiments will be described

in the Results section, .

\_/“
5, Data evaluation

[

The effects of drugs on stimulation-induced efflux was, in -
‘ Ty '
some experiments, evaluated on the basis of the efflux ratios of the

second and the first stihulation periods with the same frequen¢y. This

efflux ratio is widely dged by others (Farnebo and Malmfors, 1971;

‘McCulloch, Rand and Story, 19i2; Rand et al., 1973) and the procedure

el‘qinates the dfferences in absolute transmitter output due to prepara-

tion or species variation. However, in some tiss

L)

ugé\ﬁ:cﬁ as the bovine
v . o .
renal artery, the stimulation-induced efflux in the control strips was

+ not copsistent Hutfinaiead declined or Increased to some extent with time.

- L]
“ The control efflux ratio was thus deviated considerably frem unity, and
s , 3

[ o

to compensaté for this variation a more sensitive procedure was emplcﬁga.
The ratios of absolute efflux of tritium (second versus first stimulation

period) for the treated strips were compared to, and calculated as a

percentage of, the corresponding ratios for the contrbl strips. For

e i
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example, a ratio-of 0.2 for a treated preparation and .0.8 for its

matching control.-would give a value of 25% (rather than 20%) of control

efflux of tritium, This procedure -accounts for any spontaneous changes

in stimulation-induced efflux due to time factor and identified more

accurately the particylar pharmacological effect.
F -

6, Statistical evaluation

‘Mean values ‘and thelr standard errors were calculated fbr all

data which were compared by the "two-tailed" Student's t-test. The

' -
’ - .

paired t-test was used for intra-preparation comparison whereas the un-—

paired t-test was used for comparisons of data between different groups

of preparati?ns. Probability values of 0,05 or less were considered
. Fl : N

significént. Correlation coefficients between two varlables, when

required, were determined according to the method of Goldstein (1964),

. A
In experiments with perfused branches of bovine dial arteries

the concentration of npradrenaline that produced half-maximal response

(EDSO, or mean effective concentration) was used as an index for comparison

of response sensitivity. However, the distribution of this parameter tends )

to devliate from normal on an arithmetic scale (Flémming et al., 1972), and

therefore the geometric mean, i.e. the mean of the logarithm value, of

the EDs5g was employed instead.
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PART I, PRESYNAPTIC ALPHA-RECEPTIOR HYPOTHESIS

-
J

A, Effect of phenoxybenzamine in bovine ren@ksartery

The effect of phenoxybenzamine on transmural stimulatiqn1
induced mechanicél regponses and on efflux of fritium in isclated
strips of bovine'renal(artery previo;sly incubated wiqp‘aﬁ-nofadrenaline
was g;aminéd.' Particular effort was directed to'thé relationship: bet—
ween stimulation frequency and the effluﬁ of 3H-transmitter in the

presence and in the| absence of the haloalkylamine.

Bovine rgnal arterial strips were superfused with Krebs

AR

solution containing routinely cocaine (8.8 x 10 & M) and mermetanephrine

(1 x 1075 M) to eliminate possible complications résulting from neuronal
and extraﬁedronal uptake Gf catecholaginés Eeépectively.“ Experiments
were always cione o@ str;Lps a?a time, all taken from the same renal
artery, - After equilibration foy 120 minufes, the preparations were
stimd&ated with 300 pulses at 1, 2, 5, 10 and 15 Hz, frequencies span-
ning the physiological range. On cmmpletioﬁ-of the ffrst serles of

stimulation, two of each set of four tissues were exposed to ?henoxyben-

zamine (3.3lx 107% M) for 30 minutes; followed, without Entagqnist'wash—

<

out, by a second stimulation series identical to theé first one on all

four arteries. ; Vv -
. - T - ¢ A

4 )

1. Stimﬁlation—induced efflux of JH-transmitter
- — v

! »

' ] SN -
Figure Zfshows.the overflow -of 3H—transmiiéfr ih reapigae to,

transmural stimfi;tion'at various f?equenc;es in the bovine renal fartery.

Transmural stimulation with 3P0 pulses induced a significant increase of

i

I

1
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Figure 2. Relatlonship between stimulus frequency and efflux of tritium

in bovine renal artery. Stimulation was with 300 pulses a}"each test
frequency. Number of values in each grdup are shown within columns.

Mean value at 5 Hz differed from that at 2 Hz (p < 0.0l1) and from that
at 10 Hz (p 5‘]0.05). All other values did not differ significantly from
each otheg using the t-test for unpaired data. T

v
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- x

tritium overflow above basal levels at all frequencles. However, a

cleaf-cut relationship between the amount of tritium overflow and
the stimulation ffequeﬁcy was hot observed. The output of 3p-
transmitter did not differ significantly at 1, 2, 10 and 15 Hz,

) ~

although at 5 Hz the efflux was materially higher than that at 2 and

CZ/:IO Hz. The mean and 95% confidence limits for efflux at each of the

frequencies (1l to 15 Hz) was 1.93x0,65, 1.67+0.34, 2.58%0,48, 1.83%0.49
and 2.66¢0.29 x 10* dpm,- respectively. The minimum efflux values

(i.e. the lagsz/}imiﬁ of the 95% cohfidence intervals at 10 and 15 Hz
fell within' the 95% confidence intervals for efflux at 1 and 2 Hz,
.

indicating -the uniform overflow of tritium regardless of stimulation

frequency even when thf lowest extreme values possible are taken into

consideraticw. \

Efflux during the second set of stimulations in the congtrol

l

- strips did not differ significantly from those during the first (TaGIe

1), . In the preparations treated with phenoijenzaminé during the

interval between stimulAtion periods, overflow of tritimmﬁwas-signifi—

-

cantly enhanced by the Tfloalkylamine at all frequencies, as deter-

mined by the intrastrip!comparison of the overflow ratio f£or the second

versus the first perlod of stimulation. The enhancing effect of

phenokybenzamine was statistically greatest at the lowest frequency
éxamined (1 Hz)}. At higher frequencies (2 to 15 Hz), the efflux ratios
ip¢ the presence of phenoxybenzamine were not silgificantly different
from each other except that at 10 Hz, where a slightly but significantly

lower value was obtailned. The'cbrrélation coefficient (r) between length

i

e
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[ ]
of stimulus interval and ratio of transmitter overflow in the presence
of phenoxybenzaﬁine was 0,929 with a p < 0.01,

L 4
2. Basal efflux

Basal efflux is the *H-transmitter liberated spontaneously
during superfusion, and was measured immediately prior tc each stimula-

tion. Although the basal efflux reached,a steady level after the

initial equilibration period, it declined éteadily but moderately during

the course of the experiments. In the control stribs the basal efflux

N

obtégped during the second stimulation series decreased to about two-
thirﬂs of that obtained initially, i.e. during the first stimulation

series (Figure 3). 1In phenoxybenzamine-treated strips a simil?r

' decrease in basal efflux was also observed. However, this défline was

P

'significantly less than that in control strips as assessed by an intra-

‘\\
strip comparison of efflux ratios in the second versus first stimulation

periods (p < O.DPI). The efflux ratios for the control and treated

-groups were 0.6410,01 and 0.7610.02 respectively,
. . ol

3. Mechanical response . ) .

2

3 - . i
The renal artery responded to transmural stimulation with
increases in tension, Contractile responses to the first period of

stimulétion (i.e. in the absence of phenoxybeﬁzamine) in all»strips

] ) ) .
examined is shown in Figure 4 (solid line). As expected, the magnitude

‘.

of response increased with increasing frequency. Peak tension developed

gradually, with clear gradation, over the frequenéy range frbm 1 to 5 Hz,
. N -

and maintained a steady level ‘thereafter, This is in contrast to the

L
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Figure 3, Basal efflix of tritium in bovine

renal.arteries pretreated

with cocaine (8.8 x 10 ° M) and _gormetanephrine (1 x 1079-M). Basal

efflux in two matched sets of arteries determined prior to each
frequency test during first period of nerve-~induced stimulations (open
columns) andfaﬁring gsecond periocd In the absence (hatched column) and

presence (filled column) of phenoxybenzamine (3.3 x 1075 M), Number
of values in each group are shown below column.
*p < 0.001.

: . Probability comparisons,
by the paired t-test are between first and second values in each group,

[ ﬂ :

. y |
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Figure 4. -Frequghcy—response chr}es in bovine renal ‘artery in the

“absence and presence of phendxybgnzamine (3.3 x 1075 M). Stimulation,

was with 300 pufses at each t%?t frequency. Mean values shown are

those for initial control tests in all strips whose tritium efflux
values are presented in Figure 2 and alsc those cbtained during the
second s;imulation'period in all strips pretreated with phenoxybenzamine
in the interval between the two stimulation periods.’ Values of second
stimulation period in untreated strips {not shown) did not differ
significantly from those of the first period. ’
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efflux data where a reiationship between frequency, of stimulation

v

and efflux of tritium was not evident (comparé Figures 2 and 4), It
should be mentionéd that élthough stﬁQg}ations at 1 and 2 Hz allowed

sufficient time (5 and 2.5 minutes respectively) for the responses to

.

plateau, stimulations at the higher frequencies did not. The short
duration of stimulation at high frequencies was unavoidable as a

fixed number of pulses was intentionglly delivered., Mean times.taken

for résponses to peak were'115.9115.7, 97.67,2, 62,4%1.7, *Auiéi;J and

’ £ . '
44.li3.2_seconds for stimulations at 1, 2, 5, 10 and 15 Hz respectively.

The adrenérgip néurqgal blocking agent guanethidine was used
S

to confirm that the contractile\response was Induced selectlvely by the
/ - - .

activation of sympathet*g ;ere>gérminals. Exposure of strips to
- . \\ /‘/
guanethidine (3 x 107° M)~fof 30 minutes eliminated completely the ~

coptractile responses to transmural stimulation at low frequencies, The

response at the highest frequency {15 Hz) was reduced to only 22.4% bf

-
control values.

-~

' Treatment of strip:\bith phenoxybenzamine significantly

‘depressed the tilssue response to transmi¥ral stimulation (Figure 4, broken

line), as was expected with a t&pical aipha-adre;ergic antagonist,
Frequency-;egponse curve; after phenoxybenzamine wére shifted Eb the

right and their-maxima reduced, showing the characteristics of a n;n—
competitive non—eéuilibrium antagonism caused by forma;ion of covalént

S~
bond between antagonist and some component of the alpha-receptor site

(Nickerson and Collier, 1975). o ) }

"‘.J q‘@‘
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B. Effect of noradrenaline .in bévine renal artery

The effect of excgenous noradrenaline on stimulation-induced ) \
efflux of *H~transmitter and on mechanical response wag studied in
prder'to determine the extent of compliance of the noradreﬁaline in- -

¢ .
hibition with ptedicti%ns of the.presynaptic receptor hypothesis.

These experiments were performed using the same,conditions and same

type of tissﬁes as those described in section IV, A. with phenoxyben-

. zamine; they thus provided parallel observations. to those bbtaipéd with -

the antagonist.

-

’/f;wo moderate concentrations of noradrenaline (1 x 10 © M,

3 x.IOhB.M) were used.. Strips.werg exposed to noradrenaline for 20

minutes after the first stimulation with 300 pulses, followed.by a
second stimulation series performed in the presence of the agonist,

» 4 K . .
For each prébaration only two -frequencies, either 1 and 2,‘or 5and 15 - .

Hz (in random sequence);.and one concentration of noradrenaline, were .

employed., Cocaine-(é.B x 1076 M) and normetanephrine (L x 1075 M) were
- . r o

“ N .
routinely present in the Krebs superfusate. . , ) » . ow

1. Stimulation-induced efflux of SH-transmitter
Eiﬁig;xgi}ijitidm elicited by the first stimulation -geries
with 300 pullses at I, 2, 5 and .15 Hz ‘In strips treated with noradrenaline

(1 x 1076 M) and their controls was 2.97+0.30, 4.31%0.38, 5.84%0.50 and

-

5.59£0,38 x iOﬁ dpm respectively. The transmitter ovérflow increased

with ascending frequenﬁy, with the values at 1 and 2 Hz significantly
L] ' B
different from the others.

"
L.

L

Corresponding efflux of tritium.with‘stimulations.at 1, 2, 5

-
v - v
.
.ot . '
. . . . RN
. .

\ . 4 ! .

R . . . . .
. - . . B .
. W .
. - . -
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;nd 15 Hz in strips treated with noradrenaline'ét ‘the higher concen; //)
tration (3 x 10 6 M) and their controls wa; 3.510.24, 4,8340,50,
4,4040,33 and 2.31%0,23 x 10“.dpm respectively, In this population the
output of tritium at.2 ahd 5 Hz; althdUgh not significantly different
between themsel;es, were significantly ﬁigher than the output at 1 and
15 Hz.

A 20 minute exposure of the strips to the low concentration of
noradrenaline (1 x 10~ 8 M) decreased moderately but significantly efflux
of tri;ium at 1 Hz, as determined by the intrastrip efflux ratic of the
second versus the.first stimulation (Table 2), However, noradrenaline
at this concentration was not effective in inhibiting the efflux at 2,

5 and 15 Hz. The efflux ratios' af these frequencies in the presence of
noradrenaline were not‘significantly different from that of the control
group. Noradrenaline at the higher concentration (3 x 106 M), on the
‘other hathd, inhibited sigﬁificantly the overflow of tritium at ail test
frequencies (Table 3).l Efflux at } Hz Qas decreased most by the agohist~
as the efflux ratio at this frequency was significaqtly lower than that
observed at the other frequencies. The iInhibitory effect of noradrena-
line on efflux of tritium, however, was not significantly different with
stimulagion at 2, 5 and 15 Hz,

Figure § summarizes the effectiveness of noradrenaline 4t the:
two conhentrations on the inhibition of 3H-transmitter efflux in the'
bovine renal artery. Shown in this figure is the‘pééientage inhibition

of efflux calculated from the éfflux ratios of the’control and treated

groups at each frequency, with the efflux of the control group taken as
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Figure 3. Effect of noradrenaline on the stimulation-induced efflux of

tritium in bovine renal artery. Stimulation was with 300 pulses at each
test frequency. Percentage inhibition of control efflux was obtained by
comparison of individually determined efflux ratios for treated and
matchiE%‘control strips. In the group treated with noradrenaline at

M, percentage inhibition of flow at 1 Hz but not at 2 and 5 Hz
was significantly different. from that at 15 Hz (p < 0.001). In the
group treated with noradrenaline at 3 x 1078 M, values at 2, 5 and 15 Hz
did not-differ significantly from each other, but all three values were
significantfy different from that at 1 Hz (p < 0.05).

s
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100%. Noradrenaline inﬁibitéd the ovéfflow'of 3Hftransmi£ter in a
dose~dependent but not frequesgy-related gpnner; As assessed by the
percentage iﬁhibition ;f;éfflux, noradrenaline at 1 x 10 & M inhibited
efflux of 3H-transmitter significantly only at l.Hz. The percentage
of inhibition of efflux at this lowest frequency was significantly
different from that ag}lﬁ-ﬂz (p‘< 0.001),’but those at 2 and 5 Hz were
not. The agonist at 3 x 107% M inhibited effluxnsignificantly at all
stimulation frequencies, with the gfeatest reduction observed at 1 Hz.

However, the percentage of inhibition of efflux at 2, 5 and 15 Hz were
Al

not significantly different from each other.

.

2. Beta-adrenergic blockade and stimulation-induced efflux of

3H—transmitter o

" The possibility that the ineffectiveness of noradrenaline at-
: ~

the lower concentration (1 x.1078 M) on efflux at high frequencies of ”*\3/
stimulation was due to compensation of transmittrer overflow by some beta-
receptor-mediated events was examined using the beta-adrenergic ?ntagonist
di-propranglol. After initial stimulations with 300 pulses at 5 and 15 Hz,
fenal artery stripg were éxposedito dl—bropranolol (1 x 10_? M) for 20

minutes followed by additional exposure to ndradrenaline (1 x 107% M) for

another 20 minutes. At the end of this perlod a second stimulation seriles

identical to the first was performed in the presence of both the agonist .

and the antagonist, Control preparations were treated only with
propranclol at the same gonecentration and for the same duration.

A 40-minute exposure to propranolol did not alter stimulation-

LA

e
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iﬁducedmegflux in the bovine renal artery: the efflux rétios at 5 and
15 Hz of the strips treated with propranolol were not significapily
different from thath of the control strips (i.e. control strips id
Table 2). Efflux of tritium at thesa'frequenéies of stimulation was |
noﬁ signifieantly reduced Hy noradrenaline after treatment of gtrips
w;fh proprénolof (Table 4). The étrips treated with bhth proPranolol
and norédrenaline had an apparent lower value of efflux ratiolcompared
to that of thelcongrol grouﬁ'with only propranolol-treatment. However,
the Qifference'was not statistically significant_(p < 0,1 for 5 Hz,

o

p< 0,2 for 15 Hz) despite the moderate sample size examined.
- L}
3.‘ Basal efflux : . ’ . f

Mean basal efflux heasured prior to the first and second
stimulation series of the control strips in Table é was 4.,76x0.26 f’{O“
and 3,1520,18 x 10" dpm respectively. The ratio of basal efflux |
(second versus first period) was 0.5710.03. In strips treated with
noradrenaliée (1 x 107 M) the corresponding ratio was 0.63£0.05, a P
value not siénificantly different from th;t of the control groﬁp.

The mean basal effiux of the control strips in Table 3
similarly ‘declined with time. The corresponding value measured prior to
the first and second stimulation series in thg control strips was
6:?5&0.31 x 10% and 3.72#0.16 x 10% dpm. This gave a ratio of 0.6220,01.
Tregtment‘of tissues with noradrenaline (3 x 1078 M) increased the ragio

significantly to 0.6820.02 (p < 0.0l compared to the corresponding control

group, N=28). Thus, ndradrenaline at 3 x 1078 M was the highest
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concentration that could -be used. A higher concentration of the
L4
agonist would tend to elevate the basal efflux te an uncontrollable

extent, even in- the presence of cocailne. ~—

4, Mechanical responses

Contractile responseshto the first series of stimulations at
1, 2, 5 and 15 Hz in controi renal artery strips.used in thesg experl-
ments were similér to those previously shown in Figure 4 for the
'gxperiment with phenoxybeggamine. ‘The peak tensions we;e 4.5310;70
(N=20), 9.18+0.94 (N=20), 11.36%5.36 (N=11) and-15.15%1,52 (N=11) g
for stimulations at 1, 2, SIand 15 Hz respectively. b

.

In contrast to the antagonist, noradrenaline itself induced
‘vasoconsfridtion in renal értery; Plgteau gram'tension of the qgrips
\freated with noradrenaline at 1 x 10°® M and 3 x lO_S.M were 6.62+1.24 g

(N=17) and 19.6811.84 g (N=14) respectively, which wereksignifidantly
higher.than those of the m;tching controls (l.24%0.19 g‘for the former

'grogp and 1.1920.22 g for the latter group). Because of the considerablé
magnitude of contraction induced by the agonist, which may mask the
postsyqaptic effects of the subsequent nerve stimulations, a satis- ‘\\

factory method to assess the effect of noradrenaline on stimukation-

A
evoked contractile responses is currertly unavallable.

C. Adrenergic antagonists and the présynaptic alpha-receg;oﬁ\hypo;hesis

The validity of the presymaptic alpha-receptor hypothesis was’

tested in experiments examining the effects of six alpha-antagonists at

.

various concentrations on the stimulation-induced overflew of SH-transmitter

T
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J

in strips of bovine radial artery.:

’

The radial artery strips, similar in size to the renal '

i . :
artery preparatioq, were superfused with Krebs solution coﬁtaining
cocaine {3 x 1075 M). ‘Afper a 90 minute equilibration period the
strips were stimulated with 600 pulses at 5 Hz, then were-edesed to

‘one antagonist for 30 minutgs, followed by a second stimuf%tion
identical to the first one in the presence of thé antagonist. In the
experiments with the haloalkylamines phenoxybenzamine or Dibenamine,

I ;
the antagohist was washed out for 20 minutes before the ohset of the
_ second stimulation. Onl§ one antagonist at’ one concentration was

tested on any single strip. Contractile responses of .the radial artery

to nerwe stimulation were not measured in the superfusion experiments.
» ' ’ ,

1. Stimulation-induced efflux of JH-tramsmitter

As expected, eﬁflﬁx of tritium elicited by transmyral stimu-
“lation with 600 pulées at 5 Hz in bovine radial artery was elevated
materially over the basal levels. In. 20 control strips receiving no °
antagonist treatment but allowed a 30-minute lag period between the two
stiﬁulations, mean efflux %or the first and second sfimulatioq, which
were not statistically difﬁ;rent from each other, were 3.98:0.63 x 104
and 3,65%0.60 x 10" dpm respectively; This ylelded an efflux ratio
{second versus.first stimulation) of 0.95:0.08,

Thé effects of six antagonists at three selécted concentrations
on the stimulation-induced overflow of JH-transmitter was determined.

Since there is an interstrip variation of efflux during the initial pre-

drug stimulations, with efflux values varying between extremes of 20,000

“

ety
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dpm and 90,b00 dpm, the absolute amount af tritium overflow is not
suitable for use as an index to assess the effects of antagonist oﬁ
efflux, Instead, effects are more appropriately assessed by ‘an intra-
strip gfflhx comparison- procedure, as summarized fn Table 5 and ?igures
6, 7 and 8. It is of note that the pattern of the effectYveness of
énxagonists was not‘consistent. Treatmeqt of tissues th different
Jantagonists resulted in all three possible effects (i.e. dncrease,
“decrease or no change) on the stimulation-induced efflux,

» . The haloalkylamines phenoxybenzamine and Dibenamine both
increased the stimulation-induced efflux maximally at 3 x 1075 M, with
the magnitude of enhancement comparable to that obtained in the bovine
renal artery (section IV, A.). These agents were ineffective at lower
concentrations, eicept for phenoxybenzamine at 3 x 1077 M where a
slight but significant effect on efflux was detecfed.

The imidazoline derivatives phentolamine and tolazoline both
enhanced efflux in a dose-dependent manner, but interestingly had their
greatest effects at.the lowest qoncehtration. lThese»compounds at the'
lowest concentration increased significantly the overflow of tritium,
but at the highest concentration employed they did not enhance efflux,

Chlorpromazine and yohimbine exhibited yet other patterns of
effect - they decreased significantly the stimulation-induced overflow
of 3H-transmitter, Chlorpromazine was effective‘when administeggd at

l the highest but not at the lower concentrations. On the other hand,
yohimbine decreased the output of tritium significantly at 3 x 10 6 M

and 3 x 1075 M concentraticns.
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Figure 6, Profile of antagonist effects on stimulation-induced efflux,

in bovine radial artery. The ratios of transmitter efflux in the first
and second stimulation with 600 pulses at 5 Hz in the absence and presence
of six antagonists at 3 x 10" 7 M (6 x 107 M for tolazoline) are shown,
with number of values in each group indicated within column. Data are
taken from Table 5. CTL, control; POB, phenoxybenzamine; DBN, Dibenamine;
CPZ, Chlorpromazine; YOH, yohimbine; PTL, phentolamine; TOL, tolazoline.
*p < 0.05; **p < 0.02; ***p < 0,01 compared tec ratio for control strips,
N.S., not significant, . )
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Figure 7. Profile of antagonist effects on stimulation-induced efflux
in bovine radial artery. - The ratlos of transmitter efflux in the first
and second stimulation with 600 pulses at 5 Hz in the absence and
presence of six antagonists at 3 x 1076 M (6 x 1078 M for tolazoline)
are shown, with number of values in each group indicated within column.
Data are taken from Table 5. CTL, control; POB, phenoxybenzamine;

DEN, Dibenamine; CPZ, chlorpromazine; YOH, yohimbine, PTL, phentolamine;
TOL, tolazoline, *#p < 0.05; **p < 0.01 compared to ratio for control
strips; N.S., not significant, '
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Figure 8. Profile of antagonist effects on stimulation-induced efflux
in bovine radial artery. The ratios of transmitter efflux in the first
and second stimulation with 600 pulses at 5 Hz in the absence and

presence of six

antdgonists at 3 x 1075 M (6" x 107° M) for tolazoline) -

-.are shown, with number of values in each group indicated within column.

Data are taken from Table 5, CTL, control; POB, phenoxybenzamine;

DBN, Dibenamine; CPZ, chlorpromazine; YOH, yohimbine; PTL, phentolamine;

TOL, tolazoline.

*p < 0,05; **p ¢ 0,01 compared to ratio for control

strips, N.S,, not significant, . o
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S?nce in these experiments only the neuronal uptake inhibitor cocaine

was rouEinel; preseﬁt in the Krebs superfusate, the pdssibility'that -
extra-neuronal uptake contributed significantly to the observed effects

was 1nvestigated. Eighf radlal artery strips'were.éuperfused with Krebs

soluytion containing cocaine (3 x 1075 M) and were stimulated init;ally

with 600 pulses at 5 Hz, Four s;rips'were subsequently exposed to the
extraneuronal uptake inhibitor normetanephrine (1 x 10™° M) for 30

minutes, and a second stimulation was performed in’'the presence of both

uptake inhibitors. The other four strips served as control., Efflux of

ht”

tritium in the first andgsecond stimulations for the strips treated with

cocaine alone were 6,51%0,55 x 10% and 7.20%0.42 x IO“dem, respectively. -
This yielded an efflux ratio of 1.12%£0,05. The corresponding efflux

values for the strips treated with both cocaine and norme;gnephrine were

5.13%2.09 x 10* and 5.72+1.49 x 10 dpm, respectively, This gave an

;fflux ratio of 1.2710.13. There was no statistical significant1difference

between the two efflux ratios (p< 0.4 > 0.3).

2, Basal efflux

Basal efflux determined immediateiy prior to the first and
second stimulation periods in 20 control strips were 1.96x0.11 x 10% and
1.48+0,08 x 10 dpm, respectively, showlng.a significant decline in
spontaneous overflow of tritium with time {p < 0.001). This gave a
control efflux ratio. of 0.76i0.01. Table 6 summarizes the effects of
different antagonists on basal efflux, as aésessed by a comparison of the
efflux ratios, Chlorpromazine, yéhimbine and tolazoline consistentlipand

and significantly enhanced basal efflux over the range of concentrations
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A :
employed. The‘effect of chloropromazine was the most profound ameng
all the antagonists ﬁnder study, whereas that of yohimbine and télazo-
line were moderate. A dose-~dependent effect of chlorpromazine on
basal efflux was observed. Such a relationship w;s less clear for
tolazoline or yohimbine, Phenoxybenzamine and phentolamine enhanced
.basal efflux only slightly at ;he-modegate and the high-concentratiop.

-On the other hand, Dibenamine at all test concentrations did not

significantly alter the basal overflow of tritium,

3. Adrenergic blockade of mechanical responses of bovine radial artery

to exogenous noradrenaline

The mechanical response of radial artery sErips was not
recorded concomitantly with the overflow of éritium in the superfusion
experiments. Instead, it was measured isotonically in strips bathed in
muscle chambers containing 15 ml of cocaine—Kfebs sclution (3 x 1075 M
cocaine) with a 6.8-fold magnification lever writing on a kymograph
drum,

The purpose of these experiments was to confirm‘the post-
synaptic algha~adrenergic blocking éffects of the antagonists used in
the efflux experiments. After a 90-minute equilibration period with
replacement of the Krebs solution evefy 30 minutes, the strips were
contrééted‘initially with a modegate concentration of noradrenaline
(3 x 10;3 M):,FThe response was allowed to peak, and then noradrenaline
was_washed'oht of the bath, Following the return of the contractian
to pre-drug level, the preparatiqps were exposed to one of the angagonists

at the lowest test concentration used (i.e. 6 x 1077 M for tolazoline



and 3 x 1077 M for other antagonists) for 30 minutes and theh the
response to noragrenaline were re-tested in the présence of the anta-
gonist, except the haloalkylamines which were washed out before the

onset of the sécond noradrenaline response. The ;verage contractile
response to the initial administration of noradrenaline was 29.7t3.9 mm,
which was reduced each by 987 after eiposgre to phenoxybenzamine and

. Dibenamine; and by 90%, 68%; 65% énd 53% by phentolamine, chlorprcmazine;
tolazoline and yohimbine?respectively even at the lowest concentration

'

employed.

4, Yohimbine inhibition ;23 efflux of ®H-transmitter

The finding that yohimbine at moderate and high concentrations
significantly inhibited the stimulation induced efflux of tritium 1s at
variance with the observations of Starke and co-workers, who reported
that at concentrations from 3 x 1078 M to 1 x 107° M the antagonist
enhanced efflux in the rabbit pulmonary artery stimulated at 2 and 4 Hz
(Starke, Borowski and Ende, 1975; Weitzell, Tanaka and Starke, 1979).
The inhibitory effect of yohimbine on efflux observéa here is similar to
that reported for adrenergic agonists, an effect which is mediated via
phenoxybenzamine—éensitive'receptors. Experiments were designed to
determine whether the effect of yohimbine 1s also mediated via the same
receptors ;s noradrenaline and phenoxybenZamine.utilize. Radial artery
pfeparétions, after initial stimulations at 5 and 15 Hz, were exposed to
phenoxybenzamine {3 x 107° M) for 30 minutes and, after washout of the

haloalkylamine, were subsequently exposed to yohimbine (3 x 1075 M) for

an additional 30 minutes., The second stimulation serles was then repeated
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in the presence of yohimbine. As shown in Table 7 yohimbine inhibited

\stimulation-induced -efflux at elther frequency to the same extent re-

gardless of whether the tissues were pretreated with phenoxybenzamine.

5. Effects of phenoxybenzamine and pﬂéitolamine on stimulation-induced

efflux in bovine faclal artery

Experiment with a bovine facial artery preparation provided
additional information as to the general applicability to cther vascular
tissue models of ghe findings made in the radial artery. The facial
artery is diffgrent from other tissues employed in the present study in
that it responds to field stimulation and to exogenous nor;drenaline
with relaxation mediated vi; beta-receptors (Kalsnmer, 197%9a). The
effects of two antagonisté,rnahely§:henoxybenzamine and phenteclamine,

on stimulation-induced efflux were examined. As shown in Table 8 the

-absoclute amount of tritium overflow elicited by stimulation with 600

pulses at 5 Hz in the facial artery was greater (as much as 10-fold)
than that in the radial artery with the same number, of pulses and fre-
quehcy. Regardless of this difference, however, phenoxybenzamine

(3 x 1075 M) and phentolamine (3 x 1075 M) exhibited the same pattern

of effect as that oggé;ved with the radial artery preparation: phentolamine

again falled to alter the overflow of'gﬁ—transmitter whereas phenoxyben-

zamine Increased efflux to a comparable magnitude as it did in the radial

"artery. - In fact, the effect of phenoxybenzgmine on efflux in both

preparations has the same level of statistical gignificance when the

,efflux ratio of the treated strips is compared to that of the control

strips (p < 0,01), Further, experiments using the receptor protection

"
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technique were done to determine if the failure ,of phentolamine to
increase efflux was related to some underfined action of the compound

masking the expression of its proposed action to block presynaptic

_alpha-receptors. Faclal artery strips were exposed to phenoxybenzamine,

after the initial stimulations, in the absence and in the presence of

" phentolamine. A second stimulation was performed folldwing the wash-out

of both antagonists. As shown in Table 8 phentolamine did not protect
against the phenoxybenzamine-induced enhancement of stimulation-induced

efflux.

6. Inhibitory effects of phentolamine on stimulation-induced efflux and

on mechanical responses 1ln bovine renal artery

The effects éf a high and a low concentration of phentolamine
(1.e., 3x 1007 M and 37x 1073 M) on effl;x of tritium elicited by
stimulations at 1, 5 and 15 Hz were examined in the bovine renal artery.
To compafe the results with those obtained in expefiments witﬁ phenoxy-
benzamihe in this tissue as previously described.in section v, A., the
strips were stimulated with 300 pulses (instead of 600 pulsés) and
superfused with Krebs solution containing éocaine (8.8 x 1076 M) and
normetanephrine (L x 107% M). The results are summarized in Table 9.
In contrast to the cbservations on the radial artery, where phentolamine
at 3 x 1077 M enhanced efflux by l.8-fold, the antagonist at this
concentration ﬁid not alter the efflux with stimulation at any test
frequency in the renal artery. At the higher concentration, phentolamine
even significantly decreased the efflux of tritium elicited by stimulation

at 5 or 15 Hz. Although efflux at ! Hz was not significantly reduced by
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phentolamine at the high conéentration, a tendency towards this
direction was indicated (p < 0.1 "> 0.05 when the efflux ratio of the
treated group was compared to that of the conérol group).

I;ometriq contractlle responses to nerve stimulation at 5
and 15 Hz in renal artery, measured simuléaneously with tritium over-
flow, were clearly inhibited by phentolamine at both concentrations
(Table lO),Idespite the fact that étimulation—induced efflux of trans-
mitter was not affected by the aﬁtagonist at the lower concentration.
The decrease of mechanical respénses observed with phentolamine at the
higher concentration, however, may be partly attributablé“éo'the effect
of the compound to reduce transmitter overflow,

That the postsynaptic effects of phentolamine was due to a
" specific alpha-receptor blocking action of this agent was confirmed in
experiments with a sepagate set of renal artery strips. Strips were
bathed in individual muscle chambers and its contractile responses
measured isotonically on kymograph drums. Cumu;ative concentration-
response curves to.gﬁdgenous noradrenaline .and to potassium in the
absence and in the presence of phentolamine (3 x 1075 M) were obtained
and the pertinent EDSO'S compared. The curve to noradrenaline was
shifted materially to the right by the antagonist. The EDgq valué of
1,23 x 1077 M for two control strips was increased by 54-fold in two
matching strips treated with phentolamine. On the other hand, responses
to potassium were not affected materially by the antagonist, EDg, value
of the potassium concentration-response curve in two control and two

treated preparations was 12,2 and 10,1 mM respectively.

-
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_efflux observed in the renal artery was very similar to that of

104 : )

/’

The inhibitory effect of phentolamine on stimulation-induced

yohimbine in the radial artery (Table 5). Both compounds exhibited
aﬁ effect which is frequently reported for adrenergic agonists. )
Experiments simillar -te those desggibed above in section v, C.4. fof
yohimbine in the radiai artery were performed in renal artery strips
utilizing phenoxybenzamine to determine if the inhibitory effect of

the imidazoline derivative o; efflux was related to blockade of pre-
synaﬁéic sitgs. Strips were initiall& stimulated with 300 pulses at
two selected frequencies {5 and 15 Hz) and then exposed te phentolamine
(3 x 1075 M) in the absence and in the preéénée of phenoxybenzamine

(3 x 107° M), and were subsequently re-stimualted. Table 1l sﬁows that
stimulation-=induced efflux in renal artery was enhanced to approximate-
ly 2~fold that of control as previously zeported in section 1V, A.1l.

(Table 1), Phentolamine still exerted a clear-cut and significant

Inhibitory effect on efflux at elther test frequeney when administered

after phenoxybenzamine,

7. Effect of tetrodotoxin

Since tetrodotoxin in micromolar concentration is known to
selectively dinhibit nerve impulse propagation without affecting the o
agtivity of muscle elements, through an action specifically blocking ’ .
the sodium channels in nerve membrane (Kao, 1966; Hughes and Vane, 1967),
the effect of this agent on stimulation-induced efflux in the bovine
radial, renal add facial arteries was examined to confirm that this

efflux of tritium was due to nerve activation. A 20-minute exposure to

J
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'tetrodoto¥in (1.57 x 10”9 M) reduced the efflux elicited by stimuldtion
ﬁith 600 pulses at 5 Hz to 2.1% and 3,3% of the control value; in '
radial and facial arteries respectively In the renal artery, efflux
with Bg\\pulaes at 1, 5 and 15 Hz was similarly reduced to 1.5%, 1%

and 0% of the matching control values respectively,
o

D. Adrenérgic aéonists and the presfnaptic alpha-receptor hypothesis

As an adjunct to experiments with antagonists,. the effecté'of
adrenergic agonists on stimulation-induced efflux were investigated in
a bovf%e radial' artery p:eparation.using the same experimental protocol
as‘used with the antagonlsts. Six agenlsts were selected so as to
include compounds having different selectivities in reacting with alpha-
or‘beta—recepgors. Tbey—included compounds that are efficacious alpha-

égonis:,(phenylephrine), moderately efficacious alpha- and beta-agonists

(adrenaline), and an.efficacious beta-agonist (isoproterencl).

1. Stimulation-induced efflux of 3H-transmitter.

In eightlcontrol strips, the efflux of tritiuﬁoelicited by.the
%irgt:and the second stimulations with 600 pulses at é Hz were 4,22%0,51]
_¥ 10% dpm and 4.1210.68 x 10% dpm respectively. This gave an efflux
ratio of 0.92x0.09, Figures 9, 10, 11, 12, 13 and l4 show the absoluﬁe
amount of stimulation-induced overflow of transmitter in radial étery
sfr%ps before and after administration of different agonists at parious
con;;ntrations. Three of the agonists, namely norédrenaline, drenaline

and oxymetazoline, significantly decreased the absolute amount of radio-~

activity at all test concentrations. However, if.the effects are

———



assessed by th; more sénsitive efflux ratios, then.oniy oxyﬁetaéoline
consistently exhibited an inhibitor; effect on efflux.ét all concen-
trations (Table 12), The effects of noradrenaline at 1 x 10_7 M and
at 1 x 107> M, and adrenaline at 1 x 10-?WM, did notwﬁuite reach
statisticallsignificance, as determined by a comparison of the efflux
ratios of the treated strips and the control strips. Other agonists,
including methoxamine, the "pure" alpha-agonist phenylephrine“-and the
"pure" beta-agonist isoproterencl, had no detectable effect oﬁ the
absolute output of tritium at all concentrations employed. Efflux

ratios of these treated groups were not significantly different from

that of the control group.

2. Basal efflux

Basal efflux meaéﬁred prior to the first and second stimulation
in the control strips:were 2.13+0.09 x 10% dpm and 1.60%0,07 x 1o dpm
respectively. Taﬁle 13 shows the effects of the six agonists on basal
efflux, Of all the agonists used only methoxamine, which is not taken up
by adrenergic nerve termina}s, héd no detectable effects dn basal efflux
at all three concentrations. Other agonists, at the highest test
concentration, enhanced the basal efflux to different extents, even in

the presence of cocaine, Noradrenaline in particular showed a profound

and consistent enhancing effect on efflux. This agonist at the highest

test concentration almost doubled the basal efflux. Adrenaline
=

proterenol, oxymetazoline and phenylephrine did not have a consistent

iso-

effect on the basal overflow. These agents increased the sponfang

overflow of tritium at some but not at other concentrations.
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Figure 9. Effect of noradrenaline on stimulation-induced efflux of
tritium in bovine radial artery. Stimulation was with 600 pulses at

107 M (8) 109m (8) 10° M (8)

5 Hz given in the absence (open columns) and presence (hatched columns)
of noradrenaline. Concentration of noradrenaline 1s shown below columns

and number of strips in each group in parenthesls. Pwobabillity

comparisons, by the paired t-test, are between the control and treated

values for each concentration, *p < 0.05; **p < 3'02.
¢
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Figure 10. Effect of adrenaline on stimulation—induced efflux of tritium
in bovine radial artery. Stimulation was with 600 pulses at 5 Hz given

in the absence (open columns) and presence (hatched columns) of A
adrenaline. Concentration of adrenaline is shown below columns and number
of strips in each group in parenthesis. Probability comparisens, by the
paired t-test, are between the control and treated values for each
concentration, *p < 0,05; **p < 0.0l.
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Figure 1l1. Effect of phenylephrine on stimulation-induced efflux of
tritium in bovine radial artery. Stimulation was with 600 pulses at

3 Hz given in the absence (open columns) and presence (hatched columns)
of phenylephrine. Concentration of phenylephrine is shown below

columns and number of strips in each group in parenthesis. In all three
groups efflux values obtained Iin the presence of phenylephrine did not
differ significantly from that obtained in the absence of the drugs (Ns),
as compared by the palred t-test,
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Figure 12, Effect of oxymetazoline on stimulation-induced efflux ®f
tritium in bovine radial artery., Stimulation was with 600 pulses at

5 Hz given in the absence (open columns) and presence (hatched columns)
. of oxymetazoline. Concentration of oxymetazoline is shown below
 columns and number of strips in eatch group in parenthesis, Probability
comparisons, by the paired t-test, are between the control and treate
values for each concentration, *p < 0.05; **p < 0,01, . '
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Figure 13. Effect of methoxamine on stimulation-induced efflux of
tritium in bovine radial artery. Stimulation was with 600 pulses at

5 Hz given in the absence (open columns) and presence (hatched columns)
of methoxamine. Concentration of methoxamine is shown below columns
and number of.strips in each group in parenthesis., Efflux values
obtained in the presence of methoxamine did not differ significantly
from that obtained in the absence of the drug in all three groups (NS),
as compared by the paired t-test.
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Figure l4. Effect of isoproterenol on stimulation-induced efflux of
tritium in bovine radial artery. Stimulation was with 600 pulses at
5 Hz given in the absence (open columns) and presence (hatched columns)

of ilseoproterenol. Concentration of isoproterenocl is shown below
columns and number of strips in each group in parenthesis.
values obtained in the presence of isoproterenol did not differ

Efflux

significantly from that obtalined in the absence of the drug in all three

groups (NS), as compared by the paired t-test.



52 UOTIBTNWIE Jo spotaad puodas pue 3ISIT] UISMISQ [EAIDIUT IYJ UT .POISISTU

*sdra3s Toajuod 103 oflex 03 peiedwod TOQ'Q>dyy T10°0>dx

*sosayluaied ur umoys aie dnoid YoeI UT SINTPRA JO I9qUNY

'60°0 ¥ 76°0 ses paiedwod a19m sdnoif 13yjo TIB YoTys
01 ‘sdfi3ls TO13u0d PoIBAIIUN g I0J SINTeA UOTIRTNWIS poraad ISITI Snsa2a poriad puUODIIS 3o orae1 syg,

*3X93 UF PaqEIosap

TUDPE 2I9M mumﬂgom¢~

(7) 60°07ST°1 (%) 61°0%16°0 (%) 80°0798'0 Touazajoadosy
(¥) £070%88°0 (¥) 60°0%20°1 (%) 0Z°0FET"T SUTWEXOYI S
xx(%) L0°0F1C°0 xx(S) 80707820 *(L) 60°079%°0 suTTOoZEISWAX(Q
(8) €1°0%50°1 (#) 91°0F%0°"1 (8) Z1'07€8°0 suTaydsTAuayqg
»x (%) €0°0%61°0 %(S) oA.OHmw.o (%) S0°0F%L°0 SUTTRULIDPY
(8) TE 07650 x(8) 90°0725°0 (8) 60°0%5.°0 - SUTTEBUSIPEBION
15Tuody 35Tuoldy 1sTUoly
He OT X1 W 0T X1 R, 0T X1 . ; 3STUOBY

ZUN1 38T / una vnw 0T8I XNTJIS I93IITUSUBRIT

"AYAIYY TVIAQVY INIAOS NI SISINOOV JIDYINTIAV A0 HONASHYd ANV ADNASHY THI

NI NOTLVINWILS FAYEN 40 SUOT¥Id ANOQDIS 'ONV LSYII FHI NI XOTIId YALLIWSNVYL A0 SOIIVY dHI °ZT ®T4el

1T



o3 ‘sdpizs yToijuod

18XITJ 93 JO IISUO

*sdtaas HOWuﬁou 1037 orlea o3 paiedwod 100 0xdyxx 10'0>dxx f¢o'0o>dx
*seseljuaied UT umoys sie dneid Yoes UT sanTea, JO Ioquny

*Z20°0 ¥ €1°0 ses paiedmod si9sm sdnoid 1syjo TTe YoTym
p21ea1jun g 103 SONTEA UOTIBRTNWTIS poIiad 3ISATF SNsaaa PoTasd puod’s jo or3el UL

*z1 @198l uy paqraosep sdrils Jo UOTIBTNEIIS JO SpoTIad puODIS pue
ay3 03 107id AT23jeYpsmmy ueye3l SITdwes UT PSUTWISISP 9I9M SINTEA XNTId Jeseq ayy,

‘1X83 UJ pPIqLIdsap

SE UOTIBTNUTIS JO SPOFiad PUODSS pue 3ISITJ U9aAIaq TBAISIUT SY3 UT PIISISTUTWPE 31sm SISTUOBY,

Lexx (%) ¥0°0520°1 (%) S0"0F6L°0 #x(%) S0°0%L8°0 Touaiajoxdos]
(%) €0°0F18°0 (%) 20°0%8L°0 () 90°0%8L°0 JUTWEXOYIIY
¥¥x(%) 10°0726°0 (S) Z0'079L°0 (£) 2O"0F8L°0 auFTozZEIIWAXQ
»¥x{(8) S0°03£0°1 (%) 10°0%6L°0 (8) £€0°0%08°C sutaydatfusyg
sxx{®) £0°0%90°1 (S) 20"0%%L"0 2x¥ (%) TOGF8R'0 QUTTRUIIPY
xxx(8) 90°070%"1 #x%(8) €0°0798°0 x(8) 90°0758°0 SUITEUSIPRION
1sFuoldy 3sTuoldy 3sTuoldy
H ¢ 01 X1 H g 0T X1 H, 0T X1 Humﬂcow<
m.Ncﬁw 387 / unx puz OFILL XNTIFI TeESEY

TRYAIYV TVIAQvE FNIAOHY NI SISINODV OIDHINTIAV 0 uuzmmmmw aNV FONISIV FHI NI :
ZOHH<Ab£HHmhO.mQOHMmeZOUMmQZﬁHmmHMMMHOH MOHMmEDHHHMHhONDAmmmA¢m<mm0mOHH¢mmmH.mHmH£MH

St



116

3. Lack of effect of oxymetazoline on stimulation-induced efflux in

bovine renal artery

0f all six agonists examined, conly oxymetazoline ekxhibited a
clear-cut and congistent inhibitory effect on stimulation-induced efflug
in the radial artery. To determine if this finding could be applied to
other vascular tissue, experiments were performed to examihe the effect
of this agonist on efflux in ;hé bovine renal artery, After initiél
stimulation with 300 pulses at 5 .and 15 Hz, renal artery strips were
kxposed to oxymetazoline (1 x lO"é M) for 20 minutes and then were re-
sfimulated in the presence of the agonist. In contrast to what was
observed with the radial artery, where oxymetazoline at this concen-
tration inhibited the stimulation-induced efflux by 72%, this agent

produced no significant effect on efflux at either stimulation fre-

quency in the renal artery (Table 14).

E. Effects of noradrenaline and phenoxybenzamine on stimulation-induced

efflux of tritium in vascular preparations of dog

To extend the observations made with the bovine artery pfe—
parations, the effects of noradrenaline and phenoxybenzamine on stimulation—
induced efflux were examined In a varilety of vascular preparations in dog.
Strips of canlne abdominal aorta, carotid, femoral and renal arteries were
superfused with Krebs solution containing cocaine (8.8 x 107 M) and
normetanephrine (1 x 107° M). To minimlize the number of AOgs requfred,

a modified protocol which combined the study of effects of both the agonist
and the antagonist on a sing}e preparation was employed. After the initial

stimulation series with 200 pulses at 1 and 5 Hz, preparations were exposed

R
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to noradrenaline (3 x 1076 M) followed 20 minutes later by another

serles of stimulations in the presence of the agonist, On completion

o

of the stiﬁ;iation, noradrenaline was washed ocut for 20 minutes and
phenoxybenzamine (3 x 10T? M) was introduced to the superfusate for
aéradditional 30 minutes. The haloalkylamine was subsequently washed
out ?nﬁ, 20 minutes later, a third stimulagéon serles was performed.
Matéﬁing control strips cut from the same artery received the same
schedule of stimulation but were superfused ;ith Krebs solution free
of adrenergic agents. These céntrol strips servéd to detect any time-
related or sponéaneous fluctuation in stimulation-induced efﬁlux.

All fou; types of tissue responded.to transmural stimulation
at either 1 or 5 Hz with substantial elevations in transmiE‘%Exeffiux
above basal levels (Table 15). Overflow of tritium at both frequencies
in the femoral artery was materially greater than that in the other
preparations. In the aortic, carotid and femoral arteries, efflux of
tritium at the low frequency was not significantly different from that
at the ﬁigh frequen;y, a pattern similar tc that found in the bovine
Tepal artery stimulated with 300.pulses (section IV, A.l.). In the
canine renal artery,]however, efflux at 1 Hz is slightly but significantly
high%;_than that at 5 Hz (p < 0.05).

Table 15 summarizes the effect of noradrenaline on stimulation-
induced efflux in canine artery preparations. Noradrenaline significant-
ly Inhibited efflux .at both 1 and 5 Hz in all preparations, as assessed
by a comparison'of the efflux ratios: However, the noradrenaline inhibi-

tion on overflow at the low frequency was not significantly different



e

9°'TT+T1°69 #IT°0F6Z°0 89°0¥8Et "1 CST0F62°S S 4 VN
01°0+¥84°0 TL'TF68°Y 09°1+01°9 S i Tea3juo)
6'8F7L°8L ¥%0°0¥97°0 Iy'0%zZ°1 6%°17.0°8 1 ki VN Ar9311e
91°0¥16°0 BG'ZFIS Y LLZTFTIT0T 1 ki Tox3UC) Teuay
#2°2%9°£9 ¥»x£0°0+L2°0 VIETTIFGR O ?0° 9389 %¢ S v VN
E0°0FEB0 921766791 9% 1¥6h 0T S k4 Toxauo)y .
9°t¥7 L8 »x%70°0FLT1°0 £6°0%¥69°¢ EC'CFT6°ET - T Vi VN f193ae
S0°0%66°0 96°0+11°0¢ YL°1575°02 1 4 “Teajuod Teaowag
Z'T78°98  ¥¥10°0%61°0 LE707L8"T £9°1796°6 S 4 v VN A
60°07€2°1 98°T+98°¢1 T1°17€%°01 Qo VA To13uo)d
0°9%9°¢! ¥»¥{0"0FTE" 0 v 0FyT°2 69°0%EG"L 1 b VN £133ae
S0 0F6T"1 L9°0F%6"6 68°075%°8 T k4 Toa3uo) vHuﬁhmu
Y7 6%6" 66 ¥90°076Z°0 29°0766°1 SLT0FH5"9 S v ¢ VN,
90" 0%€L°0 0E*ZFIT "L 6T TFYE"6 S Y, To13u03
L°9%6°¢€9 ¥¥90°0%0€ "0 TLT0F1E'E 18°1+18°/ T ¥ VN e31o0B
20*0%Z8"0 T0°Z¥ET1°L $8°ZF0v'8 T by Tea3juo)  Teurmopqy
mwﬂmmwswm unx 3s7/uni pug una pug uni 38y (zn) Aousnbary senfea  dnoxs anssT3
Jussalg OFIBI XNTIIT Amo.H .xv wdp xnT3Js 1s33jmsuexy o riC LMEFIS 3o .o..z jusmyesiy 3o @d4g

S

"000 30 SJdTYIS

AVINOSYA SNOIUVASNI WAIIIYL 40 XNT1IJH QEINANI-NOTIIVIUAIIS NO (VN) ANITVNIYAVHON A0 IDILId ‘6T 9T9PL

611



. *A193ae TBIOWSY UF ZH 1 3B PIUTRIQO UOTIFQEYUT Jusdaad o3 paaedmod 1g°0df
. , *sdya3s Toajuod wmavnommwuuou 103 of3vl 03 paiedmod 1000 dxy f10°0>dy
) *e8dra3zs pejesil pue T0a3u03. 103 §O0TIB1 pautmislap ATTEnpTATPUT Jo uostivdmod £q PauTEIqQ,

. “3x33 ug
P2qT1953p 8e ‘suni usomlaq TRAISIUT 2Y3l UT PoI93ISTUTUPE Sem ‘uaafd usys ‘(W 9 0T % €) SUTTEUSPRION,

(PenuTIUC))  *CT mgmaf\_\v



121

Ja

from that at the high frequency in the aortic, carotid and renal arteries,
as determined by a comparisoﬁ of the percentage of inhibition ;hich
acqountéd for spontaneous variation of efflux with time, In the femoral
artery, ﬁoradrenaline had a significantly greater effect at the low
than at the high frequency. ’ |

| Rat;os of basal efflux (second stimulation period versus
first stimulation period) in control strips of abdominal aorta, carotid,
-femoral a;d ré;al'arteries were 0,78%£0.04, 0.8520.02, 0.79%0.05 and
0.80%0.05 respectively. Correspondirng values for strips treatéd with
noradrenaline weré_0.78¢0.07, 1.42+0,04, 1.04%0,.08 and O.éﬁi0.0B
respectively. The basal efflpx was significantly iﬁcreased by noradrena-
1ine in the carotid (p < 0.001) and femoral arteries (p < 0.05).

 Table 16 shows the effect of phenoxybenzamine on stimulation-

induced efflux in canine artery preparations. In accord with many other
observations, phenoxybenzamine significantly enhanced efflux of tritiwm-;
with éOO pulses in all prepérations. In the‘abdominal aorta, efflux ét
1 Hz did not,qqite aﬁtain statistical significance (p< 0.1 » 0.05 when
efflux ratio of the treated group 1s compared to that of control), due
to a large variation between indi%idual values. When the effect.of
phenoxybenzamine was assessed by a comparison of the percentage of cont?ol

efflux ratios, which is more appropriate for the present expegggent as

efflux in control strips showed a considerable extent of fluctuation

"~

!

(e.g. abdominal aorta and carotid artery), there was‘no significant \%ﬁz\

difference in the phenoxybenzamine-induced enhancetent of efflux at 1 and

at 5 Hz in the aorta, femoral and’ renal arteries. In the carotid artery,
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the effect of pﬁenoxybenzamine on efflux was significantly greéter at
the low than at the high‘frequency, confirming the finding made in the
bovine renal értery (section IV, A.).

Ratios of basal efflux (third stimulation period versus first
stimulation perio&) in control strips of abdominal aorta, carotid,
femoral and renal arteries Qeye 0.4920.03, 0.58£0.02, 0.61%0.06 and
0?71:0.06 respectively, Corresponding values in sfrips treated with
phenoxybenzamine were 0.59%0.06, 0.95:0,09, 0.82+0.07 and 0.82+0.06

respectively, The basal efflux was signifiéantly elevated by phenoxy-

benzamine in the carotid (p< 0.0l) and the femoral arteries (p < 0.05).

F. Combined effects of noradrenaline and phenoxybenzamine in guinea-pig

aorta
In previous sections the effects of pﬁenoxybenzamine and

noradrenaline on stimulation-induced efflux were examined independently.
In the present experiments with guinea-pig aorta, the effect of combined
administration of noradrenaline and phenoxybenzamine on efflux was in-
vestigated to examine if the efflux pattern would adiust accordingly
due to different extents of presynaptic recepgor blockade. Guinea-pig
aortic strips were superfused with Krebs solution containing cocaine

(8. 8.x 107% M) and normetanephrine (1 x 10 3 M) and were stimulated with
200 pulses at 1 and 5 Hz immediately after a 90-minute equilibration
period. On cﬁmpletion of the initial stimulation, phenoxybenzaminé at

a selected concentration was administered for 30 minutes and‘then Qashed

out for 20 minutes before the onset of a second stimulation set, One

group of strips was further treated with noradrenalihe (3 :-:_10-'6 M) for
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20 minutes and the strips were re-stimulated in the‘presence of the
agonist, In a separate set of strips norédrenaline (3 x 1078 M) was
administered for 20 miﬁutés between the first and second stim:lations_
and the effect on efflux was examined and compared to that of a matching

»

control group. _
| As shown in Table 17,'e£flux of tritium in four control strips
exhibited no materlal decline éétween the Ewo stimulations. Noradrena-
line inhibited, whereas phenoxybenzamine enhanced dose-dependently, the
stimulation-induced efflux at either 1 or 5 Hz. The inhibitory effect of
noradrenaliﬁe on efflix at 1 Hz was reduced in strips tréated with the
antagonist at éhe moderate and the high concentration: as assessed by
the'tatio.of efflux ratios (agonist;treated group versus untreated
group)., Nevertheless, this effect was not significantly attenuated by
phenoxybenzamine at the low concentration (3 x 10_8 M), although efflux‘

-

was.significantly enhanced by the antagonist at this concentration ]
(pl< 0.05 when efflux ratio in strips treated with phenoxybenzamine was
compared with that of the corresponding control strips). Efflux of
tritium at 5 Hz was significantly reduced by noradrenaline in 4 control
preparations,'as determined by the efflux ratlos of the treated and
congrol groups. Such inhibitory effect of noradrenaline on efflux was

.

not observed in strips pretreated with phenoxybenzamine at any of the
‘ 4 )

test concentration,

In a separate set of experiments it was confirmed that phenoxy-

benzamine at 3 x 10" 8 M effectively blocked the mechanical responses to

nerve stimulation at 1 Hz and to exogenous noradrenaline in the gulnea-pig
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aorta. Peak tension in response to stimulation at 1 Hz for 1 minute

and to noradrenaline at 3 x 10”7 M in four strips averaged 150 mg and

250 mg respectively. After treatment of two strips with éhenoxybenzamine
at 3 x 1078 M, the mechanical responses were completely eliminated,
whereas in two matchiﬁg control strips the contractlle responses to

nerve stimulation and to noradrenaline increased to 200 mg and 270 mg

respectively.

G. Effects of dopamine in bovine renal artery ' <t

The effects of dopamine on stimulation-induced efflux.and
mechanical responses was investigated in a'renal.artery preparation of
cattle, The agonist is known to inhibit efflux of 3H-transmittgr via
an action on a discrete ne;ronal locus differént from the presynaptic
alpha-receptor site (ﬁand, McCulloch and Story, 1975; Langer, 1977).
Ihe frequency-related pattern of dopamine inhibition of transmitter
efflux was compared to that induced by noradrenéliné. The aim of these
experiments was to determine 1f a‘specific pattern of inhibition of
efflux by exogenous amine was a reliable index reflecting the consequencés
of adjustment of a functional autoinhibitory loop in response to the
presence of a constant amount of the exogenous amine in ELe synaptic

cleft, Experiﬁental procedures and conditions are identical to those

described previously in section IV, B. for noradrenaline.

1. Stimulation-induced efflizx of 3H-transmitter

Renal artery strips responded to transmural stimulation with

300 pulses at 1, 2, 5 and 15 Hz with efflux of 3H-transmitter elevated
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above basal levels (Tables 18 and 19). Further, as had been previously
observéd, the total efflux eliciﬁed by the first stimulation series at .
the lowest frequency did not differ significgntly from that of the
highest frequency in the twenty-eight strips examinedj(p < 0.2 > 0.1).
Dopamine at 3 x 1077 M and 3 x 107® M significantly inhibited the
efflux at 1, 2 and 5 Hz but had no statistically detectable effect on
efflux at 15 Hz, as assessed by a comparison of ﬁhe efflux ratios. The
effectiveness of dopamine (at either concentration) .decreased with in-
creasing frequency, as demonstrated by the correlation coefficient between
the mean values for percentage of inhibition of transmitter efflux and
the length of the stimulus interval. The correlation coefficients for
groups treated wiéh dopamine at 3lx 1077 M and 3 x 1078 M were 0,904

with, a p < 0.02 and 0,957 with a p < 0,01 respectively.

2, Basal efflux

-

Basal efflux of tritium from eight comntrol preparations was
6.1220.27 x 10% dpm and 4.0420,20 x 10% dpm for the first and second
stimulation sets respectively. In another elght preparations treated
with the low concentration of dopamine (3 x 1077 M) in the intervalobetween
stimulations,- the decline ;f basal efflux exhibited no significant
difference’ from that of the control tissues as determined by the ratlos
of basal efflux: the ratios were 0.66x0.01 and 0.62%0,02 (N=32 for each
group) for the control and the treated groups respectively. On the other
hand, dopamine at 3 x 10 ® M materially elevated the basal efflux: the
efflux ratio in six control preparations was 0,68:0.02 whereas that in
the matching treatedvpreparations was 0.91+0.04 (p < 0.001, N=24 for each

group).
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3, Specific blockade by pimozide'of dopamine inhibition of transmitter

efflux. o

The selective dopamine antagonist pimozide (Rand, McCullech
and Story, 1975) was employed to confirm that the dopamine inhibition.
of transmitter overflow was due to an action mediated by some dopamine-
gensitive neurcnal loci but not via the presynaptic alpha-adrenergic
sites, Renai artery strips were.stimulated 4 times with 300 pulses at
1 Hz (the stimulation periods were designated consecutively as S, Sz,p
S3 and Sy). Pimozide at 1 x 1078 M was administered to four strips for
20 minutes followed by additional exposure to dopamine at 3 x 1078 M
for another 20 minute; in the interval between S; and Sz. After com-
pletion oflsz (in the presence of both agents), a ZO;minute wash-out
period with drug-free Krebs solution was allowed bgfo;e the strips were
exposed to.a higher concentration {2 x 10_7‘M) of pimozide for 20 minutes
followed by S3. During the interval befween S3 and Sy, strips were
exposed to dopamine (3 x lO?G.M) ih addition to the previously adminis-

. [ S
tered pimozide for 20 minutes. In other four strips the same schedule

of transmural stimulation was followed but only the effect of dopamine

was examined. Dopamine at thé same concentration and ngﬁ'the.same
exposure time as that in the pimozide—~dopamine t?eated strips was adminis-
tered in the intervals between S; and S;; and again between 53 and Sy.
Agonist and antagonist in both groups of strips were maintained throughout
the relevant stimulation-periods.

' The effect of pimozide at the two selected concentrations on

dopamine inhibition of efflux was assessed by the transmitter overflow
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.by the additional exposure to noradremaline (3 x 1076 H), and 20 minutes

133

ratios of 1) §; versus §,, and i1) §, versus.SS. As shown in Figure 15,

dopamine substantially reduced transmitter efflux of S, and S, and this
R S
effect was significantly blocked by prior administration of pimozide at

either test concentration.
r

Another specific dopamine antagonist, namely metoclopreomide,

was also shown to have an inhibitory effect on the dopamine-induced

inhibition of trans@itter efflux. In six strips treated with dopamine
(3 x 107® M) in the interval between two stimulations with 300 pulses
° .

at 1 Hz, efflux of the second stimulation was reduced by nearly 80%, 1In
six matching strips treated with metéclopromide (1 x108m prior to
the administration of depamine, the inhibitory effect of dopamine was
significantly reduced, aslefflux of the second stimulation was not
reduced as much as that in the corresponding control strips (Table 21),.

In separate ekperiments the effect of pimozide on noradrenaline-
induced inhibition of efflux was examined. Strips were stimulated 3 times
with 300 pulses at 1 Hz, After the first stimulation period one group

of strips was treated with pimozide\gigx 1078 M) for 20 minutes followed

later a second stimulation set was given. In the interval between the
second and the third stimulation periods'the(drugs administered previously
were washed out for 20 minutes before a higher concentration cf pimozide

(2 x 1007 M) and noradrenaline (3 x 10 5 M) were re-administeréd in the

identical sequence and for the identical exposure time. Both the second
and the third stimulaticn periods were performed in the presence of pimozide

and noradrenaline. In a matching group of strips noradrenaline {3 x 1078 M)

~
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1.0 I 1 Hz

Hy

Trlf'lum Evfgux Ratio . |
—— _

4 4

»

Figure 15, Effect of pimczide on the dopamine inhibition of stimulation-
induced efflux of tritium in bovine renal artery. Tritium efflux ratio
with 300 pulsés at 1 Hz is shown in a group of strips treated with dopamine
at 3 x 10 8 M (open columns, left, S,/81; right, 5,/53) and in another
group. 6f matching strips treated initially with pimozide'at 1 x 10 € M and
dopaimtde at 3 x 1078 M (hatched column, S,/S;) and, after wash out of both
drugs, ,again with pimozide at 2 x 10" 7 M and dopamine at 3 x 1076 M
(filled column, Sy4/S3). The protocol in detail is described in the text
(section IV, G.3), Number of values is shown below columns. Probability
comparison, using unpalred t-test, was between control-and treated groups,
*p < 0.001, - :

-
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i
. ' 1 -
was administered twice for 20 minutes in the inte al between ;Pe three
7
stimulation periods. -

Nl

Results were assessed by comparison of transﬁitter efflux ratios
of 1) the second versus the first stimulation period; and 1i) the third .
versus the first stimulation period. As shown in Figure 16, Aoradrena-
{ line induced a clear inhigition of stimulation-induced efflux in both
the second and the thif& stimulation periods. This effect was not redpced

in strips treated with pimozide at either test concentration prior to the

administration of noradrenaline.

4. Effects of dopamine antagonists on stimulation-induced efflux

\
v

Confirmation that under the present experimental conditions

dopamine was not releaseg in signifi;ant amount as to alter transgizker
.overflow during nerve stimulation was obtained in experiments with pimozide
and metoclobromide. The effecqs of pimo;ide At three concentrations

(1 x 1033 M, 2 x 1007 M and 1 x lO-G‘y) and metoclopromide at 1 x 1078 M
lon efflu# of tritium elicited by stimulation with 300 pulses ét 1 and

15 Hz were examined. The antagonists were administered for 20 minutes

in the interval betéeen two stimulation series and the second stimulation
was performed in the presence of the relevant antagonist. As éhown in

)
Tables 20 and 21, efflux of tritium at 1 or at 15 Hz in remal artery was

not” enhanced by treatment with either pimozide or metoclopromide atgany
. . iy
ﬁfof the test concentrations;although as demonstrated previously these

antagonists at these concentrationsﬂgignificantly blocked the effect of.

exogenous dopamine on efflux. . ) .

J m
Pl

[
/
\
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4

Tritium Efflux Ratio
fﬁ .
|

Figure 16, Effect of pimozide on the noradrenaline inhibition of
stimulation-induced efflux of tritium in bovine renal artery. Tritium
efflux ratio with 300 pulses at 1 Hz is shown in a group of strips
treated with noradrenaline at 3 x 10_® M (open columng, left, S,/81;
right, S3/5;) and in another group of matching strips treated initially
with pimozide at 1 x 10 8 M and noradrenaline at 3 x 10 6 M (hatched
column, S2/S,) and, after wash out of both drugs, again with pimozide
at 2 x 1077 M and noradrenaline at 3 x 1076 M (filled column, S3/S;).
" The protocol in detail is descrihed in the text. (section IV, G.3).
Number of values is shown below columns and probability value of the
contspl groups did not differ significantly from that of the treated
group {NS). -
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5, Effects of dopamine and its antagonists on contractile responses

transmural stimulation

Centractile responses of renal artery to transmural stimulatidﬁf
measured simultaneouély with the efflux of tritium, was not significantly-
reduced by dopamine at the low concentration {3 x 1007 M) over the
frequency range examined (Table 22). Dopamine at the higher cﬁncen;ra—
tion (3 x 10 6 M), however,'decreaseq graﬁ tension riée of strips in
response to stimulation at l‘or 2 Hz. This depressant effect of dopamine
was not due to a direct ;ction of the agent on smooth muscle since
contractions of comparable magnitude to exogencus noradrenaline (3 x 1076 M
and 1 x 10°° M) were not depressed by dopamine (3 x 10-5 M). The tension
rise induced by noradrenaline at 3 x 10._G M in the absence and in the
presence of prior administration of doﬁamine was 3.240.3 g and 4.05:0.9 g
(p< 0.2) in four strips respectively,

The antagonists pilmozide and metoclopromide at any of the
selected concentrations had no detectaﬁle effects on mechanical responses
of the strips to nerve stimulation (Taﬁle'23). Neither d&bamine nor.igs

antagonists by themselves produced any spontaneous contractile responses’

in the renal artery.
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PART II. SENSITIZATION OF VASCULAR EFFECTOR RESPONSES AND TERMINATIOﬁ*l'

OF ACTION OF SYMPATHETIC TRANSMITTER IN BRANCHES OF BOVINE

RADIAL ARTERY

A. Perfusion of branches of bovine rgdial artery

Branchés of bovine radial artery were perfused with Krebs solu-
tion at constant pressure, Mechanical responses to noradrenaline and to
nerve étimulation, and the modification of it by cocaine and/or estradiol,
wefe examined. With;fg;‘;;;;E;E\pragéEftion and experimental conditions,
aé;;;;:'::bid be Jadministered to the tissue either intraluminally or‘
extraluminally and thus would encounter known access barriers differently
en rog@E.to the receptor region., The aim of these ezgsyiment was to
study the relationship between roﬁtés of noradrenaline to the receptors

. and sensitization of effector responses: “Additionally, prolongation of
—_—
responses to noradrenaline or to nerve stimulation‘resulting from

blockade of catecholamine uptake into neuronal and extraneurconal sites

was also investigated;

l. Effects of cocaine and/or estradiol on responses to exogenous

moradrenaline

Typical responses of the branches of bovine radial artery to
extraluminal and intraluminal nofadrenaline ére shown in Figure 17.°
Vessels respond to noradrenaline with dose-dependent décreages'iq flow
rate, In most.preparations noradrenaline at 3 x 1079 M gextraiuminal)
or a 30 ng bolus {intraluminal) was sufficient’to elicit detectéble

responses. A complete obstruction qf flow through the lumen was observed

o
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.2 min

Flow (ml)

QO = N W & ;
T

Figure 17, Typical responses of perfused bovine radial artery (branch)
to noradrenaline administered extraluminally (4) and intraluminally (B).
Contractlle responses are reccrlled as reduction in outflow. Each
verti tracing represents the voluyme bf perfusate flewing through
vesseﬁ.\men over a5 second period. Dots below tracings indicate
doses noradrenaline, which are 3 x 1079, 1 x*1078, 3 x 1078, 1 x 1077
and 3 x 1077 M (from left to right) for extralumindlly added
noradrenaline; and 10, 30, 100, 300 and 1000 ng (from left to right) for
intraluminally added noradrenaline., Responses to extra-noradrenaline
are cumulative. W, replacement of the extraluminal bathing medium with
" drug-free Krebs solutionm, v
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with éxtraluminaliy added noradrenaline at concentrations greaﬁer
than 3 x 1077 M, ﬁowgvér, such obstruction was onlf‘ocggsionally
observed’éith intraluminally added noradrenaline even at the highest
dose employed,

Basal flow rate determined prior to the onset of the experi-
mental protocol was 30.6%2.3 ml/m}n in 38 preparations examined. In
slx control preparations, the initial dose-~response curves to extra-
luminally and to intraluminally addqé_norgdrepaline were not shifted
significantly compared to the‘cérresponding second set of dose-response
curves obtained after the preparations werehéllowed a 60-minute period
of perfusion with drug-free K%ebs solution (Figure 18). On the other
hgnd, a 30-minute e;posure of the tissues to either cocaine (3 x 1075 M)

~or toiegtradiolf(B.G x 1075 M), which by themselves produced no sub-
stéﬁtialAchange in basal flow rate, shiftedlthe noradrenaline dose-
response curves {(both extrq}ﬁﬁinal and intraluminal) significantly to
the 1dft (Figures 19 and 20).

The extent of drug-induced horizontal Bhift gf the noradrena-
line dose~-respounse curves was determined by the ratio of geometric-mean
values for the mean‘effective concentration of noradrenaline which produced
half-maximal response (EDg;) in the absence and in the presence of Ehe
drug under}sthdy (Table 24). Cocaine had a greater sensitizing efféctA
thaq estradiol on responses to extraluminally added noradrenaline. The.
shift of EDgy for extraluminal noradrenaline induced by cocaine was 1.6-

fold of that induced by the steroid. On the other hand, responses te¢

intraluminal noradrenaline were sensitized by cocaine and by estradiol

.
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Figure 18. Dose-response curves to noradrenaline administered extra-—
luminally (a) and intraluminally (b) in perfused branches of bovine
radial artery. Mean values and thelr standard errors are shown for an
initial and a second response to noradrenaline, obtained 60 minutes
apart, at each dose. Responses to extraluminal noradrenaline are
cumulative, N=6 in all groups. Initial responses did not differ
significantly from the second responses.
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Control
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Figure 19. Effect of cocaine on dose-respagse curvés to noradrenaline
administered extraluminally (a) and intraléminally (b) in perfused
branches of bovine radial artery. D}se:resp‘onse curves obtained in the
' absence and presence of cocaine (3,xft0 5 M) are shown. Number of
values in each group 11&(.3) rﬁa“( ) are 17 and 12 respectively.
Probability comparisohs, using paired t~test, were between.values of
go,ntrol and ‘treated groups,” *p < 0.5, **p < 0 01 ***p< OrOOf S
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ey

Control

_________ Estradiol

100— «a
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Percentage Inhibition of Flow
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- Figure 20. Effect of estradiol on dose-response curves to noradrenaline

administered extraluminally (a) and intraluminally (b) in perfused.
branches of bovine radial artery. Dose-response cuxves obtained in the
absence and presence of estradiol (3.6 x 10 5 M) are shown. Number of
values in each group in (a) and (b) are 12 and 9 respectively. ‘
Probability comparisons, using palred t-test, were between values of &
control and treated groups, *p < 0.05, **p < 0,01, ***p < 0,001, ’
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to a similar extent, Ratlos of EDgq for intraluminal noradrenaline -
in preparations treated with cocaine and that with the steroid were
not“substantially different from each other.

0

In'preparations treated together with cocailne and estradiol,
responses to extraiu%inally added noradrenaline, but not that to intra-
luminally added noradrenaline, were clearly potentiated (Figure 21),
Assessment of ratios of EDsg for extraluminally added noradrenaline
.revealed that the sensitization induced by the combined administration
of these agents was greater than that induced by es?radiol alone
(Table 24). The EDsqg for intraluminally added noradrenaline, however,
was ngt reduced significantly in tissues treated with both cocalne and

the steroid (p < 0.5 > 0.4 when mean log values of EDsg for the control

group was compared to that of the treated group).

It should be noted that in the initial series of test responses
to intraluﬁinally added noradrenaline (i.e. the do;ELreéponse curve
obtained prior to expoéure to cocaine and/or.estradisl), some preparations
either did not respond or responded poorly to even the highest doée of
noradrenaline used (3,000 ng in bolus injection) and data, from these///’\\hﬁvﬁ\\
tissues were rejected. Thus, the number of Obégz;;>ions-\ ”;lth intra-

luminally added noradrenaline is not the same as that with extraluminally

added noradrenaline, as shown in Table 24,

2. Effects of cocaine and/or estradiol on responses to periafterial

nerve stimulation

Branches of bovine radial artery responded to stimulation at

[
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Control

_________ Cocaine and estradiol
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Figure 21, Effects of cocaine and,estradiol on dose-response curves to .
noradrenaline administered extraluminally (a) and intraluminally (b) in
perfused branches of bovine radial artery. Dose-response curves obtained
in the absence and presence of cocaine (3 x 107° M) and estradiol

(3.6 x 10"° M) are shown. N=9 in both cases. Probability comparisons,
using paired t-test, were between values of control and treated groups,

*p < 0,05, **p < 0,01, ***p < 0.001,
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A}
1

. e /
the frequency %ﬁgge from 0.5 Hz to 5 Hz with a progressive reduction

in flow thropéh the lumen, reflecting a frequency dependent vaso-
p .

’

conatrigfion. Fiéﬁre 22 shows typlcal responses of the vessel. A

Rt N

plateau response, which in most cases was of the magnitude of 60%. to

70%( inhibition pf basal flow;'was obtained with stimulation at “frequencies
at :>\Htghex than75 Hz (Figure 25). In five control ﬁneparationst no
significant difference was evident in the two'frequgncyﬂresponse curves
obtained 6b minutes apart (Figure 235. In contrast, frequency—responsé
curves 1n preparations treated either with cocaine (3 x 1073 M) or with
estradio; (3.6 # 1073 M) for 30 minutes were shifted significantly to

the left when compared to the curves.obtained in the absence of the drug
(Figures 24 and 25). Determination of the degree of horizontal shift f

were made at three mid-range response levels covering the linear portién

‘of the curve (Table 25). The stimulation frequency required to produce

a particular percentage inhibition of flow, namely 20%, 30%Z and 40%, was

determined from each individual frequency response curves obtained in

the absence and the presence of cocaine or estradlol. Ratios of the
arithmetic mean values of these frequencies were calculated and employed

as an index forggbmparison, Table 25 showsz that in all casés-the stimula-

- tion freqdency réquired to obtain a given magnitude of response was

significantly lowered by the treatment of tissues with cocaine or with
the ster?} . Potentiation of responses by these two agents was not .
materially different from each other, as assessed by a comﬁar#son of the

frequency ratios. R 4

The combined administration of cocalne and estradiocl to bovine
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Flow (ml)

CD‘ - N W b U
I

Frequency (HZ)

Figure 22. Typical responses of a perfused bovine radial artery (branch)

to perlarterial nerve stimulation. Contractile responses are recorded as
reduction™in outflow. Each vertical tracing represents the volume of
perfusate flowing through vessel lumen over a 5 second period. The
duration of stimulation at each frequency is indicated by a horizontal

bar below tracing, \\““\__\\\\

N
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Initial responses

Second responses

.. Percentage Inhibition of Flow

Lr:\lj

50—
Of__ | Sy -I |’
0.5 10 2.0 ‘\540 75 100 HZ
Figuré 23. Frequency-response curves to periarteri;}\;lrve stimulation

in perfused branches of bovine radial artery.

Mean values and their

standard errors are shown for an Initial and a second response, obtained
60 minutes apart, to periarterial nerve stimulation at each frequency in

5 preparations.
frequency.
second responses,

Stimulation was performed for 2 minutes at each test
Initial responses did not differ significantl} from the



156

e

Control

- = === -~ - = Cocalne

100 r

1

th
o

Percentage Inhibition of Flow

‘ | |
Q5 10 20 0 75 100 HZ

)

Figure 24, Effect of cocalne on response to periarterial nerve

stimulation in perfused branches of bovine radial artery. Responses to
stimulation for 2 minutes at each test frequency in the absence and °

then in the presence of cocaine (3 x 10°% M) in 14 preparations are

shown. Probability comparisons, using paired t-test, were between

values of the contro% and treated groups, *p < 0,05, **p< 0,01, ***%p < 0,001.
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Control

_________ Estradiol

Percentage Inhibition of Flow

0'— [ - . i i 7

1 ] J

a5 10 20 . 50 75 100 Hz

Figure 25, Effect of estradiol on responsé to periarterial nerve
stimulation in perfused branches of bovine radial artery. Responses

to stimulation for 2 minutes at each test frequency in the absence and
then in the presence of estradiol (3.6 x 1075 M) in\l12 preparations are
shown. Probability comparisons, using paired t-test, were between

_values 9£\the control and treated groups, *p < 0,01, **p < 0,001.
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‘\___/-—“4
radial artery, nevertheless, did not produce a consistent potentiation

of responses tb nerve stimulation. Iﬂ fact, all three possible results

were observed: 1in nine preparations treated with both cocaine and Lhe
sterold, three exhibited potentiated responses after the drug treatment,

four exhibited desensitized responses and.the final two sho;ed no sub- '

stantial difference in responses. Thus, at this stage there is Insuffi-

cient information to permit a rational analysis of these data.

3 Effects of cocaine and/or estradiol on duration of response

—
-~ Duration of responses was assessed by the half recovery time

(Tsp) which was the time taken for responses to recover to 50% of the

initial magnitude, i.e. 56% of the pre-stimulation flow rate in this

‘ -
case, In view of the concern brought up elsewhere (Trendelenburg and

Henseling, 1976), as has been pointed out earlier by Kalsner and

i

Nickerson (19694}, that-drug—induced sensitization of response by itself
may alter the duration of_reSponse, mathematical correctiéns were made

to identify more accurately the direct drug effect. Percentage inhibition
. Q- ' )
of flow (i.e. response magnitude) and Tgg (i.e. response duration) of the
. s
initial responses- to noradrenaline at each concentration, or to nerve

stimulation at each frequency, were measured and their mean valdes
calculated. Linear regression equations which correlated the magnitude’

-and the duration of the initial responses were computed for which the x-

X,

\\ ' . . .
vyriable was the percentage inhibition of flow and the y-variable was the

Tsp. i!;ter treatment of tissues with cocaine or estrhdiol, the magnitude’

and the duration of responses to noradrénaMne and to nerve stimulation

' were measured, From the appropriate regression equation, a control Tsg

- / ‘
4
{

e
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corresponding to the same magnitude.of respdnse was calculated and
compared to the Ts5¢ of the response obtained in the presence of the

drug concerned, ~ For example, flow rate in one preparation treated with

cocalne was reduced to 86% of the pre-stimulation level on stimulation

at 1 Hz. Ts0 of this response was measured to be 78 s8ifonds.

3
the regression equation for this group (which is y=10.45+0.41x, see

From

.below), control T50 (i.e. value of y) was calculated to be 45.7 seconds

when the response wmagnitude had a value of 86% inhibition of flow.

Thus, in this-individual preparation cocalne induced a 1.7-fold pro-

longation of the response to nerve stimulation at l:Hz.

a. Responses tg extralumiﬁal and to intraluminal noradtbnaline

It should be mentioned that the above method of mathematical
correction could hot be made‘with the responses to extraluminally added
noradrenaline since, because of the.cumulative administration of the
agenist, only the maximal response was allowed to recover. Thus values
of Ts0 of responses tc noradrenaline at divérbe concentrations were not
avallable. Measured T50 values of the maximal response to noradrenaline
1) before and after treatment with éo;aine was 226.7133.6 seconds and
288.8+14,8 seconds respectively (N=17, p < 0.1l>'0.05), ii) béforg and
after treatment with estradiol was 156.3117.5 sééoﬁds aﬁd_28§;7i25.3
se;onds respectively (N=12, p < Q.QOI), 1ii) before-hné after treatment
with cocaine ana estradicl was 187.5132.3 seconds and 306,4:40,9 secénds

respectively (N=9, p <« 0.00l).  The corresponding T7s values, i.e. the

time taken for responses to reccver to 75% of the %nitial magnitude,

T
s

e



7‘ ' 1.61 _ =

1) before and after treatment with cocaine was 272,4+34.0 seconés énd

377.7+18,0 seconds respectively ‘&=17, p < ‘0.01), 1i) before and after

e

treatment with estradiol was 233.5t18.0 seconds and 371.9+25.5 seconds:

v

respectively (N=12, p < 0.001), iii) before andsafter treatment with

cocaine and estradiol was 236.6%31.0 ggbonds and 426.2&36.9 seconds

respective (N=9) p < 0.001).

ble 26 shows the éffects of cocaine and/or estradiol on the

-

duration of nfesponse to intraluminally_added noradrenaline., The linear

regreséion éq ation, which Eorrelated magnitude and dufation of initial

responses for the'su%populaq;ons of vessé}s gubseq;ently treated yith
hoqsiné,hestradfbl or both compognds togethgrrwas y=7.53+1.35x (r=0.963,

p < 0.01, N=5), y=13,24+1,19x (r=d.985, p< 0,01, N=5), and y=17.93+1.36x

(r=0 955, p < QMQE N=5) fespectively (whére x=7% inhibit&on of flow,

y=Ts5g). ‘In ally preparations the valugfzf Tto increased with increasing

"aﬁount of injec&éd noradrenaline. pocaine and estradiol, wheE admiuis—’ -
tered eithef alone, significantly‘prolonged the recovery of responses,

as assessed by the ratio-‘of T5p8. However, a cbmbined administration of ™

these agents did not matefially alter the recovery of reﬁpéﬁses.
. N 3 .
1 ‘ |

\ - —~

b. Responses to periarterial nerve stimulation Co
3 - N \\ \“_ N . L —
Table 27 shows the effects of cocalne and estradio{\gn the _‘,ﬂ_ﬁ—“-ffj '

duration of.response to periarterial nerve stimulation. The linear

regreéssion.equation correlating the initial response magnitude and duration

for the subpopulations of vessels aubsequently treated with cocaine or

-

"estradiol was y=10,45+0,4lx (r=0.979, p < 0.01, N=5) and y=114+0.36x

(r=0.941, p < 0.02, N=5) respectively. Both neuronal and extraneuronal
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uptake inhibitors prolonged significantly the duration of response'to

h\

QL

" nerve stimulation at ali‘frequencies examined. Tg, values were enhanced ‘\\\
sqpewhat less than 2-fold after treatment of tissues with cocaine and {::;’/,
between 2,7- and 4.5-fold after estrédiol, as determined by the ratios
of the mean values of Ts5¢ in the presence‘and in the absence of the
inhibitors:' The effect of cocaine did not show great variation over the

fange of frequencies examined. For example, the ratio of Tsg at 1 Hz

} - - . ~
was not substantially smaller than that at 10 Hz. On the other hand, ( :

\\\_’f_Ebe effect of estradiol appeared to be frequency dependent., The ratio

of the Tsgs in preparations treated with the steroid increased pro-

4 +
gressively with frequency from 1 to 10 Hz. N

- B. Effects!of cacaine and/or estradiol on isotonic contractile responses

- in strips of bovine radial artery brancheg '

1. Responses to noradrenafine ® !'

Experiments wete\éqnducted using strips Bf bevine radial artery
(branches) sé&t up in individual muscle chambers. Strips were equilibrated
for Skkﬁdnutes and isotonic contraction to a test conceg{;ation of

noradrenaline (L x 10" 7 M) was evbked, Preparations of similar initial

sensitivity were matched and, gfter noradrenaline was washed out, one

group qf.stxips was tcﬂﬁfed‘with cocaine (3 x 1075 M), one group with

estradiol (3 6 x 1075 M), ode group with both agents (at the ebove con- s

centrations) and the last group served as control receiving only drug ~free
3

Krebs solution. Thitity minutes later, cumulative_dose—nesponse curves

o
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‘for noradrenaline were obtained in all strips.
Strips of "bovine radial artery (branches) did not demonstrate

detectable spontaneous tone over the 90-minute equilibration peried.

Noradrenaline induced.concentration-dependent contractions in all strips. ' _\\
—I5 preparaticns treated wié%ﬂcocaine, dose-response curve for noradrenaline
'waB shifted sigpificantly to the left (Figure 26). Geéqétric meaﬁ;vQ{jif

of EDsg obtai®dll in the absence and in the presence of cocalne was )

4.8 x 1006 M and:l.é x 107% M respectively, giving a ED5q ratio of 3.42, R

In contrast, treatment of tissues with estradiol did not shift siénifi—

cantly the dose-;gaponse curves (Figure 26). Additionally, the maximal
, response to noradrenaline was decreased by the s;e;ofq._ Because of this
latter phenomendn, assessment of drug effect (or the lack of it) cannot
be made by using EDg5y as an index. The combined administration éf cocaine
and estradiol produced almost a mixed effecg on the dose—respgﬁg; curve
(Figure 27); For example, the lower part of the ;urve was shifted con-
sideraﬁly to Lhe léft, reflecting the poéentiation of responses to

noradrenaline by cocalne. On the other hand, fhe maximal responses to

- . . .
—-noradrenaline was reduced, showing the desensitizing effect of estradiol, o

2, Responses to potassium

Responses of radial artery strips (branches) td potassium, and

its modification hf the. uptake %nhibitors, were examined using the same
X p

. protocol as thqse with noradrenaline. Branches of radial artery responded

# /’_\ -

to potassium with progressive increase in contraction. These responses

were not significantly enhanced by cocaine (Figure 28), suggesting that

£
/"-' \
- -
K
s



presence of cocalne
noradrenaline-induced contracgions of bovine radial artery strips (branches).

—— e e
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Figure 26,

.y o~

Control

Cocaine

Estradiol

Cumulatiﬁe dose-response curves in the absence and in the

(3 x 1075 M) or estradiol (3.6 x 107% M) for

Number of values in the comerol, cocaine-~treated and estradiol-treated ”
groups 1s 15, 13 and 14 respectively. Probability compgrisons,'using
unpaired t-test, were between values of control and treated groups,

*p ¢ 0,05, **p“¢ 0,0l. Standard ertor fbars are not shown wherever they

reduce clarity.
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Contyrol

--------- ,Cocaihe plues estradiol
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Contraction (mm)
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- ~logo NA

Fidure 27. Cumulative dose-response curves in the absence and in the,
prepence of cocaine (3 x 10 5 M) afid estradiol (3.6 x 1075 M) for
no¥adrenaline-induced contractions of bovine radial artery strips
(branches). Number of values in the control and treated groups is 15
and l4 respegtively. Probability comparisons, using unpaired t-test,
were between values of thjé -control and the treated grodps, *p < _0.05,

**p'j: 0.91.' ’. . "L ‘ % ’\g
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the potentiating effeislof this agent on respo ses to noradrenaline was
not due to an non-specific action. In strips treated with estradiol,
however,'reaponses to potassium were significantly reduced (Figure 28),
reflecting a non—epecific desensitizing effect of the steroid on smooth
muscle cells. This effect appeared to contribute to the failure of

.

this agent to potentiate the responses of the strips.to noradrenaline.

In strips treated with both cocaine and the steroid, the desensitization - -

of responses:by the latter compound was still predominant (Figure 29).
. ’ o

I

L .
C. Accumulation 6f “H~noradrenaline in branches of bovine radial artery

. N
L}

To assess the effectiveness of cocalne and estradiol to block

the" accumulation of noradrenaline into tissues »’branches of bovine radial

artery were Incubated with 3H—dl-noradrenaline (6 x 10 ~7 M) in the absence

and in the presence of the uptake‘inhibitors and the total radioactivity
retained in the tiSSue was determined. Figure 30 ‘shows the effects of
cocaine and/or estradiol on the aecumulation of 3H—-noradrenaline in the
bovine tissie. As expeeted, the tisaué{radioact;vity'wés significantiy'
reduced (to half of the control value), by elther cocaine t3 x IO_S-M) or

by estradiol (3.6 x 10”5 M). In preparations treated with E%eae agents

together, there was 'a further decrease in tissue.radloactivity, confirmingl

two possibly overlapping sites of.actiofi for cocaine and for estradiol,

7

-

@
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Figure 28, Effect of cocaine (3 x 1075 M) or estradiol (3,6 x 1675 M)

on responses to potassium in bovine radial artery strips (branches)..
4 N=12 in all three groups. Asterisks indicate values of the treated

group significantly differerit from that of the control group with a

p < 0,05, as compared by the unpaired t-test. Stand@g error barg are

not showfi wherever they refuce clarity. ' C e~
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Control
_____ “- - — - Cocalne plus estradiol
4O -
120}
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.Figure 29, Effect of cocaine (3 x 1075 M) and estradiol (3.6 x 1075 M)
on responses to potassium in bovine radial artery strips (branches).
N=12 in both groups. ‘Probability comparisons, using unpalred t-test,
were between values of the control and the treated groups, *p < 0/05,
*%p < 0,01. . N
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Figure 30. Effects of cocaine and/og estradiol on' accumulation of
3i-dl-noradrenaline in branches of bovine radial artery. Mean values
of total tissue radiocactivity are shown for four groups of preparations
incubated with 3H-dl-noradrenaline at 6 x 107 M in the presence of
drug-free Krebs solution (CONT), cocaine (3 x 1072 M, COC), estradiol .
(3.6 x 1073 M, 'EST), or cocaine,plus estradiol at the above '
concentrations (COC + EST)., *Probability comparisons between values of
the control and the treated groups with.a p < 0,01, **Probability
comparisons between values of the group treated with cocaine plus
estradiolland,gréups treated with elther agent alone'with a p < 0.05,
Number of values in each group is shown in ggrenthesis. | g'
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PART -I. PRESYNAPTIC ALPHA-ADRENERGIC RECEPTOR HYPOTHESIS Lo

\ " N . N

According to the presynaptic alpha-adrenergic récepﬁor‘hypo-
thesis, eﬁdogenously released noradrenaline activates a negative -
faedbagk system medlated by afpha—receptors located on sympathetic nerve

terminals, thus providing a precige pulselto-pulse physiological modu;

lation of neurotransmitter release (Rand, McCulloch'and Story, 1975;

. Langer, 1977; Starke, 1977; Westfall, 1977). Ever since its initial

pfoposal, this attractive hypothesis has been accepted rapldly and,
surprisingly, without often'being critically tested. The sole evidence
in support of this hypothesis comes fundamantally.from the repeated

observations in a variety of species ‘and tissuesythat noradrenaline and

some alpha-agonists decrease stimulation—induced efflux of neurotransmitter

SI %
from sympathetic nerve endingS' and that this effect is ‘blocked by

phenoxybenzamine which itself increases transmitter effldx during nerve
stimulation. "Nevertheless, the establishment of an autoinhibitory system
subserving the crucial role of regulation of transmitter release requires

that mangﬁother demands be fulfilled and that the hypothesis itself

—

survives vigorous experimental tezds. The firat part of the present
study was undertaken, using different approaches and tissues to examine

the viability of the presynaptic alpha-receptor hypothesis.
N ‘ .
Certain terminologiﬁslyeed tc be clarified at this point. In
the current text the term "trahsmitter release" refers to the amqant of

-

transmitter released from the -sympathetic nerve terminals into the

' /4

synaptic cleft., The terms "transmitter efflux" and “transmitter overflow".

I

are used interchangabiy, and refer to the.amount of ‘transmitter collected

(4 : ' ( . | p
) _ \\ . \ ~

o s

.
r e
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. -
) ' i
ip the superfusate -after flowing through the tissue under study. The 3
;mount of transmitter in the superfusate represents the ret difference E

[

between the amount releaged and the amount taken up by neuronal and

extraneuronal tissues. Since at present there is no available method ¢
to determine transmitter release, transmitter overflow obtained after e

neuronal and extraneuronal uptake processes have been blocked 1s taken
as an, approximation of.transmitter release; ' This method-has been widely'.-
used by others during the formulation of the presynaptic slpha-receptor
hypothesis (Rand and Story, 1972; Starke, 1973; Langer 1973). "Efflux

)
of tritium" tefers to the total radioactivity detected in the superfusate

>

in tiSSues previously primed.with 3H-noradrenaline. This measurement
\

obviously, includes both intact 3H ~-transmitter and its metabolites. ' The

suitability of total tritium\ as a meagure of noradrenaline release, has
e

been pointed out by Starke (l@?l)/%no stated "...the stimulation—evoked
overflow of total radiocactivity aporoximates release better than the

overflow of noradrenaline alone."

- + :
-If an autoinhibitory nega:ive feedback system regulating

-

transmitter release is operational, then by definition it would be exbected

.thatfstimulation—induced transmitter releaseabreflected by the efflux-of

L tritium, decreases with increasing perineuronal concentration of the

. \
!—\'4' . 2 . ‘
transmitter. In the present study, bovine renal artery strips were ©

stimulated with 300 pulses at different frequencies (1l to 15 Hz) spanning
the physiological range. As the total amount of transmitter released by

a—_——

a8 constant number of pulses (300) is liberated into the neuro—effector

cleft in a time period compressed from 5 miﬂutes to 20 secénds, the .

a._’.d n&‘ .-‘

. . ’ ']

hd »

RJ
~



perineuronal concentration of noradrenaline should increase accordingly.

This 1is confirmed.&y'the frequency/responses of the tlssue: the con-

i

tractile resbonses showed a clear gradation with increasing f:équency

- 1

from L to 5 Hz and reached a plateau at higher frequencies.’ Information
{

, \
as to the ‘temporal and spatial dynamics ‘0f the released transmitter at
the neuromuscular cleft is réflected in the rate and‘the magnitude'of‘

these responses.

3

Although the perineuronal concentrétidn of transmitter ﬁarie@'
as expected, the efflux of tritium did not. It did not decline with

s
increasing fre{ﬁgg;y as would be predicted b§ the‘prg§ynaptic alpha-
receptor hypothesis but’ instead was-essentially unchanged over the entire

- -

test frequency span except at 5> Hz where output was somewhat_higher.'

This relationship between efflux and stimulation frequency did not occur

as‘aﬁ isclated examﬁle in the bovine renal artery but was also obéerved
in four other tissues'exémined in the present study, namélx; t@e aorta,
carotid artery, femoral artery of dog, and the aorta of guigeaapig. ~In

. & ' - .
these tissues stimulated with a moderaée number ofiﬁylseé (200) at, two
physiological frequencies (l and 5 Hz), efflux of Frftium at thé'ﬁoaerate

frequency was not significantly less than that at the low frequency.

These observations thus provided no support for..the operation of a i
- —"*‘ .

_negative feedback system which is ﬁuyported to decrease the per pulse

release of transmitter as the concentration of transmitter in the

biophase increases.

.

The present finding that the efflux of'transmittgr does not

wvary with stimulation frequency is in accord with the observation of

_ : , ) S .;
N ‘ o ' .o/
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Henderson and colleagues in cat nictitating membrane (Henderson, Hughds ;nd
Thompson, 1972) and that of Farnebo and Malmfors (1971) in mouse vas
deferens, Henderson and colleagues reported that the overflow of
noradrenaline from thé cat nictitating membrane stimulated Qigh 100

pulses was not significantly different at 0.2, 1, 5 and 15 Hz, i.e.

the same ferquency range-eméloyed in the present study. Farnebo and

Malmfors (1971), although using a variable number of Eulses, observe

that the per pulse overflow of tritium in mouse vas defekqus.previo
incubated with 3H-noradrenaline remained at a steady level wit

stimulations at 1, 2, 4, 8 or 16 Hz. Yet, this is not the only observed

-
.

pattern of frequency/transmitter output. Hughes (3972) demonstrated that
the stimulation-induced overfiow‘of,noradrenaline in both the rabbit
portal vein and in the vas deferens increased aS'f;equency rose from 2

to 15 Hz, jliustrating the facilitation of ﬁransmitter output at higher
frequencieg. On the other hand, Stjdrne and Brundin (1977) observed that
neurally-inéuced efflux of 3H-norad;enaline in the human omental blood
vessels stimulated with 300 pulses ascended |to a peak at 10 Hz and then
declined at 30 H;, Thus, a consistent pattern of freéuency/transmitter
output relationship is not obtained. In the present experiment with the
renal artery preparation of dog, efflux of tw{tium at the moderate
ffequency was indeed significantly smaller thay that at the low frequency.
However; this is tﬁe only observation of thiy’sort in six selected prer
parations from three différent speciés, ité generalizatioﬁ is thus un-

warranted and consequently this observation cannot be singled out to

support any claim for the presynaptic alpha-receptor hypothesis.
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Since it could be disputed that pProportional facilitation of
transmitter release with increasing frequency comﬁeﬁsateé precisely,
and thus ma;ks; the presynaptic alpha-receptor-mediated inhibition of
. | transmi%ter outbut, experiments were done using preparations treated
with phenoxybenzaminé and/or noradrenaline to assess the c;ntributign
of the presynaﬁtic system at each of the test freguenciés.
In accord with many other observations, phenoxybenzamine
enhanced the sﬁf%ulation—induced efflux of tritium in all types of
tissues examined, namely, renal and radial arteries of cattle, aorta
of guinea-pig, acrta, carotid, femoral and renal arteries of dog. However,
o these experiments provide no support for the operation of a negative
feedback system mediated by presynaptic alpha-receptors. According to the
presynaptic alpha-receptor hypothesis, the transmitter release process
should be subjected to increasing restraint due to activation of the
autojphibitory loop as the biophase concentration of transmitter increases,
When a fixed number of pulses is delive?ed in ascending frequencies to the
tissue, the synaptic concentration of transmitter increases. Phenoxy-

benzamine, by combining with the Presynaptic alpha-receptors, removes

the restraint on transmitter release and according to theory, would con-

r

'sequently increase efflux of transmitter during nerve stimulation (in the
presence of neurgnal and extraneuronal uptake inhibitors). Most
importantly, the enhancement of transmitter efflux should be in direct
proportion to the degree of funcfional autoinhibition imposed on the nerve
terminals at each stimulation freéquency. That the pPhenoxybenzamine-induced

“H\\\\enhancement of transmitter efflux increases in magnitude with increasing’

S[f“! z
! ]
.
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frequency is crucial to‘:Le viability of the presynaptic alpha-receptor
hypothesis, W&pch a pattern qf‘frequency—rélaéed enhancement of efflux
was, however, not evident in the tissués-exaéined in the present study.

The effect of phenoxybenzamine.to increase effluxxségqhbge—
tively correlated td the frequency of stimulation in bovine renal artery
excited with "300 pulses at 1, 2, 5, 10 and 15 Hz, a pattern -of efflug
enhancement contradicﬁorf to the expectation of the presynaptic‘;lpha-
receptor hypothe§i$: This relationship was'also observed in the carptid
artery of do; r whiﬁh the antagonist enhanced efflux more at a low kl'Hz)
than at a té -(5 Hz) frequency. In still other prepérations, namely,
aorta of guinea-plg, aorta, femoral{and renal arteries of dog, th; Effect
of the haloalkylamine on efflux was not significantly different at 1 Hz
and at 5 Hz. This latter %inding was not only observed with phenomyben-

' .

zamine at a high concentration (3 x 1075 M), but was alsc with the antago-"
nist at lower concentrations (e.g., 3 x 1008 M to 3 x 107® M, in guinea-
pig aorta). Thus, based on the supposition sigg_ghenoxybenzamine combines
specifically with a distinct class of presf%ép;ic alpha-receptor to ’
interrupt the operation of a presynaptic autoinhibitory locp, It 1s un-
likely that such a loop contributes significantly to the regulation ﬁf
adrenergic transmitter release under the present experimental conditiong.

The concentrations of phenoxybenzamine employed in this study
are sufficiently high and non-reversible to rule out a possible break
thrgugh of the adrenergic blockade b& tﬂe released noradrenaline., A
maximal blockade of the présynaptic aipha—receptor, az assessed by the

magnitude of thé stimulation-induced efflux of transmitter after treatment
4



178 °

P ..
of tissues with pi%ioxybenihmine, was reported by ‘others to be-in the
. comcentration range of 1075 M to 3 x 1075 M (Rand et al., 1973;
Henderson, Hughes and Kosterlitz, 1975). Hughes (1972) observed that the
inecrease in stimulation-induced overflow of noradrenaline in rab;it portal
vein and vas deferkens by phenoxybenzamine (1 ' x 1075 M) was maintained
over a period of 6 to 8 ﬁours with only a 10 to 15% decline in noradrena-
line output. Starke (19723) has demonstrated that exoge?ggi)noradrenaline
(3 x 1077 M) cannot break through the blockade of presynaptic alpha-
.receptors by phenoxybenzamine (3 x 10° % M), as evidenced by the efflux
of tritium in perfused rabbiF heart, although the concentretyén of the
antagonist is ten times lower than that used here in the Povine renal

artery. In fact, as observed in the;present ekperi@ents with the guinea~
~,

pig aorta, even 3 x 1078 i noradrenaline canpot overcome;a blockade of
presy;aptic alpha—reeeptors by the halcalkylamine “at 3 xyfﬁgszM (Table 17).
The phenoxybenzamine-induced enhancement of transmiteer overflow
during nerve sé&muiation has been reﬁeatedly reported in the litereture.
However, evidence substantiating a negative feedback function of the pre-
synaptic alpha-receptor is very limited. 1In the majority of studies, the
effect of phenoxybenzamine on efflux has been examined cnly at one moderate
end one unphysiologically high frequency,lproviding little dnsight intp
mechanisms. For instance, 1t was OEServed that phenexybehzamine enhanced
efflux at the lowerhbut not at the highef freqeency in the guinea-pig
parametrial artery (5 and 25 Hz, Bell \and Vogt, 1971), the rat ves deferens

(2 and 50 Hz, Vizi, Somogyi, Hadhazy an Knoll, 1973} and the cat spleen

(5 and 30 Hz, Langer, Dubocovigé;and Celuch, 1975; 10 and 30 Hz, Brown and



179

'Eilléspié, 1957; Kirpekar and Gervoni, 1963)., To interpret these results,
Langer (1977) suégeste&;ghat t%e presynapt%c negative feedback léop dges
not function at high frequencies of Qsiji\étimulétion. If this 1s indeed
the éasé! however, one, question ﬂécomes iﬁmediately apparent: when does
it play an important rolf? If the feedbagi loop were non—-functional at
high frequencies of n;rve stimulation, autonomic nerve activity would

be rest%icted within the low frequency range but not during intense high
ﬁrequency stimulation, The latter situatiép may, in fact, regul+ in the
flooding of certain critical peripheral neurco-effector junctions with the
transmitter,

In the few studies in which more modest parameters of stimu-
lation were employed, tﬂe ‘haicl:alkylamine did not show materially different
L ' .
effécts on the enhancement of efflux with different frequencibs. For
example, Hughes (1972) reported that. phencxybenzamine, in the péesence of
cocaine, increased efflux of noradrenaline to a similar extent with
stimulations at 2, 6 or 16 Hz (constant number of pulses) in the rabbit
vas defereis. Likewise; the effect of the haloalkylamine on efflux was
not significantly different at 4 and 8 Hz in the rabbit pulfonary artery
{McCulloch, Bevan and Su, 1975). The present observations made with a
variety of tissues are in accord with these findings and/;uggest that the
proposed‘presynaptic negative feedback system, if it exists at all, is
insensitive to the biophase concentration Af transmitter under ordinary
conditloms of nerve actiyity.

An argument against the present result is that the presynaptic

feedback system is already maximally activatedreven at the. lowest test
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efflux in bovine renal artery was essentially Insensitive to stimulation
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freque%éy (i.e. 1 Hz) and thus efflG;’:; transmitter in the presence of

Phenoxybenzamine does not increase with ascending frequency.' If this
were the case, then on this argument aldne it can be concluded that -such
feedback system serves no important ph¥siological role in the regulation .

of transmitter release, since moéb«dﬁtonomic effector responses are

elicited at frequencies higher than 1 Hz.

Examination of the effects of norddrenaline on efflux in %ovine
renal artery, guinea-plg aorta and a Qariety of.vascular prepaéations of
dog, again, provides no suﬁstantiation for an operational presynaptic
autoinhibitory system. According te the presynaptic alpha-recepter
hygpthesis, the‘effec§ of a constant amount of exogenous noradrenaline to
inhibit transmitter release, aS'asségsed by the efflux of triggum in the
absence and presence of the agonist; should decrease when the concentration
of neurdlly-released transmitter in the synaptic cleft incfeases, reflecting
a gradually diminishing contribution of the exogendus amine tc an expanding
pool of liberated tranamitter. Qin the present study, it is evident, as -
inferred from the graded péak tension development during nerve stimulation,
that the biophase level of active amine does increase with increasing
ffequency in the bowine renal artery stimulated with 300 pulses at four
physiclogical frequencies., Under such circumstances, however, exogenous
noradrenaline did not a%per the st}mulation-induced efflux in ac;ordance

with the presynaptic receptor hypocthesis.

The effect of noradrenaline at two moderate concentrations on

frequency. The agoniét at 10 ® M inhibited efflux significantly at 1 Hz,

o
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but.not at 2, 5 and 15 Hz, as assessed by a 30;;;;;;3L of efflux ratios.
Raising the concentration of noradrenaline to 3 x lO_A6 M.caused signifi-
cant reductions in efflux at all frequencies, however, the reducE?bnrYés
not significantly different at 2, 5 or 15 Hz, Thesg results, evident Yn
the bovine renal értery and in the aorta, carotid and renal arteries of

*

dog, are incompatible with the operation of a presynaptic autoinhibitvr‘l
~ \

loop. ' i
. t
In the femoral artery of dog and the aorta of guinea—piﬁ stimu-z
lated with a low and a moderate frequency (1l and 5 Hz), however: nor-
-adrenaline did show a greater inhibitory effect on efflux at the lower
-than at the higher frequency. This finding is seemingly in sdg;ort.of
thg presyn;ptic feedback hypothesis, However, results from paféllel'j;
experiments with phenoxybenzaminé, obtained under the same cpnditiohs as
tﬁat with noradrenaline, provided no support.for the operation of a pre-
synaptic feedback system. In neither the femoral artery of dog nor‘the
guinea-pig aorta did phenoxybenzamine have a’ greater enmhancing effect of
- efflux at 5 Hz than at 1 Hz, reflecting the lack of a {egulatory rqle of )
presynaptic alpha-receptors. Instead, the haloalkylamine inéreased_efflux
to the same extent at both frequencies, and in the gﬁineavpig aorta it
“(at 3 x 10°° M) even had a greater enhancing effect on efflux at 1 Hz than
~did at 5 Hz. These observations, in contrast to that with noradrenaline,

suggest that the feedback inhibitory mechanism occurs without discrimina-

tion at both 1 and 5 Hz,

-

-

According to the presynaptic hypothesis, the effect of agonist

should be most when that of antagonist is the least (or vice versa),
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indicaping the addition to and the blockade of thé pool of neurally-
released transmitter. Such a relationship was not evident in the present
study, Both phenoxybenzaminé and noradrenaline had their greatest effécts
on efflux at 1 Hz in the bovine renal artery stimulated with four different
frequencies. Also, phenpxybenzamine enhanced efflux to a greater extent

at 1 Hz than did at 5 Hz_in the carotld artery of ﬂ?g, but the inhibitory

effect of noradrenaline on efflux was not significantly less at 1 Hz than

.

at 5 Hz,
The inhibitory effect of noradrenaline on stimulation-induced
efflux has been examined in ﬁany preparations, but surprisingly, only

one.selectéd frequency was employed in most-studles. (e.g. guineafpig t

vas deferens, stjarne, 1975; guinea-plg atria, MeCulloch, Rand and Story,

h ’

49&}; rabbit pulmonary,artery, Endo et al., 1977; rabbit ear artery, Hope
gtgal., 1876; rabbit héart, Starke, 1972a and cat nictitating membfane,
Enero and Langer, 1975). These studies demonstrated that transmitter efflux %
is inh;bited by exogenous noradrenaline but they proviAed no information on
the underlyiﬁg'mechanisms of inhibition. It is not clear f{rom thfff?/
studies whether the inhibition is mediated by a presynaptic autglnhibitory
system that is sensitive to the perineural coneentration of transmitter,
sifce no comparative data\on efflux ag frequencieé other than the selected
one 1s available. One stu&y in which a range of ﬁhysfological frequencies
was employed 1s that of Langer, ?ubocovich and Celuch (1975). These in- ’
veétigators, in proposing the "Calclum theory"” as a mechaniém of pre-
synaptic inhibition of efflux (to Be discussed later)a reported tha£ nor-
adrenaline inhibited efflux of tritium at 1, 2 and 5 Hz with decreasing

effectiveness in the cat spleen. ' '

e i
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In addition to the observations that noradrenaline inhibits and
phenoxybenzamine enhances.stimulation—induced efflux, another observation
frequently cited as supporting evidence for the presynaptic alpha-receptor
hypothesis is that néradrenaline-induced inhibition of efflux is blocked
by alpha—antagoniﬂks; reflecting competition between these agents for a

. ar
common presynaptic receptoy site.

To examine the inferaction of phenoxybenzamine and noradrenaline

0

with presynaptic alpha-receptors, experiments were conducted on guinea-pig
- + .

aorta in which the presynaptic autoinhibitory system was routinely blocked

by phenoxybenzamine at severallCOncentrations and the effect of a fixed

"quantity of exogenous noradrenaline on stimulation-induced efflux was

examined. Efflux of tritium at 1 Hz was enhanced to 149%, 227% and 333%

of control values by the ha%oalkylamine at three concentrations, (3 x

-
-

1078 M,.3 x 1007 M and 3 x_lO_G‘M, respectively) suggesting that the ”///
phenoxybenzamine - seééitive locus .of the presynaptic autolnhibitory loop
was blocked and thaf the degree of blockade was dependent on the concen-
tration of the antagonist, If this locus alsq mediates the inhibitory
action of noradrenal;ne, tissues pretreated with phenoxybenzamine should
exhibit diminished stimulation-induced efflux in the presence of nor-
adrena}ine in increase proportion to thé magnitude of ﬁhenoxybenzamine
enhancement. That is, as the concentration of phenoxybenzamine decreases,
the effect of noradrenaline on inhibition of efflux should increase. More
importantly, as the concentration of phenoxybenzaﬁine decreases, a point

should be reached where the effect of the haloalkylamine is negligible and

the agonist exerts its full potency. This 1s, however, not clearly evident
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in the guinka-pig aorta stimulated with a moderate and probably physio-

logical frequency {1 Hz) at which the presynapt?c autoinhibitory system
.1s expected to be functional.

Nora&renaline (3 x 10 & M) inhibited efflux of transmitter at
1 Hz by 70%, and this was blocked by phenoxybenzamine (3 x 10”8 M,
3x 1077 M, 3 x 1076 H). As the concentration of phenoxybenzamine
decreased, the effectiveness of noradrenaline gradually recovere&. .
However, a full recovery of the agonist effect was obtalned, as assessed
Ey tﬁe ratio of efflux ratios, under conditions where the antagonisg
:(at 3x 1078 M) still partially blocked the presynaptic receptor site,
as evident by a significant enhancement of efflux. Observations of this
sort has never been reported for the postsynaptic alpha-receptors, and in
fact, tge now accepted concept of postsynaptic adrenergic recepters would
be seriously challenged if such an observation were made. Thus, the
presenﬁ data ¥t®m guinea-pig aorta, although preliminary, raises concern
as to whether the presynaptic alpha-receptor should be appropriately
Eesignated as‘a coﬁmon binding site for both noradrenaline and phenoxybengamine.

Investigations on the ability of phenoxybeﬁzamine to block
noradrenaline-induced inhibition of efflux are scarce. This is surprising
as the phenoxybenzamine—ihduced enhancement of transmitter overflow‘is one
of the crucial element in presynaptic alpha-receptor theory. It is im-
perative to show that this antagonist in particular blocks the presyhnaptic
alpha-receptors for which the natural transmitter competes. Two studies

in‘fhis direction were those of Starke (1972a) and of McCulloch and

colleagues (McCulloch, Bevan and Su, 1975). Starke reported that the

LT
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haloalkylamine at 1076 g/ml blocks the inhibitory effect of exogenous
noradrenaline (at concentrations up to 1077 g/ml) on stimulation~
indﬁced efflux in the perfused rabbit heart. .McCulloch and collébgues
showed that phenoxyﬂgnzamipe at 1075 M prevents the inhibition of efflux
by noradrenaline at a moderate (2.5 x 10_'7 M) but not at a 10-fold
higher noradrenaline concentration in the rabbif pulmonary artery. They
conclitded that the agonist at the high. concentration bfokg through the
haloalkylamine blocksde of presynaptic\gapha—réceptors. It is of note
that in both studies only one selected concentration of phenoxybenzamine,
But jseveral concentrations of noradrenaline, were used. Since phenoxyben-
zamine binds "irreversibly" to the presynaptic alpha-receptor by formatien
of covalent linkage, increasing the quantity of biophase noradrenaline
while maintaining a fixed concentration of the haloalkylamine would un-
likely change the degree of presynaptlc alpha-receptor blockade. These
limited studies were not performed under experimental conditions where the
presynaptic aLphﬁ—receptors were differentially blocked. Such a prqtocol
is essential for the demonstration that two compouyds, one designated
agonist and the other antagonist, both bind to a common receptor site.
Thus, although these studies have shown that the inhibitory effect of
noradrenaline on efflux was reduced by pretreatment of tissues with E
phenoxybenzamine, they provide no compelling evidence to support the view
that these agents.are competing for a common receptor site,

' Other experiments were conducted on the bo;?he radial artery in
which the effects of six alpha-adrenergic antagonists and of six agonists

-
on transmitter efflux were ﬁﬁamined. The effects of antagonists are

-

ey

. -

o
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especlally important since these agents are supposed to nullify the
. _

autoinhibitory.system and therefore ipcrease stimulation-induced

overflow of transmitter,

All six antapgonists employed in the, present study, namely,

phenoxybenhzamine, Dibenamine, chlorpromazine, ychimbine, phentolamine
- - R

and tolazoline, are effective postsynmaptic alpha-adrenergic blocking

agents. Inwfﬁ;f;;esent study, they consistently antagonized the con-
tractile responses of the bovine radial artery to noradrenaline, In
ey

contrast, a consilstent blockade of presynapzzk‘élpha—recaptors by these

*antagonlists, as assessed by enhancement of transmitter efflux, was not

L\evident.

Dibenamine sﬁgnificantly increagggjthe efflux of 3H~transmitter in the

At the highest test concentration, onlysphenoxybenzamine artd
L |
il
radlal artery stimulated with 600 pulses at a physiological frequency
(5 Hz). Yohimbine and chlorpromazine significantly inhibited transmitter

efflux whereas phéntolamine and tolazoline had no detectable effect.

This is iﬁteresting as all three possible effects on efflux were obtained

while, according to the concept of presyngptic feedback inhibition, only

3

the enhancing effect should have been erved,
Phenoxybenzamine and Dibenamine always act to enhance transmitter
efflux. The magnitude of enhancement by phenoxybenzamine (almost two-fold)
. ﬁas comparable to thgt observed in the bovine renal artery and the renal
and femoral arteries of dog as described previously. A similar magnitude

of enhancement was observed in tissues treated with Dibenamine. Thus,

Dibenamine is not less potent than phenoxybenzamine (since a same magnitude



" Dibenamine . in vasculaf'tisSUesxtFuyphgott, 1954: 1972).
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oftenhancement of efflux were obtained with these agents at the same

concentration), although the latter is about 10-fold more potent than
,

Yohimbine and chlorpromééine‘gf.the highest test concentration
both decreased stimulation-induced efflux of transmitter. The observa-—

tion with "'yohimbine is ﬁarticulariy.no;eworthy.as this agent was reported

by Starke and colleagues (Starke, Borowski and Endo, 1975) to be an alpha-

antagonist having a preferential action on presynaptic alpha~receptor ' .
—r
sites in rabbit pulmohary artery. 'These.investigatorscdemonstrated that

yohimbine at_3"x 10°® M, a concentration at which the compound inhibits

efflux by 60% in the bévine radial artef%, caused more than a 400% increase

in transmitter overflow (at 2 Hz) in the rabbit pulmonaty artery. Under
the same exﬁerimental conditions, however, phenoxybenzamine caused maxi-
mally only a 200% increase in efflux, It is of interest to question why
in the rabbit pulmonary artery the maximal effect of a reversible anta-
goni;£ is'so much higher than that of a irreversibile antagonist which
forms a covalent linkage with the alpha-adrenergic receptdrs.. In the
boviﬁe radial artery, yohimbine at both moderate.and high concentrations
drastically reduced the stimulation-induced efflux of transmitter. This
agent thus exhibits a profile of effect, characteristic of an agonist
rather thaﬁ an antagonist. At present it is 8511l unclear why the effect
of yohimbine on efflux is so markedly différent in two different vascular
preparations, It is clear; nevertheless, that the effect of yohimbine in
the bovine radial artery 1s not mediated through the phenoxybenzamine-
sensitive sites, as administration of Phenoxybenzamine (3 x 107° M) prior

to exposure of tissues to yohimbine (3 x 10”2 M) did not attenuate the

g
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inhibitory effect of yohimbine. o ‘

A very recent publication also indicates that yohimbine does
— . N '

not act as a typical presynaptic alpha—antag;hist:. Measuring renal
blood fiow as an index for vascular responses, Robié.(1980b)sho§ed thét
yohimbine at a wide dose range tl to 10% né, injected into the renal
aftery durig§ nerve stimulation) had no detectable effect on contractile
responses of renal vasculature of dog to remal ner%e stimulation at 1,
2, 4 or 8 Hz. According to the claim of a preferential presynaptic
blockiﬁg action of yohimbine, it is expected that responses wogld‘be
potentiated as a result of an increased transmitter release.- The possi-
bility that the potentiation was precisely balanced by ; postsynaptic
blocking aetion of the antagonist could‘be excluded since no such action
wa:.evidgnt under these experimental conditions, Yohimbine at ghe séme
dose range did not block the vascular regponses to noradrenaline, which
amounted maximally to & 80% inhibition of blood flow. The author de-
cia;ed, based on this and additional observations with yet other alﬁha—
agonists and antagonists, that no evidence for a physiologlcally signi}i—‘
cant alpﬁa;receptor—mediated negative feedback mechanism was obﬁained in
the dog renal vasculature in support of the present findings,
‘Chlorpromazine at the two lower concentrations had no detectable
effect on efflux but at the highest test concentration it significa;tly

feduced—transmitter overflow. The mechanism by which chlorpramazine in-

hibits efflux of transmitter 1s not known. However, the possibility that

this compound blocks, presynaptic dopamine receptors can be eliminated -

because 1f thds were the case then an enhancement of efflux would be

=

Pra— L
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manifested since dopamine inhibits efflux in vascular ti;;:;;-;;;;h,

McCulloch and étory, 1975). The present observation in.the radial artery

-

that chlorpromazine inhibits efflux 1s at variance with those of Higqﬁist
(1973) and of Enero and Langer (19753). Hedqvist reported that chlorpro-
mazine, increased efflux of tritium by l.5-fold in the guinea-pig vas
deferens, and also, Enero and Langer (1975) showed that this antagonist
caused a 2-fold increase of transmitter overflow in the cat nicEigﬁting

-

~
membrane. Thus, ch?orp;pgazine is similar to yohimbine in that it enhances

A
efflux in some but not in other preparations. :Clearly, then, neither of

- them could be classified as a typical presynaptic alpha+antagenist.

The two imidazoline derivatives, namely'phentolamine and |
télazoliné, exhibited a profile of c&ncentration—dependéﬁt effect on efflux
fhat has not been previously reported. Both compbunds at the low concen-
tration (3 x 10”7 M for phentolamine and 6 x 10 7 M for tolazoline) signi-
ficantly increased transmittef overflow, whereas at a 100-fold higher
concentration they did not have any effect on efflux. This finding, i.e.
the presynaptic alpha-receptor 1s blocked by a low but not by a’high con-
centration of antagonist, deserves furtheflinvestigétion. éhentolamine
was selected as<képresentative antagonist and its effect on efflux was

examined in two other vascular preparations of cattle. In the bovine facial

artery, phentolamine at 3 x 1075 M had no detectable ect on efflux,

although under the saé; conditio eNoxybenzamine increased the transmitter
-

overflow by 2.5-fold., Furtherefperiments using recepto 'protection

technique revealed that phentoiam}ne did not compete with phenoxybenzamine

[y

for the phenoxybenzamine-sensitive sites,
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In the* bovine renal artery stimulated with 300 pulses at three
different frequencies (1, 5 and 15 Hz), phentqlamine at the low concen-

tration (3 x 1077 M) did not enhance efflux at any of the test‘frequencies

¥
L 4

whereas interestingly, at the high concentration (3 x 1075 M) this com-
pound even signifi;antly inhibited efflux of transmitter (5 and 15 hz).

On the othef hand,.postsynaptip responses of the renal-at;ery ftrips to
transmural stimulation were consiétently reduced by phentolamine., Al~
though the reduction of mechanical responses may be partly expléined by

the finding that phentolamine at the high concentration ;nhibits trans-
mitter effiux, this explanation is not always valid as -in some ipsetafices
this compound has no effect on efflux but still significantly reduces
mechanical responses. For example, in renal arte;y treated with phento-
lamine at 3 x 1077 M, efflux at 5 and 15 Hz were not significantly different
from the control value;, yet the mechanical responses were subséantialiy:«.
depressed. Employing the receptor protection technique, it was found Ehagz
phenpxybenzamine enhanced efflux as expected, but it did not attenuaté)tﬁgw
ability of phentolamine (3 x 107° M) to réduce efflux. The inhibitory
effect of fheﬂ;olamine on efflux 1s therefore not achieved via an action

on the presynaptic phenoxybenzamine-%ensitive sites, Thus, these studies
with phentolamine and tolazoline raise further doubts as to whether the
presynéptiC'receptors pro;;;é& for the regulation of adrenergic neurco-
transmitter release should be clearly designated as alpha-adrenergicl The
clarification of the identity of these receptor sites is imporfant, as

during the evolution of the presynaptic alpha-receptor hypothesis an as-

sumption about the action of antagonists has been made., It is presumed
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> that they have a unitary presynaptic site of action, and that is at the
presynaptic alpha—recebtors (Starke, 1977; Langer, 1977; Westfall, 1977}.
The present investigations on the interactions of phenoxybenzamine and (
phentolamine, and that of phenkabenzamine and yohimﬁine as previocusly
described, challenge the\validity of such an assumption.

Recently, Robie (198m) demonstgated that phentolamine at a low
dosge (1 ng; intra-arterial injection into the rénalrartery) enhanced
significantly the contractile responses of the dog renal vasculature to
renal nerve stimulation at 1,72 and 4 Hz. However, at higher concen-
trations (up to 10* ng) phentolamine failéd ta enhance the stimulatlon- /
induced vasoconstriction and at a still higher. concentration (10° gg) it
even slgnificantly reduced the responses to nerve stimulation while
exerting no blocking efégct on responses to exogenous noradrenaline. This
study compleméntg_ggg/cﬁnfirms the present obs;rvations on the effect of
phentolamine on stimulation-induced efflux with the bevine renal artery.

Elsewhere, it has also been shown that phentolamine enhances
stimulation-induced efflux. Starke and coworkers (1974) observed that the
antagonist at 1076 to 107° M induced a 1.5- to l.8—foid increase in over-
flow of noradrenaline in rabbit pulmonary artery. . Langer et al (1975}
reported a 2, O~ and 1.8-fold increase in rat mesenteric artery and cat
aorta after treatmenf with phentolamine (3 x R{75 M. Also, in the rabbit
Heark (Starke, 1973) ahd the guinea-pig atria (Rand, McCulloch and Story,
1975) treated with ﬁhentolamine at 1077 M, efflux was increased respectively
to 1.8~ and 2.8-fold of control values (corrected for a possible effect on

t

neuronal uptake in the guinea—pig atria). The magnitude of enhancement is
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thus not great in these cardiovascular tissuéﬁ,aggldfggbrisingly, ouly
one or two concentrations of the antagonist was employed. Untll recently

-

only one study was available in which a broad range concentrations of

phentolaminewefe employed; Using }salated strips of dog saphenous vein,
Sullivan and Drew (1980) fepoftéa/that phentolamine at concentrations
from 10”7 to 107 % M increased dose-deﬁendently efflux of tritium by 1.5-
. to 4-fold that of controlé. This finding, the implication of which 1is
still unknown, is in marked contrast to the one reported here with the
bovine artery preparations. It is interesting to note that in amother
recent investigation, Lorenz and colleagues (1979) employed the same
preparation and stimulation ffequency as those inithe above-cited study,
and observed thag the irreversible antagonist phenoxybenzamine at
3 x 107® M enhanced transmitter overflow to only about 2,0-fold that of
control. The magnitude of enhancement by phenoxybenzamine 1s substantially
smaller than that by phentolamine at the same concentration, whicﬁ amounted
to a 4-fold ingrease as determined from the phentolamine dose-respcnse
curve in Sullivan and Drew's stud&. If these two compounds enhance efflux
via a common mechanism by blocking the presynaptic alpha-receptors, then
it remains to be clarified why the effect of a compound which is ir-—
reversibly blocking the presynaptic receptors is only half of that of a
reversible antagonist.

There are other reports which suggest that the action of phenoxy-
benzamine and phentolamine are not identical. In the rat iris, pﬁenoxy—

benzamine increased stimulation-induced efflux of tritium over a wide dose

range from 1078 to_lO_S M in a dose-dependent mannef, whereas phentolamine

T e
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at the same dose range had an effect which was seemingly independent of
dose (Farmebo and ﬁamberger, 1971a). In fact, the effects at 10 8, 2617
and 107> M did not appear to be significently different from one another,
although no probability comparison was available. Also, Garcia and

colleagues {(1978) reported that pilenoxybenzamine enhanced potassium-

induced efflux by 50% in cat spleen but phentolamiﬁe at a wide dose range

(1077 to 1072 M) did not increase effluk and instead at higher\éoncen-

trations it materiallz decreased overflow.of noradrenaline. Althoggh
potassium releases catecholamines by a mechanism different frizyfg;t with
nerve stimulgtion, the process is nevertheless calclum-dependent and is
ﬁresumahly sensitive to the operation of adrenergic presynaptic mechanisms
(Starke, 1977; Langer, 1977},

Basal efflux of SH~transmitter in bovine radial artery employed.
here was increased to varying extents by.five of the selected antagonists
at different conicentrations. Dibenaminé was the only <ompound that had no
effect on basal efflux. There ié,'however, né evidence for a causal

, .
ts on stimulation-induced efflux and basal efflux.

relationship betwee
For example, yohimbine,?;hentolamine and pheno¥ybenzamine each increased
basal efflux at 3 x 107% M but the first antagonist decreésed, the second
was without effect and the third increased stimulation-induced efflux.
Also, tolézoline*enhanced basal efflux to a gimilﬁr extent at.all three
concentrations, but only at the lowest concentration did it increase
stimulation=-induced efflux..

In addition to the study with adrenergic antagenists, the effects;

of six agonists, namely noradrenaline, adrenaline, phenylephrine,

Q
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oxymetazoline, methoxamine and isoproterencl (isoprenaline), on efflux

A

, Were also examined dn the bovine radial artery. Stimulation-induced efflux
was Inhibited by oxymetazoline consistently at the three selected concen-
trations, by adrenaline and noradrenaline at some but not all concentrationé;
and was not affecged at all by phenyleph;ine, methoxamine and isoproterenql.

The lack of effect of isoproterencl, a beta-adrenergic agonist,v
suggésts that beta-adrenergic receptors do not play a significant role in
the regulation of transmitter release. The pr;synaptic beta-receptor
hypothesis; which proposed that transmitter rglease is subjected to a

positive feedback regulation ﬁediated by presynaptic beta-adrenergic

receptors, was originally proposed by Langer and“egworkers (1974) and was

subsequently elaborated by other investigators {(Stiz and Brundin, 1975;
Hedqvist and Moawad, 1975; Dahlof, Ljung and Ablad, 1978). This concept,
similar to that of presynaptic alpha-receptor feedback mechanism, does not
have sound expérimental basis and has also beeﬂ re-examined recently.

Kalsner (1980b) observed that both the l- and the d-isomers of Propranclol

blocked the enhancing effect of isoproterenol on stimulation-induced efflux

in guinea-pig atria., Since .tite d-isomer is devold of any beta~-blocking \

activity, as has been shown by the lack cf a blocking effect on the me-
chanical responses of the étéia to isoproterenol, it w;s concluded that the
presynaptic site of éctioﬁ for isoproterenol is non-specific and is-different
from the stereospecific beta-adrenergic receptors.

Neither methoxamine nor phenylephfine at any of the selected

concentrations (10~ % to 10~3 M) inhibited stimulaticn-induced efflux in the

bovine radial artery. Recently, it was also reported that these two agonists,
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at the samé‘concentra on range as used here, failed to inhibit efflux

in the isolated sapheiilz vein of dog stimulated,with 360 pulses at 2 Hz
(Sullivan and Drew, 1980), One intefegtin; ::;parison to be made is that
between the effectiveness of phenylephrine ané methoxamine in the ﬁ%vine
radial artery or in the dog saphenous vein and that reported for'c:t A
spleen. Kirpekar and colleagues (1973) observed that phenylephrine and
meﬁhoxamiﬁe at 2 x 1077 to 2 x 107% g/ml inhibited efflux of tritium
maximally by 79% and 57%, respectively, in the cat spleen stimulated with
200 pulses at 30 Hz, a frequency at which the presynaptic feedback . .
mechanism is p;é:osed not to play an important role in this preparation
kLanger, 1977). In the present study with the bovine radial artery, and S
also that by Sullivan and Drew (1980) with dog saphenous veln, more
moderate conditions of nerve stimulation wereused (5 and 2 Hz) but yet no
detectable efféct of phenylephrine ox methox?mine was observed. The
question then arises as to why these two agonists fall to inhibit efflux ) '
of transmitter at low stimulation frequencies where the autcinhibitery
mechanism is proposed to be fimctional, but at the same concentration

rangé, they significantly depress transmitter overflow uﬁder conditions
where the prasynaptic negative feedback loop has presumably been rendered
inoperational,

As have been shown for many other preparations, noradrenaline,
adrenaline and oxymetazoline all inhibited stimulation-induced efflux in
bovine radial artery. In terms of the concentration required to achieve

. ‘

a maximal inhibition, oxymetazoline is of approximately the same potency

as adrenaline. This 1s in contrast to the finding in rabbit pulmonary

e
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artery where adrenaline was reported to be more poaeQE than oxymetazoline
(Starke, Endo and Taube, 1975). Although these agonists all.inhibited
efflux in the radial a;tery, the general applicabilit& of these observa-
tiens 1s still in doubt. This is further indicated in the study of the
effect of oxymetazoline in another bovine artery péeparation. Owymetazo-
l;ne had no effect on efflux in the bovine renal artery stimulated with
300 pulﬁgs at.5 and 15 Hz. These observations sustain the concern raised
in earlier seii;ons that profiles of agonist and antagonist effects on

efflux should not be prematurely acknowledged as a basis for a receptor

v

theory.

: Thglunitary presynaptic receptor hypothesis was also challénged
by the expefiments with dopamine on the bovine renal artery. The sup-
position of presynaptic regulation of transmittér release was substan-
tiated by the observation in some preparations that the effectiveness of
exogenous noradrenaline to inhibit transmitter overflow ﬁés less at high
than at low freguency of stimulation (Langer, Dubocovich and Celuch, 1975;
Starke, 1977). This profile of noradremaline effect, as previously dis-
cussed, 1s presumably a reflection of the diminishing contribution of .
exogenous noradrenaline to the total inhibitory effect as a result of an
increasing occupancy of thg presynaptic alpha-~receptors by neurally-
liberated transmitter. However, the validity of this presumption is in
doubt since it has been shown In this Investigation, as déscribed earlier,

1 . .
that noradrenaline does not inhibit transmitter overflow at different
physiological frequencies with an expected pattern of variation in accor-

dance with  the hypothesis, The present experfments with dopamine, were
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conducted to determine whether the above-mentioned profile of inhibitory -
effect of exogenous noradrenaline on efflux could be used copfidently as i
evidence supporting the exlstence of an ongoing autoinhibitory feedback
system. Dop;mine was employed since it also inhibits stimulation-induced
overflow of transmitter in a variety of preparations, but ifs presynaptic

site of action was shown to be different from that of noradrenaline (Rand,

McCulloch and Story, 1975; Fu?é;/;nd Muscholl, 1978; Dubocovich and’ Langer,

1980).
~As expected, dopamine inhibited efflux of tritium in the bovine \\

renal artery stimglated with 300 pulses, and interestingly, it did sc in

a frequency—depehdent manner. At both selected amine concentrations the

inhibition was greatest at 1 Hz, less at 2 and 5 Hz, and undetectable at

15 Hz., This profile of effectiveness of dopaminé, according to the

established presumption, would imply that the exogenous aﬁine competes

with an ongoing dopaminergic feedback mechanigm to inhibit transmitter

release. However, experiments with two potent and specific dopamine anta-

g;nists, namely pimozide and metoclopromide (Rand, McCulloch and Story,

1975; Goldberg, Qolkman and Kohli, 1978), did not reveal the existence of

a functlonal dopaminergic autoreguiﬁrgry system. The specificity of the-

actiqn of pimozide, 'a representative dspamine antagonist, was demonstrated

by the finding that this compound blocks the inhibitory effect of dopamine,

but not that of noradrenaline, on stimulation-induced effiux. 1If a pre-

synaptic dopaminergic autoregulatory mechanism for transmitter release was

operational under-the present conaitions, then either pimozide or meto-

clopromide by itself should enhance stimulation-induced efflux of transmitter,
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indicaéing the interruption of-éhe autoregulatory system. However, this
was not observed. Efflux of transmitter at a high and at a low stimula-
ticn freﬁuency was not significantly altered by treatment of the strips
with either pimozide or metoclopromide, Thus, it is highly unlikely that
a presynaptic dopaminergit feedback mechanism is present in the bovine
renal artery.

In the present study exogenous dopamine inhibited transmitter
overflow cleérly in a frequency-dependent manner even in the absence of
a dopaminergic autoregulatory system., This finding strongly suggests
that it is not pecessary to attribute a particular profile_gﬁ agonist
effect with varying frequency as a consequence of the relative cént?ibu—
tions of exogenously-added and neurally-liberated amine to a common pool
of agonist at presynaptic sites in regulating transmitter release. Al-
though 1t is unknown to what extent dopamine is released from sympathetic
nerve terminals into the neurceffector cleft during nerve stimulation in
the renal artery, no evidence was detected that ﬁhe released dopamine, if
aﬂy, is of an amount which acts toggther_with noradrenaline to inhibit
transmitter effiux. Firstly, dopamiﬁé repfesents only a small fraction
(about 27%) of the total catechmlaminé content of sympathetic nerves (Smith
and Winkler, 1972; Costa et ai., 1972). 1In a variety of innervated organs
A of cat, namely heart, spleen, iris and nictitating membrane, the content
of dopamine in the tissue homogenate is only 2-6% that of noradrenaline,
and in the heart and spleen of rat, doééhine is only bearly detectable
(Thoenen et al,, 1967). 1In peripheral tissues, dopamine functions more

likely as precursor for noradrenaline biosynthesis rather than as releasable

)

v
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transmitter under moderate conditions of nerve stimulation. Hofe and {
colleagues (1979) have shownitbat 60 minutes after incubation of rabhit
e;r artery with %-dopamine, the unchanged amine and %bmoradrenaliné et
represent 47 and 947%, réspectively,iof the total radioacfivity in the
tissue, Only after Impairment offéhe conversion of dapamine to notr-
adrénaline, e.g. by inhibiting dopamine-beta-hydroxylase, does the amount of
dopamine in sympathetic nerves and the stimulation-induced overflow. of
the amine becomes significant (Thoenen et al,, 1967; Hope et al., 1979).
Further, neither p&mozide nor metoclopromidé, in the present study, en-
hanced contfaqtile responses of the renél artery during nerve stimulation.
An Increase in the size of posts}naptic response would be expected if a .
dopaminergic inhibitory mechanism was interrupted., Finally, dopaminergic
antagonists, e.g. sulpiride, pimozide, chlorpromazine, flupentixol, halo-
peridol and metoclopromide, all faiied to enhance stimulation-induced
efflux of transmitter in sympathetically innervated preparations (Enero
ad Langer, 1975; Hope et al., 1977; Fuder and Muscholl, 1978; Dubocovich
and Langer, 1980; present study). One exception is the study by Hope et
al, (1978) who teported that pimozide, metoclopromide and haloperidol, by

»
themselves, slightly but sigﬁificantly enhanced stimulaﬁion—induced over-
flow of transmitter in the perfused ear artery of rabbit. However, this
finding is controversial as it has been reported earlier by Bell and
Matalanis (1977) that neuronal dopaminergic éites in this preparation are
not activated during normal transmisslon at physiological frequencies,

Elsewhere, Dubocovich and Langer (1980), cbserving no enhancement of efflux

by the dopamine antagonist sulpiride in the cat spleen, pointed out that

(
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their results. "do not support the view that the presynaptic dopamine
receptors-might have a physieclogical role in the regulatibn of nor-
adrenergic neurotransmission," -

The finding here with exogenous dopamine and noradrephline in
the bovine renmal artery contradics directly an important supposition of
the presynaptic alpha-receptor hypothesis, Dopamine inhibited transmitter
efflux in a frequency~dependent manner when a dopaminergic feedback
regulatory system yas apparently lacking. On the other hand, noradrenaline
failed to suppress, frequency-dependently, transmitter overflow when a
presynaptic alpha-adrenergic feedback system was presumably functionél
under the present experimental conditions. Thus, no evidence is obtained
to sustain the supposition thaf a pattern of agonist effect which deminishes
with increases in frequency of stimﬁlation is a consequence of the
interference of the agonist with the operation of an ongoing autoinhibitory
feedback system for transmitter release.

In additibn to the present study, other recent investigations,
all from the same laboratory, also questioned the Galidity and physio-
logical relevance of-the presynaptic alpha~adrenergic receptor hypothesis.
These observations are summarized below. (1) Both the overflow of
transmitter and the mechanical responses to a single pulse stimulation are
enhanced by phenoxybenzamine in the guinea=-pig vas deferens (Kalsn\r, 197§b).
Uﬁder_these conditions the operation of a presynaptic feedback systédm is
not possible since transmitter released by a single pulse canndt retro—
actively modify its own release. This finding readily dissociates the

linkage between phenoxybenzamine-induced enhancement of neurally-liberated
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transmitter and the blockade of a functional presynaptic adrenergic
feedback system. (2) On examination of the profile of ﬁhenoxybenzamine
: ‘ "

effect with changes in'stimulation frequency in the guinea-pig vas

deferens, it was found that transmitter overflow elicited by a small

number of pulses (4 pulses) at 1, 5 and 15 Hz was enhanced to the same

extent by the antagonist (Kalsner, 1979c). Since the experimental
conditions were optimal for the operation of the negative feedback system,
the failure of phenoxybeﬁzamine to discriminate between frequencles
suggested that the feedback mechanisp, presumably functional in the absence
of the antagonist, is unable to detect .changes in bilophase amine level and
adjusts accordingly the degfee of restraint on transmitter release during
stimulation with physislogical frequencies. (3) As an extention of the
last study, the effects of noradrenaline and phenoxybenzamine on trans-

mitter efflux elicited by a greater number of pulses (10 and 50) at four

‘different frequencies (0.5, 1, 3 and 10 Hz) were examined in the guinea-pig

vas deferéns (Kalsner, 1980a). The magnitude of the noradrenaline-induced
inhibition of transmitter efflux, wiﬁh either 10 or éO\pulses, showed no
significant variations between 1 and 10 Hz. Efflux at 1, 3 and 10 Hz.with
10 pulses, however, was inhibited to- a significant greater extent than that
with 50 pulses, In contrast, phenoxybéﬁzamine-inducéd enhancement of
transmitter overflqw exhibited a profile of diminishing effectiveness with
increases in frequéncy. There was no statistically significant difference
between enhangement of efflux with 10 pulses and that with 50 puises'at
each frequency. Thus, the effect of noradrenaline was sensitive to pulse

train length but not to stimulation frequency, whereas the opposite pattern
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was observed with phenoxybenzamine, This finding suggests thap‘these
too compounds may not have a common neuronal site of action to modify
t;ansmitter overfiow, Furrher, since both noradrenaiine and phenonyben-
zamine had their most intense effect at the lowest frequency (0.5 Hz},

a pattern also observed here with the bovine renal artery, it is unlikely

that these-.compounds act as agonist and antagonist to interfere with an

the guinea-pig atria, the effects of noradrengline and phenoxybenzamine
on transmitter efflux at different frequen- es, again, were not in accord
with the requirements of an autoinhibitory systen;(Kalsner et al.: 1980).
Percentage of noradreJQline inhibition Af efflux with 100 pulses at the
low frequency range of 0. 5 l and 2 Hz did not differ significantly from.
each other nor did that between 10 Hz., A similar lack of discrimi-
natilon among frequencies was observed.wiph phenoxybenzamine which enhanced
efflux at‘the three lower frequencies consistently by 230-240%., This

observation further confirms the findings in guinea—pig vas deferens and

bovine renal artery that both the agonist and the antagonist have the

_greatest effect at 1ow‘frequency. Thus, the profile of effects of nor-

adrgnaline and of phenoxybenzamine do not conform to the demand of the
hypothesis., TImportantly, in none of the frequency-efflux studies, either

the present one or. those mentioned above, was a reciprocal pattern between

the effects of noradrenaline and phenoxybenzamine observed. The demonstra-

tion of this pattern of effects is essential for the survival of the pre—

synaptic alpha-receptor~hypothesis as this is a prerequisite for the

designation of noradrenaline and phenoxybenzamine as agénist and antagonist

underlying adrenergic mechanism regulating txansmitter release. (4) In

Tt tand
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which interact with presynaptic recepton sites.

Elsewhere, Robie (1980 a,b) observed no significant effects of three

agonists (oxymetazoline, clonidine and noradrenaline) and two antagonists
(yohimbine and phentolamine) on the vasoconstrictoriresponses to renal

nerve stimulation in the in situ perfused kidney of dog. He stated "these

studies failed to reveal a pﬁysiological significant alphazfr ceptor-
mediated negative feedback mechanlsm fo"‘stimﬁlation—induce va{:s‘;lébnstric—
tion‘in the canine remnal wvascular bed.", in support of the’ present study.
Evidence which appears to sustantially support the presynaptic
feceptor hypothesis is that of Enero and Langer (1973) and Cubbedu and
Weiner (1975) which shows that phenoxybenzamine enhancement of efflﬁx was
reduced after depletion of tramsmitter with elther rese;pine or alpha-

methyl-p-tyrosine. This is presumably a result of a decreased amount of

transmitter liberated into the synaptic cleft with each frequency. However,

there are reservations on the interpretation of the data since before the
mechanism of phenoxybenzamine action can be established, the actual mode
of interactlon between the antagonist and noradrenaline depleting agents

must be explored.

It is worth mentioning, at this point, the proposed mechanism

for the presynaptic feedﬁack regulation of transmitter release,
"Caleium theory" which assigns to calcium the role of linkage
presynaptic receptor activation and transmitter release.(Stjﬁr
Kirpekar, Prat and Wakade, 1975; Langer, Dubocovich and Celuch, 1975;
Starke, 1977; Westfall, 1977).' According to this theory, the negat%ye

feedback loop operates by inhibitiqn-of calcium influx Iinto the nerve

—
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endings and, because of the absolute requirement of calcium ion ig/fﬁi : i
electrosecretory cduéling process, transmitter release 1s accordingly
-reducgd. The basis of this hypothesis is the observation that presynaptic
antagonists enhance transmitter efflux elicited by processes that are
calcium-dependent, e.g. nerve stimulation or potassium-induced depolari-

zation, but not by processes that do not require the presence of calcium,

- t&ramine-induced release of transmitter., Such evidence is obviously

highly indirect as it is not clear whether the difference in these

observations is due to a lack of - caleium, or of some other Intermediate

that may also be involved in the complex of events of tramsmitter release.
One attractive aspect of the calclum theory is that excessive
accumulation of calcium d4on in the nerve terminals at high frequencies of
stimulation, or after alpha-antagonisté, is presumed to "desensitize' the
hypothetical galcium receptor and explain the ineffectiveness of the.pre—
synaptic ﬁeedback Joop at very high frequencies (Kirpekar, Prat and
Wakade, 1975; Langer{ Dubocovich and Celuch, 1975). In the cat spleen
éerfused with standard calcium-Krebs solution, the effectiveness of phenoxy-
benzamine to enhance transmitter efflux at a low frequency (5 Hz) was
about 2.5 times that at a high frequency (30 Hz), as assessed by the efflux
ratios {(Langer, Dquc?vich and Celuch, 1975). oﬁ.a ten-fold reduction of
the calcium concentration, enhancement of efflux.at 30 Hz was substan- .
tially increased as compared to that ob;erved in spleen stimulated' at 30 Hz
andlpe;fused with standard Krebs soiution. This latter observafibn was

interpreted to signify restoration of the regulatory role ‘of the auto-

inhibitory mechanism which would otherwise be desensitized at high
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1
frequencies of stimulation due to a matYked influx of calcium. However,

ahgenuine concern arises 1f the change im the effectiveness of phenoxy-
benzamine at 5 and 30 Hz during perfusion with low calcium Krebs solution

are analyzed. In this case the effect of phenoxybenzamine (efflux ratio)

at 30 Hz

as one third lower than that at 5 Hz, If during perfusion

with standard calcium the nerve terminal is desensitized at high frequency,
ring the amount of calcium in the medium would reduce greatly
amount of desensitization. According to the calcium theory the only
limiting factor under such circumstances then bécomes the synaptic con-
centration of transmitter which should result in an inhibition proportional
to the frequency of stimulation. Therefore, phenoxybenzamine should have
a progreésivekincreasing effect on transmitter owerflow wfth rises 1n
frequency. That-the opposite pattern of effect was obtained is contra-
dictory to the caleium theory and raises doubts concerning the wvalidicy

of this theafy as a proposed mechanism for presynaptic feedback regulation
of transﬁitter release,

In conclusion,'littie evidence was obtained in the present study
to support the presynaptic alpha—adrénefgic recgptor‘hypothesis. Accord-
ing to the present data, the presynaptic ;egative feedﬁack system, if 1t
exists at all, is unable to detect d;éferences in biophase concentration
of transmitter and thus serves no important physicloglical funections. The
concept of a unitary presynaptic site of action for adrenergic agonists
and antagonists, and also the possible linkage of a particular pattern.of

, )
agonlst effect to the operatiomn of an ongoing feedback loop, cannot be

confirmed. The mechanisms of action of noradrenaline and phenoxybenzamine
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to modify transmitter overflow are more complicated than have been

s
understood previously. These obseérvations cannot be adequately accounted
for by the presynaptic receptor hypothesls. A re—examination and a

reconstruction of this hypothesis is necessary.

~
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PART I&. SENSITIZATION OF VASCULAR EFFECTIOR RESPONSES AND TERMINATION .

OF ACTION OF ADRENERGIC TRANSMITTER

Sensitization of effector responses to noradrenaline by uptake
inhibitors and termination of action of theladrenergic transmitter were
studied in the bovine radial artery using the perfusion technique of
De La Lande and colleagues as modified (De La Lande and R;nd, 19653
De La Lande et al,, 1967; Kalsner, 1972a). With this technique nor-
adrenaline can be selectively administered to either the medial or the
adventitial side of the vessel. Understandably, intraluminally added
agonists would encounter less access barrier én route to effector ceils
than would‘the extrfluminally added agonists, ;s in the latter case a.

portion of the agonist molecules is taken up by the nerve plexus located

between the media and the adventitia before reaching the target cells.

‘Thus, depending on the -route of agonist, two different functions of

neuronal‘G;;;EE could be identified, i.e., to participate with extra-—
neuronal upﬁake in terminating the action of noradrenaline, or to act.

as an access.barrier impeding noradrenaline molecules en route to

-

effec?px cells.

{ In the perfused bovine radial artery used here, respghses to

»

extraluminally added noradrenaline were gensitized by blockade of either

_neuronal or extraneuronal uptake. Cocaine and estradiol induced 4- and

2.5-fold shift respectively of the mean effective comcentration of nor-

adrenaline (EDs5g). The much greater effect| of cocaine implies that

neuronal uptake functions mainly as an access barrier, since inhibition

L]
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of this barrier, as compared to that of a terminating mechanism, 1is
more effective In Increasing concentration of agonist at the receptor
site. This 1s so beca&se an open up access barrier would allow free
passage of agonist molecules in perhaps unlimited amount to the
receptor, regiop, whereas a suppress;d tgrminating meéhanism could at
most increase the blophase concentration of agonist by the amount which
would otherwise be inactiﬁated by that mechanism. The effect of coeaine,
if attributed éntirely to its action on terminating mechanism, would
mean that 75% of the active amine molecules at the receptor site is
removed by neurcnal uptake. In other words, if thils interpretation
were valid then extraneuronal uptake and diffusive dilution of agonist,
the two major terminating mechanisms in vascular tissues in general,
together contribute to only a relatively small percentage (i.;. the
remaining 25%) of the total tissue's capacity to inactivate noradrenaliﬁe.
Considering the close proximity of effector éells to the receptor region,
and’the generally wide synaptié clefts in vascular preparations, 1t is
unlikely that extraneuronal uptake and diffugive'dilution of agonist
play only an insignificant role to terminate the action of agonist.
Further, if the effect of cocalne is purely due to an action
on termigating mechanism, then a rational Interpretation could not be
reached for ﬁhe observatioﬁ that potentiatioﬁ of résponse was not
further enhanced when cocaine and estradiol were concomitantly adminis-
tered. Since both neuronal and exg;aneuronal uptake, as two diseretg

terminating mechanisms, are competing for the rembval of a common pool -

of“agonist, the additional blockade of one when the otheér is already

Bt
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inhibited should result in a drastic inqsease in response potehtiacdon,
As has been emphasized by Kalsner (1976) the effgg; of combinqu’n-
gibition of two terminating mgchanisms on potentiation of response
would be greater than the sum of the effects of the inhibition of each
mechanism aloﬁe, since it 1is not the individual effects, but rather
the reduct%on in the tissue's capacity to inactivate agonist that is
additive. Thus, the present finding that a combined adminisFration of
cocainerand estradiol produced an effect which was not even as great,
as the sum of the individual effects of these two inhibitérs suggests
that a mechandsm unrelated to termination of agonist action should be
sought, '

On examination of the data on recovery of responses, a direct‘
assessment .of termination of agonis;.action; it was reveale& that the
half recovery time (TSO) was prolonged by estradiol but not By cocaine.
However,‘the corresponding Ty5 1.¢. the time taken for responses to.
recover to 75% of the initial magnitude, was significantly but slightly
increased by each of the uptake inhibito¥s. Thus, functibning as a
terminating mechanism,§&euronal uptake is only moderately influential *
and only Yhen the blophase concentration of active amine has declined to
a low level. In contrast, extraneuronal uptake is active as an in-
activation process during the entire course‘of agonilst dissipation.
Recovery of responses was not prolonged much more by a combined adminis-
tration of cocaine and estradiocl, suggesting that one of the compounds,

" namely cecaine, participates to a relatively small extent in termination

of agonist acticn by an action independent of estradiol.
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Potentiation of responses to intraluminally added noradrenaline
differs considerably from that of extraluminally applied noradrenaliné.
In both the cocaine- and estradiol-treated preparations, the EDgq was
decreased nearly 2-fold. The cocaine-induced potentiation, as assessed
by the ratio of EDgps, was only half that observed with extraluminally
added noradrenaline., This is expected as neuronal uptake is not the
factor limiting the availability of agonist to the receptor region.
Relatively, the estradiol-induced potentiation of responses to intra-
lumiﬁally added noradrenaline was ﬁot much different from that observed
with;extréluminally added noradrenaline, supporting the view that extra-
neuronal uptake Servés‘mainly as a terminating mechdnism since sensiti-
zation caused by inhibition of these mechanisms is essentially in-
dependent of the route of agonist (Kalsn;;, 1977).

The combined administration of cocalne and estradiol did not
at all potentiate the responses to intraluminally added noradrenaline.
‘A possible interpretation for this cbservation is that potentlation of
responses was masked by a direct depregsant effect';f'the sensitizing

agents when they were gilven together. This depressant effect, the

v
e

L mechanism of which is still unknown, was alsoc observed under other cir-

Yy ~—

cumstances, In the present study, in four out of n#ne radial artery
preparations treated with cocalne and estradiol, the responses to neurally-

released noradrenaline were substantially desénsitized as compared to the
con;:i}/~\ﬁkso, Kalsner (1979a) found that the potentiation of responses
in & bovine facial artery preparation to noradrenaline, in the presence

of both cocaine and estradiol, were not significantly different from that

iy
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observed in the presence of either uptéke jnhibiter alone; It ap-
pears thﬁt in this preparation a further potentiation of response,
. which would otherwise be observed, was hindered by some other action
of the uptake inhibitors when they were administered together.
Recovery of responses to intraluminally added noradrenaline
in the radial artery were delayed by drug treatmeﬂt in direct propor-
tion to the extent of drug-induced enhancement of responses. Tgg
increases with increasing concentratioh'éf injected noradrenaline, and
lg‘significantly prolonged in the presence of either cocaiﬁe or estradiol.
It should be noted that the Tsq was increased in the cocaine-treated
preparations to the same extent as in the estradiol-treated vesseis (both
to about l.5-fold of control), a similar finding as in the case of the
corresponding EDsgs. Further, a relationship of '"no sensitization and
. no_prolongation of responsés" was clearly cbserved in preparations
treatad with bothlcocaine and estradiol. Thus, it is justified to cor-
relate the crease in Tsps after uptake inhibitors with the corresponding
extent of respgonse potentiation.

Resppnses to nerve stimulation were significantly enhanced by

either cocaime or estradiol, as assessed by a comparison of the shift of

stimulation firequency reduired to elicit a given response in the absence

and the presence © e uptake inhibitor. Unlike what was observed with
extraluminally-added noradrenaline, the potentiating effect of cocaine
was similar to that caused by estradiol. This effect of cocaine cannot

be sclely attributed to an actilon on access barrier. Rather, some other

action, such as inhibition of terminating mechanism, which has a less

——
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profound impact on the magnitude of potentiation is probably involved.
it appears that cocaine has a mixed action involving both access
barriers and terminating mechanisms. I; is likely that a fraction of
neurally—re;eased transmitter is taken up into the nerve terminals
immediately after its release (l.e. neuronal} uptake as an access
barrier)., Another fraction of transmitter subsequently diffuses into
the réceptor reglon and, after producing a physiological response and
then is'Subjected to neurcnal uptake which then acts as a terminating
mechanism, -

That the cocalne~induced potentiation of responses\to nerve
stimulation is partly due to an action on terminating mechanism is
supported by the observation that recovery of responses at all fre-
quencies was significantly prolonged by cocaine, as determined by the
ratio of Tsgs, Further, prolongation of Tgg by estradiol is substantially
greater than that by cocaine, providing evidence for a chucial role of
extraneuronal uptake as an Inactivation process.

In the present experiments with radial artery str;ps set up in
muscle chambers, cocaine induced a‘shift of 3.4 in EDgy ratio for nor-
adrenaline, whereas estradiol did not poten;iate the responses to the
agonist but desensitized the maximal respohse to noradrenaline byva non-—
specific action and such an effect spread throughouﬁ'the concenération-
. response curve could.obviously obscure sensitization, The rather
considerable magnitude of potentiation after cocalne may represent an
effect on an access barrier. Although égonist was not selectively applied

to one side of a spiral strip preparation, it is nevertheless subjected
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to access limitations. Analysis of recovery of responses, showed
previously, in the perfused radial artery, has revealed that extra-
neuronal uptake does play an important role in terminating the action
of Fndogenous and exogenous noradrenaline. That combined administration
of cocaine and estradiol did not producg a potentiation of responses
greater than that of cocaine alone provides further support for an
actlon of one of the compounds on an access barrier and the other on a
terminating‘mechanism. Another possibility is that diffusive dilution
of agonist may take over the inactivation role of extraneurcnal uptake
after Ehe latter process has Seen inhibited; explaining the lack of
pOCEntinion. '

Cocaine and estradiol each reduced approximately half the
accumulation of 3H-noradrenaline in the radial artery. However, per-
centage of tissue accumulation of SH-noradrenaline provides conly a
qualitative measure of the two uptake processes and cannot be cor-
related to the amount of sensitization bf responses., For exampie, it is
erroneous to speculate, based on uptake experiments, that the biophase
concentration of agonist during the plateau response is doubled in the
presence of elther cocaine or estradiol and th;s a 2-fold sensitization
of response should be observed. This 1s because neurcnal and extra-
neuronal uptake together do not represent the tissue's capacity to:remove
noradrenaline from sites of action. The contribution of difquive di-
lution, and perhaps still other unknown processes, cannot be ignored. A
further consideraticn ccmpounding analysis is that the cocaine-sensitive

and the estradiol-sensitive sites of actlon are sometimes overlapped, as
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is the case in the radial artery strip;. It is thus difficult to
assess precisely what proportion of the total tissue accumulation of
radicaftivity should be attributed to neuronal or'extraneuronal
transport.

IDe-la Lande and colleagues (1967) reported that, in the per-
fused ear aétery of rabbit, sensitization of responses to extraluminally
added noradrenaline by cocaine is materially greater than to the intra-
luminally added agonist. This observation was later confirmed by other
workers {Yong and Chen, 1975). Since neuronal uptake is Involved in
one but not in the other-agonist route, the finding has been taken as
an important evidence to support the unitary hypothesis of cocaine
sensitization. That is, cocaine sensitizes effector responses primarily
by an inhibitory aétidn on nehronal uptake which presumably represents
most if not all the tissue's capacity to inactivate noradrenaline at
the receptor region.. These authors did not consider an action of cocaine
on accgi§ barrier as an alternate or aE least as a concomitant process.
In the s;udy of De La Lénde and célleagues, the response duration after
cocalne was not recorded and thus comp;rison between the recovery of
. response ;ﬁguthe magnitude of cocaine sensitization cannot be made. This
latter analysis is essential as it 1s the only means by which actions on
access barrier and on terminating mechanisms could be distinguished -

, ~_
(Kalsner, 1976). In the present study with the perfused radial‘§r€ety,

-~

- A e
such analysis was made and it provides an alternate explanation for the

cocalne-induced potentiatipn under the circumstance.

Studies on the relationship between response magnitude and the
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* duration of response in perfused preparations are scarce. Two such

studies are those of Gillespie (2969) and of Kalsner (1972b). CGilllespile
reported that responses to nerve stimulation in the perfused rabblt ear
artery were substantially p}olohged after diffusive dilution of agomnist
was eliminated by replacing the Krebs soluticn (botﬁ extraluminal and
inFraluminal) with paraffin 611. However, magnitude of response was

not altered under such conditions. Since diffegiﬁe dilution of agonist
does play a siggificant role in the termination of agonist action, 7
Gillespie's finding thus supports the view that inhibition of a single
termination mechanism does not as a rule sensitize effector response.
Kalsner observed that the decliye of the reigpnsg to continuous nerve
stimiulation in the rabbit ear artery was shortened after inmhibition of
tyrosine hydroxylase with aléha-methylup-tyrosine, but not after blockade
o} neurcnal uptake by cocaine., He concluded that synthesis of nor-
adrenaline, but not neuronal reuuptake-&flamine, is the major mechanism
maintaining the response to continuous nervé stimulation.

In addition tc the present investig;tion, there are other
studies in Ghich doubts were ralsed on De La Lanﬂe's view that neuronal
uptake per se is a primary factor for the route-dependent sensitivity to
agonist in perfused vascular preparaticns., Kalsner (1975b) pointed out
that the enormous cocalne-induced sensitization of responses to extra-

t

luminally added noradrenaline in the rabbit ear artery, which varies
from 3- to 17-fold increase in responses (De La Lande et al., 1967},

could not be adequately accounted for by a presynaptic action of cocaine.

Based on results obtained from rabbit aortic strips (Kalsmer, 1966;

o

UM
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Kalener Qnd Nickerson, 1969b), he pro%idgd evidence that a postsynaptic
action of cocaine unrelateé to agonist‘disposition‘was rgsponsible for
_the sensitization of responsés. Alfhough such action of cocainé was
not‘éought in the present study with the bovine.radi;i arteéy, abundant
‘éxperimental support for a postsynaptic action of coca?ne is now avail:
N able (Bevan and Verity, 1967; Varma and McCullouch, 1969; Davidson and
Innes, 1970; Gregnberg and Long, 1971). These studies‘were discussed
earlier in Literature Review, Recently, Sammers and Tillman (1979) .
feported that responses of cat spleen strips to nora&renaiine and to
potassium were both enhanced by cocaine. Since the potentiation of
responses to noradreﬁaline could be eliminated Py SKF;SZSA, a calcium
influx inhibitor (Kalsner, Nickerson and Boygﬁ\i970), thes; authors
thus concluded that cocaine sensitize;effecéor réEponse mainly by an

action facilitating the influx of calcium lon across the effector cell

membrane.

)
'

. . = B L
The concept of access barrier as an alternate interpretation
to terminating mechanism for cocaine-induced sensitization, although
recent (Kalsner, 1977), is not without experimental support. O'Connor

and Slater (1981) studied the isometric contractile responses to nor-

adrgnaiine in the perfused mesenteric veln of rat, a preparation .which

S

has definable imner circular and outer longitudinal muscle fibre layers,
In con&rast to the present chservation 5n the bovine radial artery and

that”of De La Lande on the rabbit ear artery, it was found that responses
ir . . '

. to Intraluminally added noradrenaline?was potentiated more by cocaine
Ve

]

than those to extraluminally added noradrenaline. The’aﬁﬁe ratio for
® ‘ .

.



L

217

[

)

j

intraluminally and extraluminally added ﬂoradrenaline in the absence .
and presence of cocaine waé 14,5 and 3.38 respeétively. According to
the authors the inmer circular muscle layérs in this preparation are
more densely'inpervated than lhe outer longlitudinal muscle 1ayeré.
Thus, the rouﬁe-dependent potentiation of responses by cocaine is most
likely due to an action on access barrier. This becomes more obvious
when the magnitﬁdes of sensitization are considered. The drastic
sensiti;ation of responses to intraluminally added agonist is what
would be expected 1f an access barrier is inhibited. This finding
providés a complementary observation to the presént one and further
supports the present view of an actionlof'cocaine ;n access barriers.,
In short, the present experiments with cocalne and estradiol,
using a novel preparatign, show that these agents sensitize responses
- to both endogenously released or exogenously added noradrenaline. The
magnitude of sensitization is dependent on many factors, 6f these
fﬁctors the most influentiél one is whether or not a barrier limits the
acceésibility\of agoﬁist to the receptor regioh. Based on an analysis
of time for réc very from responses, it is concluded that extranquronal
uptake plays a more éignificané role than neuronal uptake‘in the in-
activatioﬁ of noradrenalinel The recbgnition of both-functional acéess'
barriers and terminating mechanisms is essential and would avé%@ confusion

in Interpretating sensitlization phenomena on the basis of a unitary and

) w
simplified hypothesis of cocaine action, , )

- BN
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l:\?The hypothesis was examinéd_ﬁhat presynaptic alpha-
adrenergic :?éeptors mediate an inhibitory feedback mechanism reguiating
the release of adrenergic neurctransmititer during sympathgtic nerve
stimulation, L .
’ é. A variety of vascular preparations from guinea-pig, dog and
éattle, preincubated with 3H—-l—noradrenaline, were stimulated with a
constant number of pulses ;t different frequencies. Efflux of tritium
was measured in the absence and the presence of adrenergic agents.

3. 1In the bovine renal arfery strips stimulated with 300 pulses
at 1, 2, 5, 10 and 15 Hz, f%equéncies spanning the physiological range,

'
contractilg) responses to nerve stimulation exhibited a clear gradation (:;
—

-~
)
’

with increasing frequency, reflecting the varlation in biophase concen- -
tration of free and active noradrenaline., However, efflux of tritium
was not at all correlated to t;e stimulation frequencf. It ﬁas
essentlally unchanged over the entire tesgﬂfrequendy span except at 3 He
where the cutput was somewhat higher. As well, in the aorta, carotid

and gemoral arteries of dog, and the aorta of guilnea-pig stimulated with
200 pulses at 1 and 5.Hz, efflux of tritium at the moderate frequency

was not significantly lesé than that at the low frequency.

| 4, Phenoxybenzamine (3 x 1073 M) increased the efflux of
tritium in the bovine renal artéry mostly at 1 Hz and to a similar extent
at the other test frequencies, except at 10 Hz where its effect was
slightly reduced. Similarly, the halcalkylamine at 3 x 107% M enhanced

efflux in the carotid artery of dog more at 1 Hz than at 5 Hz, In still

other preparations, namely aorta of guinea-pig, aorta; femoral and renal
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arteries of dog, the antagonist (3 x 1078 M) enphanced efflux at 1 Hz
and 5 Hz to a similar magnitude.

5. The inhibitory effect of noradrenaline (3 x 10~% M) on
efflux in the bovine renal artery was essentially constant at 2, 5 and
15 Hz, except at 1 Hz where the effect isg slightly greater. In the
dorta, carotid and renal arteries of dog, the agonist inhibited efflux
at I and 5 Hz to a similar extent. These cbservations with the agonist
- and antagonist suggest that the proposed presynaptic alpha-receptor
negative fgedback function is insensitive to changes in synaptic levels
of transmitter, '

6. In the bovine renal artery, both phenoxybenzamine (3 x
1073 M) and noradrenaline (3 x 10--6 M) had their most pronounced effect
on efflux at the lowest test frequency (1 Hz). In the guinea-pig aorta
in which the presynapt;c alpha=-receptor are differentially ?locked by
pretreatment with phenoxybenzamine-“at a wide concentration range (3 x
1078 M to 3 x 1076 M), the inhibitory effect of noradrenaline (3 x 107° M)
on efflux at 1 Hz was not accordingly dimiﬁished. In fact, phenoxybenz-
amine at 3 x 1078 M, which by itself significantly enhanced éfflux at
1 Hz, did not at all attenuate the inhibitory. effect of noradrenaline.
Thus, it appears that these two compounds possibly did not have a common
site of action for their effects oﬁ“q{imylation—induced transmitter efflux,

7. The effects of six adregéfgiqx\ﬁtagonists at a wide concen-
tration range were examined in the bovine rad%ﬁl\artery to assess how
they conform to the expectations of presynaptic alpha—receptor hypothesis,

\

Efflux of tritium at 5 Hz (600 pulses) was enhégfed by Dibenamine and

i
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phenoxybenzamine, and decreased by yohimbine and chloropromazine, On
the other hand; phentolamine gnd tolazoline:increased efflux at a}low
but were without effect at a high concentration. Pretreatment of
tissues with phenoxybenzamine did not dimin;sh the inhibitory effect

of yohimbine on efflrux ruling out action as a partial agonist. In

the bovine facial artery phenoxybenzamine (B‘x 1075 M) significantly
enhanced the efflux of tritium but phentolamine (3 x 107° M) did not.
Experiménts in which a receptor protection technique was used 1lndicated

that phenoxybenzamine and phentolamine did not compete for a common

presynaptic site.. In the bovine renal artery phentolamine at 3x 1007 M

\
>

did not enhance stimulation-inducga efflux and at a'high concentration
(3 x 1073 Mf the ahtagqnist even significantly inhibited transmitter
 output. This inhiﬁitory effect was not reduced by prétreatment of the
tissues with phenoxybenzamine, suggestiné a phenoxybenzamine-insensitive
site of action fof phentolamine. ‘These observations that only some but
not all alpha-adrenergic antagonists act to emnhance transmitﬁer efflux
faise doubts as to whether the proposed presynaptic site of actlon for
these compourtds should be appropriately designated adrenergic.

8. Similar to that with the antagoniétg: the effects of six
alpha-adrenergic agonist at three concentrations (1077 - 1075 M) we%e
examined in the bovine radia%fartery. Stimulation-induced efflux was
‘degreased by oxymetazoline coﬁsistently at all concentrations by nor-
adrenaline and adrenaline at higﬁ but not at low concentrations, and was
not affected at all by phenylephrine, methoxamine and lsoproterenol.

The inhibitory effect of oxymetazoline was not detectable in the bovine

R, SR
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.
renal artery stimulated with 300 pulses at 5 and 15 Hz. These ex-
‘periments with the agonists provide parallel observations to that of
the antagonists and they together reinforce the concern that inhibi-
tion of efflux by agonists and 1ts enhancement by antagonists should
no? be prematurely acknowledged as sufficlent evidence forming a
receptor tﬁeqry.'

9, The effect of dopamine on efflux was examined in bovine
renal artery stimuIatéB$with 300 pulses at a wide frequency fange
(1 - 15 Hz). Dopamine (3 x 10”7 and 3 x 10°® M) inhibited efflux of
tritium in a frequency dependent manner. _In fact, tﬂe percentage
inﬁibitioq of efflux by dopamine at both-coﬁéentrations‘was positively
correlated to the length of the stimulus intervals. The inhibitory
' eféect of dopamine but not that of npiadrenaline was antagonized by
pimozide and metoclopromide, two known antagonists of dopamine,‘coﬁ—
firmiﬁg the specificity of dopamine action. mozide and metoc%ogromide
by themselves neither enhanced stimulation-induced efflux nor increased
the magniﬁude of contractlle responses to nerve stimulation, revealing
no evidence for the opeéZfion‘of aﬁ ongoing negative feedback loop
mediated by dopamine. These results suggest that a prefile of inhipitéry
effect of exogenous amine on transmitter efflux which exhibits a negative
correlation between the degree of inhibition agd indreases 1n stimulation
frequency is not due to an intervention of the foreign amine in the

operation of an autoinhibitory feedback system. -
: - 5

: ~ G
10. The bovine radial artery (bramnches) was perfused through \\u

its lumen such that .exogenous agonist could be administered selectively
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wvia the intraluminal or the extraluminal route. Yasoconstrictor
responses to noradrenaline and to periarterial nerve stimulation, and
their‘modification by cocaine (3 x 10> M) and estradiol (3.6 x 1075 M),
were stuéipd.

11. Cocaine and estradiol induced a 4- and a 2.5-fold shift,
respectively, of the mean effective concentration of extraluminally
added noradrenaline (EDggp). Contracgile responses were only slightly
further potentiated by a combined administration of both uptake in~-
hibitors. The potentiating effect of cocaine cannet be adequately
explainéﬁ by an unitary action on terminating mechanisms.

12. Although the time required for responses to extraluminally
added noradrenaline to recover to 15% of basal level (T)5) was prolonged
by both cocaine and estradiol, the corresponding Fsp was prolonged only
by the steroid but not by cocaine, suggesting an imfortant role of extra-
neuronal uptake as an inactivation mechanism.

13, Responses to intraluminally added noradrenaline were
potentiated to approximételx the same extent by cocaine and by estradiol.
However, potentiation of responses was masked by an unknown depressant
effect of cocaine and estradicl when they were adminiqtered together, .
Recovérf of responses to noradrenaline added intraluminally was prolonged
by eigher cocaine or estradiol in proportion to their individual poten-
tiating effects on response magnitéde;‘

14, Responses to periarterial nerve stimulation were poten-

tiated by cocaine and by estradiol, as assessed by the shift of stimula-

tion frequency at three response amplitudes. An approximately 4~fold
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shift of stimulation frequency was observed in all cases, Estradiol
delayed the recovery of responses to a greaéer extent than did cocainé.

15. 1In the bovine radial artery strips (branches) set yp in
muscle chambers, EDgy for noradrenaline was shifted 3.4-fold by cocaine.
On the other‘hand, vaséconstrictor responses go noradrenaline were not
potentiated by estradiol, The utllization of response potentiation as
a reliable criterion for impairment of terminating mechanism 1is
discussed.

16. Accumulation of radioactivity in bovine rgdial arteries
(branches), preincubated with 3j-dl-noradrenaline (6 x 1077 M), was
significantly reduced by cocalne and by estradiol., A further reduction
in tissue radioactiﬁity wad observed when both uptake inhibltors were
administered together. These observations confirm two possibly over-
lapping sites of action of cocaine and estradiol.

17. It is concluded that extraneuronal uptake playé a more
important role than neuronal uptake in termination of action of adrenergic
transmitter in the bovine radial artery, and that the drastic poten-—
tiating effect of cocaine is due to two independent actions on terminating

mechanism and on access barriers.
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