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ABSTRACT

Fluorescent histochemical studies have been used to show that
the extra-abdominal portion of the human umbilical cord is devoid of
adrenergic nerves. The use of both fluoréscent and biochemical assay
techniques have indicated that extraneuronal uptake of noradrenaline
in the human umbilical artery is considerably less sensitive vo
inhibition by normetanephrine, phenoxybenzamihe and temperature changes
than the extraneuronal uptake which is reported to occur in innervated
tissues. Cocaine, except at high concentrations, was also found to
have no effect on extraneuronal noradrenaline uptake; similar findings
have been reported by others using innervated tissues.

Since cocaine has no’effect on noradrenaline uptake in the
human umbilical artery, this provides a useful preparation with which
to investigate the mode of action of cocaine in producing noradrenaline
supersensitivity. It was found thét cocaine could potentiate the
responses to noradrenaline and, to a lesser degree, tyramine and
5-hydroxytryptamine, in helically-cut umbilical artery strips. The

responses to potassium and histamine were not significantly affected

'by cocaine. By the use of fairly selective antagonists, phentolamine

and 2'[3 dimethyl amino propyl thio]cinnamonilide (DPTC), it was found
that there is little indication of an interaction between noradrenaline
and the 5—hydroxytryptamine receptor, or 5-hydroxytryptamine and the
a~receptor. These results suggest that, in this tissue, cocaine can

increase the responses to noradrenaline, tyramine and 5-hydroxytryptamine
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by a postsynaptic mechanism which appears to be selective towards the
noradrenaline-mediated response. This selective increase in the
response mediated by noradrenaline may be explained by an allosteric
alteration of the a-adrenergic receptor system; possibly a non-

selective increase in smooth muscle sensitivity is also involved.
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"Hallol" said Piglet, "what are you doing?"

"Hunting," sald Pooh.

"Hunting what?" ‘

"pracking gomething," said Winnie~the-Pooh very mysteriously.

"rracking what?" said Piglet, coming closer.

"rhat's just what 1 ask myself. I ask myself, What?"

“yhat do you think you'll answer?"

1 ghall have to wait until I catch up with 1t, " gaid
Winnie-the-Pooh.

A. A, Milne
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I. INTRODUCTION

A. GENERAL INTRODUCTION

Cocaine has been claimed to produce an increase in'the
sensitivity of the effect of adrenaline, noradrenaline and 5-hydroxy-
tryptamine on the blood vessels of the human placenta and umbilical
cord (von Euler, 1938; Eliasson and Zstrom, 1955; Xstrvm and Samelius,
1957; Gulati and Kelkar, 1971). In other vascular tissues the mode of"
action of cocaine in producing supersensitivity to noradrenaline is
generally thought to be by blockade of neural uptake of noradrenaline
and thus increasing the local concentrations of noradrenaline in the region
of the receptors.. In tissues which are not inne;vated‘this mechanism
is not available to cocaine. It is commonly thought that the blood
vessels of the placenta and umbilical cord do not receive innervation,
although this view has recently been questioned (Ten Berge, 1962a, 1962b,
1963; Jacobson aﬁd Chapler, 1967, 1968; Fox and Jacobson, 1969a).

The problem of the innervation of the placenta and umbilical
cord and the mode of action of cocaine in this system is exanined in
this introduction first by a discussion of the structure and function
of the placenta, a review of publications describing the responses of

this organ to pharmacological agents, and finally a discussion of the

possible mode of action of cocaine.

B. STRUCTURE AND FUNCTION OF THE PLACENTA AND UMBILICAL CORD

The human placenta is of the hemochorial type (Grosser, 1927),

the foetal blood being separated from the maternal blood by the three

St :.,.;.c,u.—‘.,.‘.«‘.—»“"—‘ Ul




layers of the maternal membrane (endothelium, connective tissue and
epithelium). At full term the umbilical cord with its arteries and

one vein enters the "chofionic plate"; the umbilical vein transports
blood to the foetus under a pressure of about 30-60 mm Hg (Reynolds,

1954) and the umbilical arteries return blood to the placenta at
approximately 90/55 mm Hg (Nyberg and Westin, 1958). Dawes (1964) has
estimated that 55% of the combined.ventricular output of the fpetal

hea;t leaves by way of the two umbilical arteries which anastomose prior
to entering the placenta (Arts, 1961; Panigel, 1962; Crawford, 1962).
Placental circulation in monkeys has been well described by Ramsey (1960),
using the angiographic technique, and the "Physiological theory", which
supposes that maternal blood enters the intervillous space of the placenta
in spurts and diffuses into relativély localized areas where it circulates
about the placental villi before leaving by nearby veins, is generally
accepted. It is thought that this circulation pattern also occurs in

the human placenta but may differ in other mammals.

C. POSSIBLE MECHANISMS OF POST-PARTUM CHANGES

Several important changes occur”in the fetal cardiovascular
system at birth:

1) Interruption and eventual obliterafion of the umbilical
vessels.

2) Closure and eventual obliteration of the ductus venosus.

3) Closure of the foramen ovale and final separation of the

two atria by a definite septum.

i i U e e




4) Gradual constriction of the ductus arteriosus and eventual
obliteration and transformation into a fibrous structure.

5) Dilation of the pulmonary arteries.

6) Elimination of the placental circulation and redistribution

of blood flow and vascular resistance.

Little is known by which mechanisms the ductus arteriosus (D.A.),
ductus venosus (D.V.) and umbilical arteries (U.A.) close at birth;
several mechanisms, however, have been proposed and these can be
summarised briefly:

1) p9,. Assali et al. (1968) have demonstrated in the lamb
that a critical pO2 of 55 mm Hg is necessary before a decrease in D.A.
flow occurs. An increase in pO2 of perfusing fluids causes strong
contractions of isolated placental and cord vessels in both animals
and man (Schmitt, 1922; Haselhorst, 1929) and anoxia causes vascular
dilation (Haselhorst, 1929).

2) Temperature. Decreased temperature causes constriction of
tﬁe umbilical arteries (Haselhorst, 1929); however, in certain ruminants,
the vessels contract into the abdomen and in these cases temperature
changes cannot be the primary cause of the closure.

3) - Mechanical Mechanisms. A Bayliss-type response (due to

stretch) has been suggested by Shepherd (1968) as being responsible
for the closure of the cord vessels.

4) Amine Mechanisms. Podegra (1967) has suggested that

5-hydroxytryptamine may be involved in the closure of the cord vessels

at birth because the smooth muscle is very sensitive to this substance.
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Boréus.gg_gi. (1969), and Aronson et al. (1970) have suggesteq that
noradrenaline, adrenaline and acetylcholine may be implicated in the
closure of the D.A. and p,vy, The studies of Assali_gg_gl. (1968),
however, do not entirely Support thig hypothesis.

5) Bradxkinin. A role of this kinin in human_umbilical artery
closure hag been POstulated by Gokhale.gg.g;. (1966), Eltherington et al,
(1968),‘and Melmon &t ai, (1968). However, Bor .and Guntheroth (1970)

found that closure of the D.A. ang U.A. can occur in the apparent absence

of bradykinin.

circulation and umbilica] arteries, cap be used for the bioassay of

Oxytocic activity (Krejci, Personal communication). It is, however,
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has also been demonstrated in the chorion of the placenta,

8) Prostaglandins. Karim (1966, 1967), Karim and Devlin (1967),

and Hiller and Karim (1968) have demonstrated the presence of prostaglandin
[PGE ], PGEZ, PGFl and PGF2 in the amniotic fluid and umbilical cord
: of humans. PGE2, Fl and F2 are capable of constricting the umbilical artery
; and it has been suggested that these may have a function in ‘closing the
j umbilical artery when the foetus has been expelled since earlier in
; . gestaFion the vessels do noﬁ contain these contractile prostaglandins.
F Karim (1970) has also used PGG2 for inducing therapeutic abortion.

Despite our increasing knowledge of this area, we are still unable
to say what mechanisms a;e.involved in the closure of the three foetal
s&stems: the ductus arteriosus, the ductus venosus and the umbilical
arteries. 1In the case of the D.A. and D.V. it has been stated that

adrenergic nerve fibres are associated with these organs (Ehinger et al,

1968; Boréus et al., 1969), but this does not necessarily imply that

noradrenaline is the mediator for closure (Assali et al., 1968) Pearson

(1970) has demonstrated that a small bundle of nerve fibres pass from

the anterior and posterior vagal trunks between the layers of the

hepatogastric ligament. Thése fibres pass to the junction of the
umbilical vein and ductus venosus wallg, Nerve fibres pass to this
junction and to the proximal portion of the umbilical vein, nerves
from the celiac Plexus are present and thus it is possible that both
sympathetic and parasympathetic nerves could function in this

region. ;
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D. TNNERVATION OF THE UMBILICAL CORD. AND PLACENTA

-Galen (136—200 A.D.) stated that the human placentad and cord \
lacked innervation and since this time the accuracy of this gtatement
has been questioned on numerous occasions. Lack of innervation in
pboth the human and certain other animals has been supported by the

work of Schott (1836) » valentin (1837), Kolliker (1879) Goenner (1906) »

e st -

Bucura (1907, 1908) , Schmitt (1922), stohr (1928, 1932a, 1932b, 1938), |

Spivack (1943), but the positive findings of Fossatl (1905, 1906, 1907) » ‘

Argaud (1922), Mabuchi (1924) , Dancz (1931), Ooi (1934), Scalzo (1939,

1940) , Coujard (1952), Kernbakh (1959) and TenBerge (1962a,1962b,l963)

have contradicted their findings. Ueda (1931) also suspected from pharmaco~

jogical gtudies that the human placenta and umbilical cord must be innervated.
More recently, Jacobson and Chaplet (1967) » using the methylene~

blue imnersion technique of Miller and Kasahara (1963); found numexrous

nerve trunks in the human placental vilii. The small vessels within the

human amnion and the chorion were also found to be accompanied by fine

nerve fibres (1968) . gimilar results were then obtained when the

human umbilical cord was examined using this method by FoX and Jacobson

in l969(a)'and a plexus‘of nerves near the walls of the umbilical cord

vessels nas found in the Wharton's Jelly. Fox and Jacobson thus

proposed that vasomotor responses in the umbilical cord vessels could be

mediated by 2 neural mechanism. FOX and Jacobson (1969b) later ghowed

that there was also & rich plexus of nerves in the placental gystem

of the two gub-human primates, Macacu phillipnesis and Gralago

croseicaudatus. Lauweryns (1969) gtudied the osminmriodide nerve-staining

technique of Champy-Coujard ag used by TenBerge (1962a, 1962b, 1963).




and concluded that it lacked the required selectivity needed for nerves;
similarly the methylene-blue technique used by Fox and Jacobson (1968, 1969a,
1969b) and Jacobson and Chapler (1967) lacked sufficient selectivity.
The nerve trunks found by these workers probably represent collapsed
chorionic capillaries or strands of connective tissue. Margot Roach
(personal communication) believes that the nerve fibres demcnstrated
by various people may in fact ‘be muccopolysaccharide strands stained
by the histological technique employed. Aumorozo, who has performed
extensive studies on foetal circulation (reviewed by Barclay et al.,
1944) also believes that the recent reports of nerves in the umbilical
cord were likely to be artifacts (personal communication). He has
only ever seen nerve-like structures in two ox umbilical cords.

Pearson and Sauter (1969) found that innervation was fairly
rich within the first few inches of the cord but beyond this point
the nerves quickly decreased in number. "End-nets" were only present
as far as four inches from the umbilicus. Nadkarni (1930), however,
although failing to_demonstrate nervous tiséue in the hdman umbilical
cord using silver stains, claimed to have demonstrated myelinated nerves
in the mid-zone of the cord by using electron microscopic methods. -
Leeson and Leeéon (1965) were unable to detect nerve fibres associated
with the blood vessels of the umbilical cord of the rat using electron
microscopic methodology. . Perhaps specles differences may partly explain
the differences found in studies of umbilical innervation. Thus,
Hilsemann (1971) using electron microscopic methods failed to detect
any extrafoetal innervation of the guinea-pig umbilical‘cord. Lachenmayer

(1971) utilizing light and fluorescence microscopic studies detected
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Lachenmayer (1971), however, has deteéted very low concentrations

(0.03 - 0.06 ﬁg/g) of noradrenaline in whole umbilical cord homogenates
using samples obtained from the guinea pig and the rabbit. It is
possible, in the absence of information as to what portions of the
umbilical cord were used, that samples may have included the nerve
containing proximal end of the umbilical cord. Noradrenaline and
adrenaline have been detected in the amniotic fluid of the human by
Zuspan (1970), but this probably originates from the foetal urine.
Coraboeuf et al. (1970) have found that acetylcholine could be released
from chick embryo heart even before the heart was innervated. The
placenta has been ‘shown to contain acetylcholine (Chang and Wong; 1933),
cholinesterase (Werle and Hartman, 1952) and MAO (Luschinsky and Singher,
1948). MAO has also been detected in the umbilical cord by Gennser

and Studwitz (1969). If cholinergic and adrenergic nerves are not
present in this tissue then it is interesting to speculate as to the
function of these mediators and enzymes. It is unlikely that these
substances are directly related to an intrinsic innervation since it
would seem that innervation would have developed by term. Nerves

which contain noradrenaline can be detected in foetal tissues at
approximately 12 weeks or even earlier if the tissues are incubated
with noradrenaline (Read and Burnstock, 1970). The MAO patterns may
reflect the developing adrenergic innervation of the vessels, just as
the development of MAO activity during ontogenesis of the chick is
regarded as reflecting the appearance of sympathetic innervation in
this animal (Ignarro and Shideman, 1968). Alternatively it may be

suggested that nerves are present earlier in development but degenerate

e s st e W+ b i e o
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toward term; this is unlikely since Ehinger et al. (1968) were unable
to detect adrenergic nerves in the umbilical cord of 20-24 week old
human foetuses, although nerves were detected in the‘ductus venosus
portion.

" With regard to the inmervation of the élacenta and umbilical
cord one can conclude that although generally accepted as being devoid
of innervation there is a lack of complgte agreement to this statement.
Even though the human placenta and umbilical cord may lack innervation,

the vessels have been shown to be sensitive to the action of neuro-

hormones and other drugs.

E. PHARMACOLOGY OF PLACENTA AND UMBILICAL CORD

Many perfusion experiments have been performed to discern the
effects of various drugs on the placental vaculature. The mechanism
of action of adrenaline, noradrenaline, acetylcholine, 5-hydroxytryp-
tamine and histamine on the placental vasculature has captured the
interest of numerous investigators (von Euler, 1938; Dornhorst and
Young, 1952; Eliasson and Kstrbm, 1955; Astrom and Samelius, 1957;
Gauteri and Cuiéhta, 1962, 1963, 1964; Gauteri and Mancini, 1964).
Many drugs can cross the placental barrier and thus their effects on
the placental vasculature is important for it is possible that when
such drugs are administered to pregnanat women they may disturB the
homeostatic conditions of the placenta and exeft serious effects on
the foetus. Evidence suggests that noradrenaline can in fact cross

the placenta ard affect the haemodynamicstof the foetus (Beard, 1962;

Sandler et al., 1963).

AN LS ks Ao
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schmitt (1922) was one of the earlier workers to test the effects
of drugs on the placental vasculature. He found that histamine, posterior
pituitary extract, or barium chloride contracted the i{solated human
placental vessels, amyl nitrite produced 2 dilation, and adrenaline
had no effect. He pbelieved the inactivity of adrenaline to be evidence
that the human placenta is not adrenergically innervated.

Kosakoe (1927) reported that adrenaline produced constriction
of the vessels in perfused human placentas. Ueda (1931) confirmed
this effect of adrenaline and later (1932) found that vessels in
placentas removed prior to the sixth month of pregnancy were unres-
ponsive to adrenaline and pilocarpine, but that vasculature in placentas
removed after this time was constricted by adrenaline aﬁd dilated by
pilocarpine.

Eliasson and Rstrom (1955), by perfusing via one umbilical
artery, found that p(-)adrenaline and p(-)noradrenaline caused a marked
constriction in placentas with long (at jeast 8 cm) umbilical cords.

A lesser degree of constriction was noticed with placentas with short
. cords or where the cord was absent. It is thus possible that the
priﬁcipal site of action of adrenaline and noradrenaline is on the
umbilical cord vessels. They also found that 5—hydroxytryptamine and
histamine caused vasoconstriction whereas acetylcholine had variable
effects.

Nyberg and Westin (1957) found that adrenaline, noradrenaline,
and an increase in oxygen tension all resulted in an increase in

perfusion pressure.
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Kstrdm and Samelius (1957) found that 5—hydroxytryptamine
caused a constriction of the placental vessels in perfusion experiments.
gimilarly, Panigel (1959) found that adrenaline, noradrenaline, 5-hydroxy-
tryptamine and dihydroergotamine produced vasoconstriction and that the
action of 5—hydroxytryptamine was i{nhibited by BOL (d—2—bromolysergic
acid butanolamide). The placental vasculature as 2 whole appeared to
be less responsive than umbilical vessels.

Goerke ét_al. (1961) developed a technique whereby both foetal
and maternal gides of the placenta are perfused. An increase in 02
and CO2 tensions produced constriction and dilation respectively.
Histamine and 5—hydroxytryptamine caused constriction of the umbilical
artery, but the action of noradrenaline and adrenaline was unclear.
Krantz et al. (1962) and Hamrin et al. (1971).have developed a similar
put somewhat more sophisticated procedure which has not yet been used,
to study the responsiveness of placental and umbilical vessels to
drugs.

En'gltg placental perfusion experiments have been conducted
by Dawson and Robson (1940) on cats and dogs. Adrenaline was found
to cause an {ncrease in perfusion pressure. Dornhurst and Young
(1952), using the in vivo perfusion of guinea pig and rabbit placentas,
found that adrenaline and noradrenaline may act upon maternal and
placental circulations directly rather than by production of uterine
contractions. In either case, the result would be an impairment
of placental blood flow with a subsequent production of foetal

asphyxia.
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The results of placental perfusion investigations are by no
means in agreement either quantitatively or qualitatively. Even when
rigid contfol of the artificial environment is maintained, and careful
techniques practised, the simulation of a true maternal-foetal relation-
ship is very difficult. This may explain the difference in the nature
of the effects of certain drugs on the placental vasculature. Takenaka
(1963) noted contractions to both tyramine and noradrenaline in isolated
spirally cut umbilical arteries of the human, but the responses to
bistamine and S-hydroxytryptamine were much greater,

It is interesting to speculate on the effects of cocaine on the
adrenergic mechanisms in this vascular system. von Euler (1938) showed
that cocaine could potentiate the effects of adrenaline in the isolated
pgrfused human placenta. Eliasson and Kstram (1955) also found that
cocaine enhanced the actions of 5-hydroxytryptamine, noradrenaline and
adrenaline in a few instances. If the placental and umbilical
vasculature system is not innervated then it would seem possible that
cocaine cannot be potenﬁiating the action of adrenaline and noradrenaline
by blocking aeurél uptake. Somlyo et al. (1965) were, however, unable
to confirm the potentiation effect of cocaine on noradrenaline responses
in helical strips of the human umbilical artery. Dyer (1969, 1970a,
1970b) found that cocaine potentiated 5-hydroxytryptamine responses in
spirally cut sheep umbilical blood vessels but had only a small effect on
responses to noradrenaline and adrenaline. Gulati and Kelkar (1971), using
a technique similar to that described by Gokhale_gg‘él. (1966) for perfusion
of the human umbilical artery, have found that cocaine could augment

the responses to tyramine and noradrenaline, but not those to adrenaline,
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certain catecholamines (Frbhlidh and Loewl, 1910) - There would appear

to be two general types of mechanis® whereby cocaine can causé poten~

1. Inhibition of catecholamine inactivation (blockade of

uptake; iﬁhibition of MAO3 1ﬁh£b1tion of catechol—o—methyl—transferase

2. pirect effect of cocaine on the effectoT tissues:.

The evidence for both these types of mechanis® is discussed below.

holamines b cocaine.
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et al., 1962b), and while inhibition of COMI can produce a prolong-
ation of responses to noradrenaline and adrenaline there is little
increase in magnitude of the response. There is no evidence that

cocaine can inhibit COMT and this possibility can be dismissed.

(b) Inhibition of catecholamine uptake

1t was postulated by Burn (1932) that catecholamine storage
sites existed which could be replenished from the extracellular fluid
adjacent to the nerve ending. The experiments of Whitby et al. (1960) ,
Dengler éE.El’ (1961), and Muscholl (1961) have demonstrated that
cocaine can inhibit noradrenaline uptake into sympathetic nerve endings.
Also a correlation between blockade of noradrenaline uptake and the
sensitization caused by cocaine has been demonstrated by Macmillan (1959),
Whitby et al. (1960) , Furchgott et al. (1963), Hardman et al. (1965),
Trendelenburg (1966) , Draskoczy and Trendelenburg (1968). The "yptake
theory" of supersensitivity (Trendelenburg, 1966) has thus been generally
accepted to explain the action of cocaine. Many other drugs, besides
cocaine, have also been shown to compete with noradrenaline for uptake
into these storage sites, and Iversen's work (see review, 1967) compares
these compounds and their relative efficiency in blocking catecholamine
uptake. Further support for this theory is provided by the observation
that cocaine does not sensitize sympathetically denervated tissues
(Langer et al., 1967) and that its gensitizing action appears to‘be
stereospecific for agents that are taken up into the adrenergic nerve
endings. Further support for the suggestion that cocaine acts by inhi-

bition of catecholamine uptake has been provided by Tye et al. (1967) .

it
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2. Direct Action on the Effector Cell

Although the “"uptake theory" is fairly widely accepted, somé
evidence exists that cocaine may gensitize adrenergic respopses by a
mechanism(s) other than that of an {nhibition of uptake into the nerve
ending. Before the advent of the "uptake theory", Clark (1937)
suggested that supersensitivity may be due to an altered affinity of
the receptors for agonists. This suggestion wes later supported by
Maxwell et al. (1959, 1961) . Although Trendelenburg (1965) showed that
D(-)noradrenaline was taken up more readily than L(+)noradrenaline in
the cat nictitating membrane, it was later shown by Draskoczy and
Trendelenburg (1967, 1968a) that there was no difference in uptake
petween D(-) and L(+)noradrenaline in the isolated perfused rabbit
heart. Iversen gg_gl. (1971b) demonstrated, by use of an ig_gigg
double isotope technique, that in the rat and mouse heart (-)noradrenaline
was taken up significantly more rapidly than (+)noradrenaline, but no
stereochemical gelectivity was found for noradrenaline uptake in guinea
pig hearts. obviously, considerable specles differences may exist in
this phenomenon (cf. Jarrott, 1970). Maxwell (1965a) and Reiffenstein
(1968) have pointed out that potentiation of agonist regponses in igsolated
tissues is inadequately explained by the “uptake theory". Maxwell
et al. (1966) also found no parallelism petween the degree of block
of uptake and the degree of supersensitivity to noradrenaline.

Varma and McCullough (1969) found that, by cold storage of
gmooth muscle, it was possible to dissociate the supersensitivity to
noradrenaline caused by cocaine from inhibition of H3—noradrenaline

uptake. Based on the doubtful hypothesis that most of the uptake and
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is in sympathetic nerves (Stromblad and

Nickerson, 1961{ Wolfe et al., 1962) and that cocaine inhibits the

uptake of noradrenaline by the sympathetic nerves (Maxwell et al., 1968),

Varma reasoned that, if supersensitivity is due to inhibition of

noradrenaline uptake, cocaine should not semsitize a nerve-free tissue

to noradrenaline. Nerve-free smooth muscle was obtained by cold-storage of

(6-8°C for 7 days) rabbit aortic strips, rabbit splenic capsules and

rat nictitating membrane

s, and the effect of cocaine on. the noradrenaline

responses was thus determined after degemeration of intrinsic sympathetic

nerves. Ambache (1946),
that whilst cold storage

responsiveness of the ti

and Kosterlitz and Lees (1964) had observed
leads to degeneration of intrinsic nerves the

ssue was only slightly altered. It was found that

whilst (&)-H3-norepinephrine uptake was significantly reduced by storage

in the cold, cocaine cou

14 still potentiate the responses of stored

smooth muscle to noradrenaline. Varma suggested that cocaine may be

acting postsynaptically,
enhancing noradrenaline
necessarily contradict T

was based mainly on obse

perhaps on the adrenergic receptors, and thus
responses. Varma's experiments do not
rendelenburg's '"uptake theory" because this

rvations on nictitating membrane and heart

under more physiologic conditions. Graefe and Trendelenburg (1970)

report that cold storage of the muscle neither abolishes the neuronal

uptake of noradrenaline
uptake (both parameters

that there is no reason

nor the ability of cocaine to impair this
were, however, reduced) and they thus conclude

to doubt the causal relation between impairment

by cocaine of neuronal uptake and ensuing supersensitivity to D (-)nor-

adrenaline. Graefe and

Trendelenburg's conclusions probably differ
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from those of Varma because Varma assumed that decreased accumulation
of exogenous H3-noradrenaline is a measure of neuronal uptake, whereas
Graefe and Trendelenburg state that a decreased accumulation of H3—
noradrenaline in whole tissue is not necessarily indicative of a
failure of the uptake across the nerve membrane.

Langer et al. (1967), as previously stated, showed that cocaine

did not gensitize sympathetically denervated tissues; however, Ozawa

and Sugawara (1970) found that cocaine potentiated noradrenaline responses

after denervation of the guinea pig vas deferens. Possibly tissue
and/or species differences may exist which would help to explain some
of these apparent contradictions. Ozawa and Sugawara conclude that
the supersensitivity of the isolated guinea pig vas deferens to
noradrenaline ismainly due to impairment of noradrenaline uptake into
the adrenergic nerve endings but that a postsynaptic mechanism, namely
an action on the receptor and on the muscle membrane, cannot be excluded.
In a denervated tissue the amine uptake mechanism is, 6f course,
inoperative (Birmingham, 1970); thus cocaine potentiation, if it occurs,
must be due to a postsynaptic effect rather than blockade of uptake.

In support of the theory that cocaine causes supersensitivity
to noradrenaline by directly altering the receptor mechanism is the
recent work of Innes and Karr (1971). They suggest that the combination
of cocaine with cellular sites alters the adrenoceptive receptor sites
and thus causes the observed supersensitivity. Support for this hypo-
thesis is provided by the observation that phentolamine can protect
the a-adrenergic receptor against cocaine potentiation (Innes and Karr,

1971). In this technique the tissue was tested for cocaine potentiationm,

PR TR
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in a protected tissue, when the adrenergic blocking action of phentolamine
had been washed out.

An i{nteresting observation reported by Wakade gg_g;. (1970) was
that supersensitivity to 5—hydroxytryptamine after postganglionic sympa-
thetic denervation, decentralisation (pre—ganglionic denervation), and
cocaine treatment may be partly due to the impairment of the uptake process
and partly due to changes in the postsynaptic membrane. Cocaine jncreased
the S—hydroxytryptamine response of the denervated nictitating membrane
of the dog, but had no effect on the noradrenaline response. Cocaine
treatment led to 2 gurther increase in sensitivity of the decentralised
membrane to noradrenaline; however, in such a preparation the uptake
mechanism is still intact but the capacity of the adrenergic nerve
endings for the uptake may have been reduced after decentralisation.
Certainly the evidence suggests that cocaine potentiates the 5-hydroxy-—
tryptamine response partly by cﬁanges in the postsynaptic membrane.

Fleming (1971) concluded that supersensitivity‘of denervated
rat diaphragm had two components: & marked highly specific super-
gsensitivity to cholinergic agents and a small, nonspecific supersensi—
tivity to potaSSium. It was suggested that postjunctional supersensitivity
of denervated smooth and cardiac muscle resembled the second component
(nonspecific supersensitivity) and that supersensitivity in smooth
and cardiac muscle may be the result of changes in membrane OT coupling
mechanisms rather than from invocation of the nebulous concept of an
increase in the number of receptorsS. Possibly cocaine may also induce
similar changes in smooth muscle.

The work of Kalsner and Nickerson (1969a,b,c,d) and Kalsner (1971),

using the oil immersion technique to eliminate the diffusion of drugs

ey
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from rabbit aortic strips, has suggested that the increased amine response
after cocaine is more likely due to a direct action on effector cells.
The evidence can be summarised thus:

1) Cocaine has been found to potentiate methoxamine, an amine
which has negligible affinity for the nerve membrane transport system,
and which cannot be inactivated by other processes (COMT or MAO).

2) Histamine responses are enhanced by cocaine although it has
no effect on the rate of inactivation of this amine; 5-hydroxytryptamine,
however, is not potentiated (rabbit aorta) although uptake is decreased
by cocaine.

3) Responses to noradrenaline are potentiated by cocaine even
when strips are stored for 10 days in the cold, or at 37°C for 28 hours
to permit degeneration of the sympathetic nerve terminals. This
supports the results obtained by Varma and McCullough (1969) described
previously. A

4) Phen&lephrine responses are potentiated by cocaine after
all known intraneuronal mechanisms of amine disposition are eliminated
by pretreatment with reserpine and a MAO inhibitor; cﬁanges in solubility
of the drugs after oil-immersion occurs is not known and this, of course,

may complicate interpretation of the results.

Kalsner and Nickerson's work is also dependent on the hypothesis
(as demonstrated by the use of the oil immersion technique) that neuronal
uptake and storage can play a relatively minor role in terminating the
action of noradrenaline in the rabbit aorta.

Leszkovsky and Tardos (1968) also showed that cocaine poten-
tiated the responses to isopropylnoradrenaline (INA) in cat spleen
strips (this amine is not taken up by adrenergic nerves (Hertting,

1964; Iversen, 1964; Hardman et al., 1965), Similarly, Davidson
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and Innes (1968) have also demonstrated supersentivity to INA

in the presence of cocaine using isolated cat spleen strips; INA

acfs on o-excitatory receptbrs in this tissue (Bickerton,

1963). Provided that iNA is‘not taken up into nerve ﬁerminals,

this observation supports the hypothesis that cocaine has

an effect on the postsynaptic membrane in order to cause INA poten—
tiation. Uptake of INA by the guinea pig trachea has been shown by
Foster (1969); however, this probably represents extraneuronal uptake
and is not blocked by cocaine.

Reiffenstein (1968) demonstrated, using cat spleen strips,
that while cocaine did not increase the rate of contraction of these
tissues it did increase the strength of contraction induced by nor-
adrenaline. "Uptake theory" predicts that an increase in effective
concentration should have increased contraction rate. . An explanation
was given in terms of Paton's rate theory of drug action (1961) and

an allosteric alteration of the o-receptor by cocaine. TFurther

support for this theory is suggested by Reiffenstein and Nakatsu (1968)

and Nakatsu and Reiffenstein (1968) who show that cocaine cannot
be acting only by blocking noradrenaline uptake. They suggest that
the increased utilization of available a-receptors in the presence of
supramaximal doses of noradrenaline after phenoxybenzamine treatment
is due to an increased efficacy, again possibly due to an allosteric
alteration of the a-receptor by cocaine.

Bevan and Verity (1967) prepared a surgically denervated

preparation by stripping the adventia from the rabbit aorta; on this

preparation cocaine did not change the slope, or shift the dose-response

curve but did significantly increase the maximal contraction of the

l
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strips. Using innervated strips, cocaine was found to cause a shift
of the dose-response curve and thus they concluded that the super-
gensitivity produced was due to both a pre-synaptic mechanism and a
direct component of action on the smooth muscle.

The reported instances where cocaine has potentiated the effects
of noradrenaline, adrenaline, and 5-hydroxytryptamine on placental or
umbilical vessels would seem to suggest that cocaine must be causing
the supersensitivity by acting on the effector cell receptor mechanism.
However, it is known that smooth muscle itself can take up noradrenaline
in the absence of nerve and the poésibility exists that cocaine can

cause potentiation by interference with this mechanism.

G. EXTRANEURONAL UPTAKE OF NORADRENALINE

Tversen (1963) found that perfusion of a medium containing a
low concentration of noradrenaline, 0.2 ug/ml, resulted in accumulation,
by the heart, of this amine. Adrenaline, 0.5 pg/ml, was also found to
be accumulated in the isolated perfused rat heart (Iversen, 1965a) by
the same mechanism as that of noradrenaline; this observation confirmed

the original suggestion of Stromblad and Nickerson (1961) which was

that adrenaline and noradrenaline compete for a common uptake site in tissues.

This neuronal uptake mechanism was deaignated'Uptake1 (Ul)(Iversen, 1965b)

in order to distinguish it from Uptake, (U2) which occurred when there

were higher concentrations of the amines in the perfusion fluid, >1 ug/ml.

The properties of U, were found to be distinct from those of U, (Iversen,

1965b). The histochemical work of Ehinger et al. (1968) suggests that
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this uptake is both intraneuronal and extraneuronal. Extraneuronal
uptake had already been suggested to occur in denervated tissues
(particularly the salivary gland) where COMT and MAO had been inhibited
(Stromblad and Nickerson, 19613 Andén et al., 1963; Fischer et al., 19653
Potter et al., 1965; Iversen et al., 19663 Eisenfeld et al., 1967).
Fluorescent histochemical studies demonstrating extraneuronal uptake,
have also been performed (Gillespie and Hamilton, 1966; Hamberger, 1967;
Hamberger et al., 1967; Ehinger and Sporrong, 1968). Clarke and Jones
(1969) found that this accumulation was independent of the presence

of postganglionic adrenergic nerves by destruction of sympathetic
terminals with 6—hydroxydopamine, the noradrenaline being mainly

located in smooth muscle cells. However, interpretation of experiments
using 6—hydrox§dopamine ére complicated by our lack of knowledge
regarding the possible non-selective actions of this compound. Recently,
Hae;sler (1971) has demonstrated both early pre- and post—junctional
effects of 6-hydroxydopamine.

' Fischer Eﬁuél° (1965) demonstrated that, following chronic
sympathetic denervation of rat salivary gland, there was a greatly
diﬁinished abilit§ to bind and retain 3H-noradrenaline; however, a
residual capacity did remain and this was shown to be due to an
extraneuronal site of noradrenaline uptake.

Eisenfeld, Axelrod and Krakoff (1967) later found that certain
adrenergic blocking agents decreased noradrenaline accumulation into
extraneuronal sites of the rat heart after inhibition of neuronal uptake
with cocaine. Metaraminol, which is a potent inhibitor of 21’ has little

effect on this extraneuronal accumulation. Normetanephrine, however

ity e



Te—

25

and Co-workerg (GilleSpie et aj,, 1966; Gillespie and Hamilton, 1966, 1967,
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was.a thrgshold phenomenon occurring when the noradrenaline concen-
tration was between 10-6 and 10—5.g/m1. On the basis of thesé results,
Gillespie et al. (1970) classified three types of amine uptake
mechanisms:

Uptakej: into nerve endings operating at a threshold of 10"8 g)ml
ana saturatiﬁg at S X 10~7 g/ml. This uptake was stereospecific,
reserpine resistant, and sensitive to cocaine, DMI or metaraminol.

Ugtakezz (ﬂgz_the same as Tversen's UZ) operates at a threshold
of 10~6 g/ml and gaturates at 5 X 10~5 g/ml. This uptake is reserpine-
sensitive and stereospecific and probably represents granular (ox
vesicle) uptake. It is NOT influenced by cocaine, DMI or metaraminol.

Uptakes: (probably equivalent to Tversen's U2) operates at 2
threshold of 10~5 g/ml; probably not saturable, non—stereospecific,
reserpine~ and cocaine—insensitive, inhibited by o-methylated metabolites
of adrenaline, noradrenaline and normetanephrine and by phenoxybenzamine;
occurs in denervated tissues and represents uptake into smooth muscle
or cardiac muscle.

Although extraneuronal uptake is inhibited by phenoxybenzamine,
this inhibition was not related to a~receptor blockade as it is possible
to dissociate the concentrations necessary for blockade of extraneuronal-
uptake and o~-receptor blockade (Gillespie, 1968). Lowering the tempera-
ture, and ouabain treatment also cause a decrease in the uptake of
noradrenaline. However, it was not known whether the uptake is an
active process OT not; tissue to medium ratios close to three were demon-
strated on the basis of fluorescent histochemical studies.

Lightman and Iversen (1969) found that extraneuronal uptake of
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noradrenaline into cardiac muscle cells could occur at physiological
concentrations of noradrenaline and thus the extraneuronal uptake into cardiac
muscle is not a threshold phenomenon. Thus uptake, (cf. Tversen) does not
abruptly become activated at certain high critical concentrations of
external catecholamine but operates throughout the range of external
catecholamine concentration. Lightman and Iversen (1969) used nor-
adrenaline levels from 0.5 ug/ml and upwards and found accumulation

at this concentration, when both MAO and COMT were inhibited. It has

not, however, been shown whether uptake into smooth muscle is a

threshold phenomenot, but it would appear likely that it is similar

to the uptake into cardiac muscle and is thus not a threshold process.

The failure of Gillespie to demonstrate fluorescence iﬁ smooth muscle
cells with noradrenaline concentration less than 10 pg/ml is probably

due to the insensitivity of this method for detecting low levels of
diffuse fluorescence and also due to the metabolic activity of MAO

and COMI in the tissues.

Jacobowitz and Brus (1971) suggest that both fibroblasts and
vascular smooth muscle constitute major sites for extraneuronal uptake
and metabolism of catecholamine. However, since Jarrott (1970) has
demonstrated the existence of many species differences in the
uptake and metabolism of noradrenaline, such findings emphasize
that caution must be exercised in extrapolating results concerning
noradrenaline uptake determined in one organ of one species to other
organs and other species. This fact is {1lustrated by the recent work
of Burmstock EE.EL‘ (1971) who have compared extraneuronal uptake in

rabbit ear artery to that in the non-innervated tissue of human umbilical
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artery and chick amnion, using fluorescence histochemistry. Their
results demonstrate that accumulation of noradrenaline within non-=
innervated smooth muscle cells is observed histochemically after
exposure to much lower concentrations of noradrenaline (10"7 g/ml)
than in sympathetically innervated smooth muscle cells, where accumu=
lation is observable with noradrenaline at 10"5 g/ml. Also, the
uptake in non-innervated tissue is not inhibited by phenoxybenzamine,
normetanephrine or cold although some inhibition was apparent at
noradrenaline concentrations lower than 107 -4 g/ml. After inhibition
of COMT by catechol however, the accumulation of noradrenaline in
innervated smooth muscle closely resembles that in non-innervated
smooth muscle. It ig possible that low levels of COMT and/or MAO
may lower the levels of extraneuronal uptake.

Tversen (1971) suggests that "uptake,'" may have an important
uptaxe)

role in the inactivation of circulating catec cholamines and that "uptakez

and -metabolism might be the predominant mechanism for noradrenaline
{nactivation in tissues such as vascular smooth muscle, in which the
density of sympathetic innervation, in certain parts of the tissue,
is very low.

It would appear that if noradrenaline effects are potentiated
by cocaine in the human umbilical artery and if cocaine does not
influence the smooth muscle uptake of noradrenaline in this tissue,

then one can conclude, providing no perves are present, that cocaine

induced supersensitivity is due to an effect on the muscle which causes

an alteration of the a-receptor mechanism of the effector cells.
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H. ALLOSTERISM AND DRUG RECEPTORS

1. Allosteric changes and cocaine action

Verity, 1967; Varma and MtCullough, 1969; Kalsner and Nickerson, 1969b),

2. General theories of allosterism, conformational changes, and

cooperativity

obtained initially from énzyme studies by Monod et al. in 1963 and a
detailed mode] was proposed by the Same authors in 1965,

The term "allosteric" was introduced to describe a site on the
énzyme, distinct from the active gite at which the substrate binds,
and which {g complementary to the structure of a regulatory molecule

referred to ag the allosteric effector, One function of the allosteric
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ligand binding at a non-catalytic site on catalytic efficiency, and
also the ability of ligand binding of the active site to affect the
binding of additional molecules, of the same ligand, to other active
sites.

Many enzyme and protein systems show complexities in ligand
binding. In particular, it is often noted that the ligand saturation
curve does not follow the hyperbolic relationship characteristic of
Langmuir-type absorption, but follows a sigmoid relationship. This
sigmoid curve suggests that at least two molecules of ligand bind
to the protein and that the binding of the first ligand molecule
facilitates the binding of subsequent molecules. Such a cooperative
interaction exists, for instance, in the well-investigated oxygen-
haemoglobin system (Adv. Protein Chemistry, 1964).

Conformational changes induced by various substrates on the
enzymes have also been explained by the "induced-fit" theory of
Koshland (1963). Koshland (1958, 1959, 1962, 1963, 1964) noted that
"lock and key" hypothesis of enzyme action, originally.proposed by
Emil Fischer in 1894, could not explain all parameters of enzyme
systems and he thus initiated investigations which led to the "induced-
fit" theory. Thus the active site of an isolated crystalline enzyme
does not necessarily need to have a morphology that is complementary
to that of the substrate. The substrate, in combining with an enzyme,
induces a change in its conformation; this results in an enzymically
active orientation of the catalytic groups.

The basic features of Koshland's hypothesis are that, (a) small

molecules induce conformational changes on binding to the enzyme, (b) a
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precise orientation of catalytic groups is needed to cause reaction and

() substrates induce the proper alignment of catalytic residues whereas

nonsubstrates do not. There is abundant evidence that conformational
changes may occur in enzymes under physiological conditions CYankeelou
and Koshland, 19653 o'Sullivan and Cohn, 19663 Mehler and Cusic, 19673
Adelman gg_gl., 19683 Morse and HoreckeT s 19683 Deluca and Marsh, 19673
Hammes » l968a; 1968b) » although it has been suggested that such changes
are usually quite gmall (Lumry and Biltonems 1969) . The induced—fit
theory has been extended to explain drug action; 8 drug may intereact
with an enzyme, OF a noncatalytic protein, at a particular binding
modifier (Cennamos 1968) oY allosteric site (Monod, 1966) . This site
would constitute part ot the recepto¥s and may be visualized as
possessing an elastic morpholosy which can be deformed or altered and
then returned tO its original form after deformation (Grisolia, 1964) .
Such 2 receptor has been described as “dynamic" by Bloom and Goldman
(1966) - Koshland's and Monod's theories are not necessarily mutually
exclusive as the conformational change may be due tO an allosteric
process (Monod, 1966) .

Koshland gg_gl. (1966) and Koshland and Neet (1968) have

adapted the “induced—fit theory" in order tO explain cooperative effects ~

the phenomenon that binding of one 1igand molecule gomehow accelerates
binding of subsequent ones. Thus binding of the first jigand tO a
polymeric protein (which may be an enzyme containing the receptor)
{nduces @ conformational change in one of its gubunits. The resulting
stabilization allows gtronger binding of succeeding molecules.

Analogous theories have recently been suggested to explain the

._.:.‘,.//— -
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conformational alteration of the protomers that constitute the
macromolecules (Changeux et al. 1967; Wyman, 1967, 1968; Noble, 1969).
In 1964, Belleau introduced the "macromolecular perturbation theory"
which is really an application of the "induced-fit theory" to certain
classes of drugs. The basic points are that: (a) Drug-receptor
interactions very often follow the law of mass-action, mainly in
relation to competitive antagonism. (b) Formation of the drug-receptor
complex is attended by change in free-energy, whence it is deduced that
this complexation takes place with chemical modification in the receptor
due to changes in vibrational and electronic energies. (c) Conforma-~
tional changes in proteins that act as receptors convert them from
inactive species to ones capable of catalysing reactions with substrates.
Depending on whether the drug produced specific or non-specific conforma-
tional changes, it would behave as an agonist or an .antagonist. Support
for this theory comes from the work of Portoghese (1965), Belleau and

Lavoie (1968), and Kay and Robinson (1969).

3. Allosteric changes and the cholinergic receptor

The existence of allosteric mechanisms appears to be indicated
for the action of acetylcholine and its antagonists at the muscarinic
receptor (reviewed by Moran and Triggle, 1970; and Triggle, 1971), as
an allosteric interaction accomodates, in a satisfactory manner, the
action of atropine and related ligands. Also, following the possible
isolation of an acetylcholine receptor, Miledi et al. (1971) found
that prolonged exposure to acetylcholine reduced the binding of bungaro-

toxin by as much as 80%. This evidence suggests that the desensitization
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phenomena may involve some change in the conformation of the receptor
molecules.

Several investigations have also shown that acetylcholines-
terase may be an allosteric enzyme (Changeux et al. 1968; Kitz et al.

1970; Meunier and Changeux, 1969; Wombacher and Wolf, 1971).

4. Allosteric changes and the adrenergic receptor

Besides the allosteric effect suggested for cocaine and the
evidence that cocaine does in fact alter the postsynaptic membrane
there is also other evidence suggesting adrenergic allosteric
changes.

Maxwell ég.él..(l96l) suggested that methylphenidate alters
the affinity of the receptor substance for amines and this results in
the supersensitivity seen after methylphenidate administration. Also,
Maxwell (1965b) has speculated that guanethidine and derivatives cause
supersensitivity to noradrenaline by changing the configuration of the
receptor "surface" in such a way as to improve hydrogen bonding or
ion pair formation with selected amines and hence to enhance the
affinity of the receptor for the amine. Varma (1966) proposed that
the changes in sensitivity to noradrenaline, which occur in the cat
nictitating membrane after denervation, arise from a qualitative change
in the a-receptors.

Patil (1969) speculated that postganglionic denervation caused
qualitative changes in the o-receptor and altered its steric configuration.
Patil supported this claim by showing that the isomeric ratio [ratio

between (~) and (+) noradrenaline] was markedly different from that
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obtained after cocaine treatment. These results can also be considered
as reflecting a change in the d—receptor after cocaine treatment; the
change being different from that occurring after denervation. This
possibility has been suggested by Patil et al. (1971)

Nickerson and House (1958) found that prolonged receptor
bloekade by phenoxybenzamine produced supersensitivity of the cat
nictitating membrane to noradrenaline and adrenaline. They found that
cats, pretreated in vivo with phenoxybenzamine, developed supersensiti—
vity to noradrenaline at the same rate as those cats which had been
denervated; this suggested to Nickerson and House that the absence of

n effect of the normal mediator at the a-receptor was possibly a major
factor in causing sensitzation. Kurahashi and Shibata (1971) have
speculated that bretylium increases the sensitivity of the effector cell
to K+ or tyramine by a direct action on the postsynaptic membrane of

rabbit aortic strips.

1. EFFECT OF COCAINE ON SMOOTH MUSCLE CALCIUM

Shibata et al. (1971) have speculated that potentiation of
noradrenaline responses by cocaine in rabbit aortic strips results from
the increased entry of extracellular Ce++. Shibata 35_31: demonstrated
that cocaine failed to potentiate the noradrenaline response in a Ca
free medium; Mﬂ++ and Ce++ which are reported to inhibit Ce++ flux
(Hagiwara and Nakajima, 19663 Geduldig and Junge, 1968; Shibata, 1969a)
prevented cocaine potentiation; cocaine also potentiated the contraction

produced when Ce++ is added to a Ce++—free, high potassium medium. A
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common mechanism to explain supersensitivity in terms of an increased
membrane permeability had already been suggested by Carrier and Shibata
(1967) and Shibata (1969a). Cocaine has been shown to affect calcium
binding (Hurwitz et al., 1962; Daniel, 1964). Daniel and Wolowyk (1966)
proposed that, in uterine segments of the rabbit, cocaine caused labili-
zation of calcium loosely bound in the membrane. The comparitively
high concentrations of cocaine used in this study (0.1 to 2.0 mg/ml)
caused contraction of the uterus, presumably by virtue of the catt
labilization; cocaine did not appear to act by releasing known neuro-
transmitters or by directly affecting the receptors for these trans-
mitters. An action on oxytocin receptors was also unlikely because
oxytocin failed to produce a contraction in progesterone~dominated
uteri at 24°C although these tissues were still responsive to cocaine.
An effect of cocaine on catt mechanisms may also explgin the muscle
contraction induced in the rat vas deferens by cocaine (Vohra, 1969);
cocaine and tetracaine (Vohra, 1970a) and xylocaine and procaine

(Vohra, 1970b). Greenberg and Innes (1968), using cat spleen strips,
suggested éhat noradrenaline is less dependent on extracellular Cé++ for
contraction in the presence of cocaine and this may be due to release,
by cocaine, of cat from an intracellular store. Kasuya and Goto (1968),
using the rat vas deferens, found that cocaine potentiated responses

to noradrenaline, angilotensin, acetylcholine and potassium; they

suggest that cocaine may act by increasing the availability of'Ca++,
which may be liberated from bound stores or induced to permeate across
the membrane by agonists. Although this evidence suggests that cocaine

lacks selectivity in its potentiating effect, it was found in this
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adrenergic system, and the denervated rat vas deferens (Kasuya et al.
1969), that the degree of potentiation of noradrenaline responses

was significantly greater than that observed with other agonists, and
thus part of the noradrenaline supersensitivity may be based on an
agonist-specific mechanism. Nakatsu (1968) suggested that cocaine
primes a Cé++ pool which is utilized specifically by the a-receptor

thus enhancing the noradrenaline response.

J. CALCIUM AND THE o~RECEPTOR

The possible role of cocaine in mobilizing Ca++ and thus
potentiating noradrenaline-induced contractions of smooth muscle might
seemingly diminish the importance of the original postulate that
cocaine causes an allosteric-like change in the oa~adrenergic receptor.
However, this conclusion may be incorrect as Moran et al. (1970)
have provided evidence that suggests a Ca++ mobilization site existing
in the membrane that is linked specifically to a noradrenaline recog-
nition site. The noradrenaline recognition site and the Ca++ binding
site may be functionally inseparable such that Ca++ is not made
available to the excitation-contraction-coupling process until the
noradrenaline recognition site is activated. Thus, there may be a
linked process similar to that postulated by Wyman (1968). An

allosteric arrangement may thus be indicated:

Noradrenaline linked

Recognition g—r07 WYV _ Ca++ site
Site interaction
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. This suggests that the catecholamine~a~receptor interaction -
initiates the mobilization of a proportional number of Ca*t ions to
generate a proportional muscle response. Belleau (1967), on theoretical
grounds, has placed catt displacement as a prominent function for agonist

interaction at the a-receptor.

K. COCAINE AND THE o~RECEPTOR

Whether cocaine interacts with a calcium mobilization site is
not known, The action of cocaine in producing potentiation would
appear to be nonselectivebecause, in vafious tissues, it also potentiates
the actions of other agonists such as K+, acetylcholine, anglotensin,
histamine and 5~hydroxytryptamine. However, it would appear to produce
a greater degree of potentiation towards noradrenaline (Kasuya and
Goto, 1968) as a greater leftward shift of the dose-response curve
was found with noradrenaline than with the other agonists. This is
also true when supersensitivity is produced by other mechanisms (Fleming,
1971). Perhaps cocaine has some selectivity towards the response mediated
by the a~adrenergic receptor. Vohra (1969) has suggested that cocaine
may act as a mixed sympathomimetic (acting directly on the a-receptor
and also caﬁsing noradrenaline release) on the rat vas deferens; however,
cocaine failed to protect o-adrenergic receptors against phenoxybenzamine
blockade. Cliff (1968) found that cocaine caused contraction of the
reserpine-treated rat vas deferens in which no tissue catechol-
amines were detectable by Falck's fluorescence technique. Cocaine

also caused contractions in denervated rat vas deferens. These results

|
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can be explained in terms of the Cd**

releasing capacity of cocaine.

Vohra (1969) however, found that although the rat vas deferens was

L i T

contracted by cocaine the guinea pig vas deferens did not respond.
This fact is interesting because Janis and Triggle (1971) have shown
that, following DMPEA blockade of the a~-receptor, the half time for
recovery to noradrenaline in the rat vas deferens was 23 minutes,
the same as that obtained for the rabbit aorta. The half time for recovery in
the guinea pig vas deferens, however, was 75 minutes, similar to that
for the rabbit vas deferens. These results may reflect differences at,
or very close to, the nporadrenaline pinding site of the a—-receptor.
whether such differences could explain the reason for the contraction
of the rat vas deferens by cocaine and the lack of response in the
same tissue of the guinea pig is not, howeverl, known. Vvan Rossum (1965) :
and Furchgott (1970) have also suggested that differences in a-receptors
may exist.

Although agonists on gmooth muscle probably all produce
the same end-result, that 1is, an elevation of the concentration
of free calcium in the intracellular fluid near the contractile
protein and then, ultimately, an alteration of the {nteraction
of myosin and actin causing contraction of the muscle cell, they may do
so by different mechanisms. For instance, the greater seleotivity of g
SKF-525A towards potassium induced contractions than towards those of
other agonists in the rabbit aortic strip preparation has been recently
demonstrated by Kalsner et al. (1970), and gimilar results have been
observed in the same preparation and in éhe rat vas deferens by

Triggle (personal communication). it was concluded by Kalsner et al.
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that SKF-525A specifically inhibits the movement of extracellular
and/or loosely bound calcium to the contractile elements of vascular
smooth muscle in response to membrane depolarization by potassium.
SKF-525A was found to have little effect on the mobilization of
firmly bound calcium by noradrenaline but might, however, interfere

partially with replenishment of this pool from extracellular sources.

L. AIMS OF THE RESEARCH

Evidence exists that cocaine may have an effect on the post-
synaptic membrane which could influence the noradrenaline response.
However, it has been shown quite clearly that cocaine can influence
npradrenaline uptake into the nerve ending and this also can explain,
to some degree, the potentiating effect of cocaine on'the noradrenaline
response. In an jnnervated tissue it would thus appear that cocaine
may have at least two modes of action which could explain its influence
on adrenergic mechanisms. These actions are difficult to differentiate.

The human umbilical cord is, classically, considered to be
non—-innervated and thus if cocaine can influence the noradrenaline
response in this system it could not be doing so by virtue of blocking
neuronal. uptake of noradrenaline. However, recent observations question
the "classical” view that the umbilical cord is non-innervated and
thus we cannot suppose that the action of cocaine involves post-synaptic
effects alone unless it has first been demonstrated that the human
umbilical cord is devoid of adrenergic innervatidn. This problem has

been investigated by noradrenaline analysis and fluorescent microscopy.
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An MAO inhibitor has also been used in conjunction with the above
techniques in order to determine whether the activity of tissue MAO
may influence noradrenaline distribution in this system.

Nerves need not be present in a tissue for noradrenaline
uptake to occur; thus extraneuronal "uptake" (accumulation)
of noradrenaline has been observed in many tissues of various species.
Possibly cocaine may influence noradrenaline responses by affecting
this extraneuronal accumulation. It is therefore necessary to study
the effect of cocaine on the extraneuronal accumulation of noradrenaline
in the human umbilical artery tissue. The characteristics of this
accumulation of noradrenaline in isolated human umbilical arteries has
also been compared to those of innervated systems.

A postsynaptic action of cocaine on calcium binding and calcium
movements in the effector cell has also been shown and such an action
may be the common denominator in explaining this and, perhaps, other
supersensitivity phenomena. It would appear that cocaine may have a
nonspecific action which could influence the action of other smooth
muscle agonists whose action is unrelated to affinity for the a-receptor.
This problem was investigated by determining the effect of cocaine on
other agents which influence smooth muscle contraction in the human
umbilical artery and thus determine the specificity of the action of
cocaine.

This investigation therefore sets out to answer the following
questions in relation to the manner in which cocaine may influence

noradrenaline responses in the isolated human umbilical artery:

e LN LA



41

1) Is the human umbilical artery innervated by adrenergic
nerves?

2) Can noradrenaline be accumulated by human umbilical
artery tissue?

3) If noradrenaline accumulation can occur in the umbilical
artery, is it influenced by cocaine?

4) 1Is the potentiating action of cocaine specific to nor-
adrenaline or can it also influence the action of other smooth muscle

agonists?

e b i e
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preparations (50 of 120) has been noted. This has usually resulted
either from unstable baseline éerfusion pressuréé probably due to
blood clot formation, OY from an inability to obtain a venoué outfloy
possibly due to structural damage of the placenta.

Perfusion pressure was maintained at 40-50 mmHg (Nyberg and
Westin, 1958) and the flow of Krebs maintained at 10-20 ml/min by 2
constant output Harvard Pulsatile "Heart" Pump; pressure was recorded
via a pressure transducer (Statham) . Drug injections were made into
a rubber connection tube adjacent to the artery cannula; the drugs were
dissolved in 0.5 - 1.0 ml of 0.9% saline . A liet of the drugs employed
can be found in Appendix B. Perfusion was normally gtarted within 30
minutes of delivery; the Krebs solution used for perfusion was aerated
(95% 0, - 5% C02) and modified with 2% polyvinylpyrrolidone (PVP) to

maintain osmotic pressure and prevent edema.

B. PREPARATION OF ISOLATED UMBILICAL ARTERY STRIPS

The apparatus for experiments involving isolated strips of
umbilical artery is i1lustrated in Figure 2. This appératus allows
the bathing solution to be prewarmed while passihg through a glass
coil beneath a muscle bath whose working volume is 10 ml. The water
circulating around the.muscle pbath and through the glass warming coils
was maintained at 37°C by continuous circulation of water from &
reservoir and the water temperature was thermostatically controlled.
The Krebs solution was maintained in a reservolr and supply to the

muscle bath was controlled by use of pinchcocks. Both the Krebs
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reservolr and the muscle bath were aerated with 95% 02 and 5% COZ;
the muscle bath belng aerated via a fine polyethylene tubing
(Clay-Adams PE 20) passed through the drainage tube.

Isolated strips of umbilical artery were obtained by the method
described by Furchgott and Bhadrakom (1953) . Tﬁe artery was freed of
connective tissue and cut gpirally to provide strips 3-4 cm 1ong and
2 mm wide. The strips were mounted in the muscle baths under a tension
of two grams and allowed to equilibrate for 1% hours during which
time the sﬁrips were washed with fresh Krebs solution every 10 minutes.
Contractures were recorded igotonically and magnified X 7 with a frontal
writing lever on 2 carbon kymograph recorder with Palmer kymograph
extension. The speed of the paper was maintained at either 0.0425 mm/sec
or 0.0850 mm/sec.

Drugs were added to the bath using 2 1/4, 1/2 ox 1 ml syringe
at a maximum dose of 0.2 ml. The drugs were washed out of the bath
either when 8 ﬁaximal height of contraction had been reached oY 8
. minutes after administration,‘whichever was sooner. Antagonists and
coﬁaine were added to the bath usually 5 minutes before the agonist;

a further 8 minutes was then allowed for tissue response.

Where i{ndicated, the ED5q> dose of drug required to give 50%
of the maximal tissue response, for each drug was calculated by testing
the tissue to 2 range of four concentrations of the drug. Dose~responsé
curves, with a sufficient aumber of points, are very difficult to produce
{n this tissue pecause. of the prolonged nature of tissue relaxation.

The use of dose~-response curves in these type of experiments would thus

be influenced by tissue desensitization and fatigue and would greatly
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affect the results. A similar rationale has been employed by Graefe
et al. (1971) and Trendelenburé (1971) for the study of supersensitivity
caﬁsed by impairment of intraneuronal mechanisms of 'amine inactivation
in the cat nic¢titating membrane.

The Krebs—Ringer solution'used for these experiments was

modified by the addition of 10-'5

M disodium ethylenediamine tetra-acetic
acid (EDTA) in order to decrease autoxidation of sympathomimetic amines
(Furchgott, 1960; Nedergaard, Vagne and Bevan, 1968). This treatment

waseffeétive for protection of sympathomimetic amines for short

exposure times of about 5 minutes (Graefe and Trendelenburg, 1970).

C. CATECHOLAMINE ANALYSIS

A multitude of procedures have been reported for the estimation
of catecholamines in biological tissues, many of which are based on
the selective absorption of the cate;holamine by aluminum oxide, a technique
originally devised by Shaw in 1938. This is followed b& oxidation of the
noradrenaline in the eluate to a f£luorescent trihydroxyindole (THI) derivative,
or condensation of the noradrenaline in the eluate with ethylenediamine. The
THI procedure was adopted, with the modifications similar to those
described by Anton and Sayre (1962), because of the greater specificity
reported for this technique (von Euler, 1961; Valk and Price, 1956),
as compared with the ethylenediamine condensation.

The fluorescencé of oxidation products of epinephrine in alkaline
solutidn was first observed by Loew in 1918 and was further studied by

Paget (1930). This was used as the basis of a fluorometric analysis
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technique (Gaddum and Schild 19343 Richter, 1937) and then adapted
jnto the THI procedure by Ehrlen (1948) and Lund (1949a,b,c). It‘has
been found that fluorescent THI derivatives are formed when the
catecholamines, in a sligntly acid solution, are oxidized by iodine,
or potassium ferricyanide, and then subjected to 2 strongly alkaline
solution containing an antioxidant. The production of noradrenolutine’
from noradrenaline ig shown in Figure 3 (Harrisom, 1963). Although

the method used resenmbles that described by Anton and Sayre (1962),
geveral changes were introduced and thus the procedure and reagents

are described in detail below.

1. Reagents (dighest Purity). fisher primary standard reagents
were used for the preparation of reagents and Krebs solution (except
where otherwise stated).

_ a) Aluminum oxide (Woelm Neutral Activity Grade 1). Aluminum
%oxide (100 grams) was treated with 2N HCl1 (500 ml) at 90°C for 45 minutes
nith constant stirring using a magnetic stirrer combination with hot
plate. After 45 minutes the stirring was discontinued and the mixture
allowed to settle for 1% minutes. The yellow’supernatant fluid was
then discarded along with the finer particles of aluminum oxide. The
remaining aluminum oxide was then washed twice with 2N HC1 (250 ml)

at 70°C for 10 minutes each. The supernatant with - the finer aluminum
oxide particles were discarded on each occasion. Finally the aluminum
oxide was stirred with 2N HC1 (500 ml) at 50°C for 10 minutes. The
aluminum oxide was then washed repeatedly with 200 ml portions of

distilled water until the supernatant had a pH of 3.4, the finer
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particles were discarded each time. The aluminum oxide was transferred
to an evaporating dish and heated for 1 hour at 120°C and then for

2 hours at 200°C. Finally the dried powder was stored in a dessicator
at room temperature.

b) 0.4M Perchloric acid. Perchloric acid was used to homogenize

the tissue samples. Other agents, such as trichloracetic, hydrochloric,
nitric and sulphuric acids, have been found to be less guitable (Anton
and Sayre, 19623 Bertler et al., 1958a, 1959b).

c) 0.2M Acetic acid. Acetic acid was used for elution of

the catecholamines froh the alumina. Anton and Sayre (1962) suggest
the use of 0.05M perchloric acid but it was found, in our laboratory,
that the use of 0.2M acetic acid gave more consistent results.

d) 0.5M Tris Buffer, pH 9.0. This solution was prepared

(60.7 g/i of tris[hydroxymethyl]aminomethane) and brought to pH 9.0
by use of 2N hydrochloric acid.

e) Acetate Buffér, pH 7.0. This buffer was made by dissolving

disodium ethylenediaminetetraacetate dihydrate (EDTA) (37.2 grams) with
sodium acetate (136.1 grams, 1 mole) and making up‘the volume to one
liter. The pH was then adjusted to 7.0 by adding 5N NaOH.

£) Iodine. Todine (1.27 grams) wWas dissolved in absolute
ethanol (100 ml) and stored in a dark bottle.

g) Alkaline sulphite. This solution was made just prior to

use by diluting a 25% aqueous gsolution of anhydrous godium sulphite
(1 ml) with 5N sodium hydroxide (9 ml).

h) Distilled water. All solutions used were made with glass

distilled water which was prepared as follows: glass distilled water



N e —————— T

52

was re-distilled in a pyrex all glass distillation apparatus in the
presence of EDTA (1 gram/liter). The distillate was then re-distilled
in the same apparatus. This triple glass distilled water was then

employed for the preparation of all solutions.

2. Preparation of Samples

Prior to analysis all tissue samples were kept below 0°C by the
use of liquid nitrogen. The tissue sample, usually welghing about
0.5 grams, was first homogenized in 0.4M ice-cold perchloric acid (5 ml)
using a glass tissue grinder which was semi-submerged in an ice bath.
The homogenate was. then centrifuged at 3,000ﬁg i{n a clinical centrifuge
(International Clinical Centrifuge - Model CL) for 5 minutes. One ml
of the clear supernatant was transferred to a tube containing alumina
(500 mg), Tris buffer (7 ml) and 1 ml of 2 known concentration of
noradrenaline, usually 10-7g/ml, to act as an internmal standard; the
pH of this mixture was between 8.2 and 8.4. The tube was then sealed
with a rubber stopper and shaken for 15 minutes on a Techni-Lab Rotator
(Model 715) shaker, centrifuged for 1 minute and the supernatant
aspirated off and discarded. The alumina was washed with glass
distilled water for 1 minute; this water was then aspirated off and
discarded.‘ The alumina was shaken for 15 ﬁin with 0.2M acetic acid
(3 ml) to elute the catecholamine and the mixture was then centrifuged

for 1 minute.

3. Formation of the Fluorescent Trihydroxyindole derivatives

a) Procedure

i) A 1 ml aliquot of the eluate was transferred to a small
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tube and acetate buffer of pH 7.0 (1 ml) was added; the contents
were then thoroughly mixed.

ii) 0.2 ml:of iodine solution was added from a 5 ml micro-
burette, mixed thoroughly and then allowed to stand for exactly 1
minute.

11i) 0.2 ml of freshly prepared alkaline sulphite solution
was added with mixing, and the solution was allowed to stand for
exactly 1 minute.

iv) 5M acetic acid (0.2 ml) was added, with mixing, and
the tube was then placed in boiling water for 3 minutes. Rearrangement
of the iodine oxidation products of the catecholamine to the corres-—
ponding trihydroxyindoles in alkaline solution is a photocatalysed
reaction requiring 60 minutes; however, the time period is considerably
reduced by boiling at 100°C for 3 minutes (Chang, 1964). The fluorophores
produced have been found to be stable for at least one hour., It should
be noted that if potassium ferricyanide is used as the oxidizing agent
instead of iodine, then the fluorophores produced are unstable and
have to be read within 5 minutes (Anton and Sayre, 1962).

v) Blanks, for the determination of background fluo;escence,
were prepared in a similar way to the sample except that the alkaline
sulphite solution was added before the iodine solution. |

vi) Internal standards (known concentrations of noradrenaline)
were included to check recoveries and quenching.

vii) Controls (standard solutions of noradrenaline) were
also analysed and these values were then used in the calculation of

tissue noradrenaline.
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viii) The Aminco-Bowman Spectrophotofluorometer (SPF) was

used to measure fluorescence.

b) calculation of noradrenaline:

A-B yc x-é x-l 3
B p*1I

Noradrenaline (gram/gram tissue) =

-

where: A - fluoresceﬁce of noradrenaline in the aliquot of acid
eluate, minus blank, at pH 7.0
B - fluorescence of known concentration of noradrenaline
(equivalent to internal gtandard) , minus blank, at pH 7.0.
C - concentration (in gram/ml) of noradrenaline which gives
fluorescence B.

D

weight of tissue

The tissue was homogenized in 5 ml of 0.4M perchloric acid and only

1lml wasbused for analysis; therefore, it 1s necessary to multiply the
results by a factor of five in order to obtain noradrenaline concen-
tration on a gram/gram tissue basis. The relative fluorescence produced
by noradrenaline was found to be linear within the concentration range

used in this study.

c) pifferential measurement of adrenaline and noradrenaline:

Some experiments were performed in order to measure both
adrenaline and noradrenaline. This was possible because although both
noradrenaline and adrenaline are converted into fluorophores at pH 7.0,
only adrenaline is converted at pH 3.0. It is therefore possible to
measure noradrenaline and adrenaline by taking two aliquots from one

sample and following the above procedure using acetate puffers at the
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two different pH's. Thus:

Adrenaline (gram/gram tissue) = X—%Egl x Cy x 5 x-% X %
vhere: Cqy - concentration (in gram/ml) of adrenaline which gives

fluorescence Eq

E; ~ fluorescence of a known concentration of adrenaline
(equivalent to internal standard), minus blank, at
pH 3.0.

Y ~ fluorescence of the acid eluate, minus blank, at

pH 3.0.

Since noradrenaline produces no appreciable fluorescence at pH 3.0,
Y will equal the fluorescence due to the internal standard (El) and

the amount of adrenaline in the tissue. Thus:

Noradrenaline (gram/gram tissue):

x- ([(-EDE/E] +B) ¢ x % x% x %

B

where: X - fluérescence of the acid eluate, minus biank, at
pH 7.0.
E - fiuoréscence of a known concentration of adrenaline
(equivalent to internal standard), minus blank, at

pH 7.0.

The ratio of adrenaline fluorescence at pH 7.0 to that at pH 3.0 is:

E

Ey
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Thus the fluorescence due to tissue adrenaline at pH 7.0 is:

(Y'-El)E/El

and the fluorescence due to noradrenaline at pH 7.0 is:

X = [(¥-E)E/E;]

d) Determination of percentage (%) recovery

Internal standards (known amounts of noradrenaline, or adrenaline)

were added to tissue samples prior to homogenization and the fluorescence

obtained, after correction for tissue catecholamine, was compared to
that obtained with a known amount of noradrenaline, or adfenaline,
which was subjected only to the formation of the trihydroxyindole
derivative. Thus a % yield could be obtained for each experiment and

the noradrenaline and adrenaline levels were corrected accordingly.

e) Effect of normetanephrine, metaraminol, cocaine, phenoxy-

benzamine, ouabain and parnate on the trihydroxyindole

procedure

Normetanephrine and metanephrine.are not absorbed by alumina
at pH 8.2 - 8.4 and thus do not affect the method of noradrenaline
analysis described here (Anton and Sayre, 1962;. Schneider and Gillis,
1965; Anton and Sayre, 1966).

Metaraminol forms no detectable fluorophor at either pH 3.0
or 7.0 and thus does not influence noradrenaline analysis. The
structure-reactivity-relationships for the THI procedure have been

well documented (see Laverty and Taylor, 1968).

Cocaine, phenoxybenzamine, parnate and ouabain were also found

ki i o st
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to form no interfering fluorescent compounds when subjected to the

THI procedure.

D. NORADRENALINE UPTAKE EXPERIMENTS

Isolated umbilical arteries of approximately 8" long were cut
longitudinally so as to exXpose both extra- and i{ntraluminal surfaces.
Each strip was suspendgd in the glass apparatus {llustrated in Figure
4 and was perfused with Krebs solution, mofified with 2% PVP and EDTA
(5 x 10—5M) and containing various concentrations of noradrenaline.
The perfusion rate was 10 ml/min. At appropriate times, samples of
the tissue were removed, washed in noradrenaline-free Krebs for
one minute and analysed by the procedure previously described. The
effects of phenoxybenzgmine, normetanephrine, metaraminol, cocaine and
ouabain on the uptake of noradrenaline by the arterial tissue were
determined by perfusing the artery at a rate of 10 ml/min for 30 minutes
with Krebs containing the drug, and then for a further 30 minutes with
Krebs solution containing both the drug and noradrenaline. In order
to determine the effect of temperature, the Krebs solution was main-
tained either at 0°C, 20°C or 37°C and the effects of these changes

on noradrenaline accumulation was determined.

E. FLUORESCENCE MICROSCOPY

The distribution of noradrenaline in the placental tissues was
studied using .the formaldehyde fluorescence technique. Eranko, in 1952,

observed that, after the exposure of sections of the adrenal medulla

e R
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Figure 4. ~Apparatus for determining effect of drugs on
noradrenaline uptake by umbilical arteries.
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to formaldehyde solution, a fluorescence developed in some cells.

With specific chemical methods these cells were then shown to contain
noradrenaline. This principle was later adopted by Falck and coworkers
(Falck, 19623 Falck et al., 1962; Falck and Owman, 1965) to study the
distribution of catecholamines in nerve endings. Freeze-dried tissues
exposed to formaldehyde vapour developed an intense fluorescence.

This technique is somewhat glow because of the need to freeze-dry

the tissue, embed it in paraffin wax, and then section the embedded
tissues; however, a faster‘cryostat technique has been suggested by
Ehinger et al. (1969) and an adaptation of this technique was used

for this study and is described below.

Tissues were frozen in dry ice-acetone mixture in a thermos as
soon as possible after delivery, or after perfusion with noradrenaline;
this mixture theoretically produces a temperature of -87°C since rapid
freezing to below -30°C to —50°C prevents formation of intracellular
ice crystals. The tissues were frozen using the quick freeze bar.
Sections were cut to a thickness of between 4 and 10 p using an I1.E.C.
razor holder and blade with anti-roll plate to prevent curling of the
cut section. Sections were mounted on slides and maintained in the
cryostat until sectioning was complete. They were then removed and
dried for iO minutes in a dry-air box where the air was drawn over
gilica gel prior to entering since the monoamine  formaldehyde reaction
requires the presence of dry protein. The sections were then treated
at 80°C with formaldehyde gas generated from paraformaldehyde which
has been equilibrated for 5 days in an atmosphere of relative humidity

15%. The sections were then mounted with cover slips on paraffin oil

i e g e A A
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and examined with the fluorescence microscope (Leitz). Photographs of
various pieces of tissues were taken either using Tri-X film ASA 400
(Black and White), High Speed Ektachrome ASA 160 (Colour), Ektachrome

ASA 80 (Colour), Anscochrome ASA 64 (Colour), or High Speed Amscochrome

ASA 500 (Colour). It is the formation of intensely fluorescent

6, 7-dihydroxy-3,4-dihydro-isoquinolines by catecholamines that enables
these monoamines to be demonstrated at the cellular level (see Figure 5).

The activation peak is at 410 my, while the fluorescence spectrum is

observed at 480 mp. The yellow 5-hydroxytryptamine fluorescence arising

from 6-hydroxy-3,4-dihydro-b-carboline formation has a peak at 525 my

and can thus be distinguished from the green fluorescence due to

catecholamines. The primary amine, noradrenaline, can be distinguished

from the secondary amine, adrenaline, because the adrenaline fluorescence
caused by exposure to formaldehyde gas takes more than 1 hour to develop.

It was necessary to distinguish between specific catecholamine

fluorescence and autofluorescence in tissues. Many tissues contain

structures which emit a brown to yellow or green autofluorescence.

This makes direct differentiation difficult in some situations. Two

methods were used in order to distinguish specific fluorescence from

autofluorescence:

1. Specimens treated with heat but without formaldehyde

show only autofluorescence. By comparing sequentially-cut heat-

treated sections with formaldehyde-treated sections, autofluorescence
can be distinguished from catecholamine fluorescence.
2. Treatment of the formaldehyde treated tissues with water

for 2-4 minutes causes the monoamine fluorophores to disappear, while
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Figure 5. The histochemi.cal reaction between noradrenalit'\e

and f.ormaldehyde.
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the autofluorescence remains unaffected. The loss of catecholamine
fluorescence following water treatment results in an increase in

the exposure time required by the Orthomat automatic camera and this,
coﬁbined with the visually obvious changes produced, enables the
investigator to distinguish between autofluorescence and catecholamine
fluorescence.

The study of extraneuronal noradrenaline uptake in the human
umbilical artery was performed by the use of similar techniques as
those employed by Avakian and Gillespie (1967) in their investigation
of extraneuronal uptake of noradrenaline in the innervated central
artery of the rabbit ear. Tigsue sections were taken from both normal
tissues and tissues incubated with noradrenaline. Krebs containing
noradrenaline (10-40 pg/ml) was perfused through one umbilical artery
of an isolated umbilical cord for 30 minutes and the artery was re-
perfused with noradrenaline-free Krebs for 1 minute.

Perfusion with Krebs solution containing parnate, cocaine,
phenoxybenzamine or normetanephrine was sometimes usedbto pretreat
the umbilical artery for 30 minutes prior to perfusion with Krebs
containing both noradrenaline and the required drug for 30 minutes.
Cold Krebs at 0-4°C was aiso used for cértain experiments; in these
cases the tissue was pretfeated with the'cold Krebs for 30 minutes
prior to perfusing with noradrenaline containing cold Krebs for a
further 30 minutes. This treatment was then followed by a 1 minute
wash-out period. Tissue gsections were then taken and treated as
described. Control studies were performed in ordef to demonstrate

that parnate, cocaine, phenoxybenzamine and normetanephrine produced
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no interference with this histochemical technique.
An approximate indication of the level of fluorescence can be
obtained by using the reciprocal of the eXposure. time obtained by use

of the Leitz Orthomat automatic camera.

F. STATISTICS

Results are given as the mean value + standard error of the

mean:

Standard error of the mean:
_ [EGx-%)?
S-Eoi - n(n“l)

The students paired t-test was used, where possible, to
cﬁlculate the significance of the difference between the two values
which were being compared. A probability value (p) of 5% or less
(<0.05) was selected as indicating that a significant difference

existed between two sets of results,

- 2
S.E. diff. = / ERyier = Ryyeg)
n(n-1)

t = _Rasge
S.E. diff
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III. RESULTS

A. WHOLE ORGAN PERFUSION EXPERIMENTS

1. Responses to Tyramine

Prior to testing the effects of drugs on the preparation, at
least one control administration of 0.5 ml of 0.9% saline was performed
to dgtermine whether the drug solvent.had any effect on the perfusion
pressure. It was found that the effétt.of saline was negligible,
causing a transient increase in perfusion pressure that was never
greater than 1 mm Hg.

It was found that 17 out of 32, or approximately 50%, of the
preparations tested responded to the initial administration of 5 mg
tyramine when there had been no prior administration of noradrenaline.
Subsequent doses of tyramine, at the same concentratipn, resulted in a
significant (p<0.05) decrease in response and thus the "classical
tachyphylactic" response to tyramine existed in this organ (Figure 6).

The. response to tyramine, éompared to the previous response,
was significantly increased (p<0.05) and partially restored by the
administration of nora&renaline (Table I) and thus the tyramine response
may be at ‘least partiall& dependent on tissue noradrenaline. Table I
illustrates the results of nine experiments in which the response to
tyramine was recorded four times in succession in order to demonstrate
tachyphylaxis. Further evidence for the role of tissue noradrenaline
is provided by the fact that a further 5 preparations, which were

initially unresponsive to tyramine, gave contractions to tyramine
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Figure 6. Noradrenaline (NA)—jdependence of the response to tyra;nine
(Tyr) in-the perfused whole placenta preparation.
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TABLE I

Responses to Tyramine in Perfused Placenta Preparations*

Sequence ' Effect on €
of Drug ¥ Perfusion Pressure ;
Administration (mm Hg) :
5 mg tyramine 4,8+ 1,1 |
5 mg tyramine 3.4 + 0.71 é
5 mg tyramine 2.3 + 0.68 |
5 mg tyramine 2,0 + 0.58
5 mg noradrenaline 8.0 + 2,88
5 mg tyramine 3.2 + 0.66

*
Number of experiments = 9

+Drugs were administered to each preparation
in the order described. This also applies
to Tables II and III.
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a fter exposure to noradrenaline (Table II).

2. Effect of Cocaine

Administration of cocaine alone had little or no effect on
perfusion pressure (Table III and Figure 7). A significant (p<0.05
for paired "t" test) potentiation of the noradrenaline response by
cocaine was noted (Table III). However, the degree of potentiation

seen was quite small., The results illustrated by Table II also

demonstrate that cocaine had little or no effect on tyramine responses,

although the tachyphylactic nature of the tyramine reSpbnée complicates

the interpretation of these experiments.

B.  NORADRENALINE ANALYSIS OF PLACENTA AND UMBILICAL CORD

Using the THI technique described in the METHODS, various
standard solutions of noradrenaline were analysed and it was found
that the fluorescence obtained was linear for dilutions down to the
level of 1 nanogram per ml; procedure for work curves is presented in

the Handbock on Aminco-Bowman Spectrophotofluorometer. The limit of

sensitivity for the analysis of cbntroi amounts of nora&renaline was
1 nanogram/ml noradrenaline and since approximately i gram of tissue
was homogenized in 5 ml perchloric acid, the limit of sensitivity for
tissue analysis i1s approximately 10 nanogram/gram tissue.

Tissues from various parts of fresh placenta and umbilical
cord, obtained less than é hour after delivery, were analysed for
noradrenaline and adrenaline. The results are illustrated in Table IV.

No adrenaline was detected in any of the samples and only low levels of
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Figuré 7.

Saline NA Cocaine NA
Control 5mg 5mg 5mg

Effect of cocaine on the response to noradrenaline (NA)
in the perfused whole placenta preparation.



TABLE II

Noradrenaline induced Tyramine Response

Si%u;:i: éﬁ:ﬁ:ﬁ;ﬁiis PerfﬁiiﬁgtP22ssure

Administration (um Hg)

5 mg tyramine 5 0.0%0

5 mg tyramine 5 0.0 0

5 mg noradrenaline 5 8.2 + 1.6

5 mg tyramine 5 3.8 + 0.85

5 mg tyramine 5. 2.0 £ 0.55

5 mg cocaine 3 1.0 ¥ 0.00

5 mg tyramine 3 1.7 £ 0.34
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TABLE II1

gffect of Cocaine on the Responseé to Noradrenaline

: ' *
in the Isolated Perfused Placenta

Effect on

Sequence
of Drug Perfusion Pressure
Administration (xm ‘Hg)
5. mg NA 8.3 = 3.1
5 mg cocaine 1.3 % 0.33
1-
5 mg NA 10.0 * 2.9

.

*
Number of experiments =12
¥ p<0.05
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TABLE IV
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Noradrenaline Content of Human Umbilical Cord and Placenta

(Determined by the trihydroxyindole»method)

Region

Number of
samples

Mean NA content
(vg/8)

Placental villi

Umbilical cord
(whole tissue)

Umbilical cord arteries

Umbilical cord veins

12

12

0.045 % 0.003

0.075 = 0.002

0.093 * 0.023

0.090 + 0.010
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noradrenaline were found.

C. FLUORESCENCE MICROSCOPY OF UMBILICAL CORD TISSUE

1. Normal Tissues

Using the Falck technique (cf. METHODS) , sections from normal,
fresh umbilical cord were examined for adrenergic mnerve endings.
Sections from 24 specimens have been examined. Six sequential sections
from two or three areas of the umbilical cord were taken; five were
treated with paraformaldehyde at 80°C for one hour and the remaining
sectioh subjected to heat only at 80°C for omne hour. The heat treated
section demonstrated autofluorescence only; no noradrenaline fluores-
cence was observed. After microscopic examination, one oOr two sections
from each area were treated with water in order to remove catecholamine
fluorophores and thus enabled the distinct;pn to be made between
tigsue autofluorescence and possible catecholamine fluorescence.

Examination of these sectlons failed to reveal any structures
which resembled adrenergic mnerve endings. Photograph 1 indicates a
transverse section through an umbilical artery. An example of
adrenergic nerve endings from an innervated tissue is 1llustrated
in photograph 2 which shows a section of rat heart and photograph 3
which shows the same section after treatment with water. While it is
not impossible that the period of delay between delivery and secfioning
could have caused loss of noradrenaline from nerve terﬁinals, this
suggestion is most improbable. The period between delivery and

sectioning was seldom longer than 30 minutes, and in other tissues

iy T A NSt S e

s e L o L

T i




74

Photograph 1: Transverse Section (T.S.) of normal umbilical cord
to show umbilical artery.
Photograph taken with high speed Ektachrome at ASA 250
Exposure = 2 min 8 sec. Magnification: x 20.
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Photograph 2:

Photograph 3:

Photograph 2: Rat heart section to show adrenergic nerve endings.
Taken with high speed Ektachrome at ASA 250.
Exposure = 2 min 15 sec. Magnification: x 50

Photograph 3: As photograph 2 but after water treatment.
Exposure = 2 min 30 sec.
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which receive sympathetic innervation it 'was found that, even after
one hour delay, little diffusion of transmitter had occurred. This
is shown in photographs 4 and 5. Photograph 4 shows the adrenergic
nerve terminals in rabbit‘aorta where the tissue was frozen within

5 minutes of death. Photograph 5 shows the same preparation after
expoeure,to room temperature for one hour prior to freezing. In both
: preparatione the adrenergic‘nerve terminals may be‘clearly seen.
.Photograph(6 shous the adrenergic nerve terminals of coronary blood

k vessela;‘thia tisaue uas also exposed to room conditions for one

hour prior to freezing and sectioning.

2. Incubated Tissues

Further data concerning the posaibility of nerve endings in
the umbilical cord has been obtained by perfusing the cord with Krebs
'solution containing noradrenaline and then sectioning these cords
and ‘examining for noradrenaline-induced adrenergic fluorescence. The
purpose ot‘theee noradrenaline incubation experimente is to attempt
‘to saturate with‘noradrenaiine any adrenergic nerues which may exist
in the cord and thua‘make them'readily detectable by fluorescence
microscopy.  Eight experiments were performed in this‘aeries using
"a noradrenaline concentration of'40 ug/ml and five experiments using
a'noradrenaiinefconcentration of 10 ug/ml. The results are illustrated
by the representative photographs 11 to 16. Six sequential sectiona
vwere taken from two parts of the incubated cord and five of these
sectione were ‘then treated with paraformaldehyde at 80°C for one hour

-and the'remaining one was heat-treated at 80°C for one hour.. For each

jekperiment, sections were also'taken from an innervated tissue, usually spleen,
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Photograph 5;:

Photograph 4;

Photograph 5:

Rabbit aorta to demonstrate adrenergic nerve endings in
adventitia. Tissue frozen and sectioned 5 min. after death.
Taken with Anscochrome ASA 64 at ASA 320.

Exposure = 1 min 30 sec. Magnification: x 50.

Rabbit aorta ag above but tissue frozen and sectioned
1 hour after death. Exposure = 1 min 30 sec.
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Photograph 6: Blood vessels in rabbit heart detected in tissue which
was frozen and sectioned 1 hour after death of animal.
Taken with Anscochrome ASA 64 at ASA 320.
Exposure = 1 min. 39 sec. Magnification: x 50.
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f;heart or thoracic aorta of rabbit, guineajpig or rat in order to

compare these results to those obtained:asing umbilical cord. The
‘detection of nerve endings in innervated tissues demonstrated that
the conditions of the experiments‘weﬁécorrect and adrenergic nerve

endings were detectable. Photographf7 i{llustrates a section from a

rabbit spleen blood vessel which ﬁas stored overnight in Krebs in
order to partially deplete the noradrenaline stores. Photograph 8 fﬁ !
represents a section from the same spleen as photograph 7 but, before |
sectioning, this piece of tissue was incubated in Krebs containing

10 pg/ml noradrenaline for;do minutes. It is seen, in photograph 8,

that the fluorescence of;the nerve endings have been restored and

the light-green fluorescence in the smooth muscle of the vessel

represents extraneuronal noradrenaline uptake. Photograph 9 and 10

illustrate unilocular fat cells from the rabbit before and after

incubation with noradrenaline (10 pg/ml) prior to sectioning., Photograph

11 illustrates a: transverse gection of an umbilical artery after

noradrenaline treatment, and photograph 12 represents the same section

after water treatment to remove the catecholamine fluorophores.
Photograph 13 {llustrates the elastic fibres from an umbilical artery
and photograph 14 shows the same areas after water treatment. This
series of photographs illustrates that no adrenergic nerves can be
detected in these sections and fluorescent areas, which are seen in
the sections, are actually autofluorescence usually due to elastic
fibres. Exposure times for the photography can be used to indicate
changes in catecholamine fluorescence before!and after water treatment.

jThe exposure time for photograph 11 before water treatment was 1 minute




Photograph 7:
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Photograph 8:

o,
%

Photograph 7:

Photograph 8:

Blood vessel, with adrenergic nerve endings, in rabbit
spleen after storage overnight in Krebs. Taken with
Anscochrome ASA 64 at ASA 320. Exposure = 2 min. 45 gec.
Magnification: x 50.

Blood vessel in same rabbit spleen as above but after
incubation with 10 pg/ml noradrenaline for 30 min.

Taken with Anscochrome ASA 64 at ASA 320. Exposure = 55
sec. Magnification: x 50.
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Photograph 9:

Photograph 10:

Photograph 9: Unilocular fat cells from rabbit spleén.
Taken with Anscochrome ASA 64 at ASA 320.
Exposure = 4 min 15 sec. Magnification: x 80.

Photograph 10: As above but after incubation with 10 ug/ml noradrenaline
for 30 min. Exposure = 3 min 15 sec.
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Photograph 11:

Photograph 12:

Photograph 11: Umbilical artery after incubation with 40 pg/ml
noradrenaline for 30 min. Taken with Ektachrome at
ASA 160. Exposure = 1 min 6 sec. Magnification: x 50.

Photograph 12: As above, but after water treatment.
Exposure = 12 min.
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Photograph 13:

Photograph 14:

Photograph 13: Umbilical artery elastic fibers after incubation with
40 ug/ml noradrenaline for 30 min. Taken with Tri-X
film at ASA 200. Exposure = 57 sec. Magnification: x 50.

Photograph 14: As above but after water treatment.
Exposure = 1 min 40 sec.
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6 seconds, while after water treatment, the exposure time (photograph
‘12) was 12 minutes. One can use the reciprocal of these exposure
times as an indication of the relative brightness of the tissue.
: This background fluorescence represents extraneuronal uptake of
noradrenaline. |

Photograph 15 illustrates another umbilical artery section
lﬁafter incubation with noradrenaline, whilst photograph 16 illustrates
‘a sequential section to that of photograph 15 ‘which was heat treated
‘:instead of exposed to paraformaldehyde.‘ After heat treatment, only

autofluorescence is observed.

v

Effect of MAO inhibition on Noradrenaline Uptake

Photograph 17 illustrates the tissue fluorescence in a section

| .from a cord which was pretreated for 30 minutes with the MAO inhibitor
:parnate (10 M) prior to incubation with noradrenaline (40 pg/ml) for
"30 minutes.; This is an illustration of one of a series of four
7_experiments which were performed to determine whether inhibition of 1'

MAD in the cord could enable the visualization of adrenergic nerves

in the tissue by virtue of inhibiting the metabolism of noradrenaline

‘and thus facilitating its detection by fluorescent microscopy.» As

illustrated _mno such nerve endings were found

ff4; S-hydroxytryptamine Accumulation in the Umbilical Coxd
Four series of experiments have been performed using 5-hydroxy~-
ftryptamine (10 ug/ml) and the results would seem to illustrate a similar
’ tissue distribution to that of noradrenaline. No tryptaminergic nerves

were detectable.
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Photograph 15;

Photograph 15:

Photograph 16:
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Umbilical artery after incubation with 10 ug/ml
noradrenaline for 30 min. Taken with Ektachrome at
ASA 100. Exposure = 4 min 12 sec. Magnification: x 20.

Sequential section to above bu
paraformaldehyde, Exposure =

t heat treated with no
7 min 25 sec.



86

Photograph 17: Umbilical artery pretreated with 10_4M parnate for
30 min. and then incubated with 40 pg/ml noradrenaline
for a further 30 min.
Taken with high speed Ektachrome at ASA 200.
Exposure = 1 min 2 sec. Magnification: x 50.
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5.. Distribution of Noradrenaline in the Placental Villi

Sections of placental villi from five different placenta were
incubated: in Krebs solution containing noradrenaline (40 ug/ml).
Histochemical fluorescence studies failed to reveal any structures

resembling adrenergic nerve endings.

6. Effect of Temperature on Noradrenaline Uptake in the

Umbilical Cord

Since the earlier experiments ﬁave illusfrated that noradrenaline
can be accumulated‘by the umbilical cord tissue, although not into
adrenergic nerve endings, a series of experiments were performed to
determine whether perfusion of the tissue at 0°c énd 20°C would
affect the distribution of tissue noradrenaline. The concentration
of noradrenaline in the perfusate was 40 pg/ml. Four experiments at
0°c ahd four at 20°C were performed and the fluorescence of experimental
tissqes were compared to thosg of control tissues which were perfused
at avteﬁperature of 37°C. No detectable difference in the fluorescence
of the tissues was nofed.. Reduction of tﬁe temperature of the perfusion
medium thus‘had little effect on the noradrenaline uptake. The
iﬁcrease in éxposure times of control and experimental tissues was similar

after water treatment, representing a minimum of a two-fold increase.

7. Effect of Phenoxybenzamine on Noradrenaline Distribution in
4

the Umbilical Cord

Experiments were then performed to determine the effect.of .
1 yg/ml and 10 pg/ml phenoxybenzamine on noradrenaline accumulation from

perfusate conteining 40.pg/m1 noradrenaline. = The cord artery was
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perfused with Krebs containing both noradrenaline and phenoxybenzamine
and tissue sections were examined as previously described. No

detectable difference in the fluérescence of the tissue was noted

in the three experiments carried out at each concentration of antagonist.
fﬁenobeenzamine did -not produce a detectable block pf the noradrenaline

uptake.

8. Effect of Cocaine on Noradrenaline Distribution in the

Umbilical Cord

Four experiments ﬁere performed to demonstrate the effect of
1 pg/ml and 10 pg/ml cocaine on noradrenaline accumulation. The
éerfusate concentraﬁion of noradren#line was 40 pg/ml. The experimental
procedure was the. same as that outlined above (section 7). No detect~
able difference in the distribution and accumulation of fhe noradrenaline

between control and experimental specimens was noted.

9. Effect of Normetanephrine on Noradrenaline Distribution in

the Umbilical Cord

Four experiments were performed to demoﬁstrate the effect of
10 yg/ml and 50 pg/ml normetanephriﬁe on the accumﬁlation of noradrenaline
(40 pg/ml) in the umbilical cord. The conditions were the same as
those for similar experiments involving phenoxybenzamine and cocaine
and no detectable difference in the distribution and accumulation

of noradrenaline between control and test specimens was noted.

10. Loss of Accumulated Noradrenaline from the. Tissue

After perfusion of the umbilical cord with Krebs containing .
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noradrenaline (40 ug/ml) for 30 minutes, the cord was re-perfused

with noradrenaline free Krebs gnd, by taking sections of the cord

at va:ious tiﬁe intervals it was found that although some'tissue
fluorescence was detectable after 30 minutes, all detectable fluorescence

had disappeared within 45 minutes..

D. - UPTAKE OF NORADRENALINE BY ISOLATED UMBILICAL ARTERIES

1. Accumulation of Noradrenaline

The isolated umbilical artery strip was perfused with Krebs
containing noradrenaline (0.1 ﬁg/ml to 40 pg/ml) for various incubation
times of 1, 5, 15, 30 and 60 minutes. The tissue was then incubated
in noradrenaline-free Krebs for exactly one minute and the noradrenaline
content of the tissue determined. The results are illustrated in

Table V.

2. Loss of Noradrenaline from Tissue

| After perfusing the tissue for 15 minutes with Krebs containing
noradrenaiine (40 nug/ml), the tissue was re-perfused with noradrenaline
free Krebs and samples of the tissue taken at 0, 1, 5, 15, 30, 45 and
60 minuteé. The noradrenaline level ih these samples was calculated
and the results are indicated in Table VI. Initially;the noradrenaline
is-lost very rapidly but the efflux slows down and no;adrenaline is
still detectable in the tissue after 60 minutes when the experiments

were terminated.

v
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TABLE VI

Noradrenaline Loss from Tissue after Previous
Incubation in 40 pg/ml Noradrenaline-Krebs

*
for 15 minutes

Time
in ug Noradrenaline/gram tissue
Minutes
.0 : 42,9 * 4.02
1 27.23 £ 1.5
5 13.0 * 1.40
15 2.91 + 0.65
30 0.4 + 0.18
45 0.24 £ 0.08

60 0.075¢ 0.01

®* .
Number of Experiments = 5




92

3. Effect of Temperature on the Uptake of Noradrenaline

The effect of temperature on noradrenaline uptake by the
umbilical artery was determined by lowering the temperature of tﬁe
noradrenaline containing perfusate to 0-260 and to 18-20°C. The
results are illustrated in Table VII and it was found that the
noradrenaline uptake, both at 0 and 20°C, was significantly (p<0.05)
different from control values at 37-38°C. The Q10 caiculated from

these results was 1.2.

4, Effect of Cocaine on Uptake of Noradrenaline

. | Strips of umbilical artery were perfused with Krebs solution
containing cocaine fqr 30 minutes at 37°C and then re-perfused with
Krebs conéaining both cocaine and noradrenaline for a further 30
minutes. The cocaine and noradrenaline concentrations used are
i{llustrated in Table VIII. The tissue was perfused with normal Krebs
ét 37°C for 1 minute and a sample was~£aken and analysed for noradrenaline.
It was found that cocaine at a concentration of 3.3 x 10—4M was capable
of significantly <(<0.05) decreasing noradrenaline (2.4 x 10—4M and
6 x 10-5M) uptake. Cocaine at a concentration of 3.3 x 10_5M to
3.3 x 10_7M had no significant (p<0.05) effect on noradrenaline

(6 x 107M and 6 x 107°M) uptake.

5. Effect of Various Agents on Uptake of Noradrenaline
The effect of various concentratioﬁs of drugs on noradrenaline
uptake was determined by using a similar technique to that described
for the effect of cocaine on noradrenaline uptake (cf. section 4 above).

The results and concentrations of drugs used are indicated in Table IX.

DERSS LIS P DO
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TABLE VII

Effect of Temperature on Noradrenaline Uptake

°C Noradrenaline % Inhibition

(ug/ml)
0-2 40 30.5 + 3.54
0-2 10 20.5 + 1.15
20 ' 40 9.0 + 1.65
20 10 7.5 + 0.9

*
Number of experiments = 4
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TABLE VIIL

Effect of Cocaine on the Uptake of Noradrenaline

by the Umbilical Artery

Cocaine Noradrenaline
Concentration Concentration * 7 Inhibition
: of noradrena- Significance* n
g/ml M g/ml M 1ine uptake
ot | 33x107t | 4 105 | 2.4 x 207" | 12.3 #0.95 <0.05 4
wt | 33x07t w5 |6 x107 | 156 x2.14 <0.05
w05 | 3.3 x 107 wS |6 x107 2.0 +0.7 N.S. 5 |
w5 | 3.3 %107 w6 |6 xw0® | 10 % 7.5%t N.S. 5 |
06 | 3.3x207® w3 e x107 0.75 + 1117 N.S. 4
1078 | 3.3x10° 06 |6 x0° 1.25 £ 257 N.S. 5 \\,
1w’ | 33 x 2077 w3 e x107 0.25 + 1.1 N.S. 4
w07 | 3.3 x 2077 wb |6 x10® 1.5 + 2.3 N.S. 5 |
| |
*

To avoid confusion in comparing these results with fhose of
other workers, drugs concentrations in this and subsequent
tables are expressed both as g/ml and molarity.

paired "W tegt comparison to control, as in all gsubsequent
tables (unless otherwise stated).

T enhancement of uptake noted in some experiments.
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a) Phenoxybenzamine

It was found thaerhenoxybenzamine at a concentration of

4

3.7 x 10 Mor 3.7 x 10™°M could significantly (p<0.05) decrease

noradrenaline uptake. Phenokybenzamine at a concentration of 3.7 x

1076

M had no significant effeet on noradrenaline uptake (p>0.05)}
b) Ouabain pretreatment.

Both 1.7 x 10-4M and 1.7 k_lO—SM ouabain were found to cause

a significant (p<0.05) decrease inbthe uptake of noradrenaline (Table

IX).

c) Normetanephrine

4 3

The results illustrate that botﬁ;2.2 x 10 ™M and 5.4 x 10 "M

e,normetanephrine can significantly (p<0.05)_decrease the uptake of

noradrenaline (at 2.4 x 10—4M and 6 x IO-SM) from the medium.

d) Metaraminol

5

The results demonstrate that metaraminol, at 6 x 10 °M does

not significantly (p>0.05) affect the uptake of 2.4 x 10—4M or

6 x 10-§M noradrenaline.

'é) Parnate (MAO inhibitor) pretreatment
The,results illustrate that parnate pretreatment of the

tissue has ne significant effect on the uptake of noradrenaline (p>0.05).

E. ISOLATED TISSUE EXPERIMENTS

1. General Pﬁarmacolqu

The approximate ED50's for various agonists which were[used
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TABLE IX

the Umbilical Axtery*

f Noradrenaline by
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Noradrenaline A
Drug Concentration Concentration Inhibition
Drug g/ml M g/ul M of Uptake P

POB 1074 5.7x10%| 4x107°| 2.4 1074 | 29.6 £9.77 |<0.05
POB 107 372205 | 4x1075] 2.4 x 207" | 5.520.9 |<0.05
POB 1077 5.7x10°] 1107 |6 x 100 | 8.0 £1.1 |<0.05
POB 1076 572108 107 |6 x 1073 | 0.5 1.3 | N.s.
Ouabain 1074 1.7x10°%] 107 |6 x 105 | 32.0 £1.27 |<0.05
Ouabain 107° 1.7x100) 107 e = 103 | 8.25:0.9 |<0.05
NMN 5x 10 2.2 x 107% x 1000 | 2.4 x 1074 | 18.25£1.7 {<0.05
NMN 1072 5.4 x10° | 4x107° | 2.4 x 104 | s.25¢1.0 |<0.05
NMN 1072 s.4x100°| 107 |6 x 1003 | 9.0 £1.3 |<0.05
Metaraminol | 107 e w105 | 4x205| 2.6 x207 | 0.8zl | NS,
Metaraminol | 107 6 x105| 10 |6 x7 0.25:0.97 | n.s.
Parnate 1.3 x 107 1074 wb |6 w108 | 413727 s

* : .
Number of experiments =4

T Enhancement of ﬁptake noted in some experime

nts.
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in this investigation are indicated in Table X. Most helical
umbilical artery strips‘responded to 5—hydroxytryptanine, hiistamine
and potassium chloride, whereas responses of the preparation to
noradrenaline could not always be denonstrated. A response tO
tyramine in the preparation could.be produced by one of two methods:

a) occasionally by initial administration of tyramine to
the preparation, and also prioT exposure of the tissue to noradrenaline
whereupon the responsé to tyramine ghowed rapid tachyphylaxis, or

b) prolonged exposure of the tissue to tyramine for 2 to 2%

hours, with,repeated administration of tyramine followed by washout
and readminietration every 10-15 minutes, resulted in 2 tissue
contracture. This responseé increased in size upon continued exposure
to tyramine, "reverse tachyphylaxis", for 2 to 3 doses and a standard \
response was then obtained which remained fairly constant for
geveral hours (Figure g). This tyramine response will henceforth

be referred to as an induced tyramine response.

!it
\
|

As illustrated in Table X, the tissue was most gensitive to
5—hydroxytryptamine. Angiotensin, eynthetic oxytocin and acetylcholine
were also administered to some preparations, and it was found that
responses to angiotensin (9.7 ¥ lO-7 to 9.7 ¥ 10—6M), gynthetic
oxytocin (- 20 my) and acetylcholine (3.5 % 10'-5 to 3.5 % 10_6M)
underwent rapid tachyphylaxis (Figure.Q). lsopropylnoradrenaline, a
g-receptor agonist (4.7 % 10_7 to 4.7 ¥ 10_5M),was found to have
no effect either on a8 normal muscle gtrip or on @ drug contracted

" tissue. phentolamine was used to block the a~receptors and then
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Figure 8. Responses to tyramine in the isolated umbilical artery.

A: Tachyphylactic nature of the response to 3.65 x 10_4M
tyramine (Tyr) in the umbilical artery.

B: Induced-tyramine responsg4produced by continued
re-exposure to 3.65 x 10 M tyramine in the umbilical
artery.

e indicates drug administration and applies to all
subsequent figures of this nature.




TABLE X

Approximate ED 50' s for

Agonists

100

ED

Concentration Range

| 50
Agonist g/ml " ofml u
5-HT 2 x 1078 | 1.26 x 107 0?2* 10:?7 T 10:2
) 5 x 10 3.15 x 10
Histami e107 | 1.8x1078 | €] 1078 | 4.5 1077
stamine . 10-6 9 x 10—6
Noradrenali: 5x106] 3 x107 | to 1070 | o3 % 107
natine ‘ 10 6 x 1073
Tyramine 5 x 12070 | 3.65 x 107" | to 075 | l3% 1023
y ) 10 7.3 x 10
KC1 b x 1072 o 15 % 1075
‘ 6 x 10

PR
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isopropylnoradrenaline was re-tested in these preparations; however,
no B-adrenergic-mediated relaxation could be detected. It is thus
unlikely that the B-adrenergic relaxation was magked by a contracture

effect of isopropylnoradrenaline on a~receptors.

2, Effect of Cocaine on Agonist Response

Tableg‘kl-to XV‘and Figures 10 to 14 illustrate the effects

of varlous concentration of cocaine on responses to noradrenaline,

induced-tyramine, 5—hydfoiyt;yptamine, histamine and potassium chloride
EDso's. Sténdard, reproducible responses were first obtained, and
then the effect of cocaine‘was &etermined by pretreating the tissue
with cocaine for 5 minqtes and then‘adding‘the agonist, Maximum total
exposure ﬁime to the drugs was 13 minutes. Significance was determined
by comparing the prior control response,,ﬁhere no cocaine was used,
to the responserobtained in the‘presence of-cogaine using the paired
"t" test. Iq all cases, it was found that cocaine, by itself, had no
excitatory effect on the tissue within the same exposure time which
had a maximum of 13 minutes. A similar quantity of 0.9% saline
(0.2 ml) was also found to have no significant effect on the responses
to noradrenaline. |

The responég to noradreﬁaline in the presenqe of 1.7 x 10—7M to
3.3 x 10*5Mkcocaine‘was fquﬁd.to be significantly increased (Table XI).

b to 1.7 x 10”7y

The response to tYramine in the presence of 1.7 x 10
cocaine was also significantly increased (Table XII). The same range
of cocaine concentrations was capable of potentiating both the

responses to noradrenaline and tyramine. The response to 5-hydroxytryptamine




102

NA  NA . Coc. . NA

. - @ . . y .
'NA Coc,  NA NA
ALTx10° M.

Figure 10. Effect of cocaine on the responses to noradrenaline
: in_ the isolated,umbilical artery.

- A: Effect of 1.7 x 10'3ﬁ cocaine (Coc):dn the
. .. response to.3 x 10~5M noradrenaline (NA)
~ B: Effect of 3.3 x 1075M cocaine on the response
" to 3 x 10~5M ‘noradrenaline.’ o

::C: .Effect of 1.7 x.10~"M cocaine on the response
to 3 x 10~°M noradrenaline. '




TABLE XI

Effect of Cocaine on Noradrenaline

ED

5o (3 x 107)

Cocaine

Mean Effect

%+ or I+ Eﬁ;;s. >
g/ml M #S.E. ;
5x108 1.7 x 1077 +39 +19.0 | 5 | <0.05
5x 1077 v1;7 x 1076 - +115 *+ 40.9 13 <0.05
5x10% 1.7 x 1073 CH42: 86| 6 | <0.05
1072 3.3 x 107> +174 + 38.3 | 14 | <0.05
5x 1070 i.Z'x 1074 | 4313+ 20.8 13 N.S.
5x10% 1.7 x 1073 -64 +156 | 6 | <0.05

103
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| Ilcm

[ ]
Tyr. Coc. _, Tyr. Tyr.

5 min

Figure 11. Effect of cocaine on the induced tyramine
response in the isolated umbilical artery.

Effect of 5 X 10~-4m cocainﬁ (Coc) on
the response to 3.65 X 10-“M tyramine (Tyr).

Effect of 5 % 10~3M cocaine on the response
to 3.65 x 10~4M tyramine.

Effect of 5 X 10~6M cocaine on the response
to 3.65 x 10-4M tyramine.

e s ane s AT



TABLE XII

Effect of Cocaine on Tyramine
ED., (3.65 x 10™%m)

105

Cocaine Mean Effect No
%24 or Z+ Fx ;s
g/ml M +S.E. pLs. P
x 10° 1.7 x 1076 +71 % 20.6 8 <0.05
x 107 1.7 x 107° +86 * 25.4 | 14 <0.05
x 10” 1.7 x 107 +14.3 + 27.4 | 10 N.S.
x 10 1.7 x 1073 -3¢ +18.7 | 13 <0.05
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e e N i T

e o e e

G6xI0T M

» C » VO L ®
SHT Coc- " SHT SHT
66x10 M —
Ilcm 5 min

Figure 12. Effect of cocaine on the response tO 5-hydroxy-
tryptamine in the isolated umbilical artery.

A: Effect of 1.7 x 10~-4M cocaine (Coc) on the
response to 1.26 x 10-7M 5-hydroxytyryptamine
(5HT) . ‘
p: Effect of 6.6 x 10~7M cocaine on the responseé
to 1.26 X 10~ S-hydroxytryptamine.
¢: Effect of 6.6 % 10-8M cocaine on the response
to 1.26 x 10~™ 5—hydroxytryptamine. '



Effect

of Cocaine on

TABLE XIII

EDgq (1.26 % 1077m)

5—hydroxytryptamine

107

Mean Effect

Cocaine o - No.

g/ml M Al grEN Expts. P
2 x 1010 6.6 x 1070 +hbi 2 —
2 x 1077 6.6 x 107 +27 + 15.3 3 N.S.
2 x 1072 6.6 x 10°° +32 & 20.0 9 N.S.
2 x 1072 1.7 x 1077 +45 2 -
2 x 107 6.6 x 107 +29 £ 5.2 4 <0.05
5 x 1077 1.7 x 107 +56 + 12.3 4 <0.05
2 x 1078 6.6 x 10> +18 £ 4.5 5 <0.05
5 x 107° 1.7 x 107° +14 £ 3.0 4 N.S.
2x107 6.6 x 107 -5 % 19.7 5 N.S.
5x10° 1.7 x 107 34 % 15.7 6 <0.05
2 x 1077 6.6 x 107 -36 2 —
5 x 107 1.7 x 107° _33 & 3.4 4 <0.05

BEiid e Raly
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A |

] . [ ] [ ]

Hist, Coc. 5 Hist.

17x10°M
B
INm —_
5 min
Effect of cocaine on the responses to histamine

Figure 13.

in the isolated umbilical artery.

A: Effect of 1.7 x 10~9M cocaine (Coc) on the
response to 1.8 x 10~6M histamine (Hist).

B: Effect of 6.6 x 10~8M cocaine (Coc) on the
response to 1.8 x 10-6M histamine.




109

TABLE XIV

Effect of Cocaine on Histamine

~6
EDg (1.8 x 1Q M)

Cocaine Mean Effect
94 or A¥ ExpLS
g/ml M +S.E. pLe-
-9 -9
2 x 10 6.6 x 10 _15 + 10.4 4
2 x 107 6.6 x 1070 a1 ox 4l 4
2 x 1077 6.6 10~ 9 % 4.5 5
2 x 1078 6.6 x 10°° -4 2
5 x 10°° 1.7 x 107 8 + 2.9 6
2 x 1077 6.6 x 107 -30 2
5 x 107° 1.7 x 107 13 + 4.8 6
2 x 1074 6.6 x 107 -5 2

N.S.

N.S.

N.S.

<0.05

——

<0.05
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Kt CoC.
c6xl0" M

Ilcm - 5min

Figure 14. Effect of cocaine on the responseé to KC1 in
the jgolated umbilical artery.

Al gffect of 6.6 X 10"414 cocaine (Coc) on
¢he response to0 4omM KC1 ") .

p: Effect of 6.6 X 10"7M cocaine on the
response to 4,0mM KC1.
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TABLE XV
Effect of Cocaine on KCl
EDg(, (40mM)
Cocaine Mean Effect No.
2+ or %4 Expts. P
g/ml M £8.E.
2 x 1072 6.6 x 1072 -7.5 & 2 —
2 x 1078 6.6 x 1078 -4 £ 8.5 4 N.S.
5% 1078 1.7 x 1077 +13 +15.4 3 N.S.
2 x 107/ 6.6 x 10~/ -3.0 £ 1.5 4 N.S.
| 5 x 1077 1.7 x 1076 ~4.0 £13.8 8 N.S.
| 2 x 1076 6.6 x 10°° -3 % 4.6 3 N.S.
| 5 x 1078 1.7 x 107 +3 & 3.8 7 N.S.
2 x 107° 6.6 x 107> +1 £ 3.8 4 N.S.
5 x 107° 1.7 x 1072 -9 % 4.6 5 N.S.
2 x 107% 6.6 x 107 -15 % 5.4 5 <0.05
i i
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was also significantly increésed by cocaine, but the range of
effective cocaine concentrations was mofe 1imited, 6.6 x 10—7 to
6.6 x 107°M (Table XIII).

At an equivalent concentration of cocaine (1.7 b4 10-6M), which
causes maximal potentiation of the 5—hydroxytryptamine and % maximal
potentiation of the respsnsé to noradrenaline, it is seen that the
degree of potentiation is significantly (p<0.05) greater for the
respbnse to noradrenaline.

Neither'thelhistamine nor-thelpotassium chloride induced

contractures were increased by cocaine (Tables XIV and XV).

3, Effect of Phentolamine on Responses to Agonists

Table XVI and Figure 15‘illustrate the effects of phentolamine
on the ED50 responses'to noradrenaline, tyramine and Sehydroxytryptamine.
standard responses to the agonists were obtained, then the tissue was
pretreated with various concentrations of phentolamine for 5 minutes
and the ‘agonist retested with the phentolamine present in the bath.
There is a significant decrease in responses to agonists when the
phentolamine concentration is 1.8 x 10—5M or greater.b Responses to
noradrenaline and tyramine are gsignificantly more sensitive to the
antagonist action of phentolémine than are the responses to S-hydrox&-

tryptamine (p<0.05) .

4, Effect of Propranoloi’on Responses_to Agonists

Table XVIL and Figures 16 and 17 illustrate the effects of

propranolol on responses to various agonists. The experiments were

i eieis

|
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[ ]
SHT

» Ilm

Figure 15. Effect of phentolamine on responses O noradrenaline,

- Ty

[ ]
prentol N NA Phentol. NA w. NA
185x10° M 18500 M

[ ] [ ] L J . [} [ ] [
Phentol. TyT. Tyr. FtuiOh Tyr. W
185110° M 185xi0 M

‘e ® : ‘ e ©
phentol.  SHT gr  Phentdh SHT
185x10° M 185410 M
e
5min

tyramine and 5—hydroxytryptamine.

G

Effect of 1.85 X 10-5M and 1.85 X 10~
phentolamine (Phentol) on the responses to
3 x 10”5M noradrenaline (NA) .

Effect of 185 X 10~5M and 1.85 X 10~%M
ph‘ento‘lamine‘on' the responses to 3.65 x 10-4M
tyramine (Tyr) .

gffect of 1.85 x 10774 and 1.85 x 107
phentolamine on the responses tO 1.26 x 10~
S—hydroxytryptamine (5HT) .



TABLE XVIL

Effect of Phentolamine on Responses to Noradrenaline,

Tyramine and 5-hydroxytryptamine
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Phentolamine Mean Effect No
Dru %+ or %+ : P
8 g/ml | M S.E. Expts.
Noradrenaline
5 x 10" %g/m 5sx10-7 1.8x10°% | -3 2.0 5 N.S.
or 3 x 10~3M) -6
5x 10 1.8 x 1079 -63 *+ 6.4 7 <0.05
5% 10°5 1.8 x 1074 -100 + O 8 <0.05
5x 1074 1.8 x 1073 -100 + O 4 <0.05
Tzramine
5 x 10~3g/mi 5x1077 1.8x 1078 | +7 x26.8 | 3 N.S.
or 3.65 x 10~4M)
5x 1076 1.8 x 107° -75 #10.7 | 11 <0.05
5x 1077 1.8 x 1074 -100 £ 0 7 <0.05
5x 1074 1.8 x 1073 -100 % 0 5 <0.05
5-HT
(2 x 10" 8g/m 5107 1.8x10°% | -0.7%5.2 3 N.S.
or 1.26 x 10™7M) 6 -5
5 x 10 1.8 x 10 -33 £9.7 8 <0.05
5% 1070 1.8 x 104 -81 * 6.2 5 <0.05
5x 1004 1.8 x 103 -100 £ O 4 <0.05
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® [ ] [ ] [ ]
Prop._4NA N Prop. _NA
195x10°* M 195x107M

[} [ ] [ J L [ ] [ ]
Prop. Tyr. - Ty, Prop. Tyr. W
19510~ L95KI0™*M

NS

[ ]
Tyr.

[ ] [ ]
Prop. Tyr. Tyr.
195X10°M
| cm —
I 5 min

Effect of propranolol on the responses to

noradrenaline and tyramine in the

i{solated

umbilical artery.

As

gffect of 1.95 x 107M and 1.95 X 1073M
propranolol (Prop) on the responses to
3x 10~5M noradrenaline (NA) .

gffect of 1.95 x 1076M and 1.95 X 10™%M
pro ranolol on the responses to 3.65 x
10~4M tyramine (Tyx).

Effect of 1.95 X 10-5M propranolol on the
response to 3.65 x 10-4M tyramine.

implies wash-out of the drug from organ

bath



B Gt Dt we ot At " e SD—— g R
B TR R A e AR TITET mmrcr s = ovnae
I e L e e e e

116

lSﬁﬂd*M
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| Figure 17. gffect of propranolol on responses to 5-hydroXy~
| tryptamine in the 1solated-umbilica1 artery.

A: Effect of 1.95 x 10-5M propranolol (Prop)
on the response to 1.26 x 10-M 5-hydroXy-~
tryptamine-(SHT).

B: Effecﬁ of 1.95 % 10-4M propranolol on the
response to 1.26 X 10-"M 5—hydroxytryptamine.

c: Effect of 1.95 X 10-3M propranolol on the
response to 1.26 x 10-M 5-hydroxytryptamine.
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TABLE XVIL

Effect of Propranolol on Responses to Noradrenaline,

Tyramine and 5~hydroxytryptamine

P Lol Mean Effect No
ropranolo %4 or %t . P
Drug g/ml M S.E. Expts.
Noradrenaline
(5 x 10°6g/ml | 5x 1077 1.95x 1078 | -7.5 % 2 —
or 3 x 10-9M) -6 5
5 x 10 1.95 x 10 w6 4.8 | & N.S.
5 x 1005 1,95 x 1074 | +6 6.9 4 N.S.
s x10% 1.95x 1073 | -100 £ 0 3 <0.05
Tzramine _
(5 x 10”2g/ml s x 1008  1.95 x 1070 | +33.5:16.2 6 <0.05
or 3.65 x 10-4) 5 4
5% 1070 1.95 x 10 +33 %90 4 N.S.
5 x 10'4 1.95 x 1073 -100 + 0 3 <0.05
5-HT
(2 x 10°8/m1. |5x10° 1.95x 109 | -9 +2.2 6 | <0.05
or 1.26 x 10”/M) 5 4
5 x 10 1.95 x 10 -63 + 5.2 |15 <0.05
5 x 104  1.95x 1070 | -68 + 6.4 3 | <0.05




T

118

designed in the same manner as those using phentolamine. It is
noted that high concentrations of propranolol (1.95 x 10-3M) cauge
a complete inhibition of responses to noradrenaline and tyramine,

a lower propranolol concentration (1.95 x 10-5M) significantly
increased the response to tyramine but had no gffect on the
noradrenaline contracture, responses to 5-hydroxytryptamine are
subject to a progressive decline in the presence of proéranolol with

a maximal reduction apparent at 1.95 x 10-4M.

5. Effect of Noradrenaline on Induced Tyramine Responses

Table XVIII and Figure 18A illustrate the influence of
noradrenaline on induced tyramine responses in the umbilical artery.
Standard induced t&ramine responses were obtained by the method
described earlier, and then bpth.noradrenaline and tyramine were
administered to the tissue. It was found that threshold and sub-
threshold concentrations of ﬁoradrenaline, 3x 1077 to 3 x 10_6M,
significantly increased the induced-tyramine response. The effect of
noradrenaline alone was determined following exposure to both nor-
adrenaline and tyramine. It is noted that when the noradrenaline

concentration is raised above threshold (153. >10-5M) there 1is no

significant (p>0,05) increase of the induced-tyramine'response.

6. Effect of DPTC [2'(3 dimethylaminopropylthio)cinnamonilide

: hydrochlbride] on Reésponses .to 5-hydroxytryptamine, Noradrenaline

and Tyramine
DPTC has been described as a fairly selective 5-hydroxytryptamine

receptor antagonist (Paton, 1968) and has thus been employed in this
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guinea-pig vag deferens.,

A: Effect of 3 x 1077m noradrenaline (NA) on
the responsge to 3.65 x 10-4M tyramine (Tyr)
in the umbilical artery. ‘

B: Effect of 3 x 10711y ﬁoradrenaline on the
- response to:3,65 x 10-3M tyramine in the
8uinea-pig vag deferens.
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TABLE XVIIL

Effect of Noradrenaline on Induced-Tyramine Response

Noradrenaline

Mean Effect

o 9 No.
g/ml M Al (S)TE'.“ Expts. P
5 x 1078 3x 107/ +250 + 93.1 6 <0.05
5 x 1077 3 x 1070 +121 + 28.8 5 <0.05
5 x 1076 3x 107 +310 +163 3 N.S.
5x 107° 3 x 107 +57 £ 28.5 5 N.S.
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_of cocaine used, 1.7 x 10—4M for noradrenaline and 6.0 x 10
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investigation to try and differentiate the effects of 5-hydroxytryptamine

from those of noradrenaline and tyramine. Standard responses to the

_agonists were obtained and-then the tissues were pre-treated with DPTC

for 5 minutes and the agonist retested. It is shown in Table XIX and
Figure 19 that responses to 5-hydroxytryptamine are significantly
(p<0.05) more senéitive to DPTC than are the responses to noradrenaline

and tyramine responses.

7. Cocaine Protection against Receptor Blockade by Phentolamine

or. 'Phenoxybenzamine

TableAXX and Figure 20 illustrate the effect of'cocaine against
the blockade of a—adrenergic or 5-hydroxytryptamine receptors with
phentolamine or(phenokybenzamine. ‘Stand;rd responses to noradrenaline
and 5—hydroxytfyptamine were obtained; éhe tissues were exposed to
cocaine for 5 minutes, and then phentolamine or phenoxybenzamine, for
a further five minutes, and finally the agonist, either noradrenaline
or 5—hydrdxytryptamiﬁé, was added. It wasnoted that the concentrations
5M for
thydroxytryptamine, were those which had earlier been found to have
no'sigﬁificant effect on responses to noradrenaline or 5-hydroxytryptamine

(Tables XI and XIII). The concentration of phentolamine or phenoxy-

benzamine used were those which had been found to produce an approximate

50% reaﬁ¢ﬁion:1n the responses tqvthe two agonists.

The results illustrated in Table XX suggest that cocaine
ééhﬁbf>proﬁeét either noradrenéliné_or 5~hydroxytryptamine responses

against phenoxybenzamine or phentolamine blockade.
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Figure 19. Effect of DPTC on the responses to 5-hydroxy-
tryptamine, noradrenaline and tyramine in the

isolated umbilical artery.
A: Effect of 5.4 x 10~6M and 5.4 x 10~5M DPTC
- on the responses to 1.26 x 10~-7M 5-hydroxy-

tryptamine (5HT). ‘

B: Effect of 5.4 x 10~%M and 5.4 x 10~5M DPTC
on the responses to 3 x 10~5M noradrenaline
(NA).

C: Effect of 5.4 x 10~°M DPTC on the response

to 3.65 x 10~%M tyramine (Tyr)
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Effect of DPTC on Responses to 5-hydroxytryptamine,

TABLE XIX

Noradrenaline and Tyramine
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or 3.65 x 10-4M)

DPTC M?an Effect ﬁo.
Dru %t or Z+ Expts
8 g/ml M + S.E. PLS. P
S-HT
_8 -7 -7
(2 x 107 g/n} x 10 5.4 x 10 -2 2.6 5 N.S.
or 1.26 x 10~'M) -6 -6
x 10 5.4 x 10 ~42 + 5.8 5 <0.05
x 107° 5.4 x10° | -100 %0 3 <0.05
Noradrenaline
(s x 107 g/m <1007 s.4x1007 | 44 % 3.7 5 N.S.
or 3.0 x 107°M) 6 6
x 10 5.4 x 10 4t 4.2 7 N.S.
x 107 5.4 x 10°° -35 % 7.5 4 <0.05
Tyramine
(5 x 107> g/ml | 2 x 107 5.4 x 107 -41 * 8.1 5 <0.05
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Effect of cocaine on receptor blockade produced by
hentolamine and phenoxybenzamine in the isolated
umbilical artery.
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1v. DISCUSSION

A. WHOLE ORGAN PERFUSION

In the experiments that have been presented here the effect
of cocaine on responses-to noradrenaline, although significant, was
quite emall., von Euler (1938) demonstrated in the isolated perfused
human placenta, that 2 m8 of cocaine, injected 2-5 minutes pefore
adrenaline, doubled the response to this catecholamine. Eliasson and
Rstrdm (1955) found that 3 mg of cocaine, injected 3-5 minutes prior
to noradrenaline, caused 3 three—fold increase in the response to
noradrenaline.

The tachyphylactic nature of the responses to tyramine obtained
in the whole organ preparations support the theory that tyramine
acts by releasing noradrenaline (Fleckenstein and Burn, 1933 3 Burn
and Rand, 1958) the supply of which, on'repeated administration of
tyramine, gradually diminishes. This, of COurse, presupposes that
gufficient releasable noradrenaline exists in the placent2 and the
umbilical cord. Table IV ghows that 1ow levels of noradrenaline can
be detected in the placenta and the cord but whether these are
gufficient oY necessary for the response to tyramine was not demon~
strated; however, noradrenaline was shown to restore the response
to tyramine (see Figure g and Table 11). That tyramine may have 8
direct action in the placental preparation, via o—adrenergic receptors
or otherwise, is well documented for non-innervated (Takenaka, 19633

Somlyo gg_gl., 19653 Gulati and Kelkar, 1971) as well as other tissues



128

(Luduena, 1963; Furchgott et al., 1963; Hudgins and Fleming, 1966;
Bevan and Verity, 1967; Arthur and Fleming, 1968). Tyramine, also,
may merely require a small amount of noradrenaline, at a subthreshold
level, in order to induce a response. Thus, Nedergaard and Westermann
(1968) found that a brief exposure of the stripped guinea-pig vas
deferens to a threshold concentration of noradrenaline resulted in

a large increase in the response to tyramine. This phenomena was

not seen in the rat vas deferens (Barrett et al., 1968; Laporte et al.,
1970). RKutschinsky et al. (1960), Lindmar and Muscholl (1961) and
Nasmyth (1962) have also emphasized that low noradrenaline concentrations
are sufficient for the production of a résponse to tyramine. A role
of noradrenaline as an adjuvant or catalyst in the biophase for a
direct response to tyramine was suggested by Fawaz (1961) and
Murnaghan (1965). This present study has also indicated that sub-
threshold concentrations of noradrenaline can potentiate the response
to tyramine in the isolated guinea-pig vas deferens (Figure 18B). The
present results, and those of Nedergaard and Westermann (1968), using
the guinea-pig vas deferens, could conceivably be explained by the
uptake of sufficient noradrenaline during the brief exposure time to
result in a tyramine induced release of noradrenaline which is far

above the threshold concentration necessary for contraction.

B. NORADRENALINE ANALYSIS OF PLACENTA AND UMBILICAL CORD

The presence of small amounts of noradrenaline in the human

placenta (0.045 ug/g) and umbilical cord (0.075 ug/g) is in disagreeﬁent
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with the results of Davignon and Shepherd (1964) who found less. than
0.005 ug/g noradrenaline in the human umbilical cord. The presence

of noradrenaline is also rather surprising since the fluorescence
microscopy studies reported here failed to detect any adrenergic
nerves. However, Lachenmayer (1971) has found low levels of noradrena-
1ine (0.03-0.06 ug/g) in extracts from the whole umbilical cord of

the guinea-pig and the rabbit. The presence of this low level of
nofadrenaline could be explained in two‘ways: Firstly, there may be

a sparse adrenergic nerve network in the umbilical cord. For instance,
the lung has a noradrenaline concentration of 0.1 ug/e indicative of
the sparse adrenergic nerve supply to this organ, whilst the average
noradrenaline content of bovine splenic arteries and veins ié 0.36 ug/e
(von Euler and Lishajko, 1958). Secondly, the noradrenaline may be
extraneuronally bound and may have originated from either some

distant adrenergic nerve activity or from the adrenal medulla. Since
the fluorescence histochemistry failed to demonstrate any adrenergic
nerve endings, the seéoné alternative seems ﬁost likely. The fact

that noradrenaline is found associated with both the umbilical arteries
land the veins suggests that it may originate from both the foetus and
the mother. It has been shown that noradrenaline may cross the
placenta (Baker, 1960; Beard, 1962; Sandler et al., 1963;

Jacobson and Adamson, 1966) . There 1s a marked increase in urinary
noradrenaline ;nd adrenaline during human labor (Zuspan et al., 1967;
Zuspan, 19703 Goodall 2nd piddle, 1972) and noradrenaline and adrenaline
have been detected in the amniotic fluid of the human foetus (Zuspan,

1970). The noradrenaline may also have originated from the foetal
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adrenal glands as they have been shown to be cagable of releasing
noradrenaline (Comline and Silver, 1961; Comline and Silver, 1963,
1965; Hervonen, 1971) which is the predominant catecholamine in
these glands (Shepherd and West, 1951; Hukfelt, 1952; Greenberg and

Lund, 1961).

The in vitro demonstration of the relative lack of sensitivity
of umbilical arteries to noradrenaline, compared, for instance, to the
sensitivity of these vessels to 5-hydroxytryptamine, does not exclude
the possibility that noradrenaline may be involved in the closure of
the human umbilical arteries. Extrapolation of the results obtained
in vitro to the situation which would be found in vivo is questionable.
The difference between in vivo and in vitro results is well illustrated
by the observation that in foetal lambs, before or during birth, in vivo,
hypoxaemia caused umbilical vasoconstriction (Dawes, 1968). In vitro
experiments, using igolated sheep placenta, demonstrated that hypoxaemia
caused umbilical vasodilation (Lewis, i968). In vitro experiments,
using isolated human placenta or isolatec} umbilical arteries, have also
demonstrated that hypoxaemia caused umbilical vasodilation (Nyberg and
Westin, 1957; Panigel, 1962, Lewis, 1968; Bor and Guntheroth, 1970).

The situation in vivo for the human is unclear (Dawes, 1968) and it
is obvious that it would be dangerous to extrapolate the in vitro
results to the in vivo condition. Dawes (19.68) considers it f)ossible
that the closure of the extra-abdominal portion of the umbilical cord,
in vivo, may be due to substances reaching the vessels through the
blood stream, and could be explained by the release of catecholamines.

Rather than a single cause for the closure of the umbilical arteries,

LR
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a large number of factors may interact in a complex manner ‘to cause

these cord vessels to constrict at birth. TFor example, prostaglandins
may be a factor in closure of umbilical arteries. Prostaglandins are
active in very low concentrations (10-9 - 10-8M) in the human umbilical
cord (Karim, 1967; Hiller and Karim, 1968), and can potentiate and
inﬁibit the actions of certain agonists in other smooth muscle systems
(Pickles et al., 1965; Clegg et al., 1966; Davies and Withrington,

1968; Davies et al., 1968; Nedqvist, 1970; Kadowitz et al., 1971a, 1971b).
Recently prostaglandin-antagonists have been described by Sanner (1969),
Fried et al. (1969), Eakins and Karim (1970), Eakins et al. (1970),

Eakins et al. (1971) and their physiological role could now be tested.

C. TFLUORESCENCE MICROSCOPY OF UMBILICAL TISSUE

This study has examined both normal and noradrenaline-incubated
tissues and demonstrated that the human umbilical cord is not innervated
by adrenergic nerve fibres. This conclusion is supported by the
recent work of Walker and McLean (1971), who, using c-methylnoradrenaline
and the Falck~Hillarp Method, also failed to detect adrenergic nerve
fibres. Walker and McClean (1971) used a~methylnoradrenaline instead
of the natural transmitter noradrenaline because the a?methyl derivative
is monoamine oxidase (MAO) resistant. Our study has employed nor-
adrenaline becéuse the MAO content of fhe human umbilical cord is
reported to be very low (Gennser and Studwitz, 1969). The lack of
appreciable amounts of MAO in this tissue is consistent with the

finding that the use of the MAO inhibitor parnate failed to enhance
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noradrenaline uptake in the isolated perfused umbilical artery; these
results are discussed later. Tissues pre-incubated with parnate and
noradrenaline demonstrated no adrenergic nerve endings by fluorescence
microscopy. An earlier histochemical study of adrenergic nerves in
20-24 week old human foetuses also revealed no innervation of the
extra-abdominal umbilical cord beyond 1 cm from the foetus (Ehinger
et al., 1968) .

It is possible that the short delay in freezing and sectioning
the umbilical cord may have affected adrenergic nerve-endings present
in the sample, however, it was shown that innervated vessels could
still accumulate noradrenaline into the nerve endings after partial

depletion of neuronal noradrenaline. Also, the adrenergic nerve ending

of innervated tissues which have been left exposed to laboratory conditions

for one hour or more, are still detectable by fluorescence histochemistry.

1f nerve endings were present but contained too little noradrenaline
to be detected, then, following incubation with noradrenaline, they -

would have been visible by fluorescence microscopy. This statement is

supported by the fact that Read and Burnstock (1970), using an identical

technique, have shown that adrenergic nerve endings in foetal tissue
can be detected after iﬁcubation with o-methyl noradrenaline whereas
pefore treatment they were mnot visible.

In most vascular smooth muscle systems of adult animals, the
terminal{sympathetic effector plexus is confined to the adventitio-

medial junction (Lever and Esterhuizen, 1961; Falck, 19623 Norberg

and Hamberger, 1964) , although the sheep carotid artery is an exception

(Keatinge, 1966). Fluorescent nerve endings were found by Shibata et al.
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(1971) in the media of the aorta of young (<1.3 kg) rabbits, but not

of older rabbits (<3.5 kg). It is possible that the absence of an
adventitia in the human umbilical artery (Maximow and Bloom 1952;
Bailey, 1964) implies a lack of a nerve plexus; however, the lack of
cofroborative'evidence makes this speculation tenuous. The.extréme
sensitivity of the histochemical method suggests that even a sparse
adrenergic innervation in the umbilical cord would be detected. The
amount of catecholamine needed for histochemical visualization seems

to be very lo&, provided that it is concentrated in a specific location
(de Champlain et al., 1970).' Norberg and Hamberger (1964) estimated
that less than 1 picogram (10-12 g) evenly distributed in the entire
perinuclear cytoplasm, of average volume 10,000 - 20,000 u3, could ﬁe
readily detected. Intense fluorescence was found when the estimated
amount of noradrenaline in the adrenergic nerve endings was 0.4 x

1078 ug (Norberg and Hamberger, 1964; Dahlstrbm et al., 1966; Dahlstrom
and Haggendal, 1966). Further emphasis as to the sensitivity of this
technique is provided by the finding of Fuxe and Sedvall (1964) and
Andén et al. (1966) where it was found that fluorescence was still
readily detectable when noradrenaline content was reduced by 95% to
ievels as low as 10 ng/g. The limiting factor to detection of specifié
catecholamine fluorescenée is the background fluorescence or auto-
fluorescence, caused by tissue profeins. Corrodi and Jonsson (1967)
found that in a model prbtein layer 1oﬁ thick, primary catecholamines
and 5-hydroxytryptamines could be demonstrated in concentrati9ns of
0.001 to 0.005% (w/v) or 1-8 pg/g protein. In these studies, of course,

the monoamines were evenly distributed throughout the protein and not
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localised, as would be the case in nerve endings. The level of
detection suggested by Corrodi and Jonsson (1967) would explain why
no specific areas of fluorescence were detected in our study ﬁhile
in normal umbilical cords low levels of "extraneuronal" noradrenaline
weré detected by chemical analysis. If such levels of noradrenaline
were localised in nerve endings it would be expected that the
varicosities would have been detected by the histochemical technique.
On the basis of the studies performed here, the extra-abdominal
portion of the human umbilical cord can be considered as being free
of adrenergic nerves. The results here thus .confirmed those ofv
Walker and McClean (1971). Ellison'(1971) has detected large bundles
of acetylcholinesterase-positive fibers in the human umbilical cord.
Acetylcholinesterase is an enzyme which is selectively present in
nervous structures (Erdnkd, 1967), however, the thiocholine technique,
which was used by Ellison (1971), cannot distinguish between acetyl-
chqlinesterases and the nonspecific cholinesterases which are not
necessariiy associated with nervous structures. A further investigation
into the presence of cholinesterases in the human umbilical cord
utilizing an inhibitor of non-specific cholinesterases (Koelle and

Gromadzki, 1966) would be valuable.

D. EFFECT OF DRUGS ON NORADRENALINE UPTAKE

1. Comparison of the Extraneuronal Uptake Process in Non-innervated

o s S

Tissues to_that in Innervated Tissues

In the present study it was found that the pre-incubation of
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umbilical cord segments with phenoxybenzamine, cocaine or normetanephrine
has no visible effect on the noradrenaline fluorescence as viewed by

the fluorescence microscope. Experiments were also performed to show
that cocaine, phenoxybenzamine and normetanephrine, at the concentrations
used in this study, produced no fluorescence which could interfere with
the interpretation of the experiments. It has been shown tﬁat 3-0-
methylated or deaminated catecholamines do not react, or to only a

very small degree, with the formaldehyde (Jonsson, 1967a, 1967b;

Van Orden et al., 1966). In our study, biochemical analysis of

similarly treated ﬁmbilical arteries revealed that a significant

decrease in noradrenaline uptake could be detected, the maximal

5M phenoxybenzamine which

decrease being that produced by 3.7 x 10~
caused a 29% decrease in noradrenaline uptake. Biochemical analysis
also demonstrated that cooling the perfusion solution from 37°C to

0°C or 20°C significantly decreased noradrenaline uptake. Fluoreécence
microscopy, however, failed to detect fhese changes. The tissue to
medium ratios that have been obtained for the extraneuronal process in
innervated vascular smooth muscle systems (cf. Gillespie, 1968),
although not accufately measured, do not seem to exceéd 3:1; the

tissue to medium ratios that we‘have demonstrated by biochemical analysis
in the non-innervated human umbilical artery approach one. Thus, the
extraneuronal process is more efficient in innervated systems;

Burnstock et al. (1971) have reached the same conclusion. Thé decreases
in noradrenaline uptake caused by phenoxybenzamine and normetanephrine

in the umbilical artery were found to be much smaller than those

encountered in innervated tissues, where the extraneuronal uptake of
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noradrenaline is almost completely inhibited by these agents (Gillespie,

1969; Clarke et al., 1969; Lightman and Iversen, 1969; Gillespie et al.
1971; Burnstock et al., 1971); These differences cannot be explained
on the basis of differences in efficiency of the extraneuronal uptake
procesé is innervated and non-innervated tissues. Thus, using a
noradrenaline perfusion concentration of 40 pg/ml, Gillespie (1968)

and Gillespie et al. (1970) estimated the extraneuronal uptake of
noradrenaline in cat spleen to be, at maximum, 120 ug/g. Using the
umbilical artery, an extraneuronal noradrenaline uptake of not more
than. 40 ug/g tissue has been found in our experiments. Phenoxybenzamine
was found to produce 95% iﬁhibition of the extraneuronal uptake of
noradrenaline by arterial smooth muscle (Gillespie, 1968) suggesting
that the tissue level of noradrenaline under these conditions would

be less than 6 ug/g. In the umbilical artery we have found that the
inhibition does not exceed 30% suggesting that the extraneuronal uptake
is of the order of 28vﬁg/g. Clearly the extraneuronal process in the
non—innerva;ed human umBilical artery is less sensitive to inhibition
by phenoxybehzamine and normetanephrine.

No diffefences have been detected in the extraneuronal uptake
of noradrenaline with or without phenoxybenzamine, normetanephrine,
cocaine, or cold treatment when using fluorescence microscopy, but
significant differences were found when the tissues were biochemically
‘analysed for noradrenaline content. The reason these two techniques
yielded different results is that fluorescence histochemical technique,
despite its sensitivity and specificity, cannot detect relatively

small changes in overall tissue fluorescence when one compares

|
i
|
|
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differgnt tissue sectioms. Such quantitative changes in catecholamine
fluorescence are not detected because they are probably masked by
différences in intensity of autofluorescence from one gection to the
next. Autofluorescence also tends to change with time, and catechol-
amine fluorescence, with continued excitation, fades with time.
Jacobowitz and Brus (1971), who used a similar experimentél design

as that“employed here (see METHODS) , have concluded that normetanephrine,
metanephrine, phenoxybenzamine, phentolamine and certain other drugs
could markedly decrease extraneuronal noradrenaline uptake in the
guinea-pig heart. In this instance, however, these inhibitors caused
an almost complete inhibition of catecholamine fluorescence and thus
such a change was readily detectable by fluorescence histochemistxy.
Since Burmstock et al. (1971) have used the same techniques for both
innervated and non-innervated tissues and found the extraneuronal uptake
process in non-innervated tissues is ﬁuch less sensitive to inhibition
by drugs than the process which occurs in {nnervated tissues, it is
clear that the findings cannot be due to differences in technique.
Avakian and Gillespie (1968) , Gillespie (1968) and Gillespie et al.
(1970) have used microspectrophotometer'techniques which can detect
changes in fluorescence‘intensity and, by using these techniques, they
were able to detect changes in extraneuronal uptake after various
treatments. Studies of catecholamine fluorescence using scanning
microspectrophotometric techniques has been described by geveral authors
(Caspersson et al., 1966; Gillis et al., 1966; Ritzen, 19663 Van Orden
et al., 1966a, 1967; Jonssomn, 1969; Lichensteiger and Langemann, 1969;

Jonssbn and Malmfors, 1970; Van Orden, 1970). However, this technique

|
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also suffers from similar problems to those encountered in comparison
of the reciprocal of the exposure time (see METHODS) and thus the
measurements are only semi-quantitative (Ritzen, 19663 Van Orden et al.,
1966; Ploem, 1969).

Jonsson (1969) has suggested that it is advisable to correlate
noradrenaline histochemical studies with chemical assays of the amine
content. Biochemical analysis carried out in the course of our
studies revealed that metaraminol, a potent neuronal uptake inhibitor
(Iversen, 1967), did not affect the extréneuronél uptake of noradrenaline.
Similar findings have been reported for the effect of metaraminol on
extraneuronal uptake in innervated tissues (cf. Gillespie, 1968).

The findings that metaraminol did not influence the noradrenaline uptake
is consistent with the earlier conclusion that the human umbilical cord
lacks adrenergic nerves; if adrenergic nerves were present some of the
noradrenéline uptake would occur intraneuronally and should be
significantly reduced by metaraminol.

The biochemical assay results obtained from perfusion of
isolated umbilical artery strips with various concentration of

7

noradrenaline (6 x 10 ‘M to 2.4 x 10_4M), provide evidence that this

tissue can accumulate noradrenaline even when the perfusion concen-

7M. After blocking MAO with parnate no

tration is as low as 6 x 10
changes were detected in the uptake of noradrenaline. Burnstock et al.
(1971) have obtained similar results, using the non-innervated chick
amnion and human umbilical cord, employing nialamide as the MAO
inhibitor. Either MAO is not present in the tissue or, if MAO is

present, it is not available to extraneuronal noradrenaline. Gennser and
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Studwitz (1969) detected only low levels of MAO in the extra~abdominal

portion of the human umbilical artery. When the innervated rabbit
ear artery was pretreated with an MAO or COMT inhibitor, there was
a significant increase in the noradrenaline uptake and the threshold
levél, at which noradrenaline uptake could be demonstrated histo- |
chemically, was lowered from 6 x 10-5 to 6 x 10_7M (Burnstock et al.,
1971). After blocking both MAO and COMT, Lightman and Iversen (1969)
could detect accumulation by "uptakez" in the igolated rat heart, at
noradrenaline perfusion concentrations bf 3 x 10-'6 to 6 x 10-6M.
Our study and that of Burnstock et al. (1971) have also indicated

a similar level of detection, 6 x 10-7M, in the non-innervated human
umbilical artery. Eisenfeld et al. (1967a, 1967b) detected extra-
neuronal uptake of noradrenaline, or its metabolites, in the rat
heart at a 3H-noradrenaline concentration of 3 x 10-8M; an extraneuronal
uptake site was confirmed by use of high concentrations of cocaine or
immunosympathectomy. A much higher threshold of 6 x 10_5M for extra-
neuronal noradrenaline uptake into the vascular smooth muscle of cat
spleen was demonstrated by Avakian and Gillespie (1968) and a similar
threshold level was detected by Burnstock et al. (1971) in the rabbif
ear artery.

| A cocaine sensitive component of extraneuronal noradrenaline
uptake was reported by Kopin (1964) and Hughes et al. (1969). Our
studies have indicated that cocaine can produce only a small inhibition
(15%Z) of extraneuronal noradrenaline uptake into the human umbilical
artery when used at high concentrations (3.3 x 10-4M). Gillespie (1968)

has also stated that cocaine has little or no effect on uptake of
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extraneuronal noradrenaline into vascular smooth muscle. Clearly

the mechanism for extraneuronal uptake of noradrenaline is considerably
less sensitive to cocaine than the neuronal uptake of noradrenaline
into the rat heart which is inhibited 50% when cocaine, at 2 concen-
tration of 3.7 X 10—7M, is present in the perfusion medium (Iversen,

1967) .

2.. The Mechanism and Function of Extraneuronal Uptake
It is not yet clear whether extraneuronal uptake of noradrenaline
by smooth muscle cells, and other structures, has any physiological
significance. The nature of the extraneuronal uptake is not known.

There is jnsufficient evidence to say whether extraneuronal

noradrenaline is transported across the cell membrane by an energy-

. dependent active transport mechanism. It is not known whether the

noradrenaline crosses the membrane against a concentration gradient,

but Gillespie (1968) states that in the absence of intracellular binding
of noradrenaline, passive‘diffusion across the membrane could not
account for the accumulation of noradrenaline within the smooth muscle.
Avakian and Gillespie (1968) and Gillespie et al. (1970) suggested

that the nrocess may involve an energy-dependent specific carrier

since the process 1is inhibited by normetanephrine, phenoxybenzamine

and ouabein. The results reported here have shown that 10-4M ouabain
can produce a 32% inhibition of the extraneuronal uptake of noradrenaline
in the human umbilical artery, and Gillespie et al. (1970) demonstrated
that 10_3M ouabain produced a 50% inhibition of uptake in the cat

spleen. The effect of ouabain, however, may not result from inhibition
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of transport since the concentrations were much larger than those
reported to inhibit membrane ATPase (10_5M for 30 minutes, cf. Paton,

1971).

e
i

Eisenfeld et al. (1967a, 1967b) have suggested that extra-
neuronal uptake in innervated tissue may occur by facilitated diffusion
alone. The claiﬁ was supported by the observation that noradrenaline

was unlikely to be transported against a concentration gradient, but

the process was inhibited by agents like phenoxybenzamine, normetanephrine
and yet not affected by the potent "uptekel" (cf. Iversen, 1967) inhibitors;
cocaine or,metaramihol. |

The evidence fbp‘and against an active transport process or a
" facilitated diffusion process is clearly incomplete and thus further
investigatiens‘are required. The experimental techniques employed
by such workers as Bogdanski and Brodie (1969), Giachetti and Shore
(1966), Tversen and Kravitz (1966), Gillis and Paton (1967) and
Paton (1968a, 1971), have demonstrated a possible involvementlof Ne+
and K+ activated adenosine triphosphatase (membrane ATPase) in the
transport of noradrenaline into adrenergic ner#e endings. These
techniques may be applicable to a fﬁrthei investigation of the
extraneuronal noradrenaline uptake mechanism.

Uptake into the arterial smooth muscle is very gensitive to
temperature change (Gillespie and Hamilton, 1967; Avakian and Gillespie,
1968; Gillespie et al., 1970) which is suggestive of active transport
but is also consistent simply with chemical combination with a carrier.
There is no evidence that the noradrenaline within the cells is

retained against an electrochemical gradient. Our study indicated only
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a small decrease in noradrenaline uptake when the temperature was
0-4°C. ' The calculated Q10 was 1.2, and this is not consistent with
an active process in the human umbilical artery. Burnstock et al.
(1971) have found no significant effect of reduced temperature on

the uptake of noradrenaline into the non—innervated chick amnion and
human unbilicel artery. The pKa of noradrenaline has been estimated
as approximately 9.78 (Lewis, 1954; Pratesi, 1963) and it would be
expected that intracellular‘accumulation of noradrenaline may occur
by diffusion. The 1imit of such a diffusion, without intracellular
binding, wquld give a tissue to medium ratio of approximately 2.5 if
one assumes an intracellular pH of 7.0 and an extracellular pH of
7.4. It is of interest that the tissue to medium ratios determined
in this study seldom exceeded one; other workers (cf. Gillespie, 1968)
have reported a tissue to medium ratio of approkximately three. Hughes
and Gillis (1968) have. also i{ndicated that the perfused rat lung
concentrated noradrenaline to a level severel times that of the
perfusion medium. Thus a pKa dependent diffusion process can account
for the intracellular/extraeellular distribution of noradrenaline by
the extraneuronal uptake process in the human umbilical artery and
the non-innervated smooth muscle uptake may be an unspecialized
diffusion process. Since accurate measurements of the extraneuronal
intracellular/extracellular noradrenaline distribution in innervated
tissues are not available this conclusion cannot, as yet, be. extended
to innervated smooth muscle. An unspecialized diffusion process
cannot explein the inhibition of extraneuronal noradrenaline uptake

by normetanephrine, metanephrine, phenoxybenzamine which is observed
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in innervated tissues.

Our results and also those of Burmstock et al. (1971), indicate
that whereas the initial loss of noradrenaline after extraneuronal
uptake from the human umbilical artery is rapid, noradrenaline can
still be detected after prolonged washing in noradrenaline-free Krebs.
Thiz finding suggests that some degree of intracellular binding may

occur. The nature of such binding is, however, unknown.

Extraneuronal uptake may play an important role in transmitter
inactivation (Eisenfeld et'al., 1967a, 1967b; Lightman and Iversen, 1969).
Phenoxybenzamine blocks foimation 6f~normetanephrine in hearts perfused
with nofadrenaline (Eisenfeld et al., 1967a; Iversen and Langer, 1969;
Lightman and Langer, 1969; Jarrott, 1970) and phentolamine also has been
shown (Eisenfeld et al., 1967a) to block extraneuronal uptake and reduce
the formation of normetanephrine. Eisenfeld et al. (1967a, 1967b) suggest
that normetanephrine produced locally; might serve to reduce the entry
of excessive amounts of noradrenaline to extraneuronal intracellular
sites where adrenergic receptors may be located.. Thus, normetanephrine
may not only be a metabolite of noradrenaline but might also serve tb
modulate the entry of the neurotransmitter to effector éells. The
extraneuronal transport mechanism may either regulate access to the
receptor or may be part of the receptbf mechanism itself. Alternatively,
the transport mechanism may function to increase access of noradrenaline
to the intracellular enzymes that metabolize the catecholamine.

Certain extraneuronal structures such as fibroblasts and
smooth muscle cells may be sites for noradrenaline uptake and metabolism

by COMT. Certain tissues have been shown not to accumulate extraneuronal
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uptake in the rabbit egr artery from 6 x IO-SM‘to 6 x 10-7M following

inhibition of COMT and Mao, It would geen likely that the availability

E. ISOLATED TISSUE PREPARATION

1. Generail Pharmacologz of the Isolated Tissue Preparation
Comparigon of the effects of varioug agonists hag shown that
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Takenaka, 1963) who have used the same preparation. Both 5-hydroxy-
tryptamine and histaminebwere capable of inducing contractions in
Preparations which were not affected by noradrenaline; this demonstrates
that 5-hydroxytryptamine and histamine are unlikely to be acting via
the a-receptor. The preparations responded initially to low concen-
tration of synthetic oxytocin, angiotensin and acetylcholine but
tachyphylaxis rapidly developed and eventually the tissue failed to
respond to the drug even when the concentration was increased by up
to 1000-fold. Tachyphylaxis to synthetic oxytocin and angiotensin
has also been reported in the human umbilical artery preparation, by
Somlyo et al. (1965).

An isopropylnoradrenaline-induced relaxation, or contraction,
in umbilical vessels was not detecﬁed eithér at rest or during
increased tension from a S5-hydroxytryptamine- or noradrenaline-induced
contraction. - The possibility that the B—-adrenergic rglaxation effect
was masked by an effect of isopropylnoradrenaline on the a-receptors
was eliminated by testing isopropylnoradrenaline on preparations in
which the o-receptors had been blocked by phentolamine. Somlyo et al.
(1965) and Gokhale et al. (1966) also failed to demonstrated functional
B-receptors in the human umbilical artery, but, Ciuchta and Gautieri
(1963) demonstrated a vasodilator response to isopropylnoradrenaline
in the perfused human placenta. The vasodilation obsefved by Ciuchta
and Gautieri (1963) may be due to an effect of isopropylnoradrenaline
via B-receptors at sites‘other than in the umbilical arteries. If
B-receptors mediate relaxation of the umbilical artery it would be

anticipated that when they had been blocked, an increased response to
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to Sympathomimeticg acting on both o and B~receptorsg would be observed,

It was found, however, that the response to noradrenaline was not
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auto-potentiation process where the response to tyramine is influenced by
a preceding administration of tyrémine. A similar auto-potentiation phenomena
exists for the angiotensin response in the longitudinal smooth muscle
of the guinea-pig ileum (Godfraind, 1968) and in helical strips of
guinea-pig aorta (Godfraind, 1970). The explanation for this
phenomena‘is, however,  not clear. . Leach and Fozard (1969) observed
an auto-potentiation phenomena for the 5-hydroxytryptamine vasomotor
response in the pithed rat. They suggested that a gradual, time—
dependent, saturation of the 5-hydroxytryptamine tissue depots could
account for the auto~potentiation. . Possibly a similér mechanism,
whereby a saturation of tissue tyramine depots is required before
tyramine can elicit a response, operates in the human umbilical artery.
The finding that phentolamine, in the concentration range 1.8 x 10-6
to 1.8 x 10—4M, has a very similar blocking action on both responses
to tyramine and noradrenaline suggests that the induced-tyramine response
which isbobserved in the human umbilical artery preparation is due to
a direct action of tyramine on the o-receptor.

The mechanism by which the induced-tyramine response is produced,
however, is not clear. The sensitization of the response to tyraming
by noradrenaline which was observed in poth the human umbilical artery
preparation and also the guinea. pig vas deferens, is similar to the
marked augmentation of the noradrenaline response produced by sub-
threshold concentrations of 5-hydroxytryptamine in the isolated perfused
central artery of the rabbit ear (de la Lande et al., 1966, 1967).
de la Lande et al. (1967) suggested that the serotonin action is due

to a sensitization of the smooth muscle membrane to excitation by
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vasoconstrictor substances.

Rstrsm and Samelius (1957) demonstrated that the vasoconstrictor
action of both adrenaline and 5-hydroxytryptamine in the perfused
human placenta éould be blocked by phentolamine. Mancini and Gautieri
(1964) found that phentolamine can partially block responses to 5-hydroxy-
tryptamine in the perfused human placenta and suggested that this might
be explained by an action of 5-hydroxytryptamine on the dradrenergic
‘receptor. |

Innes (1962) suggested that 5-hydroxytryptamine acts via
o-receptors in the cat spleen preparation, and examples exist where
certain sympathomimetics have been postulated to act via 5-hydroxy-.
' tryptamine receptors (Vane, 1960; Innes, 1963; Innes and Kohli, 1969;
Innes, 1970). Since several of these investigations involved the use
of receptor protection techniques it is possible that these interactions
of sympathomimetics on S-hydroxytryptamine receptors, and vice versa,
only occur at high doses of the drugs (Kohli, 1969). Protection by‘
high‘doseé of a drug may therefore indicate a degree of affinity for
a‘specific type of receptor, but does: not necessarily indicate that
interaction with these receptors is responsible for the action of the
drug. |

In view of the above findings, it was decided to investigate
a possible action of tyramine and noradrenaline via 5-hydroxytryptamine
receptors or S5-hydroxytryptamine acting via &rreceptors, in the human
umbilical ;rtery. The effects of these three agonists were therefore
determined with and withdut the presence of the g-adrenergic antagonist

phentolamine, or the 5-hydroxytryptamine antagonist DPTC. The results

| b




149

{llustrate that increasing the phentolamine concentration from 1.8 x 10-6M

to 1.8 x 10-4M causes, within the limits of S.E., the same degree of
inhibition of responses to tyramine and noradrenaline. However, higher
doses of phentolamine, were required to antagonize responses to 5-hydroxy-
‘tryptamine than to antagonize the responses to noradrenaline. DPIC,

in the concentration range 5.4 x 10-7 to 5.4 x 10_5M, progressively
decreased the tissue response to 5-hydroxytryptamine, but had mﬁch less
effect on responses to noradrenaline and tyramine. These results

further substantiate the view that noradrenaline and tyramine act via

a receptor which is distinct from the one by which 5-hydroxytryptamine

produces a response.

2. ;Effect of Cocaine on Responses to Agonists

The effect of cocaine on the uptake of noradrenaline into this
pfeparations has been discussed earlier in this report. Cocailne,
‘within-the concentration range used in the isolated tissue experiments,
can potentiate the effects of noradrenaline without having a significant
effect on the uptake of noradrenaline. Potentiation of the response
to noradrenaline by cocaine, in‘the perfused human umbilical artery,
has beeﬁ reported by Gulati and Kelkar (1971). Potentiation of responses
to adrenaline, noradrenaline and 5-hydroxytryptamihe by cocaine in the
perfused human placenta was reported by von Euler in 1938, and
Eliasson and Astrdm (1955) respectively.

The effect of cocaine on tyramine and 5-hydr9xytryptamine uptake
in the human umbilical cord is not known, but Dyer (1970b) has shown

that 3.3 x 10_5M cocaine inhibits, by 30%, the uptake of 3H~-5-hydroxy-

. ot s




150

tryptamine into the sheep umbilical artery. The same concentration

of cocaine also increased by 1080% the response to 5-hydroxytryptamine

in this tissue. Mast cells are present in the human umbilical cord

(Sundberg et al., 1954) and they may take up 5-hydroxytryptamine. Day

and Stockbridge have reported that cocaine, 3.3 x 10-8M, inhibited

5-hydroxytryptamine uptake into mast cells by 90-96%. It seems unlikely

that a 30% reduction of 5-hydroxytryptamine uptake into mast cells can

be the only factor contributing to the 1080% increase of the response

to S5-hydroxytryptamine in the sheep umbilical artery and thus, an

effector cell action of cocaine could also be dominant in this tissue.

This problem may be answered when the site(s) for 5—hydroxytryptamine

uptake in the sheep umbilical artery are known. Cocaine has been

reported (Dyer, 1970a) to cause only slight potentiation of the

response to noradrenaline in the sheep umbilical artery; the effect

of cocaine on noradrenaline uptake in this tissue has not been investigated.
The present investigation has also shown that the responses to

5-hydroxytryptamine were potentiated by pretreatment of the human

umbilical artery with cocaine. The degree of potentiation, however,

was less than that observed‘with the response to noradrenaline. The

range of cocaine concentration which potentiated the response to

S-hydroxytryptamine was smaller than that which affected the noradrenaline;

thus at a cocaine concentrétion of 1.7 x 10_5M there is no significant

change in the response to 5-hydroxytryptamine whereas that to noradrenaline

is greatly increased. The incomplete data suggests that the induced-

tyramine response is potentiated by a similar range of cocaine concen=

trations; however, the degree of potentiation, in all cases, was less.
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Potentiation of responses to tyramine by cocaine in the isolated

perfused umbilical artery has been reported by Gulati and Kelkar

i

(1971).
Our results have shown that the responses to histamine and
potassium chloride were not significantly potentiated by any concen-

tration of ‘cocaine. As noted earlier, the responses to noradrenaline,

tyramine, 5—h§droxytryptamine, histamine and potassium chloride could
all be decreased by increasing the cocaine concentration. Responses
to noradrenaline and tyramine were decreased significantly when the
cocaine concentration was raised to 1.7 X 10_3M, 5—hydroxytryptamine
and potassium chloride contractures were gignificantly reduced when
the cocaine concentration was raised to 1.7 X 10_4M and 6.6 x 10_4M
respectively. The histamine contracturés was significantly reduced
at cocaine concentrations of 1.7 x 10-5M or more. This inhibitory
action of cocaine on smooth muscle contraction may be due to 2
stabilizing action on the.muscie membrane similar to that reported

for other local anaesthetics (cf. Feinstein and Paimre, 1969) .

3. Protection Egperimenﬁs
Vohra (1969) failed to detect protection by cocaine (6.6 x 10-4M)
against blockade with phenoxybenzamine (1.8 x 10_7M) of either the
a-adrenergic or cholinergic receptors in reserpinized rat vas deferens.
Cocaine, however, was found to cause contraction of tissues which
had been protected by noradrenaline (6 x 10-4M) against phenoxybenzamine
blockade. | |

Innes and Karr (1971) recently demonstrated in the cat spleen
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that phentolamine could,protect against cocaine potentiation of the
response tO noradrenaline. Cocaine was pot able t0 potentiate the
response tO noradrenaline when phentolamine had been washed out of the
tissue i-& when the g-receptors were no longer pblocked. Loss of the
antagonist action of phentolamine was indicated by the reappearance
ot control responses to noradrenaline in phentolamine—treated gpleen
strips.

Receptor protection experiments, critically evaluated by Waud
(1962, 1968) and Triggle (1971)» have been employed to indicate a common
interaction gite for 1igands (Furchgott, 1954, 1966) 3 however, in such
experiments it is common practice to use 2 high concentration of the
protecting agent and, at this concentration, one cannot conclude that
interaction is merely with the receptoX. Phenoxybenzamine, a 2-halo—.
genoethylamine, is often used as the antagonist in receptor protection
experimente; however, this agent, and those related tO it, are capable
of affecting many other sites pesides the a—adrenergic receptoT
(Moran gg_gl:, 19673 Yong and Markss 1965). The reversible g-receptor
antagonist phentolamine affords better and moxré consistent protection
against inactivation by the irreversible antagonists (Lewis and Miller,
19663 patil gg_gl,, 1968). It is not knowns however whether phentolamine
acts at the same site ae‘noradrenaline, the noradrenaline—recognition
gite, OF whether it produced competitive—antagonism of. the a-response
by an action at another distinct site which is related to the a-receptor
in some manner.

with the above reservations in mind, am attempt was made, in

the umbilical artery strip, to prevent or decrease by cocaine pretreatment
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the receptor blockade against noradrenaline or S5-hydroxytryptamine
contractures produced by phentolamine or phenoxybenzamine. If some
significant protection had been produced by pretreatment with cocaine
then one could suggest that cocaine can interact at a site which is
affected by phentolanine and/or phenoxybenzamine. Of course, this
would not imply that cocaine actually acts at the a-adrenergic or the
5-hydroxytryptamine receptor. It should be noted that the cocaine
concentration used for protection were those which had been shown to
cause neither significant potentiation nor significant depression of
the response to noradrenaline or 5-hydroxytryptamine and thus inter-
pretation of the data is not complicated by these considerations. The
concentrations of blocking agents used were those which cansed
approximately 50% blockade of noradrenaline or S—hydroxytryptamine
contractures. As noced there was no significant protection by cocaine
against the blocking action of phentoalmine or phenoxybenzamine on
the responses to noradrenaline or 5—hydroxytryptémine.' It would thus
appear that cocaine has little affinity for the sites occupied by
phentolamine or. phenoxybenzamine, and cannot prevent the o—-adrenergic

or tfyptaminergic blocking action of these compounds.

F. EVALUATION OF THE "COCAINE PARADOX"

Burn and Tainter (1931) adopted the term "cocaine paradox" to
describe the action of cocaine on adrenergic mechanisms in smooth
muscle systems. Subsequent publications (Trendelenburg, 1959, 1963, 1966;
Iversen, 1967) have suggested that at least part of the nocaine-induced

supersensitivity was due to an inhibition of neuronal catecholamine

H
2 ey




o o i b PR AT T SRS

inhibition of noradrenaline uptake by cocaine and'the'development of

.——-—-—-W._.‘,.MA,..-A..,,_,_.,.._,-,_..—_,‘......_,..y.——‘-._-...,.’. ....... M——~.-.M~~M_.—-~,~_——_,_-,._-._..~,___v,. © e e

154

uptake. The degree to which this blockade of neuronal uptake can
account for supersensitivity to noradrenaline has never been directly \

shown due to.technical difficulties; however, a corxelation between

superéensitivity has been suggested by éeveral authors (Barnett, 19683

Foster, 1968). A similar correlation has also been suggested by

Brimijoin et al. (1970) for thé onset of denervation supersensitivity
to noradrenaline i{n the cat spleen..

The present {nvestigations have shown that the human umbilical
artery is devoid of adrenergic nerves and “extraneuronal“ uptake of
noradrenaline is only affected by cocaine when cocaine is used at
high‘concentrations. A concentration of cocaine having no effect on
noradrenaline uptake can potentiate thé response of the tissue to that

same concentration of noxadrenaline. it is clear that cocaine, in this

\
\
|
x
|

tissue, is acting via a mechanism which is not related to blockade of
noradrenaline uptake and which is probably direétly on the effector

cell. This direct action on the effector cell might be equivalent to

the "postsynaptic" action which has been suggested fo occur in innervated
systems (Nakatsu, 1968; Nakatsu and Reiffenstein, 1968; Kalsner and
Nickerson, 1969b; Kasuya and Goto, 1968; Varma and McCullough, 1969;
Shibata, 1971).

It has been shown that responses to tyramine and 5—hydroiytryptamine
are potentiated, and the 1ncréase of the response to 5—hydroxytryptamine
demonstrates that the action of cocaine is mnot entirely gpecific for
the o~adrenergic responses; however, responses to histamine and KCl are

not gignificantly altered by cocaine; Kalsner and Nickerson (1969b)
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have demonstrated that cocaine potentiates responses to histamine
without affecting those of 5-hydroxytryptamine in the rabbit aorta,
and Shibata et al. (1971), using the same preparation, have shown
that the respnses to KCl were potentiated by cocaine. Nonspecific
cocaine potentiation of agents other than cateéholamines has also
been reported by Kasuya and Goto (1968) using the rat vas deferens,
and by Dzoljié'gg.g;, (1970) using the terminal guinea-pig ileum.
Greenberg and Long (1971) , however, obsefved no potentiation of
responses to KC1, Ba012 or acetylcholine by treatment with cocaine
in the reserpinized rét vas deferens preparation. It is possible that
_ this non-specific potentiation may be due to the potentiation of
released endogenous noradrenaline (Douglas and Rubin, 19643 Kiran
and Khairallah, 1969). The.potentiation by cocaine of thg responses
‘to 5-hydroxytryptamine which were observed in the present study
were not, however, due to the potentiation of released endogenous
noradrenaline sincé several preparations responded to 5-hydroxy-
tryptamine and not to noradrenaline. Nakatsu (1968) and Nakatsu and
Reiffenstein (1968) found that the process by which cocaine potentiates
smooth muscle contraction of the rat vas deferens is involved with
excitation by noradrenaline and does not affect the response to
methacholine.

Potentiation of noradrenaline fesponées in adrenergiéally
innervated tissues, however, is not universal and thus Paton (1958b)
reported that contractions to submaximal concentration of noradrenaline
were not significantly altered by cocaine in the jsolated oestrogenized

rat uterus. It has also been found that although cocaine can potentiate
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certain exéitatory effects of catecholamines, the inhibitory effects
of catecholamines, such as those on the uterus and intestine, seem to
be unaffected (Burn and Tainter, 1931; Gruber, 1936; Roszkowskew and
Koelle, 1960; Stafford, 1963; Andén et al., 1964; Govier, 1969).

The depressor response to adrenaline, following-d—receptor blockade'
is also not potentiated by cocaine (Makwell, 1959). The inhibitory
effects of noradrenaline in the guinea—pig trachea, however, are
potentiated by cocaine (Foster, 1967, 1968; Chahl and O'Donnell, 1967,
1971). The large size of the synaptic cleft distance in the guinea-pig
small intestine (>1000§, cf. Bennett and Rogers, 1967) has been
suggested by Coviér et al. (1969) to explain the lack of cocaine
potehtiation of catecholamine relaxation responses in this tissue.

The synapfic cleft in the cat nictitating membrane, where cocaine can
potentiate the responses to noradrenaline by a factor of from 23 to 50
(Fleming and Trendelenburg, 1961; Trendelenburg, 1965) 1s between

200 and 6004 (Esterhuizen et al., 1968). Extraluminal noradrenaline
in the isolated central artery of the rabbit ear is also potentiated
to a greéter degree than is intraluminal noradrenaline (de la Lande
et al., 1967). However, the work of Bevan and Verity (1967), using
surgically denervated rabbit aorta, suggests that the synaptic cleft
size may ﬂot be the prominénﬁ factor involved in cocaine~induced
‘supersensitivity‘to noradrenaline in tﬁis tissue since cocaine
potentiated noradrenaline in the surgically denervated rabbit aorta.
' The use of non-adrenergically innervated human umbilical artery in

our study has also clearly shown that the size of the synaptic

cleft is not the only factor which can affect the cocaine supersensitivity
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and the results Presented here Support thig claim., 1¢ would seen
Teasonable to Suggest that two basic mechanignmg can explain cocaine~

induced supersensitivity:

membrane of the adrenergic Derve ending apg thus in:reage the local
concentration of noradrenaline; this cap pe Tegarded as the pre-

" Synaptic action. The relation of this block of neuronal uptake to

supersensitivity is Probably dependent upon the density of innervation

of the tissue, ang tissues with an extensive and abundant adrenergic

innervation, like the nictitating membrane, are most likely to be

Secondly, cocaine hag a5 postsynabtic action on the smooth
Muscle cell and this action is more obvious in 8parsely innervated o
non-innervated tissueg, These Postsynaptic changeg Possibly have at

least tyo Components: gpe change ig selective towards the excitatory

Fleming, 1967; Garrett ang Carrier, 1971).

Uhfortunately, it ig difficule to differentiate clearly between
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a selective action of cocaine on the a-adrenergic receptor and a non-
selective increase in the sensitivity of the smooth muscle to other
agonists. The existence of two such actions, however, would suggest
an explanation for the preferential effect of cocaine on responses to
noradrenaline ip tissues where the primary action of cdcaine cannot be
due to blockade of noradrenaline uptake.

It has been suggested (Reiffenstein, 1968; Innes and Karr, 1971)
that cocaine may act near the receptor to alter noradrenaline receptor
combination, and the hypothesis stated was that cocaine caused an
allosteric alteration of the a—adrenergic receptor. Althqugh there
is no direct evidence for this hypothesis in cellular drug~receptor
systems, it can be considered to represent a close analogy with the
current concepts regarding allosteric. interactions with enzyme systems
(cf. Monod et al., 1963). Triggle (1971) has suggested that at least
a part of the diverse pharmacological activity of many 2-halogeno-
ethylamines can be best attributed to a relatively nonspecific binding
at a variety of macromolecular sites producing antagonism by nonspecific
allosteric interactions. |

The postsynaptic action of cocaine can be‘expléined by an
allosteric alteration of receptors which results in an increased
sensitivity to certain agonists. In most adrenergically innervated
tissues containing d-excitatory receptors the allosteric modifying
action may selectively alter the sensitivity of &-receptor to stimulants
and also nonselectively alter the smooth muscle sensitivity to other
agonists. Such a mechanism adequately explains the greater potentiétion

of ED50 responses to noradrenaline compared to agonists in many

|
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adrenergic systems including the human umbilical artery. Evidence
to support this model is, unfortunately,‘indirect and thus this
suggestion is, at present, pure speculation. |

As described in the INTRODUCTION, Moran et al. (1970) have
suggested that a common site of 2—halogenoethy1amine action in the
smooth muscle system may be that concerned with Cé++ mobilization to
the excitetion—contraction coupling process and may be similar, although
not necessarily identical, for each group of activator ligands. Two
sites were postelated to exist wi hereby 2-halogenoethylamines could
antagonize noradrenaline. = One site represents a Ca binding/mobilization
site on the cell membrane essential to excitation—contraction coupling;
the second site may represent the noradrenaline recognition site.
Several authors have postulated, but not directly shoﬁn, a calcium-
dependent component of cocaine supersensitivity. Carrier and‘Shibata

(1967), Shibata (1969a) and Shibata et al. (1971) have suggested that

. an increesed membrane permeability to calcium may be a common mechanism

to explain supersensitivity phenomena. Greenberg and Innes (1968)

have also speculated that, in the presence of cocaine, the cat spleen
utilizes less extracellular Ce++. Daniel and Wolowyk (1966) have
suggested that cocaine induces labilization of Ca from the cell
membrane of rat uterus. Nakatsu (1968) has also suggested that cocaine
may. prime a labile Ce++ pool which is utilized specifically by the
&-receptor and from which Ce++ can be released by &-receptor gtimulation.
Possibly, cocaine can selectively facilitate the mobilization of Ce++
from a binding gite which is iinked to the noradrenaline site. This

C§++ binding site is 1inked to the nofadrenaline-recognition site in

|
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such a manner that Cé++ is not made available for contraction until the
noradrenaline-site is activated. Such an action for cocaine would be,
effectively, the opposite to that suggested for 2-halogenoethylamines
by Moran et al. (1971). Cocaine may also influence the action of
other receptors, possibly by a similar, but less selective, action,
and species and tissue differences in the cocaine binding site(s) may
explain the variability in results obtained for activator ligands in
diffgrent preﬁarations. Similar differences for antagonist binding
sites have been suggested by Bevan and Osler (1965), Gurchgott (1970),
and Janis and Triggle (1971). Clearly further investigations are
required to elucidate the action of cocaine on smooth muscle.

The site of action of cocaine is not known, but Maxwell et al.
(1968, 1969) have reported that certain Ericyclic antidepressants
such as desmethylimipramine (DMI) have conformational simi}arities to
the trans-staggered conformation of g-phenethylamine. Maxwell et al.
(1970) have also suggested that cocaine can also adopt a similar
conformation to noradrenaline and this might explain its action on
the "amine-pump receptor" (Figure 21). The absolute configuration of
cocaine has‘been determined (Hardegger.and Oht, 1955) but whether such
a conformation confers upon cocaine an action at the d—adrenergic
receptor is not known. Interpretation of structural-activity relation-
ships are complicated by the unknown factor of dr;g availability in
the biophase and the consequent influence of this faétor upon events at
the receptor. The protection experiments described in this present
study and by Vohra (1969) suggest that cocaine has little affinity for

the site occupied by phentolamine, phenoxybenzamine or noradrenaline,
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162

but this does not mean that cocaine cannot alter the noradrenaline
recognition site or, for that matter, other receptor sites of the

cell. An analogous situation is that which has been described by

Koshland (1963):
"The substrate is like .a spider at the centre of the
web. It can change the conformation near the centre
and start a pertubation which will cause a change in a
far distant corner of the web. It follows, of course,
that a change in a far distant corner of the web may
be felt by the spider at the centre," ‘
Unfortunately, virtually nothing is known of the chemical
constitution of receptors in excitable tissues. It is believed that
these entities are composed of protein or lipoprotein components that
are integrated into the membrane structure (Bloom, 1966; Cuthbert, 1967;
De Robertis, 1967, 1971; DePlazas and De Robertis, 1972; Ochoa et al.
1972). Drug receptors are chéracterized not by their composition,
shape, size or location, but by the molecules that bring about a
physiological response which has.been‘identified with the activity
- of the receptor. It is apparent that ﬁany‘of the neurotransmitters
and their analogs are small, relatively flexible molecﬁles, the
conformation of which, as receptor-bound species, need bear no
relationéhip to the‘preferred conformation in the aqueous or crystalline

state (Ridley et al., 1969; Robinson gg;g;., 1969). The d;ug receptor

itself may also poésess flexibility (Portoghese, 1970).

The problem of the "cocaine paradox" has been partially solved.
In the human umbilical artery the action of cocaine must be "postsynaptic"

since there are no adrenergic nerves present in this system. Our

study shows that the effect of cocaine in this system is not mediated
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by blockade of noradrenaline uptake into the effector cell. The
exact role for the blockade of neuronal or‘effector cell, nqradrenaline
uptake by cocaine in other systems.is not clear but it is of interest
that Dyer (1970b) demonstrated an eleve n—fold {ncrease for the
response to 5—hydroxytryptamine in the sheep umbilical artery prepara-
tion. If the sheep umbilical arteries are also devoid of adrenergic
jnnervation, as has been shown in the present study for the human
umbilical artery, then this implies that the postsynaptic action of
cocaine may, in the sheep umbilical artery preparation, be very
jmportant to the supersensitivity phenomendn. 1t shnuid, however,
be restated that Dyer " (1970b) demonstrated that 2 30% reduction in
5-hydroxytryptamine uptake was agsociated with this increase in the
response to S—hydroxytryntamine. A knowledge of the location for
5—hydroxytryptamine uptake in the sheep umbilical artéry would tell
us whether this relatively small reduction in uptake is ‘the cause of
the large increase in the response to 5—hydroxytryptamine. In order
to further explore. tne nature of the postsynaptic action of cocaine-
three basic questions are dominant:

1. Where on the postsynaptic cell does nocaine act?

2. What changes can cocaine induce in the gmooth muscle cell?

3. How do these changes result in an increased reponse to

certain smooth muscle agonists?

In order to answer question 1 it would be useful to have &
_ clearer understanding of the nature and locus of smooth muscle drug
receptors. 1f such {nformation was available it might be possible

to relate the action of cocaine to, for instance, the u—adrenergic
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SUMMARY ' AND CONCLUSIONS

Several questions were advanced at the beginning of this study
and it is useful to briefly summarize the results and conclusions with

regard to these four questions.

1. 1Is the human umbilical artery innervated by adrenergic
nerves?
It has been shown that there is no indication of adrenergic
nerve fibers in relation to either the two umbilical arteries or
the umbilical vein iﬁ the extra—abdominal portion of the human

umbilical cord.

2, Can noradrenaline be accﬁmulated by human umbilical

artery tissue?

Noradrenaline can accumulate in the tissues constituting the
umbilical artery, and the preliminary studies show that the tissue to
medium ratio geldom exceeded one. The characteristics of noradrenaline
accumulation are similar to those seen with extraneuronal uptake of
noradrenaline in innervated smooth muscle systems; however, the
extraneuronal uptake in thié non-innervated tissue is much less

gsensitive to the inhibitory actions of various drugs.

3. If noradrenaline accumulation can occur in the umbilical
artery is it influenced by cocaine?
Noradrenaline accumulation is‘significantly inhibited by high
concentrations of cocaine (3.3 x 10-4M), but at iower concentrations

there is no significant change in the tissue accumulation. The
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1. In yivo experiments in certain suitable animal preparations
would be useful to elucidate the mechanism for closure of the umbilical

arteries.

2. A further comparison of the non-innervated umbilical
artery preparaﬁion with innervated tissues may prove valuable for
the study of the roles and functions of extraneuronal noradrenaline
uptake. 1f fluorescence histochemical techniques ‘are employed in such
studies it is important that these be accompanied by biochemical

measurements of catecholamines.

3. Experiments to elucidatg the action of cocaine on smooth
muscle physiology would be useful in determining the nature‘of the
postsynaptic action of cocaine. Thus :an i{nvestigation of the possible
interrelationship of cocaine with calcium mechanisms in smooth muscle

would be beneficial.

4. Physical techniques would be useful, in conjunction with
physiological methods, to elucidate possible cocaine-induced

conformational changes.
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APPENDIX A
PREPARATION: OF KREBS SOLUTION:

Three stock golutions were used, from which daily requirements
‘of Krebs solution could be made.
Stock A: NaCl 76.3 8
KC1 3.9 8
MgClz°6H20 2.63 g
CaClZ'ZHZO 4,1 g
NaH2P04-H20 1.83 g
in 1000 ml of distilled water

Stock B: NaHCO3 - 2.6%

Stock C: Dextrose -= 20%

The solution employed consisted of the following:

Stock A 100 ml
Stock B 80 ml
Stock C 50 ml

pistilled water 1000 ml

This solution had the following composition:

M
Na' T 128.1
K 4.3
catt 2.27
et 1.1
cr 118.04
H,PO é— 1.1
HCO,, 20.0

Glucose: 45
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APPENDIX B

Drug stock solutions, usually 10-3M, were prepared in 0.01IN

hydrochloric acid and daily supplies were made by appropriate dilution

in 0.9% saline.

DRUGS USED:

' Cocaine hydrochloride (British Drug House)
Dibenzyline [Phenoxybenzamine gulfate] (Smith, Kline and French)
- 2'[3 dimethyl aminopropyl thio]cinnamanilide hydrochloride [DPTC]

(Nutritional Biochemical Company)

*D(-)Epinephrine bitartrate (Winthrop) _
Heparin gsodium [1 g = 160,000 U. ] (Fisher Scientific)

Histamine biphosphate (Nutritional Biochemical Company’)
te] (Nutritional Biochemical Company)

5-hydroxytryptamine [Creatinin phospha
* Isopropylnoradrenaline (Winthrop)

*[D(-) ]Levarterenol bitartrate (Winthrop)

Oxytocin Synthetic [10 1.U./ml] (Nutritional Biochemical Company)

Ouabain octahydrate [Strophanthin G](Sigma Chemicals)
ine sulfate [Parnate] (Smith, Kline and French)

Tranglcypropr
Phentolamine [Rcgitine]

Propranolol [AX‘64043](Ayerst, McKenna and Harrison)
Tyramine hydfochloride (Aldrich Chemical Company)
Vasopressin (Nutritional Biochemical Company)

%
Throughout this report, the physiologically-occurring form of

noradrenaiine‘(or adrenaline), commonly called l-noradrenaline, will be

referred to by the more accurate désignation, D(-) noradrenaline. The

D and‘L symbols are here restricted to describing the absolute configu-

ration of the isomer at the asymmetric carbon, B-carbon (Pratesi, 1963),
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APPENDIX C

COMMON ABBREVIATIONS

Brom-lyseréic acid diethylamide
Catechol-o-methyl transferase

ductus arteriosus

désmethylimipramine
N,N-dimethyl—2-bromo-phenylethylamine
2' [dimethyl aminopropyl thio] cinnamanilide hydrochloride
ductus venosus

effective dose for a 56% response
electron spin resonance
S-hydroxytryptamine |

monoamine oxidase

normetanephrine

Nuclear thnetic Resonance
Phenoxybenzamine
polyvinyl-pyr:olidone
trihydroxyindole

umbilical artery
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