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ABSTRACT
An alternative to the uptake hypothesis as the sole cause of

supersensitivity due to cocaine has been proposed, Calcium is re-

quired for the contraction of smooth muscle and its utilization in

contraction is a post-receptor event. Evidence is presented that

cocaine may owe at least part of its effect in potentiating nor-
adrenaline and histamine to changes in calecium utilization. -

Cocaine was shown to alter the utilization.of membrane or intra- -

cellular calcium in the contraction of the isolated spleen strip by
noradrenaline. Noradrenaline caused a small contraétion of the
isolated spieen strip in the absence of extracelluiar calcium and
reduced tissue calcium. This small noradrenaline.contraction was .
greatly potentiated by cocaine. The repeated administration of
Na-EDTA antagonized the cocaine potentiation‘of noradrenaline, and
greatly reduced the magnitude of subsequent responses to noradrenaline
and cocaine. 1t is suggested that cocaine potenti;tes noradrenaline
by making more bound calcium available for release, and that EDTA

antagonizes the potentiation by chelating this calcium once it is

Areleased and diffuses out. of the cell along its concentration gradient.
Diazoxide also antagonized the cocaine potentiation of the con-
traction to noradrenaline in a calcium-free solution, but did not
antagonize the contraction to noradrenaline. It is suggested that
diazoxide prevents cocaine from making bound calcium more avallable
for release Ey noradrenaline. | | |
Cocaine potentiated the contraction of the spleen strip to
strontium: in the absence of extracellulgr calcium. It is presumed

that thevcontraction to strontium, like that .of noradrenaline, is



due to the release of bound calcium and that the potenfiation by
cocaine is due to an increased availability of this calcium.

.The changes in the utilization of bound calcium for contraction
by cocaine were not due to an increase in the noradrenaline concent-
ration at the receptor as the result of either the release of endogenous
noradrenaline or the blockade of uptake of exogenous noradrenaline.
Cocainé potentiated the contraction to noradrenaline in a calcium~free
solution where the endogenous noradrenaline- stores were depleted by-
reserpine. Cocaine increased the maximum noradrenaline contraction
in the absence of extracellular calcium, Cocainé‘fléo potentiated the

. responses to noradrenaline in the spleen strip wheré neuronal uptake
had already been blocked by DMI.

Cocaine also altered the utilization of extracellular calcium by
poradrenaline for contraction of the spleen strip. Less extracellular
calcium was necessary for an equivalent noradrenaline contraction in
the presence of cocaine than in the control. These results suggest
that cocaine either increased the membrane permeability to calcium,
caused release of more bound calcium, or sensitized the contractile
élements so that they utilized calcium more efficiently.

The contraction of the spleen strip by histamine was greatly
reduced in the absence of extracellular calcium, and was not poten-
tiatgd by cocaine. However, noradrenaline potentiated the contraction
to histamine in a calcium~free solution. The failure of cocaine to
potentiate histamine was attributed to the inébility of histémine to
reiease bound calcium, and the noradrenaline'éotentiation attributed

to the release of bound calcium which was then utilized by histamine

for contraction.




Cocaine, however, did alter the utilization of extracellular
calcium for contraction by histamine, but a larger -concentration of
cocaine waé required than for noradrenaline, Less extracellular
calcium was required for an equivalent histamine contraction in the
presence of cocaine than in the control., These results suggest that
cocaine increases the utilization of extraéellular calcium by facili-
tating its access to the contractile elements or altering the con-

tractile elements so that they respond more efficiently to calcium.

Desmethylimipramine (DMI) blocked the uptake of noradrenaline
in the isolated reserpine;frééted spleen strip, but DMI was not as
effective as cocaine in this respect. A larger concénfration~of DMI
than cocalne was required to block the uptake_of noradfenaline, To;
gether DMI and cocaine caused a greater reduction in noradrenaliné
uptake than did DMI alone, but not cocaine alone,

Depending upoﬁ its concentration DMI either potentiated or

antagonized the responses to noradrenaiihe in the spleen strip, Small

Vconcentrations of DMI potentiated the noradrenaline contraction of the
spleen strip in the presence of normal calcium, but'not in a calcium-
iree solution. These small DMI concentrations did not alter the
amount of extracellular calciuﬁ required for contraction of the spleen
strip by noradrenaline, Large concentrations of DMI non-competitively
antagonized the contraction of the spleen strip b} ﬁoradrenaline in
thé présence of normal calcium, However, these large concentrations
of DMI did not antagonize the resﬁonse to noradrehaline in the‘absence
Ofvéxfraceilular calcium, It is suggested that the potentiating _

effect of DMI in the presenée of extracellular calcium is due to block-

2de of neuronal uptake, while the antagonism is due to the prevention




of the utilization of extracellular calcium by noradrénaline for
contraction.

Procaine which has been shown to cause efflux of 45Ca in skeletal
muscle, did not potentiate the contraction of the isolated spleen strip
by noradrenaline in either a solution containing the normal calcium
content or in a calcium-free golution., Procaine also failed to alter
the ufilization of extracellular calcium required for contraction of
the spleen strip by noradrenaline. It was also found that procaine-did
not modify the potentiation of noradrenaline by cocaine in a calcium-

free solution.
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INTRODUCTION




A. SUPERSENSITIVITY CAUSED BY COCAINE

The ability of cocaine to potentiate the effect of adrenaline
on thé blood pressure of the rabbit and on pupillary dilatation
of the cat was first observed by FrOhlich and Loewi (19210).
Cocaine was also found to potentiate the responses to sympathetic
nerve stimulation, both in the pressor response in spinal,
adrenalectomized cats (Rosenblueth, 1931), and in the contraction
of the cat's nictitatiﬁg membrane (Rosenblueth & Cannon, 1931;
Rosenblueth & Rioch, 1933). These authors postulated that the
sensitizing action of cocéine could occur at the effector cell by
écting on the contractile mechanism, by diminishing the rate of
deétruction of catecholamines, or by increasing the combination ﬁf
catecholamines with substances in the muscle.

Studies on the potentiating action of cocaine early becane
complicated by several puzzling observations of the effects of
cocaine on responses to tyramine, a compound chemically related
to adrenaline and possessing many of its actions. Tainter &
'Chang (1927) reported that cocaine antagonized the pressor action
of tyramine in rabbilts, cats, and dogs. Burn and Tainter (1931)
described a "'cocaine paradox', in that cocaine potentiated the
responses to adrenaline but antagonized the responses to tyramine
in a wide variety of tissue preparations. Téinter (1930) showed
that the typical "cocaine paradox’ also applied to the metabolic
effects of adrenaline. Cocaine increased the hyperglycemic res-—

ponses of fabbits to adrenaline, and decreased those to ephedrine.

The inhibition of tyramine by cocaine was later explained by




extensive evidence to show that the effect of tyramine was almost

entirely due to the release of noradrenaline (Burn, 1932; Burn &
Rand, 1958a; Bjrablaya et al., 1958), and that the action of
cocaine was to inhibit this release (Burn & Rand, 1958b).

Because of the similarities of supersensitivity due to cocaine
and denervation, common mechanisms have been proposed by many
authors (Rosenblueth, 1932; Fleckenstein & Bass, 1953; Innes &
Kosterlitz, 1854b; and Trendelenburg et al., 1962) .

The subject of supersensitivity has been éxtensively reviewed
from time to time (Cannon & Rosenblueth, 1949; Furchgott, 1955;_
Trendelenberg, 1963 & 1966), and various hypothésig_have been
proposed for its mechanism, The hypotheses proposed specifically
for the mechanism of cocaine supersensitivity will be briefly dis-

cussed.

1. Enzyme Inhibition

Blaschko et El'(1937) showed that extracts of rat liver, kidney,
and intestine caused the oxidation of adrenaline., They postulated
that an amine oxidase present in these tissues w;s responsible for the
ﬁetabolism of adrenaline. Philpot (1940) showed that thé local
anesthetics cocaine and ﬁrocaine were strong inhibitors of monamine
oxidase activity in guinea pig liver suspensions. Peralta &
Lizaralde (19465 found that cocaine prolonged the chronotropic
response to adrenaline and suggested that this was due to a delay
in the destruction of adrenaline, Burn (1952)-suggested that the

potentiation caused by cocaine was due to inhibition of monamine

oxidase. Since then a consilderable body of evidence has accumu-




lated to discount this hypothesis as the cause of supersensitivity

to catecholamines, ﬁrown & Hey (1956) found that cocaine was only
a wezk inhibitor of monamine oxiaase in liver slices and defibrin-
ated cat blood. 1In addition several more potent inhibitors of
nonamine oxidase than cocaine fail to potentiate adrenaline or
noradrenaline. Iproniazid, a potent inhibitor of monamine oxidase,
did not potentiate the actions of adrenaline on the nictitating
membrane (Griesenmer et 3lf’ 1953) . Alpha cocaine did not modify
the actions of adrenaline or noradrenaline on the blood pressuré
or nictitating membrane of the spinal cat even though it was as
effective as cocaine in inhibiting monamine oxidase  (Foster EE El"

>1955). In another study Varagic (1956) observed that-isopropylif
soniazide, a potent monamine oxidase inhibitor, did not modify the
effect of hypogastric nerve stimulation while cocaine caused
potentiation.

Furchgott (1955) suggested that another enzyme was responsikle
for reducing the meta-hydroxyl group of adrenaline and noradrena-
line; this enzyme could be competitively inhibited-by cocaine and
could thus account for the cocaine potentiation. Axelrod;(1957)
isélated an enzyme from rat liver which catalyzed thevo—methyla—i
tion of adrenaline and noradrenaline. He also demonstrated the
presence ¢f the methoxy derivatives metanepﬁrine and normetan-—
ephrihe in the urine. He concluded that an enzyme, catechol-0C-
methyl transferase, (COMT) transfers.a methyl group from S-—-adeno-

sylmethionine to one of the phenolic groups of adrenaline or nor-

adrenaline. Bacq et al., (1959) showed that in rat liver homogenates




catechol inhibited the inactivation of adrenaline by COMT. They
postulated that the inhibition is responsible for the sensifiza—
tion of smooth muscle to adrenaline by various ortho, di, or tri
phenols. However, the blockade of COMI' by cocaine was ruled ocut
as an explanation for cocaine supersensitivity by.the following
studies, Crout (1961) showed that the inhibition of COMT by
pyrogallol did not potentiate, but moderately prolonged the
cardiovascular responses to noradrenaline in dogs. The prolonged
increases in blood pressure and contractile force were associated
with delayed disappearance of iﬁjectedvnoradrenaline from the
;irculation. Wylie et al. (1960) showed by spectrofluocrometric
measurement of the accumulation of the metabolite metanephrine,
thét cocaine was inactive as an inhibitor of COMT. In a more
recent study Missala (1966) showed that in rats the urinary meta-
bolites ofv14C~adrenaline were not altered by cocalne.

It has been shown then, that inhibition of neither of the

main metabolic pathways can account for potentiation by cocaine.

2. Removal of Inhibition

‘Fleckenstein & Bass (1953) developed a hypothesis to explain.
cocaine and denervation supersensitivity. They assumed that the
continuous release of transmitter substance from the nerve ter-
minals in the nictitating membrane places the effector cells in a
sfate of accommodation or subsensitivity. They suggested that

chronic denervation or blockade by cocaine abolished this release

and therefore reduced accommodation and irncreased sensitivity..




However, they did not take into account the earlier 6bservations
made by Rosenblueth & Rioch (1933), which showed that cocaine
did not abolish release, butlpotentiated the response of the nicti-
tating membrane to sympathetic nerve stimulation. Strong evidence
against this hypothesis has also been presented by several other
authors. Furchgott (1955) exposed aortic strips to small concen-
trations of édrenaline and noradrenaline which were sufficient to
maintain a small contraction for one half hour.- The addition of
cocaine to the bath caused a large rapid contraction which could
not be due to a loss of accommodation of thersméotﬁ nuscle.
Cervoni & Kirpekar (1966) showed that infusions of adrenaline or
noradrenaline did not affect the responses of the decentralized
nicfitating mémbréne to subsequent exposuresvof noradrenaline and
adrenaline. It has also been shown that cocaine does not impair
the release of noradrenaline on nerve stimulation (Trendelenberg,
1959) . |

Interest in the idea of loss of inhibition as an explansastion
for cocaine supersensitivity has been renewed byﬁBarnett et 3&.
4(1968). They showed that cocaine increased the maximunm fesponse
of the isolated vas deferens té noradrenaiine, and postulated that

the potentiation was due to prevention of a desensitizing process

of auto-inhibition.

3. Uptake Hypothesis

The upteke hypothesis attributes supersensitivity to an

increased catecholamine concentration at the receptor as a result




of blockade of neuronal uptake which normally limits the concen-—
tration near the receptor.

Trendelenberg (1959) showed that cocaine increased the res-
ponse of the nictitating membrane of the spinal cat to both pre-
ganglionic nervé stimulation and to injections of noradrenaline.
Cocaine also increased both the blood pressure response to noradrena-
line and the plasma concentration of norsdadrenaline. On the basis
of this evidence he suggested that cocaine potentiates noradrena-
line by delaying its inactivation, by limiting either the celi
permeability to noradrenaline or its binding of noradrenaline.
Macmillan (1959) proposed a hypothesis to explain the mechanism of
cocaine supersensitivity based on evidence from exberiments on
isolated atria, perfused rabbit ear, and the heart lung preparation.
He suggested that the disappearance of noradrenaline from the blood
is in part due to its uptake into a store in the heart and blood
vessel wall, Cocaine would potentiate noradrenaline by preventing
this uptake, thus making more noradrenaline available to act on
the sympathetic receptor. He also suggested, as had Burn & Rand
- (1958b) , that cocaine blocks the effect of tyramine by preventing
ithe release of noradrenaline.

Furchgott EE El“ (1963) proposed a unitary hypothesis to explain
the "cocaine paradox'., The actions and interactions of noradrenaline,
tyfamine and cocaine were studied in isolated rabbit aorta and
guinea pig atria., Cocaine potentiated the effects of noradrenaline

and antagonized the effects of tyramiﬁea Tissues pretreated with

reserpine and which were consequently depleted of noradrenaline




did not respond to tyramine, but in these tissues large concentra-

tions of tyramine were as effective as cocaine in potentiating the
responses to noradrenaline. Exposure of reserpinized tissues to
noradrenaline restored the responses to tyramine. However, this

restoration was prevented by the presence of elther tyramine or

cocaine in the bath. On the basis of these findings Furchgott

postulated a specific transport mechanism located in the nerve

cell membrane which moves noradrenaline into the cell where it is-

stored or metabolized, The findings were explained by cocaine com-

bining with this transfer site and thus competitively blocking

the uptake of both noradrenaline and tyramine. This would increase

the concentration of noradrenaline at the receptor causing a poten-—

‘tiated response and would prevent tyramine from entering the cell

to release noradrenaline. Similarly tyramine could combine with

the transfer site, block uptake of noradrenaline, thus increase nor-

adrenaline concentration and potentiate the response.

The uptake hypothesis is supported by evidence that noradrena-

line is taken up into the sympathetic nerve endings and this uptake

" is blocked by cocaine. Whitby et al. (1961) found that the uptake

3
of “H-noradrenaline was greatest in tissues with a rich sympathetic

innervation., It was selectively taken up by the heart, spleen,

and adrenals of the cat., The same workers showed that the tissue

) 3
uptake of H-noradrenaline after denervation of the superior

cervical ganglion was severely reduced (Hertting et al. 1961a)°

Direct evidence for the localization of noradrenaline uptake

in sympathetic nerves was shown by fluorescence microscopy




(Malmfors, 1965). He showed that noradrenaline was taken up by
édrenergic nerve fibres in the iris of reserpine-treated rats.
Gillespie & Kirpekar (1966) studied the localization of noradrena-
line in the cat spleen, using both fluorescence microscopy and
autoradiography; noradrenaline was located in the nerve fibres
amongz the smooth muscle of the capsule, trabeculae, arteries and
veins;

Direct evidence for inhibition of noradrenaline uptake by
cocaine has been provided by a number of workers. Whitby et al.
(1960) and Hertfing et al, (1961b) showed that cocaine markedly
reduced the uptake of circulating 3H—noradrena1ine.into the heart
and spleen of the cat, and increased the plasma leveis. Iversen
(1967) stated that cocaine caused 50% inhibition of the uptake of
3H~noradrenaline in the isolated perfused rat heart. Lindmar &
Muscholl (1964) showed that the isolated perfused rabbit heart
removed 40% of the noradrenaline in the perfusate, aﬁd cocaine

reduced this to 10%. In a similar study Gillespie & Kirpekar

(1965) found that 29% of the noradrenaline infused into splenic
arterial blood of the cat was recovered in the venous blood.

After treatment with cocaine the recovery was increased to 81%.

The blockade of noradrenaline uptake has also been shown-histochemi—
cally using fluorescence microscopy in the rat iris (Hillarp &
Malmfors, 1964; Malmfors, 1965) and in the central artery of the
rabbit ear (De la Lande et al., 1967). -

Furfher evidence in support of the uptake theory of cocaine

supersensitivity was obtained from experiments on sympathetic




nerve stimulation. Cocaine has been shown to potentiate the

responses of the nictitating membrane of the cat to nerve stimu-~
lation (Rosenbleuth & Rioch, 1933; Trendelenberg, 1959; Innes

& Kosterlitz, 1954a; Kirpekar & Cervoni, 1963; Haefely et al.,
1964). In addition to the potentiation of nerve stimulation,

cocaine should promote the overflow of transmitter on stimulation

of sympathetic nerves if its potentiating effect is due to the

blockade of neuronal uptake, the results of various studies

However,

have been conflicting. Trendelenberg (1959) and Blakely et al.

(1963) found that cocaine did not affect the liberation of nor-

adrenaline from splenic nerves after stimulation. Kirpekar &

Cervoni (1963) found that in the cat spleen cocaine caused only a

slight increase in the output of noradrenaline after low frequency

stimulation and did not change the output after high frequency

stimulation., However, the increase at low frequencies was con-

firmed in experiments by Thoenen et al. (1964) and Haefely et al.

(1265) , where cocaine did increase the venous outflow of nor-

adrenaline from the cat spleen stimulated at low‘frequencies°

Many attempts have been made to correlate the blockade of

uptake'and the degree of supersensitivity. Trendelenberg (1959)

showed that the pressor response to noradrenaline in the spinal

cat was related to the plasma noradrenaline concentration. Cocaine

increased both the pressor response to noradrenaline and the

Plasma concentration of noradrenaline. Muscholi (1961) found an

inverse linear correlation between the noradrenaline content of

the rat heart and the blood pressure response to noradrenaline.
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In another study the Pressor response to noradrenaline in the

Pithed rat wasg botentiated more by cocaine than the pressor reg-

ponse to adrenaline, Concomitantly cocaine caused g larger decrease

3 3
in the level of "H-noradrenaline than H-adrenaline in the hesrt

and spleen (van Zwieten,1965). Trendelenberg (1966) found that

3
cocaine reduced the uptake of H-noradrenaline in the cat nictita-

ting membrane by 66%. The same cocaine concentration wasg pre-
viously shown to cause a 23-fold increase in the sensitivity of

the nlCtltath“ membrane to noradrenaline (Trendelenberg, 1965) .

Stafford (1963) found that cocalne 1ncreased the rate and

force of contraction of isolated guinea pig atria caused by nor-

adrenaline ang adrenaline but not isoproterenol], She suggested

that cocaine does not potentiate isoproterenol because isopro-

terenol has no affinity for the Storage siteg Bhagat et al,

3
(1967) showed that cocaine inhibited the uptake of H

opic

response to noradrenaline., The chronotroplc response to isopro-~

terenol, however was not potentiated by cocalne.' Anden et al

(1964) showed spectrofluorometrlcally that 1soproterenol in

contrast to. noradrenaline and adrenaline, was not taken up by the

isolated rabbit heart, 1In the same study isoproterenol failed to

restore the sympathomimetic effects of tyramine and was not

bPotentiated by cocaine. 1In contrast, Callingham & Burgen (1966)

showed that 3H-—iscproterenol is taken up by the isolated berfused

rat heart, Both the total uptake and retention of isoproterenol

were small compared to noradreraline,

However, cccaine did not
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block the uptake of isoproterenol., The same type of results were
-found in the dog heart by Hardman Eﬁvﬁi- (1965) . Cocaine markedly
poteﬂtiated the actions of noradrenaline énd adrenaline on the
contractile force and phosphorylase activity in the dog heart

EE EEEE’ while the response to isoproterenol was not potentiated.
In the same study cocaine decreased the amount of 3H—noradrenaline
and 3H—adrenaline found in the heart at the peak of the contractile
force, but had no effect on the emount of 3H—isoproterenol in the
heart.

The observation that cocaine does not potentiate the effects
of noradrenaline and adrenaline in denervated structures is taken
by many workers as evidence in support of the uptake hypothesis.
Hertting EE Ei' (1961a) showed that the uptake of noradrenaline
was severely impaired by chronic denervation. Cocaine does not
potentiate the response to noradrenaline in the chronically
denervated nictitating membrane (EKukovetz & Lembeck, 1961;

Haefely EE.EL" 1964a) , or in chronically denervated rabbit atria
(Furchgott EE Elo, 1963) . These authors attribute the loss of
cocalne potentiation to the absence of an uptake mechanism fqr
noradrenaline after denervation. Innes & Kosterlitz (1954b) also
showed that cocaine failed to potentiate adrenaline or noradrenaline
in chronically denervated nictitating membranes, but attributed

this finding to both cocaine and degeneration of the postganglidnic
fibfes causing the same alterations in the effector system,

Iveréen (1967) stated that the uptake process for catechola-

mines in rat heart showed structural and stereochemical specificity.
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Noradrenaline was taken up more rapidly than adrenaline and the l
isomers of both amines accumulated more rapidly than the d isomers,
Trendelenberg (1965), and Tye et gio (1967) found that the sensi-
tization of the nictitating membrane of the cat by cocaine had the
same structural  and stereospecificity found by Iversen. They
concluded that these results support a causal relationship between
subersensitivity and-blockade of uptake since cocaine sensitiées
the nictitating membrane more to those amines which are taken up
readily than those which are not, However, in a more recent study
(Trendelenberg et al.,1968) showed that there was no stereospeci-
ficity for the uptake of the d and 1 isomers of no;adrenaline in
the isolated perfused rabbit heart; cocaine blocked the uptake of
these isomers equally well, However, in isolated rabbit atria
cocaine potentiated the positive inotropic eifect of i noradrenaline
but not d noradrenaline. These results negate the earlier findings
and show that the sensitizing effect of cocaine is ngt related to

selective blockade of uptake of either isomer of noradrenaline,

'4° Inconsistencies of the Uptake Hypothesis

The blockade of neurcnal uptake has become accepted by most
workers as the mechanism for cocaine supersensitivity. However,
there are a number of observations which are inconsistent with the
uptake hypothesis,

Maxwell et al. (1966) found that the potentiating effect of

cocaine was not proportional to its ability -to block the uptake of

noradrenaline, Cocalne caused a 30% reduction in the uptake of
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noradrenaline in isolated rabbit aorta before any potentiation was
observed. When uptake was reduced from 30-70% the response to
noradrenaline increased as a function of the percentage reduction
in uptake. However, cocaine caused considerable increases in the
response to noradrenaline without any further reduction in uptake,

Marks EE E£° (1967) found that the tinme required for satura-
tionvof the upfake of 3H—cocaine in isolated vas deferens was much
greater than the time required to reach maximum-potentiation of
the response to noradrenaline. On the other hand the disappearance
of 3H~cocaine after washing the tissue was mugh.fas%er than the
disappearance of the cocaine potentiation.

Bevan & Verity (19€7) showed that cocaine potentiated nor-
adrenaline in a nerve free preparation. The adventitial layer
was removed from the rabbit aortic strip. Histological observations
showed the strips to be devoid of innervation. The strips were
.also considered denervated zs they did not respond to tyramine or
transmural stimulation. They concluded that cocaine is able to
pctentiate the responses to noradrenaline in the:absence of
neuronal uptake. In a similar study Kalsner (1966) showed that.
cocaine potentiated responses to noradrenaline in rabbit aorta
which had been stored at 4OC for 10 days. The aortic strips did
not respond to tyramine and were therefore considered denervated.
However, the absence of neuronal uptake was not demonstrated in.
either of these studies.

Kaisner (1966) also showed that cocaine potentiated the

response to methoxamine in the isolated rabbit aortic strip, while
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Iversen (1967) demonstrated that methoxamine is not taken up by
the nervé endings in the rat heart.

Kalener (1966) and Innes (unpublished) have shown that docaine
potentiates the responses to histamine in rabbit aorta and spleen
respectively, while Day & Stockridge (1964) showed that cocaine did
not inhibit the uptake of histamine by mast cells.

Isaac and Goth (1965) showed that the antihistamine pheninda-
mine effectively blocked the uptake of noracdrenaline in the rat
heart, but did not enhance the chronotropic responses t0 noradrena-
line in isolated atria. ’

Davidson & Innes (1968) showed that cocalne pétentiated the
contractile responcse to isoproterenol in the cat spleen but did
not alter the neuronal uptake of isoproterenol.

Because of these inconsistencies it seems impossible to
correlate the blockade of uptake and cocaine supersensitivity.
wWhile blockade of uptake may play a role in the poténtiating action

of cocaine it is not the only mechanism operating.

‘5. Receptor or Postreceptor Action of CocaiEE

Clark (1937) suggested that cocaine potentiates adrenaline by
altering the receptor in some manner soO that either the rate of its
association with adrenaline is increased or its rate of dissociation
is decreased, Maxwell et al. (1959) showed that in the dog,
cocaine prevented the competifive blockade of the pressor response
to noraarenaline by phentolamine, but did not effect the non-

equilibrium blockade by Dibenamine. From these resqlts and a[
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study . previously described (Maxwell et al., 1966), they pestulated
that cocaine potentiates nofadrenaline by acting’directly on the
receﬁtors in the smooth muscle cells., Lewils & Miller (1966)
showed that cocaine did not protect against 3H—phenoxybenzamine
blockade of the response to noradrenaline in the rat seminal
vesicle. The amount of radiocactivity in the tissues exposed to
cocaine and 3H~phenoxybenzamine was not different from tissues
exposed to_3H~pheno§ybenzamine alone.

Karr (1966) showed that in isolatéd spleen strips exposed to.
cocaine the simultaneous presence of large concentrations of phento-
"lamine completely prevented supersensitivity to noradrenaline from
déveloping° Similarly large concentrations of noradrenaline
reduced the degree of potentiation of noradrenaline by cocaine.
Tyramine,which has a greater affinity than phentolamine for the
neuronal uptake site, failed to alter the cocsine potentiation,
Therefore the blockade of uptake could not account for the effect
of cocaine, However, both phentolamine and noradrenaline have
high affinities for the adrenergic receptor and either prevented or
reduced the cocaine poﬁentiation. It was therefore suggested that
cocaine induced an allosteric change in the adrenergic receptor
which increased the receptor affinity for noradrenaline, resulting
in a‘potentiéted response. Green & Fleming (1967) studied the
affinities cf noradrenaline and two alpha receptor antagonists Ey
determining the pA2 values for noradrenaline-phentolamine anta-
gonism, and the pD2 values for noradrenaline-phenoxybenzamine

antagonism in the cat nictitating membrane. Supersensitivity pro-
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duced by cocaine did not alter either the pA2 or the pD2 values.
The authors suggested that cocaine therefore does not affect the
adrenergic receptor, and supersensitivity is due to blockade of
neuronal uptake.. However, if cocaine altered the affinities of
the receptor for the agonist and antagonist to an equal extent,
no changes in either pA2 or pD2 would have been seen if the adren-
ergic receptor were affected by cocaine.

Rosenblueth (1932) showed that cocaine potentiated the res-
ponses to acetylcholine in the cat nictitating membrane. This was
later confirmed by Koppanyi & Feeney (1959) who-posiulafed that

cocaine potentiates acetylcholine by causing changes in the muscle

cell permeability to ions.

6. Possible Role of Calcium in Supersensitivity

Bevan & Verity (1967) suggested that the potentiating effect
of cocaine was due to its direct action on the vascular smooth
muscle cell where it caused the labiliZation of calcium loosely
bound to the cell membrane. Such an effect of cécaine has also
been suggested by Daniel & Wolowyk (1966). They showed that very
large concentrations of cocaine caused contraction of the isolated
rabbit uterus. These rgsponses were not due to an action mediated
by glpha receptors or muscarinic receptors since they were not
blocked by phenoxybenzamine, tolazeline, or atropine. Depolari-
zation by potassium, Na-EDTA of Mg—-Na-EDTA, or-immersion in a

calcium-free solution, did abolish the contraction induced by

cocaine, Strontium chloride restored the response to cocaine in




a calcium free solution.

Calcium has also been implicated in supersensitivity induced
by denervation and reserpine. Gutmann & Sandow (1965) found that
caffeine-induced. contracture in rat skeletal muséle was potentiated
by chronic-denervation° They suggested that denervation alters the
intracellular binding of calcium, making it more easily released
by cafieine,

Carrier & Shibata (1967) showed that the aorta obtained from
young rabbits, 5~é weeks old, were severely.depleted of calcium
by pretreatment with reserpine, and showed supefsenéitivity to
noradrenaline. However, the aorta from older rabbits, 12 weeks old,
were not depleted of calcium and did not show any supersensitivity
to noradrenaline. It was suggested that reserpine either increases
the availability of ionized calcium or increases the excitability
and permeability of the membrane. Hudgins & Fleming (1966) found
that the supersensitivity due to reserpine in isolated rabbit
aorta was unspecific, Reserpine not only increased the response

of the tissue to noradrenaline but also to acetyicholine and
-potassiumo Phentolamine in a concentration which providéd marked
antagonism of the resbonseé to noradrenaline had little or no
effect on'the responses to'acetylcholiné or potassium., It was
.postulated that reserpine changes the responsiveness of the smooth
muscle cell at some point beyond the receptor, ZFurther support for
this hypothesis was obtained in a more recent étudy by Westfall

& Flemiﬁg (1968) ,who found the chronotropic responses to noradrena-

line or calcium in the dog heart lung preparation were increased

by reserpine pretreatment. The response to noradrenaline was




-18~

antagonized by propranolol but the respcnse to calcium was not.
They suggest that the postreceptor change induced by reserpine

could in some way invelve calcium.
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B. THE ROLE OF CALCIUM IN SMOOTH MUSCLE CONTRACTION

¢

1. General Evidence

The initial evidence which indicated that calcium was nec—
essary for muscular contraction was obtained from studies on cardizc
muscle. Ringer (1883) demonstrated that the frcg heart failed to
contract and remained relaxed when calcium ions were omitted from
the perfusion fluid. Locke and Rosenheim (1907) showed that con-
traction and the utilization of glucose by isolated rabbit hearts
were dependent on calcium. Mines (1913) was able to dissociate
the mechanical and electrical recsponses in isolatéd frog hearts.
He observed that the heart maintained its electrical activity when
made mechanically inactive by the lack of calcium,

Sandow (1952) was the first to postulate a definite role for
calcium in excitation-contraction coupling of skeletal muscle.

He proposed that depolarization of the cell membrane triggers the

release of calcium which then causes activation of the contrzctile
elements, He further postulated that the activation of the con-

‘tractile elements was due to the enzymatic activation of a myosin-

ATPase system by calcium, This hypothesis is supported by
Niedergerke (1955) and Caldwell & Walster (1963) who chowed that
the intracellular application of calcium in heart and skeletal
muscle caused shortening of the muscle fibres.
R . 45 . s
An increased influx of Ca has been shown to occur during a
potassium-induced contracture of frog sartorius muscle (Bianchi &

Shanes, 1959), and frog rectus abdominis muscle (Shgnes, 1961).
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These authors postulated that this increased entry of calcium under-
lies the development of the contractile response.

Frénk (1964 a,b, & 1965) showed that contraction of skeletal
muscle involved in addition to the utilization of e#tracellular
calcium, the release of calcium from a binding site within the
nmuscle,

The role of calcium in the contraction of skeletal muscle has
been extensively reviewed (Sandow, 1965; Podolsky, 1865; Peachy,
1968; Caldwell, 1668)., However, a brief description of the
theories proposed for the mechanism by which calcium is involved
in activation of the contractile elements (Davies; 1963)and relaza-
tion (Webber, 1963) in skeletal muscle is warranted‘since the
mechanism is not as well delineated in smooth muscle. These
theories propose that membrane depolarization by ions, electrical
stimulation, or drugs is transmitted in some way to the sarcoplasmic
reticulum. This electrical disturbance then triggefs the release
of calcium ions from'the reticulum, The released calcium then
interacts with the actomyosin system and initiates ATP splitting
‘and contraction. Relaxation results from the remcval of’calciqm
from the actomyosin, an active process involving the splitting of
ATP, then causes calcium to be reaccumulated into the sarco-
plasmic reticulum, It is also pqssible that the reaccumulation
of éalcium in the sarcoplasmic reticulum is brought about by
binding of calcium by a muscle relaxing factor. The structure of

skeletai muscle and the relationship of chemical and physical

factors involved in contraction are fairly well established;




Huxley's sliding filament scheme for contréction has been generally
accepted,

The exact role of calcium in the activation of smcoth muscle
is far from clear, and the mechanism of contraction of smooth
muscle is not fully understood. However the mechanism of contrac-
tion of smooth muscle may be similar to that of skeletal muscle.
Actomyosin has heen demonstrated in vascular smoothvmﬁscle (Filo
et al,, 1963) and in vterus (Needham & Williams, 1963). However,
smooth muscle contains much less actomyosin than does skeletal
muscle., Smooth muscie has been described by Neédhaﬁ & Shoenberg
(1964) and Needham (1964) as consisting of cells thch are tightly
packed with filaments lying parallel to the long axis of the cell;
these filaments have approximately the same diameter as the actin
filaments in skeletal muscle. However, myosin filaments have not

been clearly discerned, Relaxed and contracted taenia coli have
been compared by electron micrescopy. Cross sectidnal examination
showed that the diameter of the filaments in contracted cells was
no greater than the diameter of the filaments in relaxed cells.
'However, the total number ¢f filaments was much greater in contracted
than relaxed cells. If the filaments slide closer together, an
increase in their number would be seen in a cross section. It is
therefore, presumed that some sort of sliding filament mechanism
exists in smooth muscle, which is similar to the mechanism generally
accepted to account for skelefal muscle contraction: The occurence
of sarcéplasmic reticulum in smooth muscle was established by

electron microscopic examination of the rabbit uterus (Shoenberg,
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1958) . However, there was no relationship seen between the sarco-
plasmic reticulum and the mycfilaments or the cell mewbrane, as

has been shown for skeletal muscle,

2. Electrical Activity

It is well established that calcium affects the electrical
acti?ity of smooth muscle. Biilbring & Kuriyama (19632) measured
spontaneous electrical activity in guinea pig taenia coli with
microelectrodes. They found that lowering the calcium concentra-
tion ofithenbathing solution decreased the resting membrane
potential, and the amplitude and rates of rise and'fall of the
action potential, 1In a similar study, Bllbring & Kuriyama (1863b)
found that acetylcholine depolarized the membrane and accelerated
spike discharge. These effects did not occur in the absence of
calcium and were enhanced by the presence of excess calcium,
Adrenaline, which relaxes taenia coli, abolished spike activity
without hyperpolarizing the membrane. This inhibitory effect was
potentiated by excess calcium and abclished in the absence of’
‘calcium. Marshall (1965) reported that in rat uterus a decrease
in extracellular calcium caused membrane depolarization, and
reduced spike height and frequency. Howevey an increase in extra-
cellular calcium increased the membrane potential and the height

and rate of rise of the action potential,

3. Dissociation of Electrical and Mechanical Activity

There is a great deal of evidence that electrical changes
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in the smocth muscle membrane i.e. depolarization, are not re-
quired for contraction to occur. Various smooth muscles, already
depolarized by potassium, have been shown to respond to drug

stimulation, Rabbit and guinea pig ileum, rat uterus, and chick

amnion contracted in response to acetylcholine (Robertson, 1960);
guinea plg taenia colil contracted in response to carbachol

(Durbin & Jenkinson, 1961); rat uterus contracted in response to
acetylcholine (Edman & Schild, 19€¢1 and 1862); rat seminal'vesicle.
contracted in response to adrenaline, and rabbit uterus contracted
in response to acetylcholine (Edman & Schild, 1963):

Sue et al. (1964) simultaneously recorded isomqtric tension
and membrane potentials from isolated rabbit pulmonary arteries,
They founa that sympathetic nerve stimulaﬁioh or administration
of noradrenaline caused contraction of the artery in the absence
of action potentials, and without any change in the membrane
potential., Keating (1964) used a sucrose gap technique to measure
membrane potentials of spiral strips of sheep carotid artery.

He found that noradrenaline, adrenaline, and histamine all de-

polarized the membrane and caused contraction of the muscle,

However, arteries depolarized by potassium contracted in respoase
to these drugs without producing any electrical changes.

In more recent studies Axelsson EE.Elf (1967) and Johansson
EE El' (1967) found calcium to be essential for both activaticn of
the contractile mechanism and maintenance of eiectrical activity
of isolated rat portal vein. Exposure of the muscle to potassium

chloride caused depolarization and a sustained contraction.
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Noradrenaline further increased this contraction without causing
any changes in membrane potential., When the muscle was placed in
a calcium-free solution both mechanical and electrical activity
were abolished.  Noradrenaline re-established both electrical and
mechanical activity, but the magnitude of the responses was much
less than seen in solutions with normal calcium content. However,
when‘the calcium chelating agent EGTA was added to the calcium~
free solution noradrenaline failed to restore electrical or
mechanical activity. These results were interpreted as showing
that the main effects of noradrenalige on tensién in portal vein
are mediated through changes in the pattern of elecﬁrical activity.
They suggested thzat noradrenaline, however, could influencé the
contractile mechanism in a way independent of propagafed or non-
propagated potential changes. They further.suggested that noradrena-
line restofed the electrical and mechaniéal activity in a calcium-
free solution by liberating loosely or'tightly bound calciumn.

These various pools of calcium will be discussed later in the

introduction.

4, Extracellular Calcium

It is well established that the contractile response in
smogth muscle is lost or reduced in the absence of calcium, and
within limits the magnitude of the response is a function of the
extracellular calcium concentration.

Bgzler (1960) showed that extracellular calcium was required

for smooth muscle contraction, Spontaneous contractions of isolated
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frog stomach were abolished when the preparation was bathed in an

isomotic sucrose solution with no calcium present. The contrac-

tions were re-established after the addition of calcium chloride.
Urakawa & Holland (1954) reported that contrectures cauced

by potassium in isolafed taenia coli were accompanied by enhanced

uptake of 450aa However, contrary results were cbtained by

Schatzman (1964) in taenia coli, and Van Breemen & Daniel (1966)

in rat uterus, They found that neither potassium nor acetylcholiné

=

altered the uptake of 4502, but did cause z net efflux of 4=DCa.
In other studies Bauer et Ei' (1965) showed thaf thé uptake of 450&
was increased in taenia coli by applying additional ﬁension to the
muscle; and Goodford (1965) found that depolarization of taenia
coli by potassium did not alter the efflux of 45Ca. The discre-
pancies between these various studies are difficult to explsain, but
they may be due to variations in technique.
Contractiohs of rabbit aortic_strips by adrenaline (Briggs & Melvin,
1961) and by potassium sulphate (Briggs, 1962) were accompanied by
& net influx of 450a. However, adrenaline did not.affect tension
6r cause the uptake of 450a in glycerol extracted muscle. In

another study Briggs & Hannah (1965) reported that magnesium and

not calcium was necessary for the contraction induced in glycerinated

uterine muscle by ATP. It is assumed that only the contractile

elements are present in glycerol extracted smooth muscle. They
also showed the presence of a magnesium-activated ATPase which was
not stimulated by calcium. However EDTA, which chelates calcium

more strongly than magnesium, and EGTA which specificelly chelates
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calcium, prevented the contraction of the glycerinated smooth
muscle, Contraction was restored by the addition of calcium.

These results indicate that calcium must be available for contrac-
tion to take place, but its exact role in contraction is not clear.
Waugh (1962, 1965) found that the contractile response to

adrenaline or potassium was prevented by the addition. of Na- or
Mg*EbTA to the perfusate of an isolated dog intestinal artery. The
addition of Ca-EDTA restored responses to both noradrenaline and '
potassium. The contraction of the artery in response to calcium
chloride was potentiated by prior noradrenaline-or botassium con-~
tractions. These results were interpreted to mean that extra-
cellular calcium is essential for excitation-contraction coupling,
and that noradrenaline or potassium increase the membrane permea-
bility to extracellular calcium.

The contraction of depolarized smooth muscle by drugs has
also been shown to depena on extracellular calcium. Robertson
(1960) showed that rabbit and guinea pig ileum, rat uterus, and
chick amnion depolarized by potassium contractedfin response to
-acetylcholine. The removal of calcium from the bathing solution
reversibly abolished the acetylcholine response. The re-estab-
lishment of the acetylcholine contraction by the addition of
calcium was prevented by EDTA. It is suggested that the acetyl-
choline contraction was due to an increased membrane permeability
to calcium. Similar studies by Durbin & Jenkiﬁson (1961), and
Edman &-Schild (1961) also showed that depolarized smooth muscle

is dependent on extracellular calcium for contraction. Schild (1964)
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suggested that contractions induced by drugs in smoofh muscles
depolarized by potassium may be due to the release of a bound
calcium store in addition to the utilization of extracellular
calcium,

Divalent cations such as strontium and barium have been shown
to substitute for calcium in the contraction of smooth muscle.

Daniel (1863) found that either strontium or barium restored
acetylcholine contractions in calcium-depleted polarized or de- -
polarized rat uterus. The effects of these two ions lasted ohly
as long‘as they were present in the bafh, but fﬁe effecfs éf
restoration of calcium to the bathing fluid persis£ed for a long
time after the calcium was subsequently removed from the bé£h.
Howevér, either strontium or barium alone caused contraction of
the uterus bathed in a normal calcium solution. It has also been
reported that contractions due to barium in taenia coli are calcium
dependent (Xaraki EE 3&., 1967), and are not due to the release
of noradrenaline as they were not blocked by adrenergic blocking
agents (Shibata et al., 1968).

Bohr (1964) showed that the response to noradrenaline in
rabbit aortic strips was greatly reduced in the absence of calcium.
Barium waé more potent than calcium in re-establishing the response
to adrenaline, and strontium much- less effective than calcium,
whilg‘magnesium was ineffective. Hinke (1965) obtained different
results in the rat tail artery} barium was able to substitute for

calcium in a potassium-induced contraction but not in a noradrena-

line-induced contraction.
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Sperelakis (1962) showed that maximal tensions were developed
in response to electrical stimulation of polarized and potassium-—
depolarized cat intestine. Higher voltage strengths wére needed
in the depolarized muscle. The responses of both the normal and
depolarized muscle were dependent on the presence of/calcium.
Strontium not only substituted for calcium in the contraction of
the depolarized muscle, but allowed stimulation to produce a larger
contraction than in the presence of calcium. However, strontium |
did not substitute for caléium in the response of the polarized
muscle, Sperelakis suggested that calcium has %hréé sites of
action: the cell membrane where it lowers membrane excitability;
coupling of excitation and contraction; and a direct effect on the
contractile elements. The observations could be accounted for by
strontium substituting for calcium in the contractile elements, but
not in the membraﬁe or coupling processes.

Frank (1962) showea that strontium and other divalent cations
restored potassium-induced contractures of skeletal muscle when
they were added to a calqium frée solution. He indicated that
'these divalent cations did not participate directly in céntraction,
but restored excitation—contraction‘coupling by releasing bound
cellular calcium. In another study on skeletal muscle Caldwell &
»Walster (1963) injected various multivalent ions directly into a
single muscle fibre of the leg muscle of the crab. They found -
that both strontium and barium caused contractions. They are in
agreemeﬁt with Frank, and suggest that the action.of these ions

is through the displacement of bound calcium from the sarcoplasmic
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reticulum.

Daniel (1965) suggested that the restoration of drug-induced
contractions by strontium or barium in smooth muscle is due to
their substitution for calcium which is loosely bound to the out-—
side of the membrane (superficial), and which then penetrétes the
membrane on depolarization. Once the ions pass through the cell
membrane they displace calcium from a tightly bound store (seques-

tering), which then interacts with the contractile elements.

5. Bound Calcium

A number of different workers have proposed»thgt the contrac~
tile elements of smooth muscle can be activated-by calcium released
from a bound intracellular site. Kolodny & Van der Kloot (1961)
suggested that in the absence of extracellu;ar calcium contraction
is brought about by the release of calcium from a bound store.

They found that after long periods of bafhing in a calcium-free
sucrose solution the frog stomach contracted in response to
écetylcholiﬁe, adrenaline, and electrical stimulétion; and the
.guinea pig taenia coli contracted in response to acetylcholine and
electrical stimulation.

Imai & Takeda (1967) found that the mechanical response of
taenia coli to potassium sulphate consisted of two distinct phases,
an initial rapid rise of tension, and an ensuing sustained contrac-
fure. When the tissue was bafhed in a calcium-free solution the

rapid phase was abolished, but the sustained phase persisted,

though considerably diminished in size. The addition of multi-
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valent cations such as nickel, cadmium, cobalt, of magnesium to the
bath augmented the sustained phase but did not restore the initial
rapid phase. When potassium contractures were induced in a normal
calcium solutionj these cations abolished the rapid phase and
depressed the sustained phase of contraction due to inhibition of
calcium influx during depolarization. It was therefore suggested
that the rapid initial phase and part of the sustained phase depend
upon extracellular calcium, while most of the sustained phase was '
due to the release of bound calcium.

Hurwitz EE él. (1967a) reported that longitudinal fibres from
- guinea pig ileum ;ontracted when they were transférred from a
' physlological solution containing calcium to a calcium-free
solution. The magnitude and duration of the contractile response
was enhanced if the muscle was préinéubated in a high calcium
(36mdM) solution. The addition of acetylchoiine or potassium
caused a further contraction of the muscle., When tﬁe tissue was
incubated with 45Ca, and then transferred to a calcium-free
solution, the contraction was accompanied by an increased efflux
of 450a.} It was suggested that acetylcholine, and high potassium
and a calcium-free solution increase smooth muscle tone by
mobilizing calcium from an intracellular qompartment which may
reside in the fiﬁre membrane., Similar conclusions were reached
by Van Breemen & Daniel (1966). They found that both acetylcholine
and potassium increased 450a efflux in rat uterus., They concluded

that mybmetrial contraction is induced by a.release of calcium

from the inside of the cell membrane or the endoplasmic reticulum,
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or both,

6. Multiple Calcium Stores

Recently evidence has been presented which indicates that both
extracellular and bound calcium are utilized by the contractile
elements for contraction of smooth muscle,

bHurwifz EE El' (1967b) found that both extracellular and
cellular calcium are mobilized to activate the contractile elements
in smooth muscle. Isolated guinea plg ileum contracted when the
bathing solution was changed from one with a high (36mM) calcium
éoncentration; to a calcium-free solution. When the period of
incubation in the high calcium solution was 1engthened, the muscles
accumulated increasingly more)éalcium, presumablf’in an intracellular
site, and exhibited increasingly larger contractile responses when
placed in a calcium-free solution. The contractile responée was
enhanced when acetylcholine was added to the calcium-free solution.
When acetylcholine was added to a bathing solution containing a
high calcium concentration a sustained contraction was obtained.
Comparisons were then made between acetylcholine contréctions,ob-
tained in the presence of intracellular calcium and in the
presence of extracellular calcium, 1In one case the tissue was
incubated in a high calcium solution, then bathed in a calcium-free
solution containing acetylcholine; the contraction which developed
was therefore dependent on an intracellular calcium store. In
the second case the tissue was first depleted of calcium by;being

bathed in a calcium-free solution contalning EDTA, then stimulated
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with acetylcholine in a calcium~-containing solution; the contrac-
tion which developed was therefore dependent on extracellular
calcium. This contraction was immediately abolished when the
calcium was removed from the bathing solution.

The muscle with a high level of intracellular calcium main-
tained tone for a longer period of time in the absence of extra-
cellular calcium than did the muscle which was calcium-depleted.
It was suggested that the extracellular calcium serves as a
reservoir of calcium which supports nuscle contraction by main-
taining the cellular store in a state of partiai or full saturation.
It was speculated that extracellular calcium ions reach the cyto-
plasm of the muscle by more than one pathway. Part of the calciunm
might enter the cytoplasm by way of the intfacellular store,
and a second part might enter by an alternate route which bypasses
the intracellular depot. However, these pathways are not nec-
essary for an explanation of the results. The main point is that
two different calcium stores can be utilized for the contraction
of smooth muscle,

Hinke (1965) showed that potassium and noradrenaline contract
vascular smooth muscle by utilizing different stores of calcium.
The contraction of isolated perfused rat tail artery was measured
as a reduction in flow at a constant perfusion pfessure. A sus-
tained contraction was obtained when either potassium or noradrena-
line were added to the perfuséte. When calciuﬁ was omitted from
the perfusate the potassium-induced contraction decayed slowly,

but the noradrenaline-induced contraction was sustained. The
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potassium-induced contraction was rapidly abolished when the artery
was perfused with a calcium-free solution containing EDTA, but

the artery still contracted in response to noradrenaline, although
with reduced magnitude. Prolonged perfusion of the artery with a
calcium-free solution containing EDTA did, however, abolish the
noradrenaline contraction. The contraction was rapidly restored
after the addition of calcium to the perfusate. Addition of calcium
to the perfusate in increments gradually restored both noradrenaliﬁe
and potassium contractions which had been abolished by calcium-free
plus EDTA perfusion. ’

Hinke suggested that vascular smooth muscle conﬁains at least
two calcium fractions, both of which may be bound to the cell
surface. One calcium fraction is loosely bound and easily mobilized
and 1is dependent on extracellular calcium, The other calcium
fraction is tightly Bouﬁd‘ and is independent of extracellular
calcium, Therefore potassium—induced contractions utilize the
loosely bound calcium, while noradrenaline induced contractions
utilize both tightly bound and loosely bound calcium.

Daniel (1965) proposed that there are two, and possibly three,
binding sites for calcium in smooth muscle. These sites are:

a superficially (loosely bound) site located on the outside of the
cell membrane; a sequestering (tightly bound) site located on the
inside of the cell membrane; and a third site located inside the
cell which might constitute microcrystalline debosits, or mito-

chondria. He proposed various models to explain the relationships

which might exist between these binding sites. First, it is
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possible that the two sites, superficial and sequestéring, are in

series with each other. The second possibility is a parallel

arrangement where extracellular calcium reaches the sequestering

sites by a pathway independent of the superficial binding sites,

In addition calcium may be able to reach the cytoplasm by diffusion

down its electrochemical gradient through pores which are not
available until calcium is removed from the superficial binding
sites. The third possibility is that both the series and parallel.
models are operative, fourth possibility takes into consideration
the third binding site which is located intraceilulhrly and is in

series with the ‘sequestering sites.

7. Conclusion

There is no direct evidence for the existence of multiple
calcium stores in smooth muscle or for the way in which drugs
affect these stores., However, the studies discussed here provide
strong circumstantial evidence for the existence of at least three
stores of calcium in smooth muscle; extracellular calcium, calcium
loosely bound to the external surface of the cell membrane, and.
calcium tightly bound to -the internal surface of the cell
membrane, This evidence is based on the fact that the calcium
chelators EDTA and EGTA do not penetrate the cell membrane and
bin& only calcium which is extracellularly locafed.

Bianchi (1965) found that EDTA did not penetrate the cells

v . 14
of frog rectus abdominis and sartorius muscles. The C~EDTA

' 14
space was found to be the same as the C-sucrose space. He
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alsoc found that C-EDTA washed out of the muscles at a much faster
.. 14
rate than did C-sucrose,
Van Breemen et Ei' (1966) showed that either EDTA or EGTA
. 45

caused an increased efflux of Ca from rat uterus. However, they
suggest that this was not due to chelation of extracellular
calcium since bathing the uterus in a calcium-free solution

. . 45
caused a reduction in Ca efflux. They suggest that EDTA .
reversibly damages the cell membrane and thus increases the
permeability to calcium. However, the increased efflux could be
due to an Iincreased membrane permeability as the result of the
removal of loosely bound calcium from the membrane, and the
subsequent release of calcilum from an intracellular binding site
as was suggested by Bianchi (1865) for skeletal muscle.

EDTA has also been shown to cause contraction of isolated
uterus. These contractions were not mediated by noradrenalifie or
acetylcholine since they were not affected by adrenergic or cho-
linergic blocking agents (Daniel & Irwin, 1965). He suggested that

these contractions were due to the removal of calcium from the

"surface of the cell membrane which in some way caused the liberation

of calcium from an intracellular binding site.

The effects seen with these chelating agents are.due to calcium
chelation and not the chelation Qf magnesium, EDTA has been shown
to sind calcium much more strongly than magnesium and EGTA specifically
binds calcium (Chaberek & Martell, 1959). In another study Bozler
(1955) showed that in glycerol extracted skeletal_muscle EDTA

preferentially bound calcium, and only bound magnesium after all
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the calcium had been removed from the muscle.




C. STATEMENT OF THE PROBLEM

The uptake hypothesis has become generally accepted as the
mechanisn éf cocaine potentiation of catecholamines, despite the
inconsistencies discussed above and the circumstantial nature of
the evidence for a cause and effect relationship. This study was
done to see if there was an alternative explanation for the mechanism
of cocaine supersensitivity,

It has been suggested by a number of authors discussed above

that cocaine causes supersensitivity by an action on the receptor

Oor on a postreceptor event. The activation of fhe smooth muscle

receptor by a drug initiates a chain of events which leads to
contraction. One of the links in this chain is calcium., Calcium
is essential for the contraction of smooth muscle and its utiliza-
tion by'the contractile eleménts takes place after the receptor has
been activated., The potentiating effects of cécaine, therefore,
might be due to an alteration in the utilization of calciﬁm for
contraction so that calcium becomes more readily available to the
contractile elements,

Experiments were designed primarily to see if cocaine altered
the utilization 6f calcium for contraétion of the isolated spleen
strip by noradrenaline and histamine. However, any alterations in
the calcium utilization could also be attributed to an increased
noradrenaline concentration at the receptor as a result of release
of endogenous catecholamines. or the blockade of neuronal uptake.

Therefore experiments were also done in order to eliminate these

effects as contributing to a change in calcium utilization caused

by cocaine,




METHODS
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1. Preparation of the Isolated Spleen Strip

Cats (0.3 - 3 kg) of either sex were killed by a blow on the

head. The spleen was immediately removed and immersed in Krebs-

Henseleit solutiqn at 400. The spleen was placed on an inverted
Petri dish covered by a filter paper saturated with Krebs-—
Henseleit solution. Strips 20 mm long and 2 mm wide were cut from
the peripheral edge of the spleen after removal of adhering  fat
tissue., Each strip was suspended in a muscle bath containing 15 ml
of bathing solution kept at 37050C, and bubbled with a gas mixture
of 95% O2 and 5% CO2. Isotonic contractions against 1 g tension
were recorded on a kymograph at ten times lever mégnification at

a paper speed of 1 mm/min. The strips were allowed to equilibrate
in the bath for one hour before drugs were édded. The bathing
fluid was replaced every fifteen minutes eXxcept when drugs were

present in the bath,

2. Bathing Solutions

The following bathing solutions were made with distilled
demineralized water.
1. Standard Xrebs-Henseleit solution: NaCl 118, KC1 4,7, Ca012 2.5,

KH PO,K6 1.1, MgSO4 1.2, NaHCO

oF0, 25,0, and glucose 11.0 mM.

3

ii. 1In experiments where the tissues were to be bathed in a
medium without calcium, a ''Ca-Free' solution was prepared
by omission of Ca012 from the standard Krebs-Henseleit

formula., In order to promote the depletion of tissue

calcium the chelating agent disodium ethylenediaminetetra-
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acetic acid (EDTA) was added to the Ca-¥Free solution in
a concentration of 0.3 mM, and designated a ''0-Ca EDTA"

solution,

3. Drugs

Stock solutions of all drugs were made in concentrations of
1, 5, or 10 mg/ml and stored at 400. l—Noradrenaline bitartrate,
and tyramine hydrochloride were dissolved in 0.01N HCl. Cocaine
hydrochloride, procaine hydrochloride, desmethylimipramine, hista-
mine acid phosphate, ethylenediaminetetra—acetié acid (EDTA)
disodium and dicalcium salts, strontium chloride, and calcium
chloride were dissolved in distilled demineralized water,

A stock solutilon of reserpine in a concentration of 5 mg /ml
was made; 100 mg reserpine was diséolved in 2.0 ml glacial acetic
acid, 2.5 ml propylene glycol, and 2.5 ml 95% ethanol and sufficient
water added to make 20 ml.

Diazoxide was dissolved in distilled demineralized water made
alkaline with 0.1 N NaOH to facilitate solution.

All drugs were diluted to appropriate concentrationé on the
day of use with 0,9% sodiunm chloride, in the case of catecholamines
0.01N HCl was added to prevent rapid oxidation.

Drugs were added to the muscle bath with 0.01 to 0.5 ml
micropipettes. Drug concentrations are expressed as final concen-
tration in the muscle bath in g/ml except calcium and strontium,
which are expressed in molar concentrations: The welghts of nor-
adrenaline, histamine,  and tyramine are‘expressed in terms of the

free base, all other drugs as weight of the salt.




4. Treatment with Reserpine

Animals were treated with 1.0 mg/kg intraperitoneally twenty-
four hours before an experiment. Spleen strips were shown to be
depleted of noradrenaline either by spectrofluorometric assay or

by the loss of response to tyramine 3 x 10—5 g/ml.

5. Assay for Catecholamines

Noradrenaline and adrenaline were assayed fluorometrically by
a modification of the methods described by‘Bertler et al. (1958)
and Euler and Lishajko (1959). fhe catecholamines were purified,
" concentrated, and then transformed into fluorescent compounds by
oxidation and rearrangement in alkali to the trihydroxyindoles,
adrenolutine and noradrenalutine.

Spleen strips weighing 100-200 mg were removed from the bath
and placed in test-tubes containing 10 ml of cold (4OC) Krebs-
Henseleit solution. After 10 to 30 minutes the tissues were
blotted with filter paper, weighed, and immediately homogenized
with 5 ml of 0.4 N perchloric acid per gram of tissue. The
homogenates were then made up to 10 ml with 0.4 N perchloric acid
and centrifuged at 8500 RPM at OOC for 10 minutes.‘

Na-EDTA 0.1 g was added to the supernatant and the pH adjusted

to 6.2 to 6.3 with 5 N potassium carbonate. The homogenates were

further purified with a Dowex 50S-X8 cation exchange resin

‘(500 mg, 20 mm2 X 12 mm), Before use, the column was washed through
with 20 ml1 2 N HCl, 20 ml of sodium acetate buffer pH 6.0 contain-
ing Na-EDTA, and again with 20 ml of deionized water. The extracts

were then filtered into the column; the column was washed with 20
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ml of deionized water and eluted with 10 ml 1IN HCl. The flow rate
through the column was kept constant at 0.25 ml /min,

5 ml of the eluate was brought to pH 6.2 to 6.3 with 5 N
potassium carboqate. The noradrenaline and adrenaline in the
eluate were then oxidized to their chrome derivatives by adding
0.1 ml of 0,25% potassium ferricyanide for three minutes. The
oxidation waes then interrupted and the chrome derivatives converted
into fluorescent lutines by the addition of 2 ml of a mixture of
9 ml to 5 N NaOH, 1 ml 2% ascerbic acid and 0.2 ml diaminoethane,

The extracts were then immediately read on a-Farrant optical
spectrofluorometer. Noradrenaline and adrenaline-are differentiated
by making use of their different activation and fluérescent spectra,
The activation peaks for adrenolutine and noradrenolutine are 435
and 395 Mu respectively, the corresponding fluoresqence peaks being
540 and 490 Mu respectively. Tissue blanks'were treated in the
same way as the samples except that no‘potassium fefricyanide was
added. Standards of adrenaline and noradrenaline as well as a
reagent blank were run in parallel with the samples. To control
" the possible presence of interfering material a known amount oﬁ
adrenaline and noradrenaline were added each to one portion of the
eluate and treated in the same way as the sample.

The amounts of adrenaline and noradrenaline were calculated
with the aid of the following formula (Cohén & Goldenberg, 1957).

The assay was sensitive to 0.002 ;g/g of tissue.
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Where:
Y - Noradrenaline concentration in ug

X. = Adrenaline concentration in ug

m - Fluorescent value for adrenaline (tissue sample-blank)

n -= Fluorescent value for noradrenaline (tissue sample-blank)

Aa =~ Adrenaline standard - blank measured at £h9 édrenaiine wave
lengths

Ab — Adrenaline standard - blank, measured at the noradrenaline

wave lengths

N_ - Noradrenaline standard-blank, measured at the adrenaline wave

a -
lengths
NB ~ Noradrenaline -standard-blank, measured at the noradrenaline

wave lengths

- 6., Measurements and Statistics

Contraction and relaxation of the spleen strips were measured
to the nearest millimetre from the kymograph record. The contrac-—
tions were measured at the peak of the response after they had
reached a steady state. Relaxation was calculated as the differ-—
ence between the magnitude of.the peak contraétion in response to

an agonist and the contraction remaining after 30 mm of exposure

to an antagonist,
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When comparilsons were made between spleen strips from the same
cat, or within the same spleen strip the results were analyzed by

the t-test for paired observations (Goldstein 1964) , Observations

from different spleens were compared by "Student's t-test',




RESULTS
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A. THE EFFECT CF COCAINE ON THE UTILIZATION OF MEMBRANE AND INTRA-

CELLULAR BOUND CALCIUM BY NORADRENALINE AND HISTAMINE

Calcium is required for contraction of smooth muscle and its
utilization in excitation contraction coupling is a postreceptor
event., Noradrenaline is capable of utilizing loosely and tightly
bound calcium stores for contraction (Hinke, 1965; Hudgins & Veiss,
1668) whereas histamine utilizes only loosely bound calcium stores
(Hudgins & Weiss, 1968) . Experiments were done to see if the potep~

tiation of noradrenaline by cocaine involved cﬁanges in this

utilization.

1. The Potentiation of Noradrenaline by Cocaine in-the Isolated

Spleen Strip Bathed in a Calcium-Free Solution

In these and subsequent experiments a Ca—-Free solution was used
to eliminate an extracellular source of calcium, and a O-Ca EDTA
solution was used to promote the removal of interstitial or loosely
bound calcium.

Cocaine (10-—5 g/ml) potentiated the response to noradrenaline
.(10—-6 g/ml) in a Ca-Free solution. Spleen striﬁs were first equili-
brated in a O-Ca EDTA solution for 60 minutes. Tissue calcium was
then reduced by repeated additions of noradrenaline to the bath until
the contraction obtained wés small, The tissues were then bathed in
a Ca-Free solution for 30 minutes to remove the EDTA. Noradrenaline
was again added to the bath; a contraction was.obtained; the bath
was washed and the tissue was allowed to relax. The strip was then
either treated with cocaine for 5 minutes éfter which noradrenaline

was added to the bath in the presence of cocaine (Fig. 1-A), or




45—

15! 15!

[ 15mm N\
N
S 08¢ co o/o .
4 ° o © ©
N C N NN he
0Ca EDTA Ca FREE 0Ca EDTA ) Ca FREE
Fig. 1 The Potentiation of Noradrenaline by Cocaine in the Isolated

Spleen Strip Bathed in a Calcium-Free Solution.

Two strips from the same spleen. Tissue calcium was reduced
with repeated exposure to noradrenaline (N followed by dots)
in a 0-Ca + EDTA solution. A. One strip exposed to cocaine (C),
107° g/ml, 5 min before the exposure to noradrenaline (N),

107° g/ml. B. One strip exposed to cocaine (C), 105 g/ml,
at the peak of the response to noradrenaline (N), lO-6 g/ml.
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cocaine was added after the response to noradrenaline had reached g
plateau (Fig. 1-B). The mean differences in the heights of contrac-
tion aré shown in Table 1, A & B.

In 36 strips from 232 cats, pretreatment with cocaine signifi-
cantly increased the height of the noradrenaline contraction by
9.9 4+ 1.3 mm., In ancther 47 strips from 31 cats the superaddition of
cocaine significantly increased the height of the noradrenaline
contraction by 9.1 + 1.2 mm. Many of these breparations received -

further treatment which is described in subsequent experiments.

2. Potentiation of the Maximum Contraction to Noradrenaline by

Cocaine in the Isolated Spleen Strip Bathed in a Calcium-Free

Solution,
Four experiments were done on strips from four cats, each on
two strips from the same spleen, Strips Wefe first bathed in a
O0-Ca EDTA solution for two hours to remove tissue célcium. The
bathing solution was then changed to a Ca-Free solution, to remove
the EDTA. Cumulative doses of noradrenaline (LLQ‘“6 to 3 x 10“4 g/ml)
"were added to the bath until a maximum contraction was obtained
(Fig. 2) . Cocaine (10--5 g/ml) was added to the bath when there was
no further contraction to noradrenaline. The mean differences in
contraction height are shown in Table 1-C. The maximum height
(21;8 i.5°4 mm) of the noradrenaline contractlon was obtained with
concentrations of 3 x 10”5 and 10~4 g/ml. Cocaine significantly
increased the height of the maximum noradrenaline contraction by

3.5 + 1.1 mm,
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TABLE 1

POTENTIATION OF NORADRENALINE BY COCATINE (lO“Sg/ml) IN
ISOLATED SPLEEN STRIPS BATHED IN Ca-FREE SOLUTION AND

THE EFFECT OF SUBSEQUENT ADDITION OF Na-EDTA (10"3g/m1).

Treatment Dose of Change in P Change in P
Nor-~ Noradrenaline Noradrenaline-~
adrenaline Contraction Cocaine Con-

g/ml Due to Cocaine traction Due
Mean + S.E. to Na-EDTA
mm Mean + S.E.
mm

A 1c-6 +9.8 + 1.3 (36)] <0.001
B 1076 +9.1 + 1.2 (47| <0.001
C maximum +3:5 + 1.1 (8 <0.02
D 10_6 +6.8 + 1.7 (8) <0.01 -5.4 + 1.9 <0.025
E 107 +12.6 + 4.0 (8)| <0.02 -11.4 + 2.8 <0.01
F 1076 +28.1 + 4.0 (4)| <0.01 -11.8 + 2.2 <0.02
G 1073 +22.8 + 2.8 (4)] <0.005 | -11.3 + 2.0 <0.02

B,C,D,E,F,G, Cocaine Added After Noradrenaline had Induced Contraction

A ¢ Cocaine Added 5 Min Before Noradrenaline

A,B,D,E, ¢ Tissue Calcium Depleted with Noradrenaline and Na-EDTA

(1074 /m1)
C,F,G, : Tissue Calcium Depleted with Na-EDTA (10—4g/m1)
F,G,

The Numbers

Spleen Strips from Reserpine Treated Cats

in Parenthesis Represent the Number of Spleen Strips.
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Potentiation of the Maximum Contraction to Noradrenaline by
Cocaine in the Isolated Spleen Strip Bathed in a Calcium-
Free Solution. )

Spleen strip exposed tc noradrenaline (N) in cumulative
concentrations of 1078 3 x 1076, 107°, 3 x 107%, 107¢ g/m1,
followed by cocaine (C), 107° g/ml. : .
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3. The Effect of Na-EDTA on the Potentiation of Noradrenaline by

Cocaine in a Calcium-Free Solution

The above results indicate that cocaine may enable noradrenaline
to utilize membrane or intracellular bound calcium more effectively.
Experiments were therefore done to see if Na—~EDTA would alter the
potentiation of noradrenaline by cocalne in a Ca-Free solution,
possibly by chelating thils calcium once it was released from its
binding site.

Eight experiments were done on 16 spleen strips, each with two
strips from the same spleen. One strip was eprsed to noradrenaline
(10“6 g/ml) and the other to (lO“5 g/ml) . Tissue.calcium was first
reduced by addition of noradrenaline to the bath containing a 0-Ca
EDTA solution until the contraction obtained was small., The bathing
solution was then changed to Ca-Free, to remove the EDTA., A small
contraction of constant height was obfaiﬁed after a number of addi-
tions of noradrenaline to the bath. This small contraction to nor-
adrenaline (10_6 g/ml, Fig. 3~A; and 10"5 g/ml, Fig. 3-B) was
potentiated by the addition of cocaine (10“5 g/mi) to the bath.
 The further addition of Na-~EDTA (10“3 g/ml) caused a small transient
contraction of the tissue, then relaxation, thus significantly
reducing the potentiation by cocaine. The mean differences 1in con-
traction height are shown in Table 1-D & E. The potenfiation by
cocaine of the larger dose of noradrenaline was not significantly

=~

greater than of the smaller désé (rp >0.1).
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4. Potentiation of Noradrenaline by Cocaine in the Reserpine-pre-

treated Isolated Spleen Strip Fathed in a Calcium-Free Solution

These experiments were done to show that the potentiatioﬁ of
noradrenaline by cocaine was not due to the release of catechola-—~
mines from nerve endings in the spleen. To deplete the épleen of
noradrenaline, four cats were given reserpine, 1 mg/kg, 24 hours
before the experiment. Two strips were cut from the same spleen;
one strip was exposed to noradrenaline, 10—6 g/ml, (Fig. 4-a), and *
the other to noradrenaline, 10“5 g/ml, (Fig. 4-B). The strips were
first bathed in a O0~Ca EDTA solution for two héurs-to reduce tissue
calcium. The bathing solution was then changed to Ca-Free, to
remove the EDTA. Each strip was first exposed to tyramine (3 x 10—5
g/ml) to test for completeness of catecholamiﬁe depletion by reser-
pine. Both concentrations of noradrenaline caused -small contractions
which were greatly potentiated by the addition of CQCaine (10‘-5 g/ml) .
There was no significant difference between the degree of potentia-
tion of the larger and smaller doses of noradrenaline by cocaine
(P> 0.3). The further addition of Na—EDTA (10"3' g/ml) caused the

 strips to relax significantly. The mean differences in éontraction

heights are shown in Table 1-F & G.

5. The Effect of Repeated Administration of Na-EDTA on Noradrenaline-

induced Contractions of the Isolated Spleen Strip Bathed in a

Calcium-Free Solution

Experiments were done on 16 spleen strips from 8 cats. Two

strips were cut from the same spleen; one was exposed to noradrenaline,




-52-

15mm

Fig. 4

Ca Ffree

Potentiation of Noradrenaline by Cocaine in the Reserpine-
pretreated Isolated Spleen Strip Bathed in a Calcium-Free

Solution.

Two strips from the same spleen in-which reserpine, 1
mg/kg, was administered 24 hours before the experiment.
A. Strip treated with noradrenaline (N), 107° g/ml.

B. Strip treated with noradrenaline Ny, 10_6 g/ml.

Both strips were tested with tyramine (T), 3 x 107° g/ml,
then exposed to noradrenaline and to cocaine (C),‘10“5
g/ml, followed by Na-EDTA (E), 1075 g/ml.
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11lustrates a typical experiment.
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10—6 g/wl, and the other to noradrenaline, 10~5 g/ml, Figure 5

The strips were first bathed in

a 0-Ca EDTA solution for 2 hours to reduce the tissue calcium. The

bathing solution- was then changed to Ca-Free, to remove the EDTA.

Exposure to noradrenaline contracted the tissue, which was relaxed

by further addition of Na-EDTA (10

When the procedure was repeated 30
noradrenaline was much smaller and
instead there was a small increase

significant, (Fig. 5~ b & e). The

3 g/ml) to the bath (Fig. 5- a & d).
min later the contraction due to
Na-EDTA did not cause relaxation;
which was not statistically

tissue was then Bathed in normal

Krebs-Henseleit solution to replace some of the tissue calcium.

After one hour the bathing solution was changed back to Ca-Free. The

same dose of noradrenaline now caused a much larger contraction

than after the first exposure; these were relaxed by further addition

of Na—-EDTA to the bath (Fig. 5- ¢ & f). The results were similar

for both dose levels of noradrenaline. Analysis of the data is

sbown in Table 2,

6, The Effect of Repeated Administration of Na-EDTA on the Potentia-

tion of Noradrenaline by Cocaine in the Isolated Spleen Strip

Bathed in a Calcium-Free Solution

Experimeﬁts were done on 8 spleen strips from 8 cats. The

strips were first bathed in a 0--Ca EDTA solution for 2 hours to

reduce tissue calcium. The bathing solution was then changed to

-6
Ca-Free to remove the EDTA. Noradrenaline (10 g/ml) caused a

small contraction which was potentiated by the addition cf cocailne
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(10 g/ml) to the bath. The further addition of Na-EDTA (lO~3 g/ml)

caused the tissue to relax, thus reducing the potentiation by cocaine

(Fig. 6-a). Thirty minutes later the procedure was repeated and
the noradrenaline contraction, the potentiation by cocaine, and the
relaxation by Na~EDTA were all reduced (Fig. 6-b). After another
30 minutes the responses were further reduced (Fig. 6-c). The pre-
paration was then bathed in normal Krebs-Henseleit solutioﬁ_to
replace some of the tissue calcium, After one.hour the bathing
solution was changed back to Ca-Free. Exposure of the strip £o the
same dose of noradrenaline caused a larger contraction than before
the calcium replacement and this was potentiated by the further
addition of cocaine to the bath (Fig. 6-d). The adaition of 2.5
mM calclum caused a further contraction. Analysis of the data is

shown in Table 3.

7. The Effect of Celcium—EDTA on the Potentiation»bf Noradrenaline

by Cocaine of the Isolated Spleen Strip

Experiments were done to see if the inhibition of the cocaine
'potentiation of noradrenaline by EDTA required chelation of calcium.
Four experiments were done, each with two strips cut frcm the same
spleen. One strip was tested with Na-EDTA (Fig. 7-A) and the other

with Ca-EDTA (Fig. 7-B). Both strips were first bathed in a 0-Ca
EDTA solution for two hours to reduce the tissue calcium, Thev
bathing solution was then charged to Ca-Free, to remove the Na-EDTA.

-6 : :
Noradrenaline (10 g/ml) caused a small contraction which was

-5
potentiated by the addition of cocaine (10 g/ml) to the bath.
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Fig. 6 The Effect of Repeated Administration of Na-EDTA on the Pot-

entiation of Noradrenaline by Cocaine of the Isolated Spleen
Strip Bathed in a Calcium-Free Solution.

One spleen strip treated with noradrenaline (N) 10"6 g/ml
followed by cocaine (C), 107° g/ml, and Na-EDTA (E), 10—3
g/ml. a- first exposure; b- second exposure; cC- third
exposure; d- fourth exposure, but calcium 2.5 mM (Ca) was
added instead of Na-EDTA. The tissue was exposed to normal
Krebs-Henseleit solution for €60 min between c¢ & d.
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15 mm

Fig. 7

Ca Free Ca Free

The Effect of Ca-EDTA on the Potentiation of Noradrenaline
by Cocaine in the Isolated Spleen Strip Bathed in a Calcium-
Free Solution.

Two strips from the same spleen. A- treated with Na-EDTA.

B- treated with Ca-EDTA. Both strips were exposed to nor-
adrenaline (N), 10~6 g/ml, followed by cocaine (C), 107°
g/ml, and then exposed to either Na- or Ca-EDTA in cumulative
concentrations of 10"5, 10“4, and 1073 g/ml at the arrows.
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The tissues were then exposed to either Na-EDTA or Ca-EDTA in cunula-
five contractions of 10-5, 10~4, and 10~3, g/ﬁl. The meén differences’
in contraction are shown in Table 4, All three concentrations of
Ca-EDTA significantly increased the already potentiated contraction.
The first two concentrations of Na-EDTA did not significantly change
the noradrenaline cocalne contraction, but the largest concentration
significantly relaxed the strip.

Four additional experiments were done with normal Krebs-Henseleit
solution, There was no effect when the strips were exposed to Ca- or
Na—~EDTA (10"3 g/ml) . However, Na—EDTA‘signific;nt;& reduced the

-6
contraction to noradrenaline (10 g/ml) by a mezn of 3.5 + 0.9 mm,

P <0.,05. Ca-EDTA was without effect.

8. Potentiation of Histamine by Cocaine in a Calcium-Free Solution

The effect of cocaine on the histamine-induced contraction in
a calcium-free solution was tested to see if the cocaine alteration
of the utilization of membrane or intracellular bound calcium was
specific for noradréﬁalinen ‘
| Experiments were done with 16 spleen strips from 8 éats. The
spleen strips were first equilibrated in = O-Ca EDTA solution for
one hour. Tissue calcium was then reduced by adding histamine to
.the bath until the contraction obtained was no more than 1 or 2 mm.
The tissues were then bathed in a Ca-Free solution for 30 minutes
to remove EDTA., Cocaine (3 x iO_s g/ml) failed to potentiate the

-6
contraction to histamine (10 g/ml) in 4 strips pretreated with

cocalne for 5 minutes (Fig. 8-A), and 12 strips exposed to cocaine
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NORADRENALINE (10 8g/ml) BY COCAINE (10f5g/m15 IN

ISOLATED SPLEEN STRIPS BATHED IN A Ca-FREE SOLUTION,

-61 -

TABLE 4

THE EFFECT OF Ca-EDTA ON THE POTENTIATION OF

Ca-~-EDTA

Na-EDTA

Dose of EDTA Change in P Change in P
g/ml Contraction Contraction
Mean + S.E. Mean + S.E.
mm mm
10-° +6.5 + 1.7 (4) <0.05 +1.8 + 0.7 >0.1
1074 +20.8 + 3.4 (4) | <0.01 0.8 + 2.2 | 0.7
1073 +28.0 + 3.4 (4) | <0.005| -20 + 6.4 <0.05

The Numbers in Parenthesis Repfesent the Number of Spleen Strips.
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The Effect of Cocaine on the Histamine-induced Contraction of
the Isolated Spleen Strip Bathed in a Calcium-Free Solution.

Two spleen strips from the same spleen; top tracings from one
strip and bottom tracings from the second. A- first strip
treated with histamine (H), 1076 g/ml, before and in the

presence of cocaine (C), 10~

g/ml. B~ same strip treated with

noradrenaline (N), 10~ g/ml, before and in the presence of
cocaine (C), 107° g/ml. C- second strip treated with histamine
(H), 1079 g/ml, followed by cocaine (C),lO~5 g/ml. D- same
strip treated with noradrenaline (N), 1076 g/ml, followed by
cocaine (C), 107° g/ml.
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after the histamine contraction had reached its maximum (Fig. 8-C).

However, 150 minutes later cocaine was still able to potentiate the
-6

response to noradrenaline (10 g/ml) in the same tissues (Fig. 8-B &

n.

9. Potentiation by Noradrenaline of the Contraction to Histamine in

a Calcium-Free Solution

The above results have shown that in the absence of extracellular

calcium cocaine did not potentiate the response to histamine. Hudgins

and Weiss (1968) reported that histamine depends mainly on extra-

- cellular calcium for contraction, whereas noradrenaline can utilize

a membrane or intracellular bound calcium store. Experiments were
therefore done to see 1f noradrenaline could make membrane or intra-
cellular bound calcium available for histamine to utilize in con-
traction.

Eight experiments were done, each with two strips cut from the
same spleen. One strip was exposed to cocaine (10—5 g/ml) for 5
minutes and the other strip served as control. Tﬁe strips were
first bathed in a 0-Ca EDTA solution for two hours to redﬁce tissue
calcium. The bath was then changed to Ca-Free, to remove the EDTA.
Small contractions of constant heights were obtained after alternate
additions of noradrenaline (10" g/m1) and histamine (10”° g/ml)
to the bath. Noradrenaline then caused a small contraction in the
control strip (Fig. 9-A) and a large contractioﬁ in the cocaine-

treated strip (Fig. 9-B). When the responses to noradrenaline had

reached their maximum the addition of histamine to the bath caused
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Potentiation of the Histamine Contraction by Noradrenaline
in the Isolated Spleen Strip Bathed in a Calcium-Free
Solution.

Two strips from the same spleen. A- control strip, B- strip
treated with cocaine (C), 1072 g/ml. The strips were exposed
to histamine (H), 1076 g/ml, before and in the presence of
noradrenaline (N), 10 = g/ml, followed by exposure to Na-EDTA
(E), 1073 g/ml. ‘
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a further contraction of both strips. The additipn of Na-EDTA
(10—3.g/m1) to the bath caused the contfol strip to contract and
éhe cocainé treated strip to relax. The results are summarized in
Table 5.,

The height of the histamine contraction was significantly greater
in thé presenée than in the absence of noradrenaline in both control

and cocailne-treated strips. The difference between the histamine

A A S s

contractions after noradrenaline in the control and cocaine-treated
strips was not significant, P > 0.1, Na-EDTA significantly increased

the contraction in control strips and significantly reduced it in the

cocaine-treated strips.

10. The Effect of Diazoxide on the Potentiation of Noradrenaline by

Cocaine in JIsolated Spleen Strips Bathed in a Calcium-Free

Solution

R S oS

Wohl EE gl. (1968) showed that the non-diuretic benzothiadia-
zine, Diazoxide, competitively antagonized restoration by calcium of

the contraction caused by noradrenaline in rat aorta bathed in a

R e i

calcium-free solution. This indicated that Diazoxide interfered with
the utilization of calcium for contraction by noradrenaline. Experi-
ments were therefore done to see i1f piazoxide would antagonize the
potentiation of noradrenaline by cocaine in a calcium-free solution.
Experiments were done inIZQ spleen strips from 5 cats. Twelve
strips were treated with cocaine. Tissue calcium was first reduced

: -6 ' ‘
by adding noradrenaline, 10 g/ml, to the bath containing a 0-Ca

EDTA solution until the contraction obtained was small. The bathing
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TABLE 5

POTENTIATION . OF THE RESPONSE TO HISTAMINE (10_6g/m1) BY

NORADRENALINE (10~6g/ml) IN A CALCIUM~FREE SOLUTION,

Treatment : Change in P
) Contraction
Mean + S.E.

mm

Control

Noradrenaline Potentiation
of Histamine Contraction 4.25 4+ 0.74 (8) <0.001

Na-EDTA (10~3g/ml) Contraction 2.43 + 0.86 (8) <0.05

._.R
Cocaine (10 ~ g/ml)

Noradrenaline Potentiation
of Histamine Contraction 6.13 + 0.77 (8) - <0.01

D. Na-EDTA (10~ 3g/ml) Relaxation 6.25 + 0.80 (8) <0.01

The Numbers in Parenthesis Represent the Number of Spleen Strips.

i
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solutidn was then changéd to Ca-Free, to remove the EDTA. A small
contrgction of constant height wés obtained after a nﬁhber of additions
of noradrenaline to the bath. Cocaine (10"5 g/ml) was then added in
12 strips, significantly increasing the contraction (Fig. 10-a,

Table 6-A). The further addition of Diazoxide (10_4 g/ml) caused a
small but significant relaxation (Table 6-B). The effect of Diazoxide
without cocaine was tested in 8 strips from the same cats after
similar treatment with O-Ca EDTA and Ca-Free solutions. Diazoxide
(10_4 g/ml) caused a small increase in the response to noradrenaline,
put the increase was not statistically significant (Fig. 10-b,

Table 6-C).

The effect of piazoxide pretreatment on the potentiation of
noradrenaline by cocaine was tested in another 8 strips from 2 cats.
Tissue calcium was first reduced as described above, and the strips
then bathed in a Ca-Free solution. One tissue was pretreated with

-4 -5
Diazoxide (10 g/ml) and cocaine (10 g/ml) for 5 minutes and then

-6
exposed to noradrenaline (10 g/ml), Fig. 10-c. The bath was then

waéhed and the tissue allowed té relax; One half hour later the same
tissue was pretreated with cocaine (10—5 g/ml) for 5 minutes and
then exposed to noradrenaline (10”6 g/ml) Fig. 10-d. The second
tissue was pretreated with Diazoxide and cocaine second, thus re-
versing the order of treatment.

Pretreatment with cocainé given alone significantly increased
the height of the noradrenaline contraction, but pretreatment with
both cocaine and Diazoxide did not cause a significant incréase

(Table 6-D & E). The difference between the mean increase in con-
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Fig. 10 The effect of Diazoxide on the Potentiaztion of Noradrenaline

by Cocaine in the Isolated Spleen Strip Bathed in a
Calcium-Free Solution.

Top tracings - two strips from the same spleen. a-strip
exposed to noradrenaline (N), 10"6 g/ml, followed by cocaine
©), 1079 g/ml, and then Diazoxide (D), 1074 g/ml. Db-strip
exposed to noradrenaline (N), 1076 g/ml.

Bottom tracings - ¢ & d from one spleen strip. c-strip exposed
to noradrenaline (N), 10-6 g/ml, before and in the presence

of cocaine (C), 1075 g/ml, and Diazoxide (D), 10™% g/ml.

d. ‘Same spleen strip exposed to noradrenaline (N) 10-6 g/ml,
in the presence of cocaine (C), 1079 g/ml.
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TABLE 6

THE EFFECT OF DIAZOXIDE (10 %g/ml) ON THE POTENTTATTION OF THE
CONTRACTION TO NORADRENALINE (10~ %g/ml) BY COCAINE (107 9g /m1)

IN THE ISOLATED SPLEEN STRIP BATHED IN A Ca-FREE SOLUTION,

Treatment Change in P
Contraction
Mean + S.E.
“mm
Increase in Noradrenaline
Contraction due to
Superaddition of Cocaine 15.9 + 1.3 (12) <0.001
" Relaxation of Noradrenaline-
Cocaine Contraction
due to Diazoxide 4.4 + 0.3 (12) <0.001
Increase in Noradrenaline
Contraction due
to Diazoxide 2.9 + 1.4 (8) >0.05
Increase in Noradrenaline
Contraction after
Cocaine Pretreatment 5.6 + 1.5 (8) <0.01
Increase in Noradrenaline
Contraction after Cocaine '
and Diazoxide Pretreatment 1.8 + 0.8 (8) - >0.05

} The Numbers in Parenthesis Represent the Number of Spleen Strips.
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traction after the two treatments was significant (P < 0.05). The
order of treatment did not effect the results obtained. Thése results
are very similar to the results obtained in previous sections with

Na—-EDTA.

11. Potentiation of the Strontium~induced Ccntraction by Cocaine in

the Isolated Spleen Strip Bathed in a Calcium-Free Solution

Strontium has been shown to cause contraction of uterine smocth
muscle (Daniel, 1563). It has also been suggested that strontium
can substituté for calcium by displacing bound calcium in skeletal
ﬁqscle (Frank, 1962; Caldwell & Walster, 1963), and in smooth muscle
(Daniel, 1965). Experiments were therefore done to see if strontium
would contract the isolated spleen strip in the absence of extra-—
cellular calcium, and whether cocaine would potentiate the response.

Experiments were done on 8 spleen strips from 4 cats given
reserpine (1 mg/kg, 24 hrs previocusly), and 8 strips fromv4 normal
cats; each strip served as its own control. The reserpine treated
strips were used to see if strontium caused contraction by releasing
noradrenaline from storage sites in the nerve endings; Tissue calcium
was reduced by exposing the normal tissues to noradrenaline (10—6g/m1)
in the presence of a 0-Ca EDTA solution, and by bathing the reserpine
treated tissues in a 0-Cs EDTA golution for two hours. All strips
were then bathed in a Ca-Free solution. The strips from réserpine
tfeated cats were first exposed to tyramine (3 x 10_5 g/ml) to test

for completeness of catecholamine depletion. Four normal and 4

reserpine treated strips were exposed to cumulative concentrations of
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0.16 to 12,0 mi strontium until the maximum contraction was obtained.
These tissues were then re-exposed to the same strontium concentrations
in the presence of cocaine (10_5 g/ml). In 4 additional reserpine
treated and 4 normal tissues from the same cats the order of treatment
was reversed; the tissues were treated with cocaine first followed by
the control. The results are summarized in Table 7.

The maximum contraction to strontium was not sigmificantly
different in the normal and reserpine treated st;ips. Cocaine signi-
ficantly increased the maximum strontium contraction in both the

normal and reserpine treated strips, but the effect -of cocaine was

significantly greater in the normal than the reserﬁiﬁe treated
tissues. The reserpine treated strips were depleted‘of noradrenaline,
since tyramine failed to cause a contraction. This indicates that
the strontium contraction was not due to the releasg of noradrenaline

from nerve endings in the spleen strip. Reversing the order of

treatment had no effect on the results obtained.




|
%
§
.
§
%

IN ISOLATED SPLEEN STRIPS BATHED IN A CALCIUM-FREE SOLUTION.

-7

TABLE 7

THE EFFECT OF COCAINE ON THE MAXIMUM CONTRACTION DUE TO STRONTIUM

-
Normal Reserpine
Treatment Maximum Maximum P
Contraction Contraction
Mean i_S.E. Mean + S.E.
mim mm
Without Cocaine 9.13 + 3.29 (8) 1 7.50 + 1.51  (8) >0.6
Cocaine 29.00 + 4.66 (8) 15.50 + 1.95 (8) <0.02
(1075 /m1)
Mean Difference 20.13 + 3.22 8.00 + 2.28 <0.01
B-A -
P <0,001 <0.01

The Numbers in Parenthesis Represent the Number of Spleen Strips.
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B. THE EFFECT OF COCAINE ON THE UTILIZATION OF EXTRACELLULAR CALCIUM

FOR CONTRACTION BY NORADRENALINE AND HISTAMINE

Waugh (1965) and Hinke (1965) have shown that noradrenaline
utilizes both extracellular and membrane bound calcium for contraction
of vascular smooth muscle. Briggs & Melvin (1961) showed that
vascular contractions induced by noradrenaline are associated with
increased calcium influx. Hudgins & Weiss (1968) have also shown
that extracellular calcium is required for the contraction of smooth
muscle induced by both noradrenaline and histamine. Cocaine has been
shown to potehtiate the responses to both histamine and noradrenaline
?in cat spleen (Innes unpublished), therefore experiments were designed
té see 1f this potentiation involved changes in the utilization of

extracellular calcium for contraction.

1. Noradrenaline

Experiments were done in 10 strips from 5 cats, each strip
serving as its own control. Tissue calcium was first reduced by
adding noradrenaline (10—6 g/ml) to the bath containing a 0-Ca EDTA
solution until the contraction obtained was small. The bathing
solution was then changed to Ca-Free, to remove the EDTA. A small
contraction Qf constant height was obtained after a number of
additions of noradrenaline to the bath. 1In filve of the tissues
.0,002 to 5.0 mM calcium was added to the bath in increments in fhe
presence of noradrenaline (10-6 g/ml), The addition of calcium

caused a graded noradrenaline contraction (Fig. 11-A). The bath was

then washed and the tissues allowed to relax in the presence of a
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11 The Effect of Cocaine on the Restoration of the Contraction to

Noradrenaline in the Isolated Spleen Strip Bathed in a Calcium~
Free Solution.

A- One spleen strip was exposed to cumulative concentrations of
calcium (Ca, dots), 0.002 to 5.0 mM, in the presence of nor-
adrenaline (N), 1077 g/ml. B- 150 minutes later the same
spleen strip was exposed to the same cumulative concentrations
of calcium in the presence of noradrenaline (N), 1076 g/ml,
plus cocaine (C), 1079 g/ml.




-5

Ca-Free solution. Two and one-half hours later the same procedure

was repeated in the.presence of cocaine (10—5 g/ml). Cumulative
addition of calcium now caused a nuch 1afger graded noradrenaline
contraction (Fig. 11-B). 1In five additional tissues from the same
cats the order of treatment was reversed in order to provide a control
for the effect of time; the tissues were treaﬁed with cocaine first
and then followed by the control,

In order to eliminate the changes in th¢ height of‘the dose
response curve due to cocaine the contractile responses to each
addition of calciﬁm were calculated as a percentage of the total
ﬁaﬁimum after subtraction of the inifial response to noradrenaline.
These responses were then plotted against the calcium concentration
in the bath. The effect of cocaine on the response to calcium res-—
toration was determined by comparison of the calcium concentrations
required to cause 50% of the maximun noradrenaline contraction.
This concentration level was chosen because any change in the ED50
is a measure of a shift in the dose response curve, Thus ény change
"in the utilizaéion of calcium will be reflected in a change in the

ED The results are shown in Fig. 12, and Table 8-A.

50°
Cocaine shifted the calcium dose response curve to the left,
~and significantly reduced the amount of calcium necessary for 50%
of the maximum.noradrenaline contraction.
Karr (1966) showed that the maximum response to noradrenaline
in spleen strips bathed in normal Krebs-Henseleit solution was not

potentiated by cocaine. Therefore the same type of experiments

as above were done in 8 strips from 4 cats with a larger dose of
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The Effect of Cocaine, 1079 g/ml, on the Restoration of the
Contraction to Noradrenaline, 1076 g/ml, by Cumulative Con-
centrations of Calcium in the Isolated Spleen Strip Bathed
in a Calcium Free Solution.

Each point is the mean of 10 strips.

Calcium Mean Diff. * S.E.
Concentration Cocaine - Control
mM % Maximum
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TABLE 8

CALCIUM CONCENTRATION NECESSARY TO PRODUCE 50% OF

THE MAXIMUM RESPONSE TO NORADRENALINE AND HISTAMINE,

Treatment Change of ED50 P
from Control
Mean + S.E.
mM
Noradrenaline (10"6g/m1) + -0.160 + 0.042 (10) <0.005

Cocaine (lO"Sg/ml)

Noradrenaline (5x10-Sg/ml) + -0.022 + 0.003 (4) | <0.01
Cocaine (lO“Sg/ml)

Histamine (10_6g/ml) + +0.050 + 0.030 (20) >0.,05
Cocaine (1079g/m1) '

Histamine (10 %/m1) + -0.124 + 0.042 (16) <0.02
Cocaine (3x10"5g/ml) A

The Numbers in Parenthesis Represent the Number of Spleen Strips.
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noradrenaline (5 x 10“5 g/ml) which could cause a maximum contraction.
Any change in fhe calcium doée response curve therefore, would not be
due to a change in the maximal response to noradrenaline.

Cocaine (10--5 g/ml) shifted the calcium dose response curve to
the left (Fig. 13), and significantly reduced the amount of calcium
necessary for 50% of the maximum noradrenaline contraction (Table 8-B).

A further comparison was made between the amount of calcium
necessary to cause 50% of the maximum respcnse to the larger and

smaller concentrations of noradrenaline in the absence of cocaine. -

.
|
%
§

The mean ED50 for calcium with noradrenaline (10—6 g/ml) was

0.322 + 0.060 mif which was significantly greater than the mean
ED50 for calcium with noradrenaline (5 x 10_5 g/ml), 0.094 + 0.007,
(P <0.05.

2. Histamine

The effect of cocaine on the restoration of the contraction to
histamine by calcium was tested to see if the alteration by cocaine
of the requirement for less extracellular calcium was specific for
noradrenaline,

Ten experiments as described above were done in 20 strips from
10 cats, each strip serving as its own control. In 10 preparations
0.002 to 5.0 m¥ calcium was cumulatively added to the bath in the
presence of histamine (10“6 g/ml); the bath was washed, and two
and one-half hours later the same calcium concentrations were added
to the bath in the presence of histamine (10_6 g/ml) plus cdcaine

-5
(10 g/ml), In another 10 strips from the same cats the order of
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13 The Effect of Cocaine 10_5 g/ml, on the Restoration of the
Contraction to Noradrenaline, 5 x 107° g/ml, by Cumulative
Concentrations of Calcium in the Isolated Spleen Strlp
Bathed in a Calcium-Free Solution.

Each point is the mean of 8 strips

Calcium . Mean Diff. £ S.E. P
Concentration Cocaine - Control
mM % Maximum
0.002 0.0 = 0.02 N.S
0.005 0.9 * 0.54 N.S
0.012 3.3 £ 2.32 N.S.
0.025 11.7 £ 1.79 <0.01 .
0.030 13.2 + 3.41 <0.05 Paired Comparisons
0.125 5.2 £ 0.88 <0.01
0.250 0.7 £ 0.52 N.S.
0.500 0.9 £ 0.77 N.S.
1.250 - 1.0 £ 1.05 N.S.
2.500 0.3 £ 0.33 N.S.
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treatment was reversed to control for the effect of time,

The results are shown in Fig. 14. Cocaine significantly
shifted the lower and upper portions of the calcium dose response
curve to the left, but the amount of calcium required for 50% of the
maximum histamine contraction was not significantly increased
(Table 8-C).

Further experiments were also done in 16 strips from 8 cats
with the same dose of histamine but a larger dose of cocaine
(3 x 10--5 g/ml). The results are shown in Fig. 15, Cocaine shifted
the calcium dose response curve to the left, and significantly re-
dﬁced the amount of calcium required for 50% of the maximum histamine

contraction (Table 8-D).

3. Control Experiments

Control experiments were done to see if calcium would contract
the isolated spleen strip in the presence or absence of cocaine.
- Experiments were done in 4 spleen strips from 4 cats. Tissue
calcium was first reduced by bathing the spleen strips in a Ca-Free
EDTA solution, and repeatedly exposing them to noradrenaline -~
(10“6 g/ml) until the contraction obtained was small, The bathing
solution was then changed to Ca-Free, to remove the EDTA. The
strips then exposed to cumulative concentrations of 0.002 to 5.0 mM
calcium did not contract. When the same strips were exposed to the
same calcium concentrations in the presence of cocaine (10_5 g/ml),
two responded with contractions of 4 and 5 mm after 5 mM caicium, the

other two did not contract.
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CALCIUM CONCENTRATION mM

The Effect of Cocaine, 10_5_g/ml, on the Restoration of the
Contraction to Histamine, 10 g/ml, by Cumulative Concentrations
of Calcium in the Isolated Spleen Strip Bathed in a Calcium-
Free Solution. )

Each point is the mean of 20 strips

Calcium Mean Diff. * S.E. P
Concentration Cocaine - Control
m % Maximum

0.002 0.0 £ 0.00 N.S.
0.005 0.1 + 0.10 N.S.
0.012 0.3 £ 0.22 N.S.
0.025 1.4 * 0.63 <0.05
0.050 5.8 £ 2.11 <0.05 Paired Comparisons
0.125 3.2 £ 3.77 N.S.
0.250 3.8 * 5.17 N.S.
0.500 8.9 £ 2.91 <0.01
1.250 5.6 + 1.75 <0.01
2.500 2.9 * 1.65 N.S.
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15 The Effect of Cocaine, 3 x 107° g/ml, on the Restoration of
the Contraction to Histamine, 1078 g/ml, by Cumulative Con-
centrations of Calcium in the Isolated Spleen Strip Bathed
in a Calcium-Free Solution.

Each point is the mean of 16 strips

Calcium Mean Diff. £ S.E. P
Concentration Cocaine - Control

m) % Maximum
0.002 0.0 = 0.00 N.S.
0.005 0.2 % 0.22 N.S.
0.012 1.0 £ 0.49 N.S.
0.025 2.7 £ 1.34 N.S.
0.050 5.5 £ 1.73 <0.01 Paired Comparisons
0.125 8.6 = 2.07 <0.001
0.250 10.3 £ 4.78 <0.05
0.500 9.6 £ 6.93 N.S.
1.250 3.2 * 4.33 N.S.
2.500 4,3 * 1.80 <0.05
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C. PHARMACOLOGICAL ACTIONS OF DESMETHYLIMIPRAMINE

Desmethylimipramine (DMI) has been shown to ﬁotentiate the
effec%s of noradrenaline in a wide variety of tissues. Sigg et al.
(1963) showed that DMI enhanced the nictitating membranc contractions
to both exogenous noradrenaline and preganglionic nerve stimulation.
Bonaccorsi & Garattini (1966) showed that DMI potentiated_the pressor
response to noradrenaline, and antagonized the pressor response to
tyramine in the pithed rat. Foster (1967) reported that DMI poten-
tiated the relaxation by noradrenaline of the isolated guinea pig )
tracheal chaiﬁ° DMI has also been shown to potentiate the responses
’fo noradrenaline is isolated perfused renal artery, (Hrdina &
Gérattini 1966), in isolated rabbit atria (Matsu and Toda 1968).
Pals & Masucci (1968) found that cocaine and DMI caused equal poten-
tiation of the blood pressure response to 3H~noradrenaline in pithed
rats, and concomitanfly blocked the uptake of 3H—noradrenaline in
the heart, adrenal gland and aorta. All these authors attributed
the potentiating effects of DMI to the blockade of neuronal uptake
of noradrenaline. However, Wastila & Maxwell (1966), found that DMI
reduced the binding of noradrenaline by 61%, but did not potgntiate
the response to noradrenaline in isolated rabbit aortic strips.

DMI has also been shown to antagonize the responses to nor-
adrenaline and adrenaline, Ursillo and Jacobson (1965) found that
~small concentrations of DMI potentiated, while relatively high con-
centrations of DMI antagonized, contractions of the isolated rat vas
deferens due to noradrenaline. Hrdina and Garattini (1967) showed

that DMI reduced adrenaline-~induced contractions of the potassium



|
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depolarized renal artery of the rat,

Many workers have reported that DMI inhibité the accumulation of
cateéholamines in various tissues; Iversen (1967), and Costa et al.
(1966) , in rat heart; Titus et al. (1966) in rat heart and kitten
ventricle; Ross & Renyi (1967) in mouse brain,

Iversen et al. (1965) reported that DMI did not inhibit the
uptake of 3H—noradrenaline in reserpine~treated rat hearts. However,
these results are in marked contrast to those of Hamberger (1967),
and Malmfors (1965), who showed histochemically that DMI blocked ?he

neuronal uptake of noradrenaline in reserpine-~treated rat brain, rat

vas deferens, and rat iris,

Eisenfeld (1967) showed that DMI blocked 54% of the remaining
uptake of 3H—-noradrenaline in cocaine-~treated isolated perfused rat
hearts. He suggested that neuronal uptake was abolished by cocaine,
and therefore the additional effect of DMI was extrancuronal. He
further postulated that the reduction in extraneuronal uptake by
DMI may be due to blockade of the adrenergic receptor sites, since
DMI has adrenergic blocking properties.

Experiments in this section of results were primarily done to
see if cocaine would potentiate the responses to noradrenaline in

spleen strips where neuronal uptake had already been blocked by DMI.

However, experiments were first done to see if the varlous properties

of DMI described above apply to the isolated spleen strip.

1. 7The Effect of Desmethylimipramine and Cocaine on the Uptake of

Noradrenaline in the Isolated Spleen Strip

It is generally accepted that reserpine blocks the uptake of
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catecholamines at the nerve storage granule, and that cocaine and
DMI block the uptake of noradrenaline at the axogal nerve nmnembrane.
The ;ccurence of catecholamine uptake after reserpine has been re-
ported quantitatively by Lindmar & Muscholl (1964), Iversen (1967),
Glowinski et al. (1966), Dengler (1965) and histochemically,
Malmfors (1965), Costa et al. (1966), and Hamberger (1967). Cocaine
and DMI have been shown to block the uptake of catecholamines in
reserpine~treated tissue, Hamberger (1967), Furchgott §£_3£° (1963),
and Malmfors (1965). Because of these findings reserpine-treated.
spleen»stripé were used to evaluate the blocking properties of DMI
and cocaine on the uptake of noradrenaline.

Nine experiments were done with spleen strips cut from 9 cats
given reserpine (1 mg/kg, .24 hours previously). One strip from each
spleen was treated with DMI (3 x 10"5 g/ml) in 9 experiments, one
strip with cocaine (10“5 g/ml) in 8 experiments, and one strip with
DMI (3 x 10—5 g/ml) plus cocaine (10“5 g/ml) in four experiments.
The experimental design 1s illustrated in Fig. 16,

Each strip was placed in a muscle bath and equilibrated in normal
Krebs-Henseleit solution for one hour. The strips wére then exposed
to either DMI, cocaine, or DMI plus cocaine for 5 minutes., Nor-
adrenaline (5 x 10--5 g/ml) was then added to the bath in the presence
of these drugs and in one control tissue which did not receive any

~preliminary drug. The tissues were allowed to contract, and after
5 minutes all the drugs were washed from the bath. The strips were
allowed to relax for 20 minutes, and then removed from the bath and

assayed for catecholamines. One additional strip from each spleen
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16 The Effect of Desmethylimipramine and Cocaine on the Uptake

of Noradrenaline in the Isolated Spleen Strip.

Four strips from the spleen of a cat given reserpine, 1 mg/kg,
24 hours before the experiment. One of the strips was treated
with DMI (D), 3 x 10 ° g/ml, one with cocaine;éc), 1079 g/ml,
and a third with DMI 3 x 1079 plus cocaine 10 g/ml (D + C);
the fourth strip was an untreated control. Noradrenaline Ny,
5 x 1079 g/ml, was added to the baths of all four strips for

5 minutes; the baths were then washed (W) .
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which did not receive any drug treatment was assayed for catechola-
mines in order to test for completeneszs of depletion of catecholamineg
by reéerpine° The results are summarized in Table 9,

The catecholamine uptake in the isolated spleen strip was signi-
ficantly reduced by DMI, cocaine, or the combination of cocaine with
DMI. The uptakes with DMI and with cocaine were not significantly
different. Together IMI and cocaine caused a significantly greater

reduction in uptake than did DMI alone, but not cocaine alone,

2. 'The Effectvof Desmethylimipramine on the Response to Noradrenaline

in Isolated Spleen Strips Bathed in Normal Krebs-Henseleit Solution

Six experiments were done to determine the effect of various con-
centrations of DMI on the response to noradrenaline in the spleen. Each
experiment consisted of 4 strips from the same spleen., Each strip was
equilibrated in normal KrebsFHenseleit solution for 60 minutes, then
exposed to cumulative concentrations of noradrenaline 10_'7 to 3 x 10_4g/m1.
The bath was washed and the strips allowed to relax, Three of the 4 |

strips were then exposed to DMI 3 x 10“8

y 10—6, and 3 x 10—5 g/ml for
5 minutes; the fourth served as a time control, All féur strips were
then tested with the previous concentrations of noradrenaline. The
- log dose-response curves obtained are shown in Fig, 17, and summarized
in Table 10,
-8 -6 .

DMI 3 x 10 and 10 g/ml significantly potentiated the responses

to small concentrationg of noradrenaline, but had no effect on the

=D
responses to large concentrations of noradrenaline, DMI 3 x 10 g/ml

significantly potentiated the responses to the lowest concentration cf
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17 The Effect of Desmethylimipramine on the Cumulative Log Concen-—

tration - Response Curves for Contraction of The Isolated
Spleen Strip by Noradrenaline.

Each set of concentration-response curves is the mean of 6
experiments. Each experiment was done with 4 strips from the
same spleen, 3 treated with DMI and one as a time control.
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noradrenaline, and significantly antagonized the responses to the five

largest concentrations of noradrenaline.

3. The Effect of Desmethylimipramine on the Utilization of Extra-—

cellular Calcium for Contraction by Noradrenaline

The previous results showed that DMI (3 x 10_8 g/ml) potentiated
the responses to noradrenaline (10"6 g/ml). Experiments were there-
fore done to see if this potentiation involved changes in the require-
ment for extracellular calcium for. contraction.

Experimeﬁts were done in 16 .spleen strips from 8 cats, each
étrip serving as its own control, The experimental procedure was

the same as described in Section B, In 8 strips 0,002 to 5 mM

calcium was first added to the bath in increments in the presence

of noradrenaline (10'-6 g/ml), and then in the presence of the same
dose of noradrenaline plus DMI (3 x 10_8 g/ml), In 8 additional
strips from the same catg the order of treatment was reversed to allow
for the effect of time; the strip was treated with DMI first and

then followed by the control. The contractile response to each
addition of calcium was calculated as a percentage of the total
maximum after subtraction of the initial response to noradrenaline,
These responses were plotted against the calcium concentration in

the bath, The results are shown in Fig, 18,

DMI did not alter the concentration of extracellular calcium
necessary for contraction to noradrenaline. The calcium dose response
curve in the presence of noradrenaline was not altered by DMI. The
mean difference in calcium concentration necessary to producé 50

per cent of the maximum noradrenaline contraction between control
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Fig. 18 The Effect of Desmethylimipramine 3 x lO~8 g/ml on the

Restoration of the Contraction to Noradrenaline 1078 g/m1
by Cumulative Concentrations of Calcium in the Isolated
Spleen Strip Bathed in a Calcium-Free Solution. '

Each point is the mean of 16 strips.
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jana DMI treatment was not significantly different (0,034 i.0.083 mi,
P > 0,06), However, DMI did significantly potentiate the response to
noradrenaline at calcium concentrations of 1.25, 2,5, and 5.0 ml,

The mean differences in contraction height were 6.9 + 2.8, 7.4 + 3.1,

and 8.1 + 3.1 respectively, with a significance of P < 0,05,

4. The Effect of Desmethylimipramine on the Cocaine Potentiation

of Noradrenaline in a Calcium-Free Solution

Six experiments were done to see if DMI would altér the poten-
tiating effect of cocaine on noradfenaline in a calcium-free solution,
Two strips from the sare gpleen were used in each experiment, Tisgsgue
calcium was first reduced in both strips by addition of noradrenaline
(10_6 g/ml) to the bath containing a O-Ca EDTA solution until the
contraction obtained was small. The bathing solution was then changed
to Ca-Free, to remove the EDTA, Both strips were then exposed to
cocaine (10“5 g/ml) in thelpresence of noradrenaline, (10”6 g/ml),

The bathé were washed and the strips allowed to relax, Two and one-
half hours later one strip was exposed to DMI (3 x 10--5 g/ml), and
then cocaine (10~5 g/ml), both in the presence of noradrenaline,
(Fig. 19-A), vThe other strip served as a control and was exéosed

to cocaine in the presence of noradrenaline without DMI (Fig, 19-B).

The results are summarized in Table 11, DMI caused'a small
but significant increase in the noradrenaline confraction. In four

édditional strips this concentration of DMI alone did not cause a

contraction. In the presence of this concentration of DMI, cocaine
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The Effect of Desmethylimipramine on the Potentiation
of Noradrenaline by Cocaine in the Isolated Spleen Strip
Bathed in a Calcium-Free Solution.

Two spleen strips, A and B, from the same spleen A-

Exposed to noradrenaline (N}, 10_6 g/ml, and cocaine

), 107° g/ml. 1. First response; 2. second response

150 minutes later in the presence of DMI (D), 3 x 1079 g/ml.
B- Exposed to noradrenaline (N), 1076 g/ml, and cocaine (C),
1079 g/ml. 1. First response; 2. Second response 150
minutes later, without DMI.
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caused a further significant increase in the noradrenaline contraction.
In the control tissues both the first and second exposures to

cocaine significantly increased the noradrenaline contraction, but
the increase after the first exposure was significantly greater than
after the second exposure, P < 0.05. In the control tissues the
second exposure to cocaine caused only 33% of the initial cocaine
response, In the presence of DMI the second exposure to cocaine
caused only 22% of the initial cocaine response. However, the
difference between these percentages was not statistically signi--
ficant, P > 5005.

| Six additional experiments were done to see what effect DiI
(10*6, and 3 x 1ON8 g/ml) would have on the cocaine potentiation of
noradrenaline in a calcium free solqtion. Four strips were cut from
the same spleen, two were treated with DMI (10“6 g/ml) and two with
DMI (3 x 10“8 g/ml), each strip served as its own control. The
tissues were bathed in a Ca-Free solution after tissue calcium was
reduced as described above. In two strips the potentiation by
cocaine (10“5 g/ml) of the contraction to noradrenaline (10—6 g/ml)
was tested first, The baths were washed and the strips allowed to
relax. Two and one-half hours later the potentiating effect of
cocéine on noradrenaline was tested in the presence of DMI (10_6 g/ml)
in one strip and in the presence of DMI (3 x 10-3 g/ml) in the pther
.(Fig. 20-A) ., In the other two strips the order of treatment was
feversed{ the strips were treated with DMI first and then followed
by the control (Fig. 20-B). The results are summarilzed in\Table li.

In order to control for the effect of time the first and
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The Effect of Desmethylimipramine on the Potentiation of
Noradrenaline by Cocaine in the Isolated Spleen Strip Bathed
in a Calcium-Free Solution,

Two strips, A and B, from the same spleen. A- Responses to
noradrenaline (N), 10-6 g/ml, and cocaine (C), 107° g/ml.
1. First response; 2. Second response 150 minutes later in
the presence of DMI 3 x 107° g/ml.

B- Responses to noradrenaline (N),‘lO_6 g/ml, and cocaine
(C), 107° g/ml;3. First response in the presence of DMI
(@), 3 x 1078 g/ml; 4. Second response.
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second responses were combined for the purpose of analysis. DMI

(10~ g/ml) caused a very small but statisticall& significant

incréase (0.63 4 0.20 mm) in the noradrenaline contraction; DiI

(3 x 10“8 g/ml) had no effect, In four additional tissues DMI

(10”6 g/ml) alone did not cause a contraction. In the presence of

elther concentration of DMI cocaine caused a further significant

increase in the noradrenaline contraction (4.54 + 1.25 and 3.13 + 0.72 mm),
These increases in the height of the noradrenaline contraction were

not significantly different from the increases caused by cocaine in

the absence of DMI (5.21 * 2,35 and 2.96 + 0.72, P > 0.8 and P > 0.9),




-99

D, THE EFFECT OF PROCAINE ON THE UTILIZATION OF EXTRACELLULAR AND

INTRACELLULAR OR MEMBRANE BOUND CALCIUM BY NORADRENALINE FOR

CONTRACTION

There have been conflicting reports on whether procaine poten-—
tiates the responses to catecholamines in smooth muscle. Armin
EE Eib (1953) showed that procaine potentiated the adrenaline con-
striction of the rabbit ear artery, and Bentley (1965) showed that
procaine potentiated the response to noradrenaline in isolated
guinea pig vas deferens. Tainter & Chang (1927) found that procaine
did not potenfiate the heart rate and blood pressure responses to
Hadrenaline in dogs and cats, and Nava-Rivera et al. (1967) found
that procaine failed to potentiate, but antagonized the contractile
response to noradrenaline in iéolated aortic strips. Kalsner (1966)
found that procaine failed to potentiate the responses to phenyleph-
rine in rabbit aortic strips, but did block the uptake of phenyleph-
rine.

.Kuperman et al. (1968) and Weiss (1968) have shown fhat procaine
caused an increased efflux of 45Ca from frog sartorius muscle,
Hudgins & Weiss (1968) showed that in rabbit aorta nofadrengline
decreased the efflux of 450a, and that this effect was antagonized
by procaine.

in view of these studies it was of interest to see if the
action of procaine was similar to that found in the previous sections
of results with cocaine., Experiments were therefore done to see 1f
procaine would effect the amount of calcium necessary for contraction

of the isolated spleen strip by noradrenaline.
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Four experiments were done to see if procaine would potentiate
the noradrenaline contraction in a Ca-Free solution., Two strips
from the same spleen were used in each experiment, Tissue calcium
was reduced in both strips by addition of noradrenaline (10_6 g/ml)
to the bath containing a 0-Ca EDTA solution until the contraction
obtained was small, The bathing solution was then changed tc Ca-Free,
to remove the EDTA., One strip was pretreated with procaine (10“5 g/ml)
for 5 minutes, after which noradrenaline (10-6 g/nl) was added to
the bath in the presence of the procaine (Fig. 21-A). The other
strip was eprsed to the saﬁe concentration of preocaine after the
?contraction to noradrenaline had reached a plateau (Fig. 21-B).
Procaine did not effect the noradrenaline contraction in either casc.
Both strips were then exposed to cocaine (10-‘5 g/ml), which signi-
ficantly increased the noradrenaline contraction by 10.0 + 2.1 mm
(r <0.05), and 10,3 + 2,5 mm (Pg 0.05) respectively,

Eight additional experiments were done to see if procaine would
alter the restoration of the noradrenaline contraction.by calcium,
Experiments were done in 8 spleen strips from 4 cats; each strip
was used as its own control. The experimental procedﬁre was - the
same as described in Section B. In four strips 0.002 to 5.0 mM
calcium was added to the bath in increments in the presence of
noradrenaline (10"6 g/ml), and then in the presence cf the same
concentration of noradrenaline plus procaine (10_5 g/ml). In four
additional strips from the same cats the order of treatment was
reversed to control for any effect ¢f time; the strip was tésted

with procaine first and then without. The results are shown in
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Fig. 21 The Effect of Procaine on the Response to Noradrenaiine in the

Isolated Spleen Strip Bathed in a Calcium-Free Solution.

Two spleen strips, A and B, from the same spleen. A- Exposed
to noradrenaline (N) 10—6 g/ml, before and in the presence
of procaine (P), lO‘é g/ml, and then cocaine (C), 107° g/ml.
B- Exposed to noradrenaline (N), 10_6 g/ml, followed by pro-
caine (P), 1079 g/ml, and cocaine (C), 10—5 g/ml.
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Fig. 22,

The calcium dose response curve in the presence of noradrenaline
was not altered by procaine., The mean difference in calcium concen-
tration necessary to produce 50 per cent of the maximum noradrenaline
contraction between control and procaine treatment was not signifi-
cantly different (0.002 +£ 0.052 m P > 0.9). Procaine also did
not significantly alter the response to noradrenaline at any of the

calcium concentrations.
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Fig. 22 The Effect of Procaine 10_5 g/ml on the Restoration of the
Contraction to Noradrenaline, 1076 g/ml, by Cumulative
Concentrations of Calcium in the Isolated Spleen Strip
Bathed in a Calcium-Free Solution.

Each point is the mean of 8 strips
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The results suggest that there is an alternative to the uptake hypo-
thesis as the sole explanation for cocaine-induced supersensitivity. It
is proposed that cocaine has a post-receptor éite of action, in that it
facilitates both the release or displacement of bound calcium, and the
utilization of thié calcium by the contractile elements, This proposal is
gupported by experiments showing that cocaine potentiates the contraction
of the isolated spleen strip by noradrenaline or strontium in.the absence
of extracellular calcium, and that this potentiation is antagonised by
_calcium chelation., It was also found that in the.presence of coéaine less
extracellular calciuﬁ was required for the contraction of the spleen strip
by either noradrenaline or histamine. This sﬁpports’the view that either
more calcium has become available to the contractile elements, or that the

contractile elements can utilize calcium mcre efficiently.

A, THE EFFECT OF COCAINE ON THE UTILIZATION OF BOUND CALCIUM BY NORADRENALINE

OR HISTAMINE

The resuits clearly show that cocaine potentiates the contractile res-—
ponse to noradrenaline in the isolated spleen strip in the absence of extra-
cellular calcium, There are a number of possible explanations for this
pofentiation° First, cocaine could increase the concentration of noradrena—
line at the recéptor by either releasing endogenous noradrenaline from, or
blocking the uptake of exogenous noradrenaline by storage sites in the nerve
endings, Second, cocaine could increase the affinity of the receptor for
noradrenaline, The third and mcst likély explanation is that‘;ocaine in
gome way makes a‘bound store of calcium more available for the contraction

of the spleen strip by noradrenaline,
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1., Release of Noradrenaline

Maengwyn-~Davies & Kopanyi (1966) found that lafge concentrations of
coca:f.ne-(lon3 g/ml) caused the éontréction of the isolated rabbit aortic
strip by'the release of endogenous catecholamines, Daniel & Wolowyk (1966)
showed that very large concentrations of cocaine caused the contractién of
the isolated uterus, by a direct action on the smooth muscle, However, in
our experiments, where the maximum concentration of cocaine used was 10-5
g/ml, much less than in the above experiments on sortic sﬁrip and uterus,
cocaine never caused contraction of the spleen strip bathed in a calcium—
free solution, but did potentiate the small contraction caused by noradren-
aline, Depletion of the catecholamine stores by reserpine did not effect
this potentiation by cocaine, Kirpekar & Wakade (1968) showed that extra-—
cellular calcium is necessary fbr the reiease of ﬁoradrenaline from post=
ganglionic sympathetic nerves in the cat spleen, Therefore the potentiation
by cocaine in the absence of extracellular calcium'can not be due to a

direct effect of cocaine on the smooth muscle, or the release of endogenous

catecholamines,

2, Potentiation of the Maximum Response to Noradrenaline by Cocaine

Cocaine increased the maximum response to noradrenaline in the spleen
strip bathed in a calcium—free solution, This finding differs from the‘
obSerVations made by Karr (1966) on the spieen'strip bathed in the presence
of normal cslcium in Which—cocaine did not increase the maximum résponse
to noradrenaline, However, the maximum contraction to noradrenaline under
the conditions of sévere calcium lack is much less than that seen-when

normal calcium is present, It is presumed that in severe calcium lack
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noradrenaline causes contraction by releasing a tightly bound calcium
store, If cocaine makes this calcium store more available to release by
noradrenaline it could account for the increased maximum contraction.

It is unlikelx that the increased maximum contraction is due %o an
increase in the noradrenaline concentration at the receptor as the result
of blockade of neuronal uptake by cocaine, as the maximum contraction was
obtained at concentrations of noradrenaline 3 x 10_5 g/ml and,lOn4 g/ml;
any further increase in the concentration of nora@renaliné did not cause a
‘further contraction, but cocaine did,

Anothef'possible explaﬁation for the change in maximum response to
noradrenaline is that cocaine increases the affinity.of the adrenergic
receptor for noradrenaline, Tuttle (1968) showed thatvcalcium facilitates
the combination of noradrenaline witﬁ the-alpha adrenergic receptor, If
cocaine released bound calcium into the vicinity of the adrenergic receptor
the released calcium’cduld possibly promote ité binding with noradrenaline,
Davidson & Innes (unpublished) found that there were ﬁo spare receptors for
-noradrenaliﬁe in a spleen strip bathed in a solution containing normal
calcium, Tﬂis implies that all the receptors are occupied by norgdrenaline
in_order for noradrenaline to elicit avmaximum response, Howeve;, it is
possible that the maximum response to noradrenaline under éonditions of
severe calcium lack is not due to occupancy of 100% of the receptors, If
this is true cocaine could conceivably promote thebutilization of more
receptors by noradrenaline by freeing calcium from an unavailable store and
thus making calcium available to the receptors, ‘However, this explanation
is unlikely in view of the fact that cocaine itseif does not contract the

spleen strip bathed in a calcium-free solution, If it were to release



~107-

bound calcium one would expect it to elicit a contraction, Results were
also obtained which showed that cocaine potentiated the contraction of the
spleen strip caused by strontium which is presumed not to act on the

adrenergic receptor,

3. The Role of Bound Calcium in the Contraction of the Spleen Strip to

Noradrenaline

At least two binding sites for calcium in add;tion to an extracellular
site have been postulated for smooth muscle by a number of authors Hinke
(1965), Daniel (1965) , Burwitz (1967b) and Hudgins & Weiss (1968). They
éuggested that fhere'is‘a calciﬁm stofe whiéh is lodéely boﬁnd té the out-
gide of the membrane and which is easily chelated by Né—EDTA, and a tightly
bound calcium store at an intracellular site, which may péésibly be ‘bound -
to the inside of the membrane and which is not chelated by EDTA, Hinke
(1965) and Hudgins & Weiss (1968) suggested thét noradrenaliﬁé can utilize’
all three sources o£ calcium for'contraction of smooth.muscle. These
theories however, are based on indirect evidence, and the exact haturé
and location of multiple calcium storage sites has not been determined,
Until there is a complete understanding of the mechanism of - contraction of
smooth muscle, and the exact role of calcium in this meéhanism is determined,
the expérimental evidence must be regarded as circumstantial and the inter-
pretation of the action of drugs on smooth muscle will remain speculative,
Therefdre the results obtained in tﬁis study will be discussed in the light
of the current theories, but it must be kept in mind that these theories
have not been firmly established,

The results show that noradrenaline utilizes bound calcium for contraction
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of th¢ spleen strip. This was shown by experiments where Na-EDTA caused
relaxation of the noradrenaline contraction in a calcium-free éolution,

and repeatéd Na~EDTA administration reduced the magnitude of a subsequent
noradrenaline contrgction. These results suggest that Na-EDTA can chelate
loosely and tightly bound calcium after they have been released by noradren-
aline from their binding sites. The failure of Na-EDTA to relax the very
small second noradrenaline contraétion may be attributed to the complete
absence of loosely bound calcium, and the release.of only a very small
‘amount of bound calcium, which therefore does not diffuse out of.the cell
and can not be chelated by Na-EDTA., Subsequent exposure of the spleen

strip to normal Krebs—Henseleiﬁnéolution replaced more bound calcium than
was originally pfesent'in the tissue after the tissue had been bathed for
two hours in a calcium-free solution containing EDTA, This was demonstrated
by the much larger contraction in response to noradrenaline in a calcium-
free solution after calcium replacement, than in a calcium-free solution

after two hours of exposure to a 0-Ca EDTA solution.

4, The Role of Bound Calcium in the Potentiation of Noradremaline by

- Cocaine
Cocaine was shown to potentiate the response to noradrenaline in a
calcium—free solution., In these experiments tissue calcium was reduced
by repeated noradrenaliné administration in the presence of a 0-Ca EDTA
solution, Therefore all the extracellular and loosely bound calcium‘were
probably removed from the spleen, The inability -of Na-EDTA to abolish
completely this small noradrenaline.contraction indicateélthat the calcium -

store must be very tightly bound and very difficult tovexhaustg The
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remaining small noradrenaline contraction must therefore be due to the
release of calcium from this tightly bound store. However, in the presence
of cocaine noradrenaline caused a much greater contraction, which seems to
be due to the abil?ty of noradrenaline to release more calcium from this
bound store, Therefore cocaine in some way makes this calcium more avail-
able for release by noradrenaline, thereby potentiating the contractile
response to noradrenaline without cocaine itself causing a contraction.
Inhibition by EDTA of the cocaine-induced potentiation of the response to
‘noradrenaline indicates that the calcium which is released from the binding
site diffuses out of the éell along its concentration-gradient and then is
chelated by Na-EDTA, —_

The repeated administration of Na-EDTA antagonizea the potentiation of
noradrenaline by cocaine in a calcium—fréé solution, and greatly reduced’
the magnitude of subsequent responses to noradrenaline and cocaine, How-
ever, these responses were partially restored ﬁy replacing tissue calcium,
These results suggest that the ability 6f cocaine to p6tentiate the responses
.to noradrenaline in a calcium-free solution is dependent on the size and
location of the bound calcium store. The reduction in the effect of cocaine
byirepeated Na-EDTA administration may'be due to the removal of a}l the
loosely bound caiéium, leaving only the tightly bound éalcium, which ig
much more difficult for noradrenaline to release, or may be due to a de-
pletion or reduction in the amount of tightly bound calcium,

The results obtained with Ca-EDTA demonstrate that the inhibition of
the potentiation of noradrenaliﬁe 5§'¢ocaine in a calcium-free solution is

due to calcium chelation and not to an unspecific depressant effect of EDTA -

on the spleen strip, Na-EDTA caused relaxation of the noradrenaline-cocaine
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contraction, but Ca-EDTA caused further contraction, This unexpected
contractile effect of'Ca—EDTA is most likely due to some free calcium
which was present as an impurity in the Ca-EDTA and not bound to the

EDTA, since the same concentration of Ca-EDTA did not contract the spleen
strip when it was bathed in normal Krebs-Henseleit solution., Daniel &
Irwin (1965) obtained similar resulfs in the isolated uterus., They found
that Cé—EDTA can restore contraction by supplying calcium to the smooth
muscle which had previously been depleted of calcium to the point of having
lost its contfactility; this effect was antagonized by Na-EDTA, |

5. Inhibition by Diazoxide of the Potentiation of Noradrenaline by Cocaine

‘Wohl et al, (1967) showed that Diazoxide is a non;competitive inhibitor
of noradrenaline in the rat aorta baﬁhed in a solution with normal calcium
content. In another study Wohl et al, (1968) showed that Diazoxide com-
petitively'antagonized the restoration By calciﬁm of the contraction caused
by noradrenaline in the rat aorta bathed in a calcium—f}ee solution, They
Suggest that a calcium pool is linked to the alpha adrenergic receptor.

somewhere in the chain of events between activation of the receptor and the

contractile elements, and that Diazoxide prevents the utilization of this
calcium for contraction, Their'explanation does not adequately explain the
non-~competitive inhibition.ofvthe contraction to noradrenaline, and the
competitive inhibition of the calcium restoration of the noradrenaline
contraétion. These results may also be interpreted in view of the findings

of Tuttle (1968) that calcium facilitates the combination of noradrenaline

with the ré‘ceptéro Diazoxide could therefore prevent calcium from facil-—

itating this drug—reéeptor combination, and thus act at a site other than
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the noradrenaline receptor, causing a non-competitive antagonism. Any
increase in the noradrenaline concentration therefore would not overcome
the antagonism, Diazoxide in the same way would competitively antagonize
the calcium restoration of the response to noradrenaline in a calcium-—
free solution, where the magnitude of the response 1is related to the
calcium concentration., Therefore any increase in the calcium con-—
centration would overcome the Diazoxide antagonism,

We have shown that in a calcium-free solution Diazoxide antagonizes
the potentiation of the contraction to noradrenaline by cocaine, but did
not antagonize the response to noradrenaline itsélf.- The failure to an-
tagonize noradrenaline can be explained by the abseﬁce of extracellular
calcium available to facilitate combination of noradrénaline with the
receptor; under these experimental conditions antagonism of the poten-—
tiating action of cocaine would be explained by interference by Diazoxide

in some way with the effect of cocaine in making a bound store of calcium

more available for noradrenaline to release. Therefore two sites of

action of Diazoxide are proposed, one where it blocks the action of extra-
cellular calcium so that the combination of noradrenaline with the receptor
ig impaired; and another site where it blocks the action of cocgine on a
bound calcium store.

These results might algo be explained on the basis of Diazoxide
chelating calcium. However, the chemical structure of Diazoxide makes

this unlikely, and there is no chemical evidence for such a reaction.

6. The Contraction of the Spleen Strip by Strontium in a Calcium-Free

Solution and its Potentiation by Cocaine

Strontium has been shown to cause contractionvof smooth muscle




B R s

-112-

(Daniel, 1963). 1It has also been shown that strontium can substitute forﬂ
calcium in the contraction df smooth muscle (Sperelakis, 1962; Daniel,
1963; Bohr, 1964), and in skeletal muscle (Frank, 1962; Caldwell & Walster,
1963). 1t has been sugge;ted by both Frank (1962) and Daniel, (1965) that
strontium substitutes for calcium by displacing bound intracellular calcium,
Our results show that strontium caused equivalent contractions of nor-
mal and reserpine-treated spleen strips bathed in a calcium-free solution,
Therefore the contraction was not due to the .release of stored noradrenaline.
Cocaine potentiated these responses to strontium but had a much greater
effect in the reserpine-treated strips than in the normal strips. These
results are fully consistent with the hypothesis that strontiuﬁ causes con-
traction of the isolated spleen strip by releasing bound calcium, and that
this bound calcium is much more easily released in the presence of cocaine.
The finding‘that cocaine potentiated the contraction in response to strontium
much less in reserplne-treated than normal strips can be explained on the

basis of the different procedures used for the removal of tissue calcium.

.In the normal strips tissue calcium was reduced by bathing the strip in a

O0-Ca EDTA solution and repeatedly exposing the strip to noradrenaline until
the contraction obtained was small, However, to avoid replenishment of any
of the noradrenéline stores in the reserpine-treated strip, the strips were
not exposed to noradrenaline and tissue calcium was reduced only by bathing
the-strip in a 0-Ca EDTA solution for twdvhours. It is also possible that
less bound calcium was present in the reserpine-treated strip. Carrler &
Shibata (1967) showed that reserpine depleted tissue calcium in rabbit
aorta. Therefore cocaine may be able to make more bound calcium'available

for noradrenaline to release in the normal than the reserpine-treated strips.
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These results lend further support to a post-receptor action of co-
caine i.e. on bound calcium, as they did not involve uptake or release of

noradrenaline, and the adrenergic receptor was not involved in any way,

7, Histamine

The ability of histamine to contract the isolated spleen strip was
greatly reduced in the absence of extracellular calcium, and when tissue
calcium was reduced by repeated exposure to histamine in the presence of
a2 0~Ca EDTA solution. Cocaine failed to potentiate these very small his-
tamine contractions, but did»potentiate the .contraction of these same
strips in response to noradrenaline, These results are in agreement with
fhe findings of Hudgins & Weiss (1968)'who showed that'histamine depends
mainly on extracellular and loosély bound calcium for the qontraction of
smooth muscle, while noradrenaline can utilize a tightly bound calcium
store, Our results have shown that in the absénce of extracellular and
loosely bound calcium cocaine potentiated noradrenaline but not histamine,
Noradrenaline can use intracellular or tightly bound membrane calcium for
contraction but histamine can not, Therefore cocaine may make this calcium
store more available; this calcium is then utilized by noradrenaline and
not-by histamine,

The results showing that_noradrenaline potentiated the contraction of
the isolated spleen strip by histamine in a calcium-free solution indicate
that noradrenaline releases bound calcium which is then available for his-—
tamine to utilize for contraction. It was assumed that if cocaine enables
noradrenaline to release more bound éalcium, then the noradrenaline pot-

entiation of the histamine contraction should be greater in tissues which
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were treated with cocaine. However the histamine contractions in the
presence of noradrenaline wefe not larger in the cocaine treated strips .
than in tﬁe control strips, This was an unexpected finding but might be
due to having reached the maximal contractile response of the spleen strip
in the presence of cocaine,

The effect of Na-EDTA on the histamine contractions is also puzzling,
Na-EDTA caused relaxatidn of the histamine regponse in the cocaine-treated
strips, but caused a further contraction superimposed on the responsé to
‘histamine in the control strips. One possible explanation might he that a
greater amount of calcium was released by histamine in the cocaine-treated
strips than in the control strips. This large amoun£ of calcium might be

enough to cause some diffusion out of the cell, where it would be chelated

by Na~EDTA. On the other hand the small amount of calcium released in the
absence of cocaine would not be sufficient to diffuse'out of the cell and
therefore could not be chelated by the Na-EDTA; This explanation is not
§ wholly satisfactory as the potentiation of fhe hiétamiﬁe response by nor-
adrenaline should have then been greater in the cocaine-treated than in the
control strips, which did not occur., This may have been due to the maximum
contractile response of the cocaine—tréated strips having been regéhed.
Further experiments with smaller noradrenaline concentrations might elucidate
these discrepencies,

The Na-EDTA contraction of the spleen strip which was not treated with
cocaine could be the result of the release of a small amount of bound cal-

ciﬁm. Daniei & Irwin (1965) found that EDTA contracted the uterusg in the

absence.of'extfaéellular caicium° They suggested that this contraction was '

. v the result of the removal of calcium from the surface of the cell membrane

R
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which in some way caused the liberation of calcium from an intracellular
binding site. The results obtained here therefore might be explained on

the same basis,

B, THE EFFECT COF COCAINE ON THE UTILIZATION OF EXTRACELLULAR CALCIUM BY

NORADRENALINE OR HISTAMINE FOR CONTRACTION OF THE SPLEEN STRIP,

It is weli established'thaf noradfenaiine and histamine utiiize extra-
celluiar calcium for the contraction of smooth mugcle (Briggs & Melvin}
"1961; Waugh, 1965; Hinke, 1965; Hudgins & Weiss, 1968); Our results are
consistent with this view, and have shown that both noradrenaline and
Vhistamine utilize extracellular calcium for contracfion of the isolated
spleen strip. In addition, cocaine altered the utiliéation of this calcium
for contraction; Less extracellular calcium was necessary for an equivalent
noradrenaline or histamine contraction in the presence of cocaine than in

the control.

l. Noradrenaline

The maximum height of the calcium doge-regponse curve in the presence
of the submaximal dose of noradrenaline (10~6 g/ml) was potentiated by co-
caine, These changes in height were eliﬁinated by'plotting the dose res-
ponse—cufves as a percentage of the total maximum response to noradrenaline
at the largest calcium concentration. Therefore when cocaine shifted- the
éalcium dose-response curve to the left it was the result of less extra-
cellular calcium being utilized for contraction, and not the result of a
change in the maximum heightvof contraction, It was found that the amount

of calcium necessary to produce 50% of the maximum response to noradrenaline
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was less after cocaine treatment.

The maximum height of the calcium dose-response curve in the presence
of the larger concentration of noradrenaline (5 x 10“5 g/ml) was not altered
by cocaine, Howevgr, the calciunm dose—responée curve was shifted to the
left by cocalne and the amount of calcium required for 50% of the maximum
response to noradrenaline was less after treatmert with cocaine than in the
control,

The changes in the calcium restoration curveg for noradrenaline'may be
~accounted for in three ways, First, cocaine could alter the membrane rer-—
meability and thus increase thé entrance of extracellular calcium into the

cell, so that for a given calcium concentration noradrenaline would cause

a greater contraction in the presence of cocaine by virtue of more calcium

entering the cell and reaching the contractile elements, Hurwitz (1962)
showed that cocaine antagonized the responses to acetylchoiine andupotaésium
in guinea pig ileum, He suggests that this an£agonism is the result of
membrane stabilization which prevehtsAdepolarization aﬁd the influx of ex-
tracellular calcium which is necessary for contraction, However, Hurwitz
has no direct evidence for cocaine preventing calcium influx upon depolar—
iza_tion° Unlike the guinea pig ileum the contraction of the splegn strip
by acetylcholine is potentiated and not antagonized by cocaine (Innes,
unpublished), In addition if cocaine stabilized the membrane and pfevents
the influx of calcium in the spleen strip, more anrd not less extracellular
calciuﬁ should be required for contraction by noradrenaline,

The second explanation may be that cocaine effects the contractile
elements in some way so that they become more sensit;ve to calcium, Nor-

adrenaline then would cause an equivalent contraction in the presence of
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less calcium,

The third and most likely explanation is that in the presence of co-
caine noradrenaline releases more bound calcium, thereby making less ex-
tracellular calcium necessary for contraction, The experiments done in
the absence of extracellular calcium showed that the contraction of the
isolated gpleen strip by noradrenaline was due to the release of bound
calcium, The large concentration of noradrenaline (10_5 g/ml) caused a

larger contraction than the smaller concentration of noradrenéline (I'LO—6

' g/ml), presumably by releasing more bound calcium, The results obtained

with'restoration of extracellular calcium showed %haf less extracellular

~calcium was required for 50% of the maximum response to noradrenaline

(5 % 10—5 g/ml) than to noradrenaline (10—6 g/ml) (see page.78), These
fesults suggesf that less extracellulai calcium is—required fof cohtraction
by the larger concentration of noradrenaline because more bound calcium is
released., The effect of cocaine would be explained by its ability to cause
noradrenalihe to release more boundbcalcium; thus 1esé extracellular cal-
cium would be required for contraction,

These results are consistent with the findings of Hinke (1966) who
showed that segmentg of ventral tail artery from rats made hyﬁerteﬁsive
with desoxycorticosterone required less extracellular calcium for con-
traction to noradrenaline or potassium than did similar preparations from-
normotensive rats, He suggested that the "hypertensive''artery performed
more work than the 'normotensive" artery, and that the increased resporsiveness
was due to an increésed efficienéy in either calcium utilization during
excitatidn—contraction coupling or in the contractile mechanism itself,

Our results do not preclude an action of cocaine on the contractile elements,
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Such an effect might facilitate the utilization of calcium by the contractile
elements and thus less extracellular calcium would be required for an e-
quivalent éontraction in the presence of cocaine, Bohr (1964) proposed a
similar mechanism for the potentiation of adrenaline by desoxycorticosterone
in isolated rabbit aortic strips. He suggested that the steroid makes more
calcium available from bound sites within the cell and therefore patentiates
the response to adrenaline, In either of these studies, the findings may

readily be explained by any one of the three possible mechanisms disdussed

‘here,

2. Histamine

A larger concentration of cocaine was required to.change the amount of
calcium required for the contraction of the spleen strip by histamine than
by noradrenaline, This larger cocaine concentration (3 X 10--5 g/ml) shifted
the calcium dose-response curve to the left ané less éalcium was neéessary
to cause 50% of the maximum contraction to histamine ih the presence of
cocaine than in the control. Davidson & Innes (unpublished) have shown -
that a larger concentration of_cocaine is'requifedfto potenfiate histamine
thgn noradrenaline contractions of the spleen strip. The present'results
are consistent with the idea of small cocaine concentrétion being specific
for the potentiation of noradrenaline, and the larger concentration of cocaine
being unspecific, potentiating both noradrenaline and histamine,

The calcium restoration curves for histamine are somewhat puzzling.
Less extracellular calcium was necessary for an equivalent histamine con-
traction in the presence of cocaine (3 x 10'~5 g/ml)_than in the control,

The results in section A (see Fig, 8) showed that éocaine'did not potentiéte
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the contraction of the gpleen strip by hisfamine in a calcium-free solution
because histamine can not utilize tightly bound calcium for contraction,

It is therefore difficult to explain these results on the basis that less
extracellular calc;um is necessary for a histamine contraction in the pres-—
ence of cocaine because cocaine allows histamine to release more bound cal-
cium, However, if cocaine were to alter the contractile elements in some
way so that they become more sensitive to calecium, histamine would cause

equivalent contraction of the spleen strip in the presence of less calcium,

~This would account for the cocaine potentiation of the calcium restoration

of the histamine contraction where extracellular calcium is available for

contraction and for the failure of cocaine to potenfiate the histamine

contraction in a calcium-free solution where extracellular calcium is un-—

available,

C. PHARMACOLOGICAL EFFECTS OF DESMETHYLIMIPRAMINE

Desmethyliﬁipramine has 5eénAsh6ﬁn.£o‘have.a duai effect on the reg-
ponses to noradrenaline in the vas deferens and renal artery of the rat
(Ursillo & Jacobson, 1965; Hrdina & Garattini, 1967). We have confirmed
fhgse findiﬁgs, using full dose—reéponse curves.for the contraction of the
isolated spleen strip by noradrenaline in a normal calcium solution. Small
concentrations of DMI potentiated the contraction to small and medium con-
centrations of noradfenaline, but did not alter the magimum contraction to
nbradrenaline, However, when we extended the study to the effect of DMI
in a calcium-free medium, these small concentrations of DMI failed to-
botentiate the responses to noradrenaliné in a calcium—ffeé solution, or

to alter the amount of extracellular calcium utilized for contraction of
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the spleen strip (see Fig. 18 & 20). Therefore the potentiasting effect of

DMI may be entireiy due to an incréased noradrenaline concentration at the

receptor as the result of blockade of neuronal uptake by DMI.
%5  » Large concentrations of DMI (3 x 10"5 g/ml) antagonized the responses
to noradrenaline in a normal éaicium solution. .The dose-response curve

for noradrenaline was sghifted to the right and the maximum height greatly

reduced, which indicates a non-competitive type of antagonism.. These large

SR

concentrations of DMI, however, failed to antagonize the contractionlto
mnoradrenaline in a calcium-free solution, These results suggest that the
antagonism is not due to an action on the alpha adrenergic receptor, Our
observations agree with those of Hrdina & Garattini t1967) who showed that
the contraction of the isolated rét renai artery by bo%assium was relaxed
by DMI, and that this effect was antagonized by calcium, They also showed
that contractions of the artery due to either noradrénaline or calcium were
antagonized by DMI., From these results they concluded that the antagonism
of noradrenaliné by DMI was due to the prevention of the utilization of
extracellular calciuﬁ for contraction, Our results concur with this view,
since DMI antagonized the responses to noradrenaline in the presence of
ex?racellular calcium but failed to antagonize the response to noyadrenaline
in the absence of extracellular calcium, The mechanism of noradrenaline
antagonism by DMI could be further elucidated by seeing if DMI (3 x 10_5
g/ml) prevents célcium from restoring the contraction due té ﬁofadrenaline
iﬁ sﬁleen strips bathed in a calcium-free solution,

It is well established that DMI blocks the uptake of catecholamines

into Storage sites in sympathetic4nérve endings, but there arve conflicting

reports on its ability to block the uptake of noradrenaline in reserpine-

.
.
.
i
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treated tissues (Iversen et al., 1965; Hamberger, 1967; Malmfors, 1965),
Our results show that DMI effectively blocks the uptake of noradrenalihe.
in the isolated reserpiné—treated spleen strip. These observations are in
contrast to those oﬁ Iversen et al, (1965)on the reserpine-treated rat
heart, where DMI did not block noradrenaline uptake, However, the results
are in agreement with those of Malmfors (1965), and Haﬁberger (1967), who
showed histochemically that DMI blocked éhe uptake of noradrenéline‘and
alpha-methyl noradrenaline iﬁ feserpine—treated raﬁ brain, vas deferens and
iris.

We further showed that in the reserpine-treated cat's spleen a larger
concentratioﬁ of DMI than of cocaine was required to.block the uptake of
noradrenaline (see &able 9), Together DMI and cocaine‘caused a greater
reduction in néradrénaline-uptéke than did DMI alone, but not cocaine alone,
Thege results indicate that while DMI effecti&ely blocks the uptake of nor-
adrenaline it is not as potent an inhibitor asicocaine, The molecular
weights of cocaine and DMI are very similar, therefore-thé comparison of
potency can be made on a molar basis., Our results are similar to those
obtained by Hamberger (1967) who found that the neuronal uptake of nor-
adr?naline was blocked-equaily by cocaine and DMI in reserpine—trgated rat
cerebral cortex or vas deferens, However, our feéults are in contrast to
those obtained in tissues from animals which were not treated with reserpine.
On a molar basis DMI has been shown to be more effective than cocaine in
blocking the uptake~of noradrenaline in rat heart (Iversen, 1967); in rat
adrenals, heart and aorta (Pals & Massucci, 1967);’énd in mouse éerebral

cortex (Ross & Renyi, 1967), Eisenfeld et al, (1967) found that DMI was

able to‘furthér‘block the uptake of noradrenaline in isolated rat hearts
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where uptake was already blocked with a very large concentration of co-
caine, The difference between our results and those cited above could
be due to differences in the techniques used in the measurement of nor—
adrenaline uptake, in reserpine treatment, or in the tissues used in the
various studies, further experiments to measure uptake of tritiated nor-
adrenaline in normal spleen might resolve these differences,

Cocaine effectively potentiated the responses to noradregaline in
spleen strips bathed in a calcium-free solution where the neuronal up-
‘take of noradrenaline had already been blocked by-DMI. The uptake ex-
periments showed that DMI effectively blocked the_upfgke.of noradrenaline
in the reserpine~treatéd-spleen strip bathed in a normal calcium solution,
However, the experiments where cocaine potentiated the response to nor-
adrenaline in the presence of DMI, were done in a calcium-free solution,
Various workers have reported fhét lack of calcium does noﬁ influence up-
take. Iversen (1966) showed that the uptake of noradfenaline by the rat
heart was not affected when calcium was omitted from the perfusion fluid,
Kirpekar &VWakade (1968) showed that calcium was not required for the up-
take of noradrenaiine by the perfused cat spleen, .Hamberger (1967) showed
histochemically that calcium was not required for the uptake of al?ha—
metﬁyl noradrenaline by the isolated reserpine-treated vas defereﬁs° In
addition, Malmfors (1965) and Titus et al, (1966) showed fhat the blockade
of noradrenaline upéake By DMI‘was competitive, ﬁroviding evidence that
DMI and noradfenaline act af fhe same uptake site., If calcium is not
redpired for the uptake of noradrenaline, and both DMI and noradrenaline
act at the same site, it is very unlikely that the ﬁpfake of noradrenaline

or its blockade by DMI in the isolated spleen strip would be altered by
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bathing in a calcium-free solution.

In our uptake experiments DMI (3 x 10-5 g/ml) blocked about 50% of
the uptake of a very large concentration of noradrenaline (5 x 10“5 g/ml),
However, a much smaller concentration of noradrenaline (10"6 g/ml) was used
in the experiments in which we demonstrated potentiatién of noradrenaline

by cocaine in the presence of DMI. Malmfors (1965) and Titus et al, (1966)

showed that DMI was much more effective in blocking the uptake of small

concentrations of noradrenaline than large concentrations of noradreﬁaline
“(in rat iris, rat heart, and kitten ventricle), Hamberger (1967) showed
that DMI (3 x 10"5 g/ml) completely abolished“the-uptéke of-alpha~methyl
_noradrehaiine (10_6 g/mi), in the rat brain and vas aeferens. Therefore
cocaine potentiated the éontraction to noradrenaline in the spléen strip
bathed in a calcium-free solution where it is presumed that the neuronal
uptake of the dose of noradrenaline used was virtually abolished by a large

concentration of DMI.

D, THE EFFECT OF PROCAINE ON THE POTENTIATION OF NORADRENALINE BY COCAINE

The experiments done With‘brocaine'éhéwed thaﬁ it<did ﬁét'effect the
utilization of either extracellular or bound calcium for the contraction of
the spleen strip by noradrenaline, Procaine failed to potentiate the

noradrenaline contraction of -the spleen strip bathed in a calcium-free

solution and did not alter the subsequent cocaine potentiation, Procaine

also failed to alter the contraction of the spleen strip in the presence
of normal calcium or the effect of calcium restoration of the noradrenaline

contraction in a calcium-free solution,

Hudgins & Weiss (1968) showed that procaine inhibited the contraction
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of the rabbit aortic strip by noradrenaline but not by potassium, They

further showed that noradrenaline decreaged the efflux of 45 Ca and that

this effect was inhibited by procaine, On the basis of these findings

they suggested that procaine prevents noradrenaline from releasing bound

calcium,

R

Our results are contrary to these findings and indicate there
is no such action of procaine on the isolated spleen strip., It is pre-
sumed that the contraction of the isolated spleen strip in a éalcium~free

solution by noradrenaline and its potentiation by cocaine are due to the

‘release of bound calcium; procaine in this situation was without effect,
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1. Noradrenaline caused a small contraction of the isolated spleen
strip bathed in a calcium-free solution; this contraction was greatly
potentiated by cocaine, It is suggested that noradrenaiine causes con-
traction by releaging bound calcium, and that cocaine potentiates by
making more bound calcium available for release by noradrenaline.,

2. Potentiation of noradrenaline by cocaine in a calcium—free
solution was not due to an increase in the noradrenaline concentration
at the receptor as the result of either the release of endogenous nor-
adrenaline or the blockade of uptake of exogenous noradrenaline.

Cocaine potentiated the contraction to noradrendline in a calcium-free
solution where the noradrenaline stores were deplefed by reserpine.

The maximum noradrenaline contraction in the absence of extracellular
calcium was increased by cocaine, and cocaine potentiated the responses
to noradrenaline after neuronal uptake was blocked by desmethylimipramine.

3. Na-EDTA antagonized the potentiation of noradrenaline by cocaine
in a calcium-free solution, and greatly reduced the ﬁagnitude of sub-
sequent responses to noradrenaline and cocaine, These results indicate
that Na-EDTA chelates the calcium once it is released from its binding
Site and diffuses out of the cell along its concentration gradignt.

4. Diazoxide did not glter the contraction of the spleen strip to
noradrenaline in a calcium-free solution, but antagonized the poten-
tiation of noradrenaline by cocaine. It is suggested that Diazoxide
interferes with or prevents cocaine from making more bound calcium
available for the release by noradrenaline.

5. Strontium caused equivalent contractions-of normal and reserpine-

treated spleen strips bathed in a calcium-free solution. Cocaine poten-

tiated these responses but had a much greater effect in the reserpine-




S S

SRR

s

~126-

treated strips than in the normal strips. It is suggested that strontium
causes the contraction of the spleen strip in the absence of extra-
cellular calcium by releasing or displacing bound calcium, and cocaine in
some way facilitates the release of this calciun.

6. The response of the spleen strip to histamine was greatly re-
duced in the absence of extracellular calcium, and was not potentiated by
cocaine. However, noradrenaline did potentiate the histamine contraction
in a calcium~free solution. The failure of cocaine to potentiate hista-
mine was attributed to the inability of histamine to release bound calcium,
and the noradrenaline potentiation attributed to-the. release of bound
calcium which was then utilized by histamine for cdntraction,

7. Cocaine altered the utilization of extracellﬁlar calcium by nor-
adrenaline or histamine for contraction of the spleen strip. Less extra-
cellular calcium was required for an equivalent noradrenaline or histamine
contraction in the presence of cocaine than iﬁ the control. It was found
that the amount of calcium necessary to produce 50% df the maximum re-
sponse to noradrenaline or histamine was reduced by cocaine. These
results indicate thatuéocaine increased the membrane permeability to
calcium, allowed more bound calcium to be released, or altered the con-
tractile elements in some way so that they became more sensitive to
calcium,

8. Desmethylimipramine blocked the uptake of noradrenaline in the
isolated reserpine-treated spleen strip, but a larger concentration of
DMI than of cocaine was required. Together DMI and cocaine caused a
greater reduction in noradrenaline uptake than did DMI alone, but not

cocaine alone.

9. Depending on the concentration used,desmethylimipramine either
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potentiated or antagonized the responses to noradrenaline in the spleen

strip. Small concentrations of DMI potentiated the noradrenaline con-

traction of the spleen strip in the presence of normal calcium, but not

i

in a calcium-free solution. These small DMI concentrations did not

alter the amount of extracellular calcium utilized for contraction of
the spleen strip by noradrenaline. Large concentrations of DMI non-
competitively antatonized the contraction of the spleen strip by nor-
adrenaline in the presence of normal calcium, ngever, these large’

concentrations of DMI did not antagonize the response to noradrenaline

T

in the absence of extracellular calcium. It is suggested that the

potentiating effect of DMI in the presence of extracellular calcium is

MW ,‘,

due to the blockade of neuronal uptake, while the antagonism is due to

the prevention of the utilization of extracellular calcium by nor-

adrenaline for contraction.

10. Procaine did not effect the utilization of either extracellular

or bound calcium for contraction of the spleen strip'by noradrenaline,
Procaine also did not alter the potentiation of noradrenaline contraction

of the isolated spleen strip by cocaine in a calcium—~free solution.
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