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ABSTRACT

AnalternativetotheuptakehypothesisastheSolecauseof

supersensitivltyduetococainehasbeenn'ono"*.Calciumisre-

qulred for the contraction of smooth muscle and its utilization in

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

cocalne may olve at least part of its effect in potentiating nor-

adrenaline and hi-stamine to changes ln calcium utilizatíon'

cocaine *"r "ho*r, 
to alter the utill zaltron'of membrane oT intra-

cellular calcium in the contraction of the lsolatecl spleen strlp by

noradrenalÍne. Noradrenallne caused a small contraðtion of the

lsolatedspleenstrlpintheabsenceofextracellularcalciumand

Teduced tlssue calclum. This smal1 noradrenallne.contractl0n v¡as'

greatly potentÍ-ated by cocaine. The repeated adminlstration of

Na-EDIA antagoni-zed the cocaine potentlatlon. of noradrenaline, and

greatLy reduced the magnitude of subsequent responses to noradrenaline

and cocaine. It 1s .suggested that cocaine potentiates noradrenaline

bymakingmoreboundcalclumavailableforrelease,andthatEDIA

antagonizes the potentiation by chelating this calcium once it is

released and diffuses out of the cell along its concentration gradient '

Dlazoxldealsoantagon'Lzedthecocainepotentiatlonofthecon-

tractlo¡r to noradrenallne ln a calcium-free Solution, but did not

antagonize the contractlon to noradrenaline. It is suggested that

diazoxide prevents cocaine from making bound calcium more available

for release by noradrenallne.

Cocaine potentlated the contractlon of the spleen strlp to

strontlum in the absence of extracellular calclum. -It is presumed

that the contractlon to strontlum, 1lke that.of noradrenaline, l-s



due to the release of bound calciun and that the potentlation by

cocaine is due to an increased availability of this calcium.

.The changes in the utilizatLon of bound calcium for contractlon

by cocaine lvere no.t 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"

Cocalne potentia.ted the contraction to noradrenaline in a cal'cium-free

solution where the endogenous noradrenaline stores were depleted by

reserplne" Cocaine increased the maximun noradrenaline contraction

1n the absence of extracellular calcium. Cocaine also potentiatecl the

responses to noradrenallne 1n the spleen strip where neuronal uptake

had already been blocked bY DMI.

Cocaine also altered the utlllzation of extracellular calclum by

noradrenaline for contractlon of the spleen strlp. Less extracellular

calcium was necessary for an equivalent noradrenaline contractlon ln

the presence of cocalne than in the control. These results suggest

that cocalne either lncreased the membrane permeablllty to calclum,

caused release of more bound calclum, or sensitized the contractile

elements so that they utllized calcium more efficlently.

Thecontractionofthespleenstripbyhistaminewasgreatly

reduced in the absence of extracellular calclum, and was not poten-

tlated by cocaine. However, norad.renaline potentiated the contraction

to histamine ln a calcium-free solutlon. The failure of cocaine to

potentlate hlstamine was attributed to the inability of histamlne to

release bound calcium, and the noradrenaline potentiatlon attributed

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

for contraction



Cocalne, holever, did alter the utllizatlon of extracellular

calcj-um for contraction by hlstamlne, but a larger concentration of

cocalne was requÍred than for noradrenaline. Less extracellular

calcium lvas required for an equlvalent histanine contractlon 1n the

presence of cocaine than in the control. These results suggest that

cocaine lncreases the utilizatioî of extracellular calclum by facili-

tating its access to the contractlle elements or alterlng the con-

tractlle elements so that they respond more efficiently to calclum.

Desmethyllrnipraïrlne (DMI) blocked the uptake of noradrenaline

1n the isolated reserpine*treated spleen strip, but DMT was not as

effective as cocaine in this respect. A larg." "oorårrtratlon of DIII

than cocaine was required to block the uptake of noradrenallne" To-

gether DMI and cocalne caused. a greater reduction in noradrenallne

uptake than did DÛII alone, but not cocalne alone.

Dependlng upon 1ts concentratlon DMI either potentlated or

antagonized the responses to noradrenallne in the spleen strip" Snall

concentrations of DMI potentlated the noradrenallne contractlon of the

spleen strip ln the presence of normal calclum, but not 1n a calcium-

free solution. These suall ÐI1I concentratlons did not alter the

a¡orount of extracellular calciu* required for contractlon of the spleen

strlp by noradrenaline. Large concentratl-ons of ÐMI non-competltively

antagonized the contractlon of the spleen strip by noradrenaline in

the presence of normal calcium. However, these large concentrations

of DMI did not antagonize the "u"poo=" 
to noradrenaline 1n the absence

of extracellular celclum. It 1s suggested that the potentlating

effect of Dtrlt ln the p"."ur.. of extracellular calclum 1s due to block-

ade of neuronal uptake, vhlle the antagonlsm i.s due to the prevention



of the utilization of extracellttlar calcium by noradrenaline for

contr act ion "

Procaine ryhich has been shorvn to cause efflux of 45c" in skeletal

muscle, dld not potentiate the contraction of the isolated spleen strip

by noradrenaline ln either a solution eontainlng the normal calclum

content or ln a calcium-free solutlon. Procalne also falled to alter

the util1 zatlon of extïacellular calcium requlred for contractlon of

the spleen strlp by noradrenallne. It was also found that procalne dld

not modify the potentiation of noradrenaline by cocaine in a calcium-

free solution.
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SÍIPBRSTNSTTTVTTY CAUSED BY COCAINB

The ability of cocaine to potentlate the effect of adrenallne

on the blood pressure of tlte rabblt and on pupillary dilatatlon

of the cat r,¿as f l.rst observed by frðhltch anc.l Loewl (l9IO) 
"

cocaine was also found to potentlate the responses to sympathetic

nerve stimulation, both in the pÌessor response ln splnal,

adrenalectomized cats (Rosenblue'Lh, 1931), and in the contractlon

of the catfs nictitating nrembrane (Rosenblueth & Cannon, 1931;

Rosenbltr-eth & Rioch, 1933) . These -authors postulatecl tha-L tl¡.e

sensitizing acticn of cocaine could occur at the effector ce1l by

acting on the contractj-1e nrecha¡risln, by dimlnishj-ng the rate of

destruction of catecholamines, or by lncreasj-ng the comblnation of

catecholanrines rvith s'-rbstances ln the muscl-e.

Studies on the potentiating action of cocaine ear'ly becanre

complieated by several puzzl-ing observations of the effects of

cocalne on responses to tyranrlne, a conrpound chemlcally related

to adrenallne and possesslng many of its actlons. Talnter &

Chang (1-927) reported that cocalne antagonlzed the pressor action

of tyramlne ln rabblts, cats, and dogs" Burn and Tainter (1931)

descrlbed a "cocaine paradox", 1n that cocalne potentlated the

responses to adrenallne but antagonj.zed the responses to tyramlne

1n a wide varlety of tissue preparatlons. Talnter (1930) shorved

that the typieal "cocalne paraclox" also appllecl to the metabollc

ef'fects of adrenallne. Cocaine increased the hyperglyeemlc res-

ponses of rabbits to acìrenaline, and clecreased those to ephedrlne.

The inhlbition or' tyrarnine by cocalne rças later explained by
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extenslve eviderìce to shorv th.at the effect of tyramine was almost

entirely cìu.e to the release of noradrenaline (Burn, 1932; Burn &

Rancì, 1958a; Bjrablaya et 41., 1958), and that the action of

cocaíne was to inhibit this release (Burn & Rand, 1958b).

Because of'the slmilariti-es of supersensltlvlty due to cocaine

and denervatlon, cotiL-noti mechanisms have been proposed by many

autlrors (Rose¡'r'l>lueth, L932; Fleckenstein & Bass, 1953; Innes &

Kosterlitz, 1954k,; and Trendelenburg et a1., 1962)

The subject of supersensltivlty has been éxtenslvely revleved

frorn tlme to tlme (Ca.nnon & Rosenblueth, i-949; Furchgott, 1955;

Trenielenberg, 1963 & 1966), and varlous hypothesis have been

proposed for its ¡nechanlsm. The hypotheses proposed speciflcally

for the mechanism of cocaine supersensitivity w1l1 be briefly dis*

ct¡ssed "

1. Enzyne Inlril¡ltion

Blaschko g g, (1937) shorved that extracts of rat llver, kldney'

and lntestine caused the oxldation of adrenaline. They postulatecl

th.aE at amlne oxiclase present in these tissues was responsible for the

netaboltsm of adrenallne. Philpot (1940) shorved that the local

anesthetics coca.lne and procaine were strong inhlbitors of nronatilne

oxldase actlvity ln gulnea plg 11ver suspensions. PelaLta &

Liza:'alde (1946) found that cocalne prolonged the chronotropic

response to adrenaline and suggested that thls was due to a delay

ln the destrtrction of adrenaline. Burn (1952) suggested that the

potentiatlon cause-d by cocalne was due to lnhibltion of monamine

oxlclase. Since then a conslderable bod¡¿ of evidence has accuntu-
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l.atecl to di,scount this hypothesis as the cause of supersensitivity

to ca'techolamilres. Bro'u Ec Hey (1956) found that coc'ine rvas only

a v¿eak inhibitor of ¡nonamine o:<idu"" ir liver slices ancl clefibrin-
a-ted cat blood. r.n additlon several more potent i.lLibitors of
¡ronami-ne oxidas.e than cocaine fail to potenti_ate aclrenali.ne or

noradrenaline. rproniazid, a potent inhibitor of monanine oxidase,

cid nct potentiate the actions of adrenaline on the nictitatlng

membrane (Griesener :t g1.., 1953) . Alpha cocaine crid not modify

the actio's of adre'aline or: noïadrenaline on the blood pr.essure

or- nictitating membrarre of the spinal cat even thougb lt was as

effectlve as cocaine Ín inhibiting monamine oxicrase' (Foster e_t a1_.,

1955) . rn another study Varagic (1956) observed that isopropyli-

eoniazlde, zr potent monanine oxi.dase lnhibitor, dld not modify the

effect of hypogastrlc nerve stimulation while cocaine caused

potent I atlon.

Furctigott (1955) suggested that another enzyme lvas respcnslble

for reduci'g the meta-hydroxyl group of adrenaline ancl no'adren¿i.-

line; this enzyme could be competitively i.nhibited by cocaine and

coulcl tlrus account for the cocaine potentiation. Axelrod (1g52)

isolated an enzyne from rat river which catê-lyzecr the o-methyla-

tlor¡ of adrenaline and noradrenaline. He also demonstrated the

presence of the methoxy derivati.ves metanephrlne ancl normetan-

ephrlne in the urine. He concluded that an enzyrne, catechol-o-

methyl transferase, (col,tt¡ transfers. a methyr group from s-adeno-

sylnethionine to one of the phenolic groups of adrenallne cr nÇr-

adrenaline. eacq et a1-. r (1959) shorved that 1n rat l1ver homogenates



:k--
:ìil,:

',i

s
lì

i:f

I
i.

-4-

caiechol lnhibited the inactivation of adrenaline by COìíT. They

postulaj;ed that the inhit¡ition is responsible for the sensitiza-

tion of smooth mrrscle to adrenalíne by varions ortho, di, or tri

phenols. However, the blockacle of @[,1T by cocaine was ruled oul:

as an explanat:ion for cocalne supersensitlvity by the fo1lor,¡ing

stndles. Crout (1961) shov/ecl that the lnhibition of COil{T by

py:'ogallol- did not potentlate, but moderately prolonged the

car"diovascular responses to noradrenaline in dogs. The prolonged

lncreases 1n blood pressure and contractlle force were assoclated

wlth delayed disappearance of injectecl Âoradrenaline fro¡n the

clrculation. IYylle et gl . (f960) sho\'/ed by spectrofluor:ometrlc

neasurement of the accunrulation of the metabollte metanephrine,

that cocaine was inaciive as an tnhibitor of @lfT. In a more

recent study I'lissala (1966) shorved that in rats the urinary meta-
1l

bolites of *^C-adrenaline were not altered by cocaine.

It has been shown then, tl;rat inhibition of neither .of the

maj.n metabolic pathways can account for potentlation by cocaine.

Removal of Inhibition

Fleckensteln & Bass (1953) developed a hypothesis to explaln

cocalne and denervatlon supersensltlvity. They assumed that the

Contlnuous release of transmltter substance from the nerve ter-

mlnals ln the nictltating raembrane places the effector cel-Is ln a

state of accornmodation or subsensittvlty. They suggested that

chronic denervatlon or blockade by cocaine abollshed thls release

and therefore reducecl accomnodatlon and increased sensi-tlvlty.
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However', they clid trot take into account the earlier observatlons

made try Rosent¡lueth & Rioch (1933), vrhich sllorved that cocaine

dici not abolish release, but potentiated the response of the nicri-

tating ¡nembrar:e to syurpathetic nerve stimulation. Strong evi.dence

agalnst this hypothesis has also been presented by several other

authors" Iurcirgott (1955) exposed aor:tic strlps to smal1 concen-

tlation.s of adrenaline and noradrenaline rvhlch were sufficient to

¡nalntaln a sraall contractLon for one half hour.' The addltion of

cocaine tc¡ the bath.caused a 1ar,'g;e rapld contractÍo¡r rvhich could

not be clue to a loss of acconìinodati-on of the srnootli muscle.

Cervonl & Kirpekar (1966) shorved that infusions of adrenallne or

noradrenall.ne did not affect the responses of the decentralized

nictltating membrane to subsequent exposures of noradrenallne and

a.drenaline. It has a1 so been shown that cocalne does not irrrpal-r

the release of nor¿rdrenaline o¡r nerve stimulatlon (Trendelenberg,

1959)

Interest i,n the idea of loss of lnhlbitlon an explanation

for cocaine supersensitivity has been renewed by Bar¡rett et a1.

(f 968) . They shorved that coca-ine j.ncreased the maximum response

of the lsolated vas deferens to noradrenallne, and postulated that

the potentiatlon v¡as due to prevention of a desensitizing process

of auto-inhibition.

I{p1"9-H"-!Egl=-
The uptake hypothesls attrlbutes supersensltivity to an

3.

lncreased catecholaillne concentratlon at the reeeptor as a reslrlt
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of blockacie of neuronal uptake rvhlch normally limits the concen-

trati.on ne¿rr the r.eceptor..

Trendelenberg (1959) shoved that cocaine increased the res-

ponse of the nictltating menbrane of the spinal cat to both pre-

ganglionic nerve stimulatlon and to injections of noradrenaline,

Cocalne also lncreased both the bloocl pressure response to noraclrena-

line ancl the plasma concentration of noráclrenaline. on the basis

of this evidence he suggestecl that cocaine potentiates noradrena-

l1ne by celaylng its lnactl-vatlon, by llmlting either the ce1l

perneablli.ty to noradrenallne or 1ts blnding of noraclrenallne.

Macmll1an (1959) proposed a hypothesis to explaln the mechanls¡o of

cocalne supersensltivity based on evidence from experlments on

lsolated atri-a, perfused rabbit ear, and the heart lung prepalation.

He suggested that the disappearance of noradrenaline from the blood

Ls ln part due to its uptalie into a store in the heart and bloocì

vessel wall. cocalne would potentiate noradrenaline by preventing

this uptal<e, thus making more nol:adrenaline available to act on

the sympathetic receptor. He a1so suggested, as had Burn & Rancì

(1958b), that cocaine blocks the effect of tyramine by preventing

the release of noradrenaline.

Furchgott et a1. (i963) proposed a unitary hypothesis to explai.n

the "cocai-ne paradox". The actions and interactions of noradrenaline,

tyramlne and cocalne were studied In lsolated rabbit aorta and

guinea plg atr1a. Cocalne potenti-ated the effects of noraclrenaline

and antagonlzed the effects of tyramine" Tissues pretreated v¡ith

reserplne ar:ci which Ìveïe consequently depleted of noradrenaline
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dld not responcl to tyrarnlne, br.lt 1n these tlssues large concentra-

tions of tyramlne were as effective as cocaine ln potentiatlng the

responses to noraclrenallne. Exposure of reserplnized tissues to

noradïenallne restored the respollses to tyramine. Flcrvever, this

r.estoration was preventecl by the pl'esence of elther tyratnine or

cocalne i.n the bath. On the basis of these flncilngs Furchgott

postulatecl a specific transport mechanism locatecl in the nerve

cell membïane whlch moves noradrenaline into the ce1l. rvhere it is

stoïed or metabolized" The findings were explalned by cocaine com-

blning with this transfer slte and thus competitlvely bloching

the uptake of both noïadrenal lne and tyrarmine. tli-s rvotilcl increase

the concentïation of noradrenallne at the ïeceptor causing a poten-

tlated ïesponse and would prevent tyramine from entering the celJ-

to release noradrenallne. Si¡nllar1y tyramlne could comblne vlth

the transfer slte, block uptake of noradrenallne, thus increasc nor-

adrenaline concentration and potelLtlate the response.

The uptake hypothesls 1s supported by evldence that' no:'adrena-

Iine is taken up into the sympathetic nerve enclings and this uptake

is blockecl by cocaine" lfhitby et a1 . (1961) found that the up.take

3of "H-noradrenaline was greatest ln tissttes rvlth a rlch sympathetic

lnnervation. It was selectlvely taken up by the heart, spl-een,

and adrenals of the cat. The same r,vol'kers showed that the tissue
'3

uptake of "H-noraclrenaline after clenervation of the superior

cervlcal ganglion was severery reduced (Hertting "t 3!. 19ô1a) "

Direct evidence for the localizatlon of noradrenaline uptake

ln syrnpathetic ilerves r/as shown by fluorescence microscopymlcroscopy
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(lr{almfors, 1965) . IIe shorved that noraclrenaline was taken up by

ad:cenergj.c nerve fibres in the iris of reserpine-treated rats.

Gillespie & Kirpekar (1966) studied the localj,zatlort of noraclïena-

l1ne 1n the cat splecn, usi-ng both fluoïescence mlcroscopy and

autoradicgraphy; noradrenaline was locatecl in the nerve fj-bres

among the smooth muscle of the capsule, trabeculae, arteries and

veins

Direct

cocaine has

(1960) ancl

reduced the

evldence for inhibition of noradrena.line uptake by

been provlded by a number of rvorkers. Whl.tby e! +l .

Hertting =!. uI . (1961b) shorvecl that co-caine markedly

uptake of circulating 3H-no"odtenallne lnto the heart

and spleen of the cat, and lnc:reased the plasma levels. Iversen

(L967) stated that cocaine caused 50% inhibitlon of the uptake of
3H-noradrenalj-ne in the isolated perfused rat heart. Llndnrar &

Musclioll (1964) shorved that the isolatecl perfused rabbit heart

remcved 4Al, of the noradrenallne 1n the perfusate, and cocaine

reduced this to 10%. In a slmilar study Gillespie & Klrpekar

(1965) founcl t]nat 29/" of the noradrenallne lnfuseòl into spl.enic

àrterial blood of the cat was recoverecì in the venous b1ood.

After treatment with cocalne the recovery v¿as lncreased to 81/o.

The blockade of noradrenaline rrptake has also been shorvn histochemi-

cally uslng fluorescence mlcroscopy ln the rat iris (Uiffarp .&

Malmfors,7964; Malmfors, 1965) and ln the central artery of the

rabbit ear (Ðe la Lande et a1 . ,' l-967)

Further evldence Ln support of the uptake theory of cocaine

supersensltivity was obtaj.ned fron experlments on sympathetlc
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nerve stlmulation. cocaine has beerr shorvn to potentlate the

responses of the nictitating membrane of the cat to nerve stlmu-

latiorr (Rosenbleuth

& Kosterlitz, I954a;

& Rioch, 1933; Trendelenberg, 1959; Innes

1964>. In addition

I(i.rpekar & Cervoni, 1963; Haefely et- al .

to the potentiation of nerve stimulation,

cocaine shottld promote the overflow of transmitter on stimulation

of symi:athetic nerves if j.ts

blockade c'f neuronal uptake.

potentiating effect is due to the

Hor','ever, the resul.ts of various studies

have been conflicti-ng. Trendelenberg (1959) and Blakely gl ql.

(1963) founcl that cocaine dlcì 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

sllght Íncrease 1n the output of noracìrenaline after low frequeucy

stimulation anC did not change the output after hlgh frequency

stlmulation. However, the increase at lorv frequenci.es was con-

firmed in experiments by Thoenen et a1. (1964) and Haefely "L31.
(f965), where cocalne did lncrease the venous outflorv of nor-

adrenalj-ne from the cat spleen stimulated at 1ow frequencies"

trIanl' attempts have been made to correlate the blockade of

uptake and the degree of supersensltivity. TrenCelenberg (1959)

shov¿ed that the pressor response to noradrenaline in the spinal

cat was related to the plasma noradrenaline concentration. Coca.ine

increased both the pressor response to noi.adrenallne and the

pla.sma concentration of noradrenallne. MuschoIl (1961) found an

lnverse llnear correlatlon between the noradrenallne content of

the rat heart and the blood pressure response to noradrenaLine.

a.:1
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rn anotreï stucy 
're 

pressor response to 
'oïadrerlaline 1n the

plthed ïat was poteÐtiated rnore by cocaine than the pressor res_ponse to adrenal 1ne. Concomitantly cocaine caused a -1_argeï decreaseÍn the level of 9H_noradrenaline than ,H_"O""rruline 
in the hea.r,t

and spleen (van Zwi'ete',1g65). Trendelenberg (1g65) found that
cocaine reduced the up'ôake of 3'-nora.drenaline 

i¡¡ the cat nlctlta-ting nrenrbrane by 66%" The same cocalne concentratlon was pre-.
viously stro'n to cause a 23-fo1d lncrease 

'n 
the sensitlvity of

trre nictitating me¡nbrane to noradrenaline (Trendelenberg, 1965).
stafford (1963) fo*ncr that cocaine irrcreased the rate anc.r

force of contïaction of isor-ated guinea pig atria causecl by nor_
adrenaline and adlenaline but not isoproterenol. She suggested
that cocaine does not potentiate isoproterenol because isopro_
terenol has no affinity for the storage sites. Bhagat gt al.
(1967) showecl that cocaine lnhibited the uptake of 3g_nor"a"urru_

11ne 1Ð isolated guinea pig atrla ancr increased the chronotropic
response to noracrrenaline. The chrcnotropic response to lsopro_
terenol, ho$,ever was not potentiated by cocaj.ne. Anden et a1 .(1964) shorvecr spectrof luorometrically that isoproterenol , r"
contrast to noradrenarlne a-ncr adrenaline, was not taken up by
lsolated rabbit heart. rn the same stucÌy lsoproterenol falled
restore the syn¡oathomlmetic effects of tyramine ancr rvas not
potentiat"O 

:, 
cocaine. In contrast, Calllngham & Burgen (1966)

showed that "H-lsoproterenol 1s taken up by the lsolated perfused
rat heart' Both the total uptake and retention of lsoproterenor.
were smal 1 compar.ed to not-adrenalÍne. llorvever, cocaine did not

ì:l
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l¡loci< the uptake of isoproterenol. The same type of resr¡lts \?el"e

found in the dog heart by Hardrnan e_t, 4. (1965) . cocaine markeclly

potentiated the actions of noradrenaline ancl aclrenaline on the

contractlle force ancl phosphorylase activity ln the clog hea-rt

1n si¡bu, vrhile tlie response to isoproterenol v¿as not potentiated.

In the same study

3and ll-acìrenal ine

forcer but hacl no

cocaine clecreasecl the amount of 3H-noracirenaline

found in the heart at the peaÌ< of the contractile
o

effect on the amount of "H-isoproterenol ln the

heart

The observation that cocaine does not potentiate the effects

of noraclrenaline and adrenali-rre in denervatecl structures is taken

by ntany rvorkers as evlclence ln sr,rpport of the uptake hypothests.

Hertting g! "1. 
(1961a) shoived that the uptake of noradrenaLine

was severely impaired by chronic denervation. Cocaine does not

poterttiate the resporìse to noradrenaline in the chronically

denervated nictitating membrane (I(ukovetz & Lembeck, 1961;

Haefel-y .t 3!. , I964a), or 1n chronlcally denervated rabbit atria

(Furchgott et_ gl., 1963) . These authors attrlbute the loss of

cocalne potentiation to the absence of an uptake rnechánisnr for

noradrenaline after denervation. Innes & Kosterlitz (1954b) also

showed that cocaine failed to potentiate adrenallne or noradrenalJ.ne

in chrortically denervated nictltating membranes, but attributed

this fi.ndlng to both cocalne and cìegeneration of tlre postgangllonlc

fibres causing the same alterations in the effector system.

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

mlnes in rat heart showed structulal and stereochemical speciflclty.
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Noradrenaline was taken up ¡nore rapidly than adrenari.ne ancì the 1

isomers of bottr amitres acenmulated nore rapidly than the rl isomers.

Trenclelenberg (1965), and Tye g! gl. (1967) found that the sensi-

tizatiot't of the nictita.ting membrane of the cat by cocaine had the

same structural and stereospeci,ficity found by rversen. They

conclu,ded that these resr:1ts support a causal relatj-onship between

supersensitivity and blocl<acle of uptake since cocaine sensitlzes

the nictitating me¡nbrane more to those amines which are taken up

readily than those rvhich are not. Horvever, 1n a more recent s.budy

(Trenclelenbei:g e! aL. ,1968) shorved that there was nõ stereospeci-

ficity for the uptake of the d and 1 lsomers of noraclrenaline 1n

the lsorated perfused rabbit hear.t; cocalne blocked the uptahe of
these Ísomers equally v¿elI. Horveve4 ln isolated rabblt atria

cocaine pctentiated the positive lnotropJ.c effect of 1 noradrenaline

but not d norach'enaline. These results negate the earller finclings

and show that the sensltlzlng effect of cocaine ls not r.elated to

selective blockade of uptake of either J.somer of noradrenallne.

Inconsistencies of the Uptake Hypothesis

The blockade of neuronal uptake has become accepted by rnost

workers as the mechanj.sm for cocaine supersensitlvj_ty" Horvever,

there a,Te a number of observations rvhlch are inconsistent with the

uptake hypothesls.

Maxwell g!- u!. (1966) found that the potentLatlng effect of

cocalne was not proportlonal to its a-ollity to blgck the uptake of

no::adrenaline. cocalne caused a 30% reductlon ln i;he uptake of

4"
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noradreneline 1n isolated rabbit aorta before ariy potentlation was

observed. lfhen riptake was reduced from 3o-7o% the response to

noradrenaline increased as a function of the percentage recluction

in uptake. Hor',,ever, cocaine caused considerable lncreases in tire

response to noradrenaline wlilrout any further reduction ln uptake.

Marks et al . (1967) fou¡rcl that the tlme requirecì for satura-
a

tion of the uptake of "H-cocaine in isolated vas deferens r,¡ás mlrch

greater than the tinre required to reach maximum-potentiation of

the respo¡rse to noradrenaline. on the other hand the disap¡,earance
3of H-cocalne after rvashing the tissue v/as nruch faster than the

disappearance of the cocaj_ne potentiation

Bevan & verity (1967) shorved that eocaine potentiated nor-

adrenallne in a nerve free preparation. The adventitial layer

was removed from the rabbit aortic strlp. Hlstological observati.ons

showed the strips to L¡e devoid of in¡rervation. The .strlps were

.also consldered denerva,ted as they did not resporid to tyramine or

transmural stimulation. They conctuced that cocaine ls able to

pctentlate the ïesponses to noraclrenaline in the absence of

neuronal uptake. rn a slmllar stucly Kalsner (1966) shov¿ed that

cocaine potentiated responses to noraclrenallne in rabbit aolta

whlch had been stored ai 4oC for l0 days. The aortlc strips did

not.respond to tyramine and lvere therefore considered denervated.

However, the absence of neuronal uptake was not demonstratect ln

elther of these studies.

Kalsner (1966) also showed that cocalne potentiated the

respon.se to methoxamine in the isolated rabblt aortlp strip, while
]
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Iversen (1967) denonstratecl that lnethoxa¡nlne is not taken r.rp by

the nelve endings 1n the rat heart.

Kalsner (1966) ancl Innes (unpublished) have sholn that cocaine

potentiates the responses to hlstamine in rabbit a-orta and spleen

respectivel¡', while Day & Stocliridge (1964) sholed that cocaine did

not inhibit the r-rptake of histamine by mast cells.

Isaac a.ncl Goth (1965) shorved that the antihistamine pheninda-

mine effectively blocked the uptake of noracirenaline in the rat

heart, but did not enhance the chronotroplc responses to nor'adrena-

line in isolated atria

Davidson & Innes (l-968) showed that cocalne potentlated the

contractile response to isoproterenol in the cat spleen but did

not alter the neuronal uptake of lsoproterenol.

Because of these inconsistencies lt seems i.mpossible to

correlate the blockade of uptal:e and cocalne supersensitlvlt¡'.

While blockade of uptake may play a role ln the potentlatl-ng action

of cocaj-ne it is not the only mechanlsm opera.ting

Receptor or Postreceptor Action of Cocalne

Clark (f%T suggested that cocaine potentlates adrenallne by

altering the receptor in sorne manner so that either the rate of its

association with adrenaline is lncreased or its rate of dissociation

is decreased" lIa>avell 9! tf . (1959) shorved that in the dog,

cocaine prevented the competitive blockade of the pressor response

to noradreiraline by phentolamine, but did ¡rot effect the non-

equillbrlum blocl<acle by Dibenarnine. Frorn these results and a'

5"
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study.l.rrel'iously cìescrlbed (NIaxrvell et a1 . , l966) , they pcstulated

that cocalrre potentiates noracìrenaline by acting directly on the

receptors ln the smooth muscle ce11s. Lervis & li{11let' (1966)

showecl that cocaine dld not protect against 3l.l-phu'rroxybenza.rnlne

blockade of the response to noradrenallne in the rat semlnal

veslcle. The amount of radi-oactlvity in the tissues exposecl to

cocaine and "Ii-phenoxybenzamine rvas not different frorn ti-ssues
a

exposed to "H-ph.noxybenzamine a1one.

Karr (1966) shorvecl that ln isolateO spleen strips exposecl to

cocaine the simultaneous presence of 1ar.ge concentrations of phento-

'lamine completely preventecl supersensitivity to noradrenaline fre¡n

developing. Similarly large concentrations of nor"aclrenaline

reduced the degree of potentiation of noradrenaline by cocaine.

Tyramine,rvhich has a greater affinity than phentolamine for the

neuronal trptake site, failed to alter the cocaine potentiation.

Therefore the blockaCe of uptake could not account for the effect

of cocaine" However, both phentolamine and noradrenaline have

htgh affinlti.es for the adrenerglc receptor and either prevented or

reduced the cocaine potentiatlon. It v¿as therefore suggested that

cocalne lnduced an allosterlc change ln the adrenergic receptor

whlch increased the receptor affinlty for noradrenallne, resulting

i.n a potentiated response. Green & Flemlng (1967) studied the

affinities cf noradrenallne and trvo alpha receptor antagonlsts by

Ceter¡ninlng the pA, values for noradrenallne-phentol amj.ne anta-

gonism, and the pD, values for noradrenallne-phenoxybenzamine

antagonism ln the cat nictitating membrane. Supersensitivity pro-
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duced b1'cocai'e crid not alter either the nA, or trre pD, varues.

The authors suggested that cocaine the'efore cloes not affect the

adrene::gic recel>tor, and supersensltivity is due to blockade of
neuronal tiptake. IIowever, if cocaine altered tl¡e affinities of
the receptor for the agonlst and antagonist to an eqr.ral exte:nt,

no changes j-n either pA, or pD, rvoulcr have been seen if Í;he adren-

ergic receptoz. rvere affected by cocaine

Rosenblneth (1932) shorved that cocalne potentiatecì the res-
ponses to acetylcholine ln the cat nictitating membrane. This vi,as

later confirmed by Koppanyl & Feeney (195g) who post'lated that
cocaine potentiates acetylchollne by causing changes in the ¡ruscre

cel1 permeability to ions.

6" Possil¡le Role of Calcj.um in Supersensit_i"rj¿

Bevan & verity (1962) suggested trrat the potent.iating effect

of cocaine v/as due to its direct action on the vascurar s¡rrooth

muscle ceIl where it caused the rabiri.zatlon of calcium loosely

bound to the cell membrane. such an effect of cocalne has also

been suggested by Daniel & ![o1ov1yk (1966). They showed that very

large concentratlons of cocaine caused contraction of the isolated

rabbit uterus. These r.esponses were not due to an action mediated

by alpha receptors or muscarLnlc receptors slnce they u'ere not

blocked by phenoxybenzamlne, to1azo1lne, or atroplne. Depolari-

zation by potasslum, Na-EDTA or [ig-Na-EDTA, or lmm.erslon in a

calcfum-free solution, did abollsh the contraction induced by

cocalne. strontium chlorlde restored the response to cocalne ln
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a calcium free solutlon.

calcium has arso been imprlcated in supersensiti.vity ind*cecl

by dener.vation e.nd reserpine. Gutmann & Sandory (1965) founcl that

caffeine-induced-contracture in rat sl<eletal muscle was potentiated

by chronic denervation. They suggested chat denervation alter.s the

intracellular bindi-ng of calcium, making it more easily rereased

by caffeine.

carrier & shibata (J.g6z) sholed that the aoïta obtalned from

yoLrng rabbits, 5-6 weeks o1d, rvere severely de¡:leted of calcium

by pretreatment rvith reserpine, and shorved =rrp""=urr=itivity to

noradrenaline. Horvever, the aorta frorrr order rabbits, 12 rveeks old,
were not depleted of calcirrm and dld not shovr any supersensiti-vity

to noradrenaline. It lvas suggested that reserpine either i-ncreases

the availability of lonized calcium or incre,ases the excitability

and permeability of the menbrane. Hudgins & Fleming (1966) found

that the supel"sensitivity due to reserpi.ne in isolated rabbit

aorta was unspecific. Reserpine not only increased the response

of the tissue to noradrenaline but also to acetylchorine and

potassium" Phentolamine i.n a concentration which provicled marhed

antagonisn of the responses to noradrenaline had 1ittle or no

effect on the responses to acetylcholine or potassium. rt was

postulated that reserpine changes-the responslveness of the smooth

muscle ce1l at some point beyoncl the receptor. Further support for

this hypothesls rvas obtained ln a more recent study by lfestfall

& Flening (1968),ivho found the chronotroplc'responses to noradrena-

line or calclum 1n the dog heart lung preparatlon rvere increased

by reserpi.ne pretreatment The response .to noradrenallne was
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aîtagoÐJ-zed by propranolol but the

They suggest that the postreceptor

could in some vla¡z lnvolve calcium.

respcnse to calcium rvas not.

change lnduced by reserpine

i
ir

I
i,
;:

I
t.
¡.

t:
:l:

I
st'



f.

B.

-1 9-

TIIE ROLE OF CALCIUIiÍ Iìr SLIOOTH I,IUSCLE CO\I"IF.ACTION

General Eviclence

The initial evidence which inclicated that carcium v/as nec-

essary fcr muscular contraction rvas cbtained froni studi-es on cardiac

muscle. Ringer (1883) demonstrated that the frcg heart failed to

contract and remaiiled relaxed v¿hen calcium ions were onritte.d from

the perfusio¡r flui.d. Loclçe and Rosenheim (lgoz) shorveci that con-

traction and the utj-lization of glucose by isolated ra.bbí.t hear.ts

were dependent on calciurn. Mines (r913) was abie t-o dissociate

the mechanical and electrlcal ï'esponses in isolated frog hearts.

He observed that the heart maintainecl 1ts electrlcal activlty when

made mechanically inactive by the: laclç of calcinm.

sandorv (L952) was the flrst to postulate a definite role for

calclum in excitation-contraction cor"rpling of skeletal muscle.

He proposecl that depol arizatíon of the ce:l1 mernbrane triggess t¡.e

release of calei-um which then causes activation of the contractlle

elements, He further postulated that the actlvatlon of the con-

tractile elements was due to the enzymatie activation of.a myosin-

ATPase system by calcium" This hypothesis ls supported by

Niedergerke (1955) and caldrvel1 &'Warster (1963) who shorved that

the lntracelltrlar apprication of calcium in heart and skeletal

muscle caused shorterring of the muscle fibres.

. An increased influx of 45C^ has been shown to occur during

potassi-um-induced contracture of frog sartorius muscle (Bieinctri

Shanes, 1959), and frog rectus abdominls muscle (Shanes, 1961).
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These authors postulateci ttra,t this increased entry of calcium under-

lies the develol:ment of the cotrtractile response.

Frank (19€;4 a,b, & 1965) shoq'ed that contraction of skeletal

muscle i.nlolved in addition to the utili zatlron of extra-ce1Lu1ar

calcium, the release of calciurn from a binding site within the

muscle 
"

The role of calcium in the contraction of sl<eletal muscle has

been extenslvely reviewed (Sandow, 1965; Podols.ky, 1965; Peachy,

1968; Calchvell, 1968). However, a brlef descrlption of the

theories proposecl for the ntechanism by which calciunr is lnvolved

in actlvation of the contractile elements (Davies, ,-tat>atrd relaxa-

tion (IVebber, 1963) ln skeletal muscle is warranted si-ncc' the

mechanism is not as rve1l dellneated i-n smooth muscle. These

theories propose that membrane depoLayization by ions, electrical

stinrulation, or drugs 1s transmitted in so¡ne way to the sarcoplasmic

reticulun. This electrlcal disturbance then triggers the release

of calcium i-ons from the rcticulum. The released calcium then

lnteracts with the actomyosin system and initiates ATP splittlng

and contraction" Relaxatiolt results from the remc'val of calcium

from the actomyosin, an active process involving the splltting of

ATP, therr causes calcium to be reacclrmulated into the sarco-

plasmlc reticulum. It ls a-1so pqssible that the rea.ccumulation

of ealcium in the sarcoplasmic reticulum is brought about by

blndlng of calciurn by a muscle relaxing factor. The structure of

skeletal muscle and the relationshlp of chemlcal anC physical

factors involved 1¡r contraction are fairly well establlshed;
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Huxleyts sliding fllament scheme for contractj-on has been generalIy

acce¡r t eC

The exact role of calclum in the activatlon of srnooth muscl.e

ls far from c1ear, and the rnechanisrn of contraction of smooth

muscle 1s not fu1ly understood. Horvever, the rnechanisn of contrac-

tion of smooth mnscle may be slnilar to that of stieletal muscLe.

Actonyosin has ireen demonstrated in vascular snooth ¡nuscle (rlto

et ?l_., 1963) and in uteïus (Neeclham & \,/i11iams., 1963) . Ilowever,

smooth muscle contalns much less actomyosin than does skeletal

muscle. smooth muscle has been described by Needham & shoenberg

(1964) and Nee.dharn (1964) as consistlng of cells rvhich are tlghtly

packed v¡ith filaments lying paraller to the long axis of the ee1l;

these fllaments have approximately the same diameter as the actin

filaments in skeletal muscle. llowever, myqsln filanents have not

been clearly discerned. Relaxed ancl contracted taenia coli have

beerr compared by electron mlcrc'scopy. cross sectional examinatj.on

shorved that the diameter of the fila¡nents ln contracted ce1ls was

no greater than the diameter of the filaments j-n relaxed ce1rs.

However, the total numbel c:.f filaments rvas much greater 1n contracted

than relaxed cel1s. If the filaments slide closer together, an

lncrease in their number would be seen in a cross section. It is

therefore, presumed that so¡ne sort of slidlng filament mechanism

exists in smooth muscle, which ls

accepted to account for gkeletal

similar to the mechanism generally

muscle contractiorr; The occurence

of sarcoplas¡rilc reticulum in smooth muscle was established by

electron microscopj.c exanj-nation of the rabbit uterus (Shoenberg,
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1958). Horvever, there was no relatiorrship seen betrvee¡. the sarco-

plasmic reticuluin and the myofilarnents or the cell- nrerr.brane, as

has been shown for skeletal muscle.

2. Illectrical Activlty

rt is v¿e11 establlshecr tirat ca1 c1u¡ri affects the e1ectrical
activity of smooth muscle. Bü1br1ng & Kuriyama (i963a) measured

spontaneous electrical actlvity in guinea plg Taenla cori with
microelectrodes. They found that rorverl'g- the calcium concelltra-

tlon of the bathrng solution decreased the resting me¡r:brane

potential., and the amplitude ancl rates of rise and fall of the

actlon potential . rn a sini-la.r stucry, giit¡ring gr Kurlyarna (1963b)

found that acetylcholine depolarizecl the memb¡ane and accelerated

spike discharge. These effects clicl not occur in the absence of
calcium a¡rd were enhancecr by the pïesence of excess 

.calclum.
Adrenaline, vrhich reraxes taenla col1, abolished spike aetivity

without hyperpola:'izing the membrane" This lnhibitory effect was

potentlated by excess ca1citrm and abcrished 1n the absence of
ca1c1t-.m. Marshall (196b) reportecì that in rat uterus a decrease

ln extracellular calcium eaused membrane depolarlzation, and

reduced s¡:Ike height and frequency. Horveve4 an increase

cellular calcium l-ncreased the membrane potentiar ancì the

and rate of rlse of the actlon potential.

in extra-

height

3. Dissociatlon of Electri.cal ancl trfechanicai Activity

There is a great deal of evidence that electrlcal changes
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in the smocth mtrscle membrane i.e. depoJrarization, are not re-

quired for contraction to occur. Valious smooth musc:les, alreac)y

depolarized by potassium, have been shown to lespond to drug

stimulatlon" Rabbit and guinea plg ileum, rat uterus, and chick

amnion contr¿rctecl in response to acetylcholine (Robertson, 1960);

gulnea plg taenia coll contracted in response to carbachol

(Durbin & Jenklnson, 1961) 1 rat uterus contracted in respons'e to

acet]'lcholine (Ednan & Schild, 19Cì1 and 1962); rat semlnal vssicle

eontracted in response to adrenallne, and rabbit uterus contractecl

in response 'io acetylcholine (Eclman & Schilcl , 1963)-.

Sue et al " (1964) slmultaneously recorded isometric tenslon

and mernbrane potentlals from lsolated rabblt pulmonary arteries.

They founci that sympathetic nerve stimtrl-ation ol administration

of ¡roradrenaline caused contrac.tion of the artery in the allsence

of action potenti-a1s, and without any change ln the.membralte

potential. Keating (1964) used a sucrose gap technique to measur€'

menibrane potentials of spiral strips of sheep carotid artery.

FIe founcl that nor¿iclrenaline, adr'ena1 ine, and histamine all de-

polarized the membrane and caused contraction of the muscle.

Ho\Yever, arteries depolarized by potassi-ì-tm contracted ln response

to these drugs wlthout producing any electrlcal charrges.

In more recent studies Axelsson et aI. (1967) and Johansson

rt g. (1967) found calclum to be essential for both actlvaticn of

the contractlle mechanlsm and maintenance of eleetrlcal activlty

of lsolated rat portal vein. Exposure of the muscle to potasslum

chloride caused depolarizatlol a.nd a sustalned contractlon.
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Noradrenaline further increasecl this contraction wlthout causlnø

any changes in membrane potential. IVhen the muscle was placecl in
a calcirrm-free solution both rnechani.cal and electrical activity

rvere abolished. -Noradrenaline re-established both electrical_ anc

mechani-ca1 activity, but the nragnitude of the ï.esponses was much

less than seen in solutÍons v¡ith norma]. calcium content. Hotve\¡er r

when the calci-um chelating a.gent EGTA was adcled to the calcium-

free solution nor'adrenaline failed to restore e,lectrical or

mechanical activity. These results were interpreted as shorving

that the main effects of noracìrenatine on tensj-on ln portal vr.;in

are mediated through chernges in the pattern of electrical actlvlty.

They suggested tha.t noradrenaline, horvever, coulcl influence the

contraetrle mechanism in a way lncleperrdent of propagated or rron-

propagated potentlal changes. They further,suggested that noraclrena-

1lne restored the electrical and ¡nechzurical activity i.n a carclum-

free sorution by liberatlng loosely or tightly bound calcium.

These various pools of calclum rvill- be discussed later in the

introduct ion.

Extracellular Calcium

rt ls v¡elI establlshed that the contractile response in

smooth 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

Bozler (1960) showecl that extracellular calcium was required

4"

for smooth muscle contraction. Spontaneous contractlons of lsolated
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frog stc,rna-ch were abolished rvhen the preparatlon was bathed 1¡ an

lsomotj-c sucrose solution wlth no calciu¡n present. The contr¿Lc*

tio¡rs viere re-established af ter the adclition of calclum cliloricle.

urakaiva & Ilollancl (1954) reported that contr¿_ctures causecl

by potassiuln in j.sc:Iate,d taenla coli rvere accompanj.ed by elnhancecl
ÃF,

uptake of '"cu. Hcrvevcr, contrary results rvere cbtainect by

Schatzman (fO0z-,¡ in 'i;aenia coli, and Van Breemen & DanieÌ (1966)

in rat uterus. They found that neither potassium nor acetylcholine

alterecì the r,rptaku of 45c"., but dld cause a net efflux of 45cu.

r¡r. ot'hel studies Bauer q_! el . (1965) shorvecl that the uptal<e of 4Ecr,

was increased in taenia coli i_,y applying additional tension to the

muscle; and Gooclforc (1965) 1ìound that deporarj-zation of taenj.a

col1 by potassium cìid not alter the efflu* of 45c". 
The cisc::e-

panci.es betiveen these various studies are difflcult to explain, but

they may be due to variations in technique

contractions of rabblt aortic strips by adrenal-ine (eriggs & Mervln,

1961) and by potassium sulphz:te (nriggs , 1962) were acconipaniecl by

a net influx of 45c^. 
Horvever, adrenaline dld not affect tensiori
45or carlse the uptake of Ca in glycerol extracted rnuscl-e. In

another stucly Briggs & Hannatr (1965) reported that magneslum and

not c.alclunì v/as necessary for the contraction induced in glycerinated

uterine muscle by ATP. rt is assumed that only the contractlle

elements are present 1n glycerol extracted smootli muscle. They

also showed the presence of a magnesium-activated ATpase which was

not stinul-a'¿ed by calcium. However EDTA, ç'hich chelates ca1 ciunr

more strongly than magnesirrm, and EGTA whlch spectflcal1y cht:1ates
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calcium, preven'Led the contraction of the gl-ycerinated s¡rooilr

muscle. contr'action v¡as restored by the addition of calcium.

These results indicate that calcium must be available for contrac-

tion to take place, but its exaet role in contractio, is not crear.

lllaugh (7962, 1965) found that the contractile response to

adrenaline or potassi-nm v/as pïevented by the addition.of Na_ or

Mg-EDTA to the perfusate of an isolatecl dog lntestinal artery. The

addition of ca-EDTA restorecl responses to both noradrenaline ancl

potassi-um. The contraction of the arter.y in response to calcirrm

chloride was potentiatecl by prior noradrenaline or þotassium con-

tractio¡rs. These results were interpretecl to mean that extra-

cellular calcium is essential for excitation-conLraction coupling,

and that noradrenaline or potassium increase the membrane pernea-

bility to extracellu1ar calcium.

The contra,cti-on of depol arized smooth muscle by drugs has

also been shoç,n to depend on extracellular calciu¡n. Robertson

(1960) shorved that rabblt and guinea pig i]eum, rat uterus, and

chlck amnion depolarized by potassium contractecl in response to

acetylcholine. The removal of calcium from the bathing solutiqn

reverslbly abolished the acetylcholi.ne response. The re-estab-

lishment of the acetylcholine contracti-on by the addition of

calcium lvas prevented by EDTA. rt 1s suggested that the acetyl-

chorine contraction was due to an increased membrane permeability

to calcium. Similar studies by Durbln & Jenkinson (1961), and

Edman & schild (1961) also showed that depol arized smooth muscle

ls depenclent on extracellular calcium for contracti-o.n. Schild (1g64)
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suggested that contractions incluced by drugs in smooth muscles

depolarized by potassiurn may be due to the release of a bound

calcium store in addition to the ntilizatlon of extracellular

c alc iunr.

Dlvalent cations such as strontium and trarium have been shorvn

to substltute for calclum in the contraction of smooth muscle.

Daniel (1963) found that elther strontium or barium restorecl

acetylcholine contractions in calcium-depletecì polarizecì or de-

polarized rat uterus. The effects of these two ions lasted only

as long as they were present in the bath, but the elfects of

restor:atj-on of carcirim to the bathing fluicl persisted for a long

time after the calcium rvas subsequentry removed from ttre bath.

However, either strontium or barium alone causecl contraction of

the uterus bathed in a normal calcium solution. rt. h¿rs also been

reported that contractions due to barium in taenia c.oLi are calci.um

dependent (Karal<i qL 11. , 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) shorvecì that the response to noradrenaline in

rabtrit aortic strips was greatly reduced in the absence of calcium.

Barium was more potent than calcium in re-establlshing the response

to adrenaline, and strontium much.less effective than calcium,

whlle,magnesium was lneffective. Hinke (1965) obtained different

was able to strbstitute forthe rat tal1 artery; barium

a pctassium-induced contraction but not ln a noradrena-

results in

calclum i.n

line-induced contraction.
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Sperelakis (1962) shotved that maximal tensions were developed

in res¡ronse to electrical stimulation of polar.ized and potassiurn-

depolarized cat i.ntestine. Higher voltage strengtÌrs were needed

in the depolarized muscle" The responses of both the no'nral and

depola:'ized mnscre were dependent on the presence of ,.cal-cium.

Strotrtirtm not only substituted for calcium in ilre contraction of
the depolarized r,ruscle, but al lorved stirnulation to prodtrce a larger
contraction than in tìre presence of ca1 cium. Horvever, strontilrm

did not substitute for caràium in the response of the polarizecl

muscre. sperelakls suggestecl that calcium has three sites of
action: the cel1 nternbrane wh.ere it lorvers membrane exci.tability;
cotrpling of excitation ancl contraction; and a direct effect on the

contlactile elements. The observations could be accounted fo-:r by

strontium substituting for calcium in the contractj-re eJ-ements, but

not in the membrane oï coupling processes.

Frank (Lg62) shov¡ed that strontium and other divalent cations

restored potassium-i.nduced contractures of skel_etar muscle when

they rvere added to a calcium free solution. He inclicated that

these divalent cations did not particlpate directly in coniracLion,

but restored exci.tation-contraction coupling by reì-easing bound

ce1lttlar calcium. In another study on skeletal muscle Caldwell &

walster (1963) injected vari.ous mrrltivarent ions directly into a

slngle muscle flbre of the leg muscle of the crab. They found

that. both strontium and barium caused contractions . They are in

of these ions

the sarcoplasnic

agreement with Frank, and suggest that the acti.on
I

is through the displacernent of bound calcium from
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reticulum.

Daniel (1965) suggested that the restoration of drug-indtrced

contractions by strontium or barlum in sntooth muscle 1s due to

their substitution for calcium wirich is loosely bound to the out-

side of the membrane (superficial), and which then penetr.ates the

membrane on depolarizatíon. Once the ions pass through the cel1

nre¡nbrane they clisplace cal-cium from a tlghtly bound store (seqr-res-

tering), which then interacts rvith the contractiLe elements.

5. Lolllg j"l"*I

A number of diffe::ent lvorkers have proposecì that the contrac-

tile elernents of snooth muscle can be activated-by cal.cium releasecl

from a bound intracellular site. Kolodny & Van cler Kloot (1961)

suggested that in the absence of extracellular calcium contraction

1s brought about by the release of calcium from a bound store.

They founcl that after long perlods of bathing in a calcium-free

sucrose solution the frog stomach contracted in response to

acetylcholine, adrenaline, ancl electrical stimulation, and the

guinea pig taenia coli contracted in response to acetylcholitre and

electrical stimlrlati-on.

Imai & Takeda (1967) found that the mechanj-ca1 response of

taenia cofi to potassium sulphate consisted of two distlnct phases,

an lnitial rapid rise of tension, and an ensuing sustained contrac-

ture. l{hen the tissue was bathed in a calcium-free solution the

rapid phase was abolished, but the sustained phase persisted,

though consi-derably diminished 1n size. The addition of ¡nu1ti-
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valent cations such as nicliel , cadmlum, cobalt, or mag*nesiurn to the

bath augniented the sustained phase but did not restore the initial

rapid phase, lvhen potassiunr contractures \yeïe induced in a normar

calcllrm solution-, these cations abolished the rapid phase ancl

depressed the sustalned phase of contraction due to inhibition of

calciu¡n 1nf1ux during depolarlzation. rt was therefore suggestecl

that the rapid inÍtlal phase ancl part of the sustalned phase ciepend

upon extracellular calcium, while most of the sr.rstained phase was

due to the release of bound calcium.

Hurwitz "q 4. (1967a) reported that longitudinal fibres fron

guinea p19 11er.rm eontracted rvhen they were transferred fron a

physlological solution containing calcium to a calclunr-free

solution. The magnitude and duration of the contractile response

was enhanced if the muscle was preinõubated .in a high calcium

(36nlI) solution. The addition of acetyrchollne or potassiurn

caused a further contraction of the muscle. when the tissue was

45lncubated with -"C^ and then transferred to a calcium-f::ee

solution, the contractj-on \yas accompanled by an i.ncreased efflux
Á-q,

of --ca. rt ¡vas suggestecì that acetylcholine, ancl high potasslum

and a calcir.rm-free solution increase smooth muscle tone by

mobilizing calcium from an intracell-u1ar compartment whlch may

reslde in the fibre membrane. similar conclusions were reached

by Van Breemen & Daniel (1966) . They

and potassium increased 45ca efflux in

found that both acetylcholine

rat uterus. They concluded

that myometrial contractlon is lndueed by a

from the 1¡rside of the cell membrane or the

release of calclunl

endopl asmlc reticultrm,



_J-L _

or both.

lvfr-r1t1p1e Caleium Stores

Recently evidence has been presented whi-ch indicates that both

extracell.ular ancl bound carcium are utillzed by the contractile

elements for contraction of smooth muscle

Hurrvitz et al. (r967b) fou'd ttrat both extracellular and

ceIlul..t 
"tt"-lr* u"e mobllized to activate the contractile .elements

ln smooth ¡ruscle. rsorated guinea plg ileum contracted when the

bathing solution was changecì from one witir a hlgh (36mÌ{) calcium

concentration; to a calcium-free solution. llhen the period of

lncubation in the high calciuni soluti-on was lengthened, the muscles

accumulatecl increasingly more,dalcium, presumab.ly' ir, "r, intracellular

slte, and exhibited increasingly rarger "onr"u.ar1e responses rvhen

placecl in a calcj-um-free solution. The contractile response \r/as

enhanced v¡helr. acetylchollne rvas added to the calcium-free solutj.on.

l'4ren acetylcholine was added to a bathing solution containing a

high calcj.um concentratlon a sustained contraction rvas obtained.

Comparisolls were then made between acetylcholine contractlons ob-

talned in the presence of 1ntracellular calcium and in the

presence of extracellular calcium. rn one case the tissue was

incubated in a high calcium solution, then bathed in a calciurm-free

solution containing acetylchollne; the contraction which developed

was therefore dependent on an intracellular calcium store. rn

the second case.the tissue was first depleted of caicium by being

bathed ln a calciltm-free solution contalnlng EI/TA, then stimulatecl

þ.



with acetylcholine in a calcium-containing solutioni the contrac-

tion which developed rvas therefore depencÌent on extracellular

calcium. This contractlon was inmediately abolished rvhen the

calclum was reüioved from the bathing solution.

The muscle rvith a high level of intracellular calclum main-

talned tone for a longer perlod of ti-me in the absence of extra-

celIular calciunr than did the mr.rscle which was calciurn-depleted.

rt was suggested that the extracellular calci.um.serves as a

reservoir of calcium which supports nruscle contraction by main-

talning the ce1lu1ar store in a state of partial or fu1l satnration

It was speculatecl that extracellular calciunr ions reach the cyto-

prasm of the muscle by more than one pathway. part of the calciu¡n

night enter the cytoplasm by way of the intracel.rurar store,

and a second part rnight enter by an alternate route which bypasses

the intracellular depot. However, these pathrvays are not nec-

essary for an explanation of the results. The nrain point is that

two different calcium stores can be utilized for the contraction

of smooth muscle

Hinke (1965) sholed that potassium and noradrenali-ne contrract

vascular smooth muscle by utilizing different stores of calcium.

The contraction of isolated perfused rat tail artery wâs measured

as a reducti.on in flol at a constant perfuslon pressure A sus-

tained contraction was obtained when either potassium or noradrena-

line were added to the perfusate. T/hen calciunr rvas omitted from

the perfusate the potassium-induced contraction decayed slowly,

but the noraclrenaline-induced contraction was sustaLnecl. The
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potassium-j.ndttced contractj.on was rapldly abolishecl rvhen the artery

was perfused ivith a calcj.um-free solution containing EDTA, but

the artery sti11 contracted in response to noraclrenaline. although

wlth reduced magnitude. prolonged perfusion of the artery with a

calcium-free solution containing EDTA did, horvever, abolish the

noradrenaline contractlon. The contraction rvas rapldly restored

after the addition of calci-um to the per.fusate. Addition of cal-cirim

to the perfusate in inerements gracìua11y restored both noradrenallne

and potassiun contractions rvhich hacl been abollshecl by calcium-free

plus EDIA perfusion

Hinke suggested that.vascular srnooth muscle contains at least

two calcium fractions, both of which may be bouncì to the cel1

surface. One calcium fraction is loosely bound and easily mobilized

and is clependent on extracellular calcium. The other calcium

fraction is tightly bound, and is lndependent of extracel-1u1ar

calcium. Therefore potassiurn-induced contractions utilize the

loosely bound calclum, while noradrenaline induced contractions

utllize both tightly bound and loosely bouncl ealcium.

Daniel (1965) proposed that there a::e two, and possibly three,

binding sites for calcium in smooth muscle. These sltes are:

a superficially (loosely bound) site located on the outslde of the

cel1 membrane; a sequestering (tightly bound) site located on the

lnside of the cell membrane; and a third site located inside the

ceIl which might constitute mJ-crocrystalline deposits

chondria. He proposed various models to explaln the

whlch mlght exist between these blncling sites. First

or mito-

r e1 at ionships

,lt 1s
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series wlth each othe:'. The

Blancirl (1965) found

of frog rectus abdonlnis
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superficial ancl sequestering, are in

seconcl possibii-i-ty is a paral1e1

that EûIA did not penetrate the cel1s

ancl sartorius muscles. The ln"-o-o

arrangement where extracellurar ealciurn reaches the sequesterlng

sites by a pathrvay lndependent of the superficial binding sites,

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

dorvn its electrochemi-cal gradient through pores whj.ch are not

available until carcium is removed fron the superfic.ial binding

sites. The third posslbiJ.ity is that both the series and parallel

moclels are operative. A fourth possibility takes into consider.ation

the thlrd binding site v¿hich ls located intra""itr¡tãrty and ls in

series with the',sequesterlng sites

7. Conclusion

There 1s no direct evidence for the exi.stence of multiple

calcium stores in smooth nruscle or for the way ln which drugs

affect these stores. Holvever, the studies discussed here provide

strong circumstantial evidence for the existence of at least three

stores of calcium j-n smooth mtrsele; extracellular calcium, calcium

loosely bor.rnd to the external surface of the cell membrane, and.

calcium tightry bound to the lnternal surface of the cell'

membrane. This evidence is based on the faet that the calciunr

chelators EDTA and EGTA do not penetrate ihe celL membrane and

bÍnd only calci.um rvhlch is extracellularly located.

space was found to be the same as the In"-rrl""ose 
space



also founcl that tn"-ooro 
washed out of the muscles at a much faster

74rate than dicl C-sucrose.
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V.an Breemen et al. (1966) showed that

^Ècausecì an increased efflux of *tca from rat

elther EDTA or EGTA

ut erus . Horvever , they

not rnediated by noradrenali-ne or

affected by acJrenergic or cho-

& Irrvin, 1965) . FIe suggested that

suggest

calcium

caused a

uterus. These contractions lvere

acetylchollne since they v,,ere not

that this rvas not due to chelation of ex'brace11u1ar

slnce bathing the uterus in a calcium-free solution
45reduction in Ca efflux. They suggest that EDTA

reversibly damages the ce11 membrane and thus i¡creases the

permeabllity to calcium. However, the increased efflux could be

due to an lncreased membrane permeability as thê result of the

removal of loosely bound calcitim frorl the membrane, ancl ilr.e

subsequent release of calclum from a.n intracelrular blncling site

as was suggested by Bianchl (1965) for skeletal muscle.

EDTA has also been shorvn to cause contraction of isolated

linergic blocking agents (Daniel

these contractions lvere due to the removal of calcium from the

surface of the ce1l membrane which in some rvay caused the liberation

of calcium from an j-ntracel1u1ar binding site.

The effects seen v¿ith these chelating agents are clue to calcium

chelation and not the chelation of magnesium. EDTA has been shorvn

to bind calcium rnnch more strongly than magnesium and EGTA specifically

blnds calclum (Chaber-ek & I\'lartell, 1959). In another study Bozler

(1955) shorved that in glycerol extracted skeletal muscle EDTA

preferentially bound calcium, and only bound magneslurn after all
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calcium had been re¡noved fro¡n the muscle.



lTArEyEt'i"f o{_THE PROBTEM

The uptake hypothesis has becolre generally acceptecr as the

mechanism of cocaine potentiation of catecholarrrines, ciespite the

inconsistencies discussecr above a*d the circumstantial nature of
the evlde'ce for a cause and effect relationship. This stucìy was

done to see if there was an alternatlve explanation for the mechanism

of cocaine supeïsensitlvity

It has been suggested by a number of authors discussed above

that cocalne ca'ses supersensitivity by an action on the rèceptor

or on a postreceptor event. The actlvation of the smooth muscl-e

receptor by a drug initiates a chain of events rvhich leads to
contraction- one of the links in this chain is careium. calcium

ls essential for the contractiou of snrooth muscle and 1ts utL1l]za-

tion by the contractile elements takes place after the receptor has

been actlvated. The potentiating effects of cocai.ne, therefore,

uright be due to an alteration in the utilizatlon of calcirrm for
contraction so that calclum beco¡nes more readily aval1ab1e to the

contractlle elemen'bs .

Experlments rvere designed primarily to see if cocai.ne altered

the utllizatíon of ealclum for contraction of the isolated spleen

strip by noradrenal- j-ne ancì hlstamine. However, any alterations in

the calciurn utillzation coul-d a1 so be attrlbuted to an i_ncreased

noradrenali.ne concentration at the receptor as a resurt of release

of endogenous catecholamines. or the blockade of neuronal uptake.

Therefore experiments were also done 1n order to eriminaie these

effects as contrlbuting to a change in c.alcium ut11i?ation caused

by cocaine.

c.
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Preparatlon of the Isolated Spleen Strip

cats (0"3 - 3 kg) of either sex were killed by a blorv on the

head. The spleen was ln¡rediately removed and imlnersed in lkebs-

Herrselei-t solution et 4oc. The spleen rvas placed on an inverted

Petri dish cover"ed by a filter paper saturatecl rvith lþebs-

Henseleit solutiorr" Strips 20 ¡.ur. Iong ancl 2 rnm wlcìe rvere cut from

the peripheral edge of the spleen after removal of adhering fat

tissue. Each strip \vas suspended in a muscle bath containing 15 ml

of bathlng solution kept at 37.5oc, and bubblec rvlth a gas mixture

of 95/o O, and 5% COZ. Isotonic contractions agáinst 1 g tension

were recorded on a kymograph at ten times lever magnification at

a paper speed of 1mm,/nin. The strips lvere all0wecl to equilibrate

ln the bath for one hour before clrr.rgs were aclclecl . The bathing

fluid vas replaced every fi-fteen minutes ei<cept when drugs wez,e

present in the bath.

2. Bathing Solutions

The follorving bathing solutions rvere urade wttn oistilled

demineralized vrater.

1. Standard Krebs-Henseleit sol-ution: NaCl 118, KC1 4.7 , CaCLZ 2.5,

KII2PO4 1 .1 , Ir{gSO r, L.2, NaHCO, 25 "O , and glucose Il .0 nlrL

tÍ. In experlments where the tissues were to be bathed in a

medlum without caIci.um, a ttCa-Freett solution was prepared

by omisslon of CaCL, from the standard Krebs-llenselelt

formula. In order to promote the.depletion of tissue

calclun: the chelatlng agent disodium ethylenecliaminetetra-
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acetic acld (EDTA) v/as adcted to the ca-Free solutlon in
a concentratlon of 0.3 miri, and deslgnated a "o*ca EDTA"

solutlon.

3. Drqgg

stock solutlons of aIl cìrugs rvere made ln concentrations of
1, 5, or 10 mg/nr and stored at 4oc. r-Noradrenallne bitartrate,

and tyramine hyclrochlorlde ivere cllssolved ln 0.01N Hcl . cocalne

hydrochlorlde, procalne hydrochlorlcìe, desmethylimipramine, hista-
mlne acld phosphate, ethylenecrlarnlnetetra-acetlc acicr (EDTA)

disocllum and dlcalclum sarts, strontium chlorlde, uld calclum

chloride v¡ere dissolved in distlllecr delnlnerallzed water.

A stock solutlon of reserpine ln a concentratlon of. 5 mg/mL

was made; 1oo mg reserplne was dissolved in 2.0 nr glaclal acetlc

acid, 2.5 ml propylene g1yco1, and 2.5 m1 gb/s ethanol and sufflclent

water added to rralçe 20 nrl .

Dlazoxlde was dissolved 1n dlstlllecl demlnerali.zed water made

alkaltne wlth 0.1 N NaOH to facllitate solutlon.

All drugs were dlluted to approprLate concentratl-ons on the

day of use wlth 0.9ft sodlum chlorlde, ln the case of catecholaml¡res

O.01N HCl was added to prevent rapld oxldatlon.

Drugs were added to the muscle bath rvlth 0.01 to 0.5 rn1

mlcropipettes. Drug concentratlons are expressed as flnal concen-

tratlon ln the muscle bath ln g,/ml except calclum and strontlum

whlch are expressed ln molar concentratlons. The welghts of nor-

adrenallne, hl.stamlne, ancl tyrainlne are.expressed ln terms of the

free base, all other drugs as welght of the salt.
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4. Treatlent witÞ 3eserpilg.

Animals 'were treated with 1.0 mglkg intraperltoneal_ly trventy-

four'hours before an experiment. spleen strips were shorvn to be

depleted of noradrenallne either by spectrofluorometric assay or

by the J.oss of ïesponse to tyramlne 3 x lO 5 g/nI .

5" €æLgåtj:4q:luryioså
Noradrenallne and adrenal1ne lvere assayed fluorornetrically by

a modlflcatlon of the methocls descrlbed by Bertle" q! ?1_. (r95g)

and Euler a-nd Lishajl<o (1gbg). The catecholarnfu:es rvere purified,

concentrated, and then transformed into fluorescent compounds by

oxidation and rearrangement in alkali to the trihycìroxyincloles,

adrenoh.rtine and noradr.enalutine,

spleen strips welghing 100*200 mg were removecl from the bath

atrd placed 1n test-tubes containing lO m1 of colcl (+oC) Krebs-

Henseleit solution. After 10 to 30 minutes the tissues were

blotted with filter peper, rvelghed, and immecliately homogenized

wlth 5 m1 of O.4 N perchloric acld per gram of tissue. The

homogenates were then macle up to 10 ml with 0"4 N pe::chlorlc actd

ancl centrifuged at 8500 Rpilf at OoC fo" 10 minutes.

Na..EDTA o.1 g was added to the supernatant and the pH adjusted

to 6.2 to 6.3 rvith 5 N potassiurn earbonate. The hornogenates were

further purlfied with a Dowex 50s-x8 catlon exchange resln
t

(500 mg, 20 mm" x 12 mm). Before use, the column was washed through

wlth 20 ml 2 ç ¡191, 20 ml of sodlum acetate buffer pII 6.0 contaln-

ing Na-EDirA, and agaln wlth 20 ml of delonlzed water-. The extracts

were then flltered into the column; the coltrrnn was washed with 20
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nil of cìeionized rvater and eluted ivith l0 ml lN licl . The flow rate

through the colurnn was kept constant at 0.25 mL/min.

5 nl of the eluate v,'as brought to pH 6.2 to 6.3 with 5 N

potassiurn carbonate. The noradrenaline ancl adrenaline 1n the

eluate were then oxidized to their chrome derlvatj-ves by adding

0.1 mt of O.25/o poiassium ferricyanicle for three minutes. The

oxiclatlon was then lnterrr.rpted and the chrome derivati-ves converted

into fluorescent lutines by the acldition of 2 ml of a mlxtul'e of

9 ml to 5 N NaOH, I mL 2/¿ ascorbic acld and 0.2 m1 diaminoethane.

The extracts rvere then irrunediately read on a-Farrant optical

spectrofluoroineter" Noradrenaline and adrenaline are differentiaterd

by mal.,ing use of their different activation and fluorescent spectra.

The activation peaks for adrenolutine ancl norac.lrenolutlne are 435

and 395 }tu respectively, the corresponding fluolrescence peaks being

54O and 490 }fu respectively. Tissue blanks were treated in the

same way as the samples exeept that no potassium ferricyani.de rvas

added. Standards of adrenallne and noradrenaline as rvell as a

reagent blank $ere rLtn ln parallel with the samples. To control

the posslb]-e presence of interfering material a known amount oJ

aclrenaline and noradrenaline rvere added each to one porti-on of the

eluate and treated in the same v/ay as the sample.

The amounts of adrenaline and noradrenaline were calculated

with the ald of the follorving formula (Coheri & Goldenberg, 1957).

The assay was sensitlve to 0.002 VC/g of. tlsstte.
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n

A
a

Ifhere:

A.b-

Noradrenaline concentration in ¡rg

Acìrena1 ine concentration in pg

Fluorescent value for adrenaline (tissue- sample-blanll)

Fluorescent value for noracìrenali.ne (tlssue sample-brank)

Adrenaline standard - blank measured ut ttu 
-adrenallne 

v/ave

lengths

Adrenaline standard - b1ank, measured at the noradrenarine

wave lengths

N - Noradrenaline standard-blank, measured at the aclrenalj-ne waveø.-
lengths

N, - Noradrenaline standard-blank, measured at the noradrenali¡eb-

wave lengths

6. Measurements and Statistlcs

contraction and relaxation of the spleen strlps v.,ere mea-sured

to the nearest millimetre from the kymograph record. The contrac-

tions v/ere measlrred at the peak of the response after they had

reached a steady state" Relaxation r,¿as calculated as the differ-

ence betrveen the magnitude of the peak contraction in response to

an agonist and the contraction remaj.ning after 30 mm of exposure

to an antagonist"
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I?hen cornparlsons rvere ¡nacle betleen sFleen strips fron the same

cat, or within the sa¡ne spleen strlp the resul_ts v¡ere analyzed by

the t-test for pairecl observatlons (Golclstein 1g64) " observations

from dlfferent spleens rilere compared by "st'dentts t-test".



RESULTS
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A. T}IIi E}-FECT, OF COCAI\ÎE ON THI] UTILIZATION O}- ¡.íEÌ,JBR^ANB AND INTNA-

CNLLUL{P, tsOUND CALCIU¡,{ BY NORADRBNALINE AND H]STAIÍINE

Calcium is requì.red for contraction of smooth muscle and its

utiLi-zation in excitation contraction coupllng is a postreceptor

event. Noraclrenali.nc is capable of utill-zing loosely and tlghtly

bound calclurn stores for contraction (Hinke, 1905; llucìgins & I?e,iss,

1968) t'¡hereas histanine utilizes only loosely bound calclum stores

(HudgÍns & \iteiss, 1968) " Experlments rvere done to see if the poten-

tiatlon of noradrenallne by cocaine involvecl changes 1n this

utilization.

1. The_Potentlat j_.on gf Noradr]enallne b)l_Cocalne ln,the Isol?tecì

Sple_en _Strip_Þathe9 1n a C_algluqr:r'ree Solu:!j!o¡

In these and subsequent experlments a Ca*Free solution r'¿as used

to ellmlnate an extracellular source of calclum, ancl a O-Ca XDTA

solution was used to promote the removal of lnterstitial or loosely

bound calcium"

Cocaine (1O-5 g/nL) potentiated the response to noradrenallne

(1O " e/rr.i-) in a Ca-Free soltrtion. Spleen strips were first equi1l-

brated in a O-Ca EDIA solution for 60 minutes. Tissue calcium was

then reduced by repeated additlons of noradrenaline to the bath until

the contraction obtalned was smalI. The tissnes were then bathecl in

a Ca-Free sol-ution for 30 minutes to remove the EI)114. Noradrenaline

was again added to the bath; a contraetion was. obtained; the bath

was ¡vashed and the tissue r/as allorved to relax. The strip lvas then

elther trãated wlth cocalne for' 5 minutes after wntcfr noradrenallne

was added to the bath ln the presence of cocal-ne (Fig. 1-A), or
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0 Ca EDTA

Fig. l-

Ca FREE 0Ca EDïA Ca F R E E

The Potentiation of NoradrenaLine by Cocaine j-n the Isolated
Spleen Strip Bathed in a Calcium-Free Sol-u'Lion.

Trvo strips f rom the same spleen. Tissue calcium rvas redlr.ced
with repeated exposure to noradrenaline (N foll-oived by dots)
in a O-Ca + EDTA solution. A. One strip exposed to cocaine (C)
1O-5 g,/niI , 5 min bef ore the exposure to no;:aclrenaL ine (N) :
1O-o g,/nil . B. One strip exposed to cocaine (C), J.O-Ð^g,/rnl-,
at the peak of the response to noraclrenaline (N), l-O-o g,/nil .
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cocalne was adcled after the r:esponse to noracli.enal 1ne had leached a

plateau (Flg. 1-B). The mean differences in the helghts of contrac-

tiou are shor,¡n in Table I, A & B.

rn 36 strip.s frolri 32 cats, pret'eatrnent wlth cocalne signlf 1-

eantry lnc'eased the height of the noracrrenar-i_ne contraction by

9.9 11.3 ni¡r" rn anotrrer 4T strips from 3r- cats the super.addition of
cocaine slgnificantly increasecl the height of the noradrenallne

contractlon by 9.1 t 1.2 mm" Ifany of these preparations received

further treatment which is described ln snbsequent experimerrts.

2" Potentiation of the l{aximum Contraction to Nor-acÌrenaline by

CocaJne in the Isolated Spleen Stlip Bathed in a Calcium-Free

Solut ion 
"

Four experlments v¡ere done on strips fr-om four cats, each on

two strlps from tire same spleen. strips vzere flrst bathed ln a

o-ca EDTA solution for two hours to remove tissue calclu¡n. The

bathing solution was then changed to a ca-Free solutlon, to remove

the EDTA. cumulative doses of noradrenaline (ro:6 to 3 x ro 4 g/nt)
were added to the bath until a maximum contraction was obtalned

(nig. z¡. cocaine (10-5 g/nr) was adcled to the bath when there was

no further contraction to noradrenarlne. The mean differences 1n

contracti-on height are shown in Table l-c. r,he maxlmum helght

(21 "8 + 5"4 n¡n) of the noradrenall-ne contractlon was obtalned rvi-th

"on".rr-*utlons of 3 x r0*5 and Lo-4 g/nt cocaine slgnlficantly

increased the height of the maximum noradrenaline contraction by

3"5 j 1.1 mm,
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TABLE 1

POT|NTIATTON OF NORADREÌ,IALIì{E By COCAINI (ro-ss/mr) rN

ISOLATBD SPTEEN ST}ìIPS BATH-ED IN Ca_tr.RE]] SOLUTION AND

THE IJFFECT oF suBSEeuENT aDDrTroN or Na-EDTA (ro-3g/mr)

Change in
Nor aclrenal i ne -
Cocaine Con-
traction Dr,re

to Na-EDtA
trlean + S.E.
.nm

-5.4

-1I.4

-1r.8

-1r.3

+ I.9

+ 2.8

+ 2.2

+ 2.O

BrcrDrE rF rG,
A
A,B,D,E,

ca F, G,
F,G,

Cocaine Added Af ter Noraclrenaline hacl Incluced
Cocaine Addecl 5 ltiin Befc¡re Noraclrenaline
Tissue Calciunr Depletecl with Noraclreiraline and
( IO-4g,zml )
Tissr.re Calcitrrn Depletect rvith Na-EDIA (IO-4g,h1
Spleen Strips frc.¡m Reserpine Treated Cats

Contracti.on

Na-EûlA

)

I'he Numbers in parenthesis Represent the Ntrmber of Spleen Strips.

r eatnien t

A

B

c

D

E

F

G

Dose of
Nor-
adrena I i¡re
8/mI

Change in I p
NoraclrenaIine
Cout¡action
Due to Cocai-ne
Mean + S.E.

Írm

+9.8 + 1.3 (86)

+9. 1 +_ l. 2 (47)

+3;5 + 1.I (8)

+6.8 + I,7 (B)

+12,6 + 4.0 (B)

+28.I + 4.0 (4)

+22.8 + 2.8 (4)

ic-6

1O -6

maximum

1O-6

IO -'

10-6

ro-5

<0. 001

<0. o0l_

<o.02

<o. or

<-0. 02

<{. or

<0.005

<.025

4. Ol

<. 02

<o.o2
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^ -,t5

e o Free

imum Contraction to
Spleen Strip Bathed

15 rrr rn

Noradrenal ine by
in a Calc i,um-

Potentiation of the il,lax
Cocaine in the Isolated
Free Solution

Spleen strip exposed tc
concentrations of 10-6,
follorveci by cocaine (C)

o

N

Flg

noradrenal ine_ (N)
3 x 1o_6, lo_", 3

, l0-' g/nI.

in cumul- at i ve
x lo-5, ro-4 g/nr,
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3. The Effect of Na-EDTA on the Potentiation of Noradrenaline by

Cocaine in a Calcluni-Free Solution

The above I'esults indlcate that cocalne may enable noradrenallne

to ut111ze membrarre or intracellular bound calcirrrn more effectively.

Experiments rvere therefo::e done to see 1f Na-nDTA r"ould alter the

potentiatlon. of noradrenallne by cocalne 1n a Ca-Free solution,

posslbly by chelatl-ng tirls caI ciurn once 1t was released from its

blndlng site.

Elght experiments were done on 16 spleen strips, each v¡ith two

strlps from the same spleen. One strlp was exposed to noraclrenallne

-6 -4(1O " e/nI) and the other to (IO " e/*t¡. Tissue calcium was flrst

reduced by addition of noradrenaline to the bath containlng a O-Ca

EDTA solution unt1l the contractlon obtained rvas smal1. The bathing

solution was then changed to Ca-Free, to remove the EDTA. A sma1l

contraction of constant height v/as obtained after a. number of addi-

tlons of noradrenaline to the bath. This sma1l contraction to nor-

-c -Ãadlenaline (10-" g/mL, îig.3-A; and 1O-o g/ml, îig.3-B) v/as

potentlated by the additlon of cocalne (10-5 g¡nl¡ to the bath.

The further additíon of Na-EDTA (10-3 g,/r:.|) causecl a sntall translent

contractlon of the tissue, then relaxation, thus slgnlflcantly

reduclng the potentiatlon by cocalne. The mean differences 1n con-

traction helght are shorvn ln Table l-D & E. The potentlatlon by

cocalne of the larger dose of noradrenallne was not slgnlflcantly

greater than of the smaller dose (P > 0.1).
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¿L Potentlpt+on of Ng1'aq".l,|1n.9__þJ_cq:a]:g 1n the Reserp-l-119_p¡e_

!:Sgtço itgl"!"d qpl. Eathed in a calcium-Free sot-ution

These experiments r'¡ere done to shov¿ that the potentiation of
noradrenaline by cocai¡re v¿as not clue to the lel-ease of catechola-

mlnes from nerve endings in trre spleen. To deplete the spreen of
noradrenaline, four cats were given reserpine, r ng/kg, 24 hours

before tbe experiment. Two strips were cut from the same sl:1een;

one strip y/as exposed to noraclrenaline, 10-6 g/*t, (Fig. 4_A), ancì

the othe' to noracìrenaline, 1o-5 g/mr, (Fis. 4-B) . The strlps Ìvere

first bathect in a o*Ca EDTA solution for trvo honrs to reduce tissue
calc1um" The bathlng solutlon was then crranged to ca-Free, to
rer.ove the EDTA. Each strlp v¡as first exposed to tyrarnlne (3 x 1o-5

c/nt¡ to test for compreteness of catecholami.ne depletlon by reser-
pine. Both concentrations of noradrenaline. cansed smal1 contractlons

which were greatly potentiated by the addition of cocaine (10-5 e/nt¡
Tliere rvas no sj-gniflcant difference between the clegree of potentla-

tlon of the larger and smaller closes of noraclrenaline by cocaine

(e> o"s¡. The fulther addition of Na-EDTA (r0-3 e/nt¡ causecl the

strips to relax signiflcantly. The mean differences in contractj.on

helghts are shown 1n Tab1e 1-F & G.

The Effect of Repeated Administrat ion of Na-EDTA on Noraclrenaline-

induced Contractions of the Isolated Spleen Strip Bathed in a

Calcium-Free Solution

Experiments were done on

strips rvere cut from the same

16 spleen strlps from 8

spleen; one was exposed

cats. T\r'o

to noradrenaline,
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Ca Free

Fis

NT

Ca Free

Potentiatio¡r of Noradre¡raline by cocaine in the Reser¡rlne-
þretreated Isolated spreen strip Bathecl iir a cal-cium-Free
Solut ion.

Two sirips from the sarne spleen in rvhich reserpine, I
mg/kg, rvas adminis'bei:ecì 24 hou:-s bef ot'e the experiment.
A. Strip treatecl i','ith noraclrenal ine (N) , IO-: g/nj .

B. Strip treated r,¿ith noraclrenal ine (N) , f O-b g/ml .

Both strips were tested rvith tyramine (T), B * lO-5 g,/mL
then exposed to not'aclrenal ine ancl to cocaine (C) ¡ 10-5
g/ml , fol-lov¿ed by Na-EDTA (E)., lO-t g/n\ .
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-6 -ÃLO " g/n7, and the othe:.' to noraclre¡ral 1ne, LO " g/ml. Figi.ire 5

lllustrates a typlcal experlrnent. The strips v¿ere firsi bathed in

a O-Ca llDTli solutio¡r for 2 hours to reduce the tlssue calcium. The

bathlng solution.r'¿as then changed to Ca*Fl'ee, to remove the EDTA.

Exposure to noradrenal lne contractecl the tlssue, which t'¿as relaxed

by further addition of Na-nDTA (10-3 e/nr) to the bath (Fig. 5- a & d)

Y/hen the procedure was repeated 30 mln later the contraction due to

noradrenaline rvas much smaller and Na-EDTA did not caltse relaxation;

instead there was a sma1l increase which rvas not statlstiea.lly

significant, (Fig" 5- b & e). The tissue was then bathed in normal

Krebs-Henseleit solution to replace sone of the tissue calc1nm.

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

same dose of noradrenaline no\\' câused a much larger contractlon

than after the first exposure; these r'¡ere relaxecl by further addition

of Na-EDTA to the bath (Fig. 5- c & f). The results v¿ere slmilar

for both dose levels of noradrenallne. Analysis of the data ls

Shor'¡n in Table 2 
"

6. The Effect of Repeated Admlnistration of Na-EDTA on the Potentia-

tlon of Noradrenal 1ne by Cocalne_in the Isolated Spleen Sj$p

Bathed ln a Ca1clu¡t-Free Solution

Experlme¡rt" were done on 8 spleen strlps froni 8 cats, The

strlps were first bathed 1n a O--Ca XDTA solutlon for 2 hours to

reduce tlssue calclum. The bathlng solutlon rvas then changed to

Ca-Free to remove the EDTA" Noradrenaline (10-6 e/r*7¡ caused a

small contraction which was potentlated by the adcllLlon cf cocalne
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-5 -?(10 - e/nl-) to the bath, The further aclclition of Na-EDTA (10 " e/rr-i-)

caused the tissue to re1ax, thus reducing the potentiation by eocaine

(Fig. 6-a) . Thlrty rnlnutes later the procedure v¡a-s repeated ancl

the nor:adrenaline contraction, the potentiation by cocaine, and the

relaxation by Na-EDTA nere all reduced (fig. 6-b) . After another

30 mlnutes the responses were ftrrth.er reduced (Flg. 6-c). The pre-

paratiou rvas then bathecl ln norläal lþebs-Iienseleit solutlon to

replace some of the tissue calclum. After one.hour the bathlng

solutlon rvas changed back to Ca-Free. Exposure of the strip to the

same dose of noradrenalLne caused a larger contraction than before

the calclum replacement and this rvas potentiatect úy the further

acìdltion of cc¡cai-ne to the bath (Fig. 6-d). The adcìition of 2.5

rnM ealclum eaused a further contracti-on. Analysis of the data is

shon'n in Tab1e 3.

7. The Effeet of Ca.lcium-EDTA on the Potentiation of Noradrenaline

b_y Cocaine of_!!re Isolatedj4een Str_ip

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 wlth two strips cut frcm the same

spleen. One strip was tested wlth Na-EtvTA (Fig. 7-A) and the other

wlth Ca-EDTA (fig. 7-B). Both strips were first bathed in a O-Ca

EDTA solution for two hours to reduce the tlssue ca1ci.um. The

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

Noradrenallne (10-6 e/nt¡ causecl a small contraction which was

potentlatecl by the acldj.tion of cocaine (10-5 E,/rri-) to the bath.
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NOR¡\tAL KREBS
601

Æ

Ca FREE

l5 |

Ca FttEE

151

CA FREE

l5nrnr

-,--l:è-NV

Ca FREE

Fig The Effect of Repeated Acìministration of Na-BDTi\ on the Pot-
entiatiop of Noraclrenaline by Cocaine of the Isolated Spleeu
Strip Bathed in a Calciun-Free Solut

One spleen str ip treatect rvith noracìlrenal ille (N) 10-6 g/rn1

f ollorved by cocaine (C), 10-5 S,/nI , and Na-EDT-q. (E) , 1O-3
g/ntl_ . a- f j-rst exposure ; b- second exposul'e ; c- third
exposure; d- fourth exposure, but calcium 2'5 nùl (Ca) rvas

adcled insteacì of Na-EDTA. The tissue ltras exposed to nornral
Krebs-Ilenseleit solut ion f or 60 nrin betlveen c & d .
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Fig. 7

f,,*'.

Ca Free Ca Free

The Effect of Ca-EDTA on the Potentiation of Norad::enaLine
by Cocaine in the Isol-ated Spleen Stri.p Bathed in a Calcium-
Free Solution.

Two strips from the same spleen. A- treatecl uith Na-EDTA.
B- treated with Ca-EDTA. Both strips were exposed to nor-
adrenal ine (N), 10-6 g,/nl , f o1f or,¡ed by cocaine (C) , 10-5
g/m\ , and then exposed to either Na- gr Ca-EDTÄ in curnr:1atir.,e
concentrations of l0-5, IO-4, and 10-3 g/ml at the ar-rorvs.
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The tlssr.reÉ:'lvere then exposed to either Na-EDTA or Ca-EDTA ln cr.inLul¿r*

tlve contractlons of 10-5, 1o-4, and 10-3, e/mr, The mean cl-ì fferences

in contraction are shov¡n ln Table 4. All three concentrations of

Ca-EDTA sì.gnlfi-cantly lncrea.sed the alreacly potentlated contractio¡r.

The first trvo concentratiolr.s of Na-triDTA dicl not slgniricantly change

the noradrenalJ-ne cocaJne con'craction, but the largest concentratlori

signiflcantly relaxed the strlp.

Four additional experiments lvere done with'normal I(rebs-Flenseleit

solution. There was no effect when the strips were exposecl to Ca- or
-aNa-EDIA (10 " g/ri.l-). Hovrever, Na-EDTA significantly reduced the

contraction to noradrenaline (10 6 
c/^r) by a mea.n of 8.5 + 0.g mm,

P < O.05. Ca*EITTA rvas without effect

8. Pot entiat j.-on :"lllr ".!3$lf ¡y_ Co_c ai1 e in a Ca1 giù¡n-T{ e e_ So 1 ut ioil

The effect of cocaine on the histami-ne-induced eontraction in

a calclum-free solution was tested to see if the cocaine alteration

cf the utillzatlon of ntembrane or intracellular bound calclurn was

specific for noradrenaline"

Experiments v¡ere done v¡lth 1€; "O1".n strlps from 8 cats. The

spleen strlps v¡ere first equllibrated in e. o-ca IDTA solution for

one liour. Tissue carclum was then reduced by adding histamlne to

the .bath until the contractlon obtalned was no more than 1 or 2 mm.

The tissues were then bathed ln a ca-Free sorutlo¡r for 30 minutes

-Ãto remove EDTA. cocaine (3 x 10 " g/mr) failed to potentlate the

contraction to histamlne (10-6 s/rnt¡ ln 4 strtps pretreated wlth

cocalne for 5 minutes (Ffg. 8-A) , ar.d 12. strips exposed to cocalne
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TABLE 4

TIIE EFFECT OF Ca-nDTA ON THE POTEI'I-TIATIOLT OF

NORADREj'TALINE (10-6e/nL) BY COC-A.INE (IO-5e,/ml) IN

ISOI,ATED SPLEEN STRIPS BAT}II]Ð IN A CA-FREE SOLUTTON.

The Numbers in Parenthesis F,epresent the Number or Spleen Strips.

Ca-EDIA Na_EDTA

Dose of EDIA
g/mt

Change ln
Con'Lraction
Mean + S.E.

Ítm

P Change Ín
Contraction
Mean + S..E.

nn

P

IO-5

1O-4

_e10"

+6.5 + 1.7 (4)

+20.8 + 3.4 (4)

+28.O + 3.4 (4)

4. 05

4. 01

4.O05

+I.8 r- 0.7

-O.8 ¿- 2.2

-2O + 6.4

>o. 1

>Ð.7

<. 05
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I'1g. 8 The Effect of Cocai-ne on the Hi-stamine-incluced Contraction of
the Isolated SpIeen Strlp Bathed in a Calcium-Free Solutio¡r.

Tivo spleen strips f rom the same sp).een; top trac j-ngs f rom one
strip ancl bottont tracings from the second. A- first strip
treatecl rvj-th histamine (H): 10-6 g/n!, bef ore ancl in the
presence of cocaine (C), 10-b g/ml . B- same strip treartecì v¡ith
noraclrenal ine (N), lO-o g,/nil , bef ore ancì j-n the presence of
cocaine (C), 1O-5 g,/nrl . C- second strip treatecì u'Íth hi.stanrine
(H), 1o-6 g,zml , f oJ-lowed by cocaine (C) r t9-t g/nI . D- sarne
strip treatecl rvith noracl¡enal ine (N) , 10-o g,/nr1, f o11ou'ecl by
cocaine (C), 10-5 g,/ml .
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after the hlstantine contraction had reached its maxinum (!'iS. 8-C).

Hov/ever, 150 minutes later cocaine rvas still able to potåntiate the

response to noracfu'enal inc: (f O-6 E/rnI! in the sarne t issues (r.ig, 8-B &

D).

9. Potentiation by i\oraclrenaline of the Contracti.on to Uistamine in

a Calcium-Free Solution

The above results have shorvn that in the abóence of extracellular

calclum coca-ine did not potentiate the response to histamine. Hucìgi.ns

ancl Ifeiss (1968) reported that hlstamine depends mainly on extra-

ce1lu1ar calclum for contraction, whereas noracìrenaline can utilize

a me¡ubrane or lntracelluiar bound calcium store. Experinents wer.e

therefore done to see lf noradrenaline eould make membrane or intra-

cellular bound calciunr available for hlstaroi-ne to utillze in con*

tr act ion "

Eight experiments v¡ere

same spleen" One strip vras

minutes and the other strip

first bathed in a O-Ca EDTA

done, each with two strips cnt from the

-Rexposed to cocaine (10 " g/nI) for 5

served as co¡r.trol . The strips v/ere

solution for trvo honrs to reduce tissue

calcium. The bath v¿as then changed to Ca-Iree, to remove the EDTA.

Sma1l contractions of constant heights were obtained after alternate
-1 _C

additions of noraclrenaline (10-" g/nl-) anci hlstarnine (10-o C/nt¡

to the bath. Noradrenaline then caused a small contraction ln the

control strip (Fig. 9-A) and a. large contraction in the cocaine-

treated strip (nig. 9-B) . Il¡hen the responses to noradrenaline had

reached their maximum the addi-tlon of hls.tamine to the bath caused
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9 Potentiation of the Histamine Contraction by Noraclrenaline
in the Isol-atecl Spleen Strip Bathecl in a CaLciu¡r-Free
Solut ion .

ooo
HC N

Fig

Two strips from the same spleen. A- control strip, B- strip
treatecl rvith cocaj.ne (C), 1O-t g/nt7. The strips were exposecl
to histamine (lI) , 1O-b.g,/ml , bef ore and in the presence of
noradrenaline (N), 10-' g,/m] , f o1ì-or,,'ed by exposure to Na-EDTA
(E), IQ-3 g/mI.
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a further contraction of both strips. The adclition of Na-EDTA

(10 " c/nr¡ to the bath caused the control strip to contract ancl

ihe cocaine treatecl strip to re1ax. The results are strnr¡na¡ized in

Table 5.

The height of the histamine contraction was significantly g¡eater

ln the presence than in the absence of noradrenaline in both control

and cocaine-treated strlps. The cliff er.ence betrveen the histamlne

contractions after noradrenaline 1n the control and cocaine-treated

strlps was not si.gnificant, p > 0.1. Na-EDTA signlficantly increasecl

the contraction in control strips and significantly reduced it in the

cocalne-treated strips.

10. The Effect of Dlazoxide on the Potentiatlon of Noradrenaline by

Cocaine in lsolated Splee¡ Strips Bathed in a Calcium-Free

Solution

Yl¡oh1 et al . (1968) showed that the non-diuretic benzothiadia-

zine, Diazoxide, competltively antagonized restoration by calcium of

the contraction caused by noradrenaline in rat aorta bathed j.n a

cal-cium-free solrttion. This indicated that Diazoxide interfered with

the utilization of calcium for contraction by noradrenali.ne. Experi-

ments were therefore done to see if ¡j.azoxide rvould antagonize the

potentiation of noradrenaline by cocaine 1n a calcium-free solutj-on.

Experiments were done ln 20 spleen strips from 5 cats. Twelve

strlps were treated wlth

by addlng noradrenali.ne,

EDIA solutlon until the

Tlssne calclum was flrst

to the bath contalnlng a

coc al_ne..

-610 e/ml

reduced

O-Ca

bathlngcontractlon obtained was smal]. The



POTENTIAT]OI{. OF

NORA.DRET{ALINE

TABLE 5

THE RESPONSN TO

(10-6e,/ïnr) rN e

-.66-

HISTAì,ÍINE (ro-6e,hr) sy

CAICIU,\I-FREE SOLUTION.

Tr eatrnent Change in
ContractÍon
Mean + S.E.

mm

P

Control

A. Nor adrenal ine Pot ent ia'c ion
of Histamine Contraction

Na-EDTA (10-3S/mI) ContractlonB.

4.25 + O.74

2.43 + 0.86

(8)

(8)

4.00r

4. 05

Cocalne (fO " e/nt)

c. Nor aclr enal ine Potent iat ion
of Histamine Contraction

Na-EUIA (10-3g,/mf ) RelaxationD.

6.L3 + O.77

6.25 + 0.80

(8)

(8)

4.01

<ó. ot

The Numbers in Parenthesis Represent the Number of Spleen Strips.
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solutlon was then changed to Ca-Free, to remove the EDTA. A small

contra_ction of constant height was obtalned after a number of additlons

of noradrenaline to the bath. Cocaine (10-5 g/rrtL) was then adcled in

12 strips, significantly increasing the contraction (tr'ig. 10-a,

Table 6-A). The further adclition of Diazoxide (10-4 S/nt¡ caused a

sma1l but significant relaxation (Tab1e 6-8). The effect of Diazoxlde

without cocaine rvas tested in 8 strips from the same cats after

similar treatment with O-Ca EDIA and Ca-Free solutions. Diazoxide
_A

(10 'g/rr-1-) caused a sma11 increase in the response to noradrenaline,

but the increase rvas not statist j-ca1 ly signif 1c.ant (Fi.g. 10-b,

Table 6-C).

The effect of ¡Iazoxide pretreatment on the potentiatlon of

noradrenaline by cocaine was tested in another 8 strips front 2 cats.

Tissue calcium was first reduced as described above, ancl the strlps

then bathed in a Ca-Free solution. One tissue was pretreated with

-4 -KDiazoxide (10 = C/rr.i-¡ ancl cocaine (10 " g/ml) for 5 mlnutes and then
_e

exposed to noradrenaline (10 " E/rr.I}, Fig. 1O-c. The bath was then

washed and the tissue allorved to relax. One half hour later the same

tissue was pretreated with cocaine (1O-5 g/nI) for 5 minutes and

then exposed to noradrenaline (1O 6 g/nt)

tissue was pretreated with Diazoxide and

versing the order of treatment

Pretreatment with cocaine given alone significantly inereased

contraction, but pretreatment with

not cause a significant increase

the hei.ght of the noradrenaline

both cocaine and Diazoxide did

Fig. 10-d. The

cocaine second

second

thus re-

(Table 6-D & E) The difference between the mean increase in con-
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15' l5'

b f
Ca Free

15'

| 'u 
'"

Ca Free

l5'

c

1,,

Fig lo

mnr

Ca Free Ca Free

The effect of Diazoxide on the Potentiation of Noradrenaline
by Cocaine in the Isolated Spl-een Strip Bathed in a

Calcium-Free Solution.

Top tracings - two strips from the same spleen. a-strip
exposed to noraclrenal ine (N) , 10-b g,/mI , f ol-lorvecl by cocaine
(C), tg-5 g,zml , and then DiazoxÍcle (D) , IO-a g/rr.i-. b-strip
exposed to noradrenalj,ne (N), t0-b g,/nrl

Bottom tracings - c & d fro¡n one spleen stri-p. c-strip exposed
to noraclrenal ine (N), 10-6 g,/m1, bef ore and in the presence
of cocaine (C), 1O-5 g/m\ , and Diazoxide (D), 10-4 g/rnl
d. Same spleen strip exposed to noradrenaline (N), fO-0 g/mI,
in the presence of cocaine (C), J-O-5 g,/nr1 .

NC



-69-

TABLE 6

T}iE EFFXCT OT' DIAZOX]DE (IO-4\/MT) ON Tiü POTENTIATION OF THE

coNTRAcrroN To NoRA-DREMLTNE (ro-6s/ml-) By cocArNE (r0-5s/m1)

IN T}IE ISOLATED SPLEEN STRIP BATHED IN A Ca_FREE SOLUTION.

Treatment

Increase in Noraclrenaline
Contraction dtre to
Superaddj-tion of Cocaine

Relaxation of Noradrenaline-
Cocaine Contraction
due to Diazoxide

Increase in Noradrenaline
Contraction due
to Diazoxide

fncrease in Noraclrenaline
Contraction after
Cocalne Pretreatment

Increase in Noradrenallne
Contraction after Cocaine
and Diazoxide Pretreatment

The Numbers in Parenthesis Represent the Number of spreen strips.

Change in
Contraction
Mean + S.E.

Inm
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tractlon after the trvo treatments rvas slgnif icant (p < o.05) . The

order.of treatment did not effect the results obtainecl. firåse r:esults

are very sinilar to the results obtained in previous sectlons rvith

Na-ED{lA.

P_otentiat-ion of the strontiu¡n-induced ccntraction by cocaine in

the rsolated spleen strip Bathecì in a calcium-Free solution

Strontium has been shorvn to cause contraction of uterine suroc,th

muscle (Danie1, 1963). rt has arso been suggested that strontinm

can substitute for calcium by dlsplacing bouncl calcium in skeletal

muscLe (Franl<, 1962; cardwell & tvalster, 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-

ce1lu1ar calcium, and whether cocaine would potentiate the response.

Experiments were done o¡r 8 spleen strips from 4 cats given

reserplne (1 mg/kg, 24 r,.rs previously), ancl 8 strips from 4 normal

cats; each strip served as its oivn control. The reserpine treated

strips were used to see lf strontj-um caused contraction by releaslng

noradrenaline from storage sites in the nerve endings. Tissue calcium

was recluced by exposing the normal tissues to noradrenarine (ro-6g/m1)

1n the presence of a o-ca EDTA solution, and by bathing the reserpine

treated tissues in a o-ca EDIA solution for tv¿o hours. Ar1 strips

were then bathed in a ca-Free solution, The strips from resei'plne

treated cats were first exposed to tyramlne (3 x lo-5 E/nr) to test

for completeness of catecholamine depretion. Four normal and 4

reserpj.ne treated strips were exposed to cumulative concentrations of
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0.16 to 12.0 ruY strontiunr until the maximum contraction ivas obtained.

These tissues lvere then re-exposed to the same strontium concentrations

in the presence of cocaine (10-5 S/nI) In 4 additional- r'eserpi.ne

treated and 4 norntal tissues from the same cats the order of treatrnent

was reversed; the tissues lvere treatecl with cocai-ne f irst folloived by

the control . The results are summari-zed ln Table 7.

The maximunr contraction to strontium rvas not signifJ.cantly

different in the normal and reserplne treated strips. cocalne signi-

fleantly increased the maximum strontium contraction ln both the

normal and reserpine treated strì.ps, but the effect -of cocaine was

slgnificantly greater in the normal than the reserplne treated

tlssues. The reserpine treated strips were depleted of noradrenallne,

since tyramine failed to cause a contraction. Thls indicates that

the strontium contracti.on was not due to the release of noradrenaline

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

treatment had no effect on the results obtained.
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TABLE 7

TIIE EFFECI OF COCAINE ON TIIE I'IAXINÍü\I CONTRACIION DUll TO STRONTIIITÍ

IN ISOLATED SPLEEN STRIPS B,\TIMD IN A CAICIUI,I_FREE SOLUTION.

The Numbers in Parenthesis Represent the Number of Spleen Strips

Normal Reserpine

Treatment Maxinum
Contraction
Mea¡r + S. E.

Iftm

Maxi.mun
Contraction
Mean + S.E.

nm

P

1

D

Withottt Cocaine

Cocaine
(ro-5e,tur)

Ilean Difference
B-A

9.I3 + 3.29

29.00 + 4.66

20.13 + 3.22

(8)

(s)

7.50 + 1.51 (8)

15. 50 + 1.95 (8)

8.00 + 2.28

>o.6

4. 02

4. 01

P 4. OOl 4. 01
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B" TIIE EF¡'ECT OF COCAINE ON THE UTILIZATION OF IIXTRAC-,'LLIJLAR C¡\LCIUI,Í

FOR CONTRACTTOI{ BY NORADRENALIì\IE AND HISTA-¡,IINE

IYaugh (1965) and Hì nke (1965) have shor,¿¡r that rioradrenaline

utilizes both extracellular and menìbrane bound calcium for contraction

of vascular smooth muscle. Briggs & Nlelvin (196f) showed that

vascular contractions lnduced by noradrenaline are associated with

increased calcitrm influx. Hudgins & Ilieiss (1968) have a1 so shorvn

that extracel-lular calclum is required for the contraction of smooth

muscle lnduced by both noradrenaline and histamlne. Cocaine has been

shoïm to potentiate the responses to both histanrine and noradrenaline

Ln cat spleen (Innes unpublishecl) , therefore experlments rvere designecl

to see lf this potentiation involved changes in the utllization of

extracellular calcium for contractlon.

1. Noradrenal ine

Experlments were done ln 10 strips from 5 cats, each strip

serving as its orÃ,n control. Tissue ca1 åium was first reduced by

-6adding noradrenaline (10 S/rnL) to the bath containlng a O-Ca EDTA

solution until the contraction obtained was small. The bathing

solution was then changed to Ca-Free, to remove the EIIIA." A small

contraction of constant height was obtained after a number of

additions of noradyenaline to the bath. In flve of the tlssues

0"002 to 5"O rntri calcium was added to the bath in lncrentents in the

-6presence of noradrenaline (10 - g/r;1-). The additlon of ealclum

caused a graded noradrenaline contractlon (FiS. 11-A). The bath

then washed and the tlssugs allowed to relax 1n the presence of
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e onüro

:i*
€oee¡ûne

J-EÅ

t1

5 ml¡1

5 rr¡ P'f

f5mm

Ca FRËE Ca FREE

The Effect of cocaine on the Restoration of the contraction to
Noradrenal-ine in the rsotated spreen strip Bathecl in a calcium=
Free So1trt ion .

A- one spleen strip was exposecl to cumulative concentrations of
calcirrm (Ca, dots) ) ^O.OO2 

to 5.O nr.\I, in the presence of nor-
adrenaL i¡re (N) r 7O-o g/nl. B- lS0 minutes later the sarne
spleen strip was exposecl to the sanre cumulative concentl'ations
of calcium in the presence of norach-enaline (N), 10-6 g/ml,
plus cocaine (C) , 1O-d g,/ml .
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ca-Freq solution. Two and one-half hours later the same procedure

was repeatecì 1n the presence of cocaine (lO-5 C/r.rt|. Cr.rrnulative

addition of calcir-tm now caused a ¡nuch larger graded noradre'a1 ine

contraction (Fig, 11-B). In flve additional tissues froni the same

cats the order of treatment was reversecl in order to provide a control
for the effect of time; the tissues rvere treated rvith cocaine first
and then follorved by the control

rn orcler to el iminate the charr.ges in the height of the crose

response curve due to cocaine the contractile responses to each

additio' of calcium were calcurated as a percentage of the total
maximum after subtraction of the initial response to noradrenaline.

These Ïesponses were then plotted against the caleium concentration

in the bath. The effect of cocaine on the response to calcium res-
toratiori t'¿as cìeterlnined by comparison of the calcillnì concentrati.ons

required to cause 5O/o of the naxilnum noradrenaline c:ontraction.

This concentration 1evel was chosen because any change in the EDuo

is a measure of a shift in the dose response curve. Thus any change

ln the utirizatjon of calcium will be reflected in a change 1n the

ED-^. The results are shorvn ln Fig. L2, and Table g_A..
cu _-, 4¡¡v ¡ 4À

cocaine shifted the calcium dose r:esponse curve to the 1eft,
and significantly reducecl the amount of calcium necessary for 50/o

of the maximum noradrenaline contraction

Karr (1966) sirowed that the maximum response to noradrenaline

ln 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 v¡ith a larger. dose of



Calc ium
Concentrat ion

mI\I

0 .002
0 .005
0.012
0.025
o .050
o.I25
0. 2s0
0. 500
1 .250
2.500
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COCÂlNE lxlC-s s/,¡t
coNl!Ìor

Iviean Diff . t S.E.
Cocaine - Control
% lfaximurn

o.4 ! o.76
1.2 ! I.20
3.3 t 1.61
6.5 t 2.85
9.8 r 3 .09

l-8.9 ! 4.52
L7.9 ! 4.36
13.O t 4.58
5.2 ! t.42
1.9 t 0.68

o-o
o<

Fig.12

CONTRhCTION
PER CENT

OF
MAXIÀ{UM 40

The Effect of Cocaine, 1g-5 g,zm\, ^on the Restoration of the
Contraction to Noradrenaline, LO-b g,/mJ., by CumuLative Con-
centrations of carciunr in the rsolated spleen strip Bathecl
in a Calcium Free Solution.

Each point ís the mean of 10 strips.

N.S .

N.S.
N.S .

<0.05
<0.05
<0.01
<0.01
<0 .05
<0.01
<0.05

CliLClUl¡1 COì{CENTRÂïlON mM

Paired Comparisons
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TABLE B

NECESSARY TO PRODUCE 50% O}-

NORA-DRENALINE ¡J{D III ST'¡!r1,iINE.

Treatment Change of ED5O
from Conirol
Mean + S.E.

nM

P

A

B

D

Noradrenaline (I0-6g/nL) +
Cocaine (1g-5-/rnt) -

Noradrenallne (SxrO-5grzmf ) +
Cocaine (10-5g,h1)

Hlstamine (iO-6S/mf) +
Cocaine (fO-5g/m1)

Histamine (IO-9s/nrr) +
Cocaine (3x10-5g/mt)

-0.160 t. o.o42 (10)

-O.O22 + 0.o03 (4)

+0.O50 + O.03O (20)

-O,124 + O.O42 (16)

4.005

<. or

>o. o5

4. 02

The Numbers in parenthesis Represent the Number of Spleen Strips.
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(5 x 10 c/mt¡ rvhich coulcì ca'se a maxiurtrm contraction

the calcium dose response curve therefore, vrourd no1: be

ctuve to

calcium

(Tabte 8-B)

due to a cha¡ge Ín the maximal response to noraclre¡raline.

Cocaine (10-5 g/ni-) shifted the calcj-um dose response

the left (Frs. 13), and significantly reducecl the amount of

necessâry for 5O/¿ of the maximunr noradrenaline contraction

A further coniparison was nade betrveen the amount of calcium

necessary to cause 5o/, c:f the maximurn respcnse to the larger and

s¡ral1er concentrations of noradrenaline in the absence of cocaine.

The mea.n ED-^ for calciunt r,¿ith noradrenallne (10-6 g,/ml) was5U

o.322 + 0.060 m&l which rvas signi.ficantly greater than the mean

ED'O for calcium ryith noradrenaline (5 x 1O-5 e/ni-), 0.094 + 0.002,

(P < 0.o5).

2. Hist amine

The effect of cocai.ne on the restoration of the contraction to

histamine by calciun was tested to see if the alteration by cocaine

of the requirement for less extracellular calcium was specific for

nora-drenaline.

Ten experiments as descrlbed above were done in 20 strips from

lo cats, each strip servj-ng as its own control. rn 10 preparations

0.002 to 5.0 rnr\f calcium rvas cumulatively added to the bath in the
-epresence of histarnine (10 " e/nt¡; the bath was washed, and two

and one-half hours later the same calcium concentrations 'rvere added

to the bath 1n the presence of hlstamine (10-6 s/mr) plus cocaine

(10 " e/nt¡. In a¡.other 10 strlps from the same cats the order of



CONTRACTIOI{
PER CENT

OF

MAXIMUM 40

F'ig . l,3

0.005 0.05 05
CALCIUM CONCENTRATION mM

The Effect of cocaine rc-5 g,/mr, on tbe Restoration of ilrecont'action to Noradrenaline, s x 1o-5 g,/mr, by cumulative
concentrations oÍ carciun in the Isor-ateci spreen strip
Bathed in a Cal-ciunr-Free SoÌution.

Each point is the mean of 8 strÍps

Calc ium
Concentrat ion

rruU

0. 002
0.005
0. 012
o.o25
0.050
0.125
o.250
o .500
1 .250
2. 500

Illean Diff . t S.E.
Cocaine - Control
% lVlaximun

0.0 r 0.02
0.9 t 0.54
3.3 t 2.32

It.7 ! I.79
13.2 ! 3.4I
5.2 r 0.88
o.7 ! o.52
o.9 ! o.77
1.0 t 1.05
o.3 t o.33

P

N.S.
N.S.
ttc

<0. 01
<0. o5
<0.01-
N.S.
N.S.
N.S .

N.S.

Paj-recl Com¡:arisons
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treatment \yas reversed to control for the effect of time

The results are sholvn in Fig. 14. Cocaine slgnificantly

shifted the lorve:: and upper portions of the calcj-um cìose lesponse

curve to the 1eft, but the amount of calciutn requirecl for'50/" of the

maxlmum histamine contraction ivas not signif icantly j-ucreasecl

(Table 8-C).

Further experiments rvere also done in 16 strips from 8 cats

with the s.rme dose of histamine but a larger dose of cocaiuc

(3 x 10 Ê,/nI). The results are shorvn in Fig. 15. Cocaine striftecl

the calcium dose response curve to the 1eft, and significar.tly re-

duced the amount of calcium required fc,r 50% of the maximum histamine

contraction (Tab1e 8-D).

Control Experirrrerit s

Control experiments v/ere done to see if calciutr wonld contract

the isolated spleen strip in the presence or absence of cocaine.

Experiments were done in 4 spleen strips from 4 cats. Tissue

ca1 cj.um was first reduced by bathing the spleen strj-ps in a Ca-Free

EDTA solution, and repeatedly exposing them to noraclrenaline
_e

(10 " e/nI) until the contraetion obtalned was smalI. The bathtng

solution was then changed to Ca-Free, to remove the EIIIA. The

strips then exposed to cumulatlve concentrations of 0.002 to 5.0 rrull

calcium dld not contract. lVl:en the sante strips $/ere exposed to the

-E
same calc:ium concentrations 1n the presence of cocaine (10 " g/ml),

two responded with contractions of 4 and 5 mm after 5 ml,'l c,alcittm, the

3.

other two did rlot contract
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0.005 0.05 0.5

CALCIUA^ CONCENTRATION

Cocaine, i0 " gfml, on the
llistaniine, 10 - g/mI , by

the Isol-ated Spleen Strj-p

5.0

m,\{

Restoration of the
Cumul aiive Concentrations
Bathecl in a Cal-c ium-

Fig. 14

Each point is the nrean of 20 strips

Calc ium
Concentrat ion

nLll

0 .002
0.005
0.012
o.o25
0 .050
o.I25
0 .250
0. 500
r.250
2.500

Nlean Diff . t S.E.
Cocaine - Control
% Illaximum

o.o t 0.00
0.1 t 0.10
o.3 ! o.22
1 .4 t 0.63
< o + o 1l
¿.O : L. LL

3.2 x 3.77
3.8 t 5.17
8.9 ! 2.9r
5.6 t 1.-/5
2.9 r 1.65

N.S.
N.S.
N.S .

<0.05
<0. 05
N.S.
ìtc

<0. o1

<o .01
N.S.

Paired Cornparisons
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0.0
o.2
I.0
2.7
5.5
8.6

10 .3
9.6
3.2
AC
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o .00
o.22
0.49
1 .34
1 nc

2.07
4.78
6. 93
¿+. JJ

1 .80

N.S.
N.S.
N.S.
N.S.

<0.01
<0 .001
<0.05
N.S.
N.S.

<0.05

F'ig . 15

Nlean Diff . t S.E.
Cocaine - Control
% Ilfaximum

+
t

I

t
t
aj

=t
¿:

r
/

0.005 0.0s OJ 5.0

CALCIUM CONCENTRATION mt\

Tlre Effect of Cocaine, 3 x 10-5 glm1, on the Restoration of
the Contraction to Ili-stamine, l0-b g,/ml , by Cumulative Con-
centratj-ons of Calciunr in the Isolated Spleen.Strip Bathed
in a Calcium-Free Solution.

Each point is the mean of 16 strips

Cal- c iunr
Concentrat ion

mll

0.002
0 .005
0.0l-2
0 .025
0.050
0.125
0. 250
0.500
I .250
2.500

e-o COC¡,INE 3XlÈ5 g/rnl

ç-o CONTROL

Paired Cornparisor-rs
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c. P HARI/IACO I-,o G I CAL ACT IONS OF llES I'IETIIYL I l,llPl?Aiii ï IIE

Desmethylimipramlne (DMI) has been shovrì to potentlate the

effects of noradrenallne ln a wlde varlety of tlssues. Sigg et al.

(1963) shorved that DlfI enhanced the nictitating membr:anc contractlons

to both exogenous noradrenaline and preganglj-onic nerve stirnulation.

Bonaccorsi & Garattínl (1966) shorved that Dtr,II potentlated_,the pressor

response to noraclr:enaline, and arltagonLzed the pressor response to

tyranrine ln the plthed rat. Foster (1967) reported that Drl{I poterr-

tiated the relaxation by noradrenaline of the isolated gulnea pig

tracheal chain" D¡,,ÍT has a1 so been show-n to potentiate the responses

to noraclrenaline is j-solated perfused ret1aI artery, (Hrdina &

Garattinl 1966), in isolated rabbit atyia (}fatsu and Toda 1968).

Pals & Masucci (1968) found that cocaine and Dì¿fI caused equal poten-

tiatlon of the blood pressure response to 3H-.ro"adrenaline in plthed

rats, ancl concomitantly blockecl the uptaku of 3g-rroraclrenaline ln

the heart, adrenal gland and aorta. All these authors attributed

the potentlatlng effects of DI,II to the blockade of neuronal uptake

of noradrenaline. Howeve4, lVastila & Maxwell (1966), found that DIII

reduced the bindlng of noradrenaline by 6I/o, but did ñot potentlate

the response to noradrenaline in lsolated rabbit aortic strlps.

DMI has also been shorvn to antagonize the responses to nor-

adrenal.ine and adrenaline. Ursillo and Jacobson (1965) found that

small concentrations of DllI potentlated, whlIe relatively hlgh con-

centrations of DMI antagonized, contraetions of the lsolated rat vas

deferens due to noradrenallne. Hrdina a¡rd Garattinl (1967)' shorved

that DMI recìuced adrenallne-lnduced contractions of the potassium
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depolarized renal artery of the rat.

Many rvorl<ers have reported that DliI inhibits the accumlrl¿rtion of

catecholanrines in various tissues; rversen (1967), and costa e! al"

(1966) , in rat heart; Titus e! el. (1966) in rat heart and kitten

ventricle; Ross & Renyj- (L967) in mouse bra1n.

Iversen gt a1_" (1965) reported that Dì{I did not lnhibit the
Dr,

uptal<e of H-noradrenallne ln reserpine-treated rat hearts. Ilovrever,

these restrlts are in narked contrast to those of Hamberger (1967),

and Malmfors (1965) , who showed histochemlcally that Djvli blockerl the

neuronal uptal<e of noladrenallne 1n reserplne-treated rat braln, rat

vas deferens, and rat lr1s.

Eisenfeld (L967) shorved that DX{I blocked 54/" of the rernalnlng

uptake of "H-noladrenaline ln cocai.ne-treated lsolated perfused rat

hearts" He suggested that neuronal uptalie was abolished by eocalne,

and therefore the additlonal effect of DMr v¿as extr.aneuronal. He

further postulated that the reduction ln extraneuronal uptatce by

DXII may be due to blockade of the adrenerglc receptor sites, since

DlfI has adrenergÍc blocking properties.

Experlments in this section of results were prì.marily done to

see if cocaine rvould potentiate the responses to noradrenaline in

spleen strips rvhere neuronal uptake had already been blocked by ÐlfI.

However, experi-ments y¡ere first done to see if the varlous properties

of DIII described above apply to the lsolated spleen strip"

The Effect. of_ Des¡nethy-l i"mipramlne and. Cocaine on the Uptake of

Nora9renallne 1n the Isolqted-Spleen Strlp

It ls generally accepted that reserplne blocks the uptake of
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catecholamines at the nerve storage gran.u1e, and that cocaine and

DÌrfI block the uptahe of noradrenal 1ne at th.e axonal nerve rrrenbrane.

The occurence of catecholanine uptal<e after reserpine has been re-

pcrrted quantitatively by Lindmar & r{uschol1 (1964) , r\zersen (L962> ,

Gloivinsl<i _gt_ g. (1966) , Dengler (1965) and hlstochemically,

Ifalmfors (1965), costa et_ ?1. (1966), anct Hamberger (1962). cocalne

and DlfI have been shorvn to block the uptal<e of catecholarnines in

reserpí.ne-treated tissue, Ilanrberger (1967), Furchgott .e!. al . (1968) ,

and Malmfors (1965) . Because of fhese findings reserpine-treated -

spleen strips rvere usecl to evalrrate the blocki-ng properties of Dl,{I

pnd cocaine on the uptake of noradrenaline.

Nine experinents were done vrith spleen strips cut from 9 cats

glverr reserpine (1 ng/kg, .24 hours previously). one strip from each

spleen was treated wlth Dx/tr (3 x 1o-5 g/n]_) in g experiments, ene

strlp wlth coealne (10-5 g/nL) ln 8 experiments, and one strip vrith
-\ -ED¡ÍI (3 x 10 E/nL) plus eocalne (10 " g/rr-l-) in four experiments.

The experimental deslgn 1s lllustrated in Fig. 16.

Each strip v/as placed ln a muscle batì- and equlllbrated ln normal

Krebs-Henseleit solutlon for one hour. The strlps \ïere then exposed

to either Dì.II , cocaine, or DIII plus cocalne for 5 mlnutes. Nor-

adrenaline (5 x ro-5 g/nr) rvas then added to the bath in the presence

of these drugs ancl in one control tissue which did not recej.ve any

preliminary drug. The tissues rvere allowed to contract, and after

5 minutes all the drugs were washed from the bath. The strlps 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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The Effect of Desniethylimipramine and cocaine on the uptake
of Noradrenaline in the Isolatecl Spleen Strip.

Four strips from the spleen of a cat given reserpine, I mg/kg,
24 hours bef ore the e¡per iment . one of the s tr ips r,ras _ treatecl
rv j-th DllI (D), 3 x 10-r g/nI , _one iuith cocaine (C), lO-5 g,/m1,
ancl a third rvith Dllr 3 x ro-c plus cocai-ne Lo r g/nr.(¡ + c);
lh. l?:{th .strip v,'as an untreaLecl control . Noraclrenaline (N),
5 x lO-u g/mr, rvas added to the baths of ar.r- f our strips f or
5 minutes ; the baths u,ere then tvashed (\V) .

15 mm

Fig 16
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which dicl not receive any drug treatment vras assayed

mines in orcler to test for completeness of depletion

by reserpine" The results are srrnmarized in Table 9.

f c¡r

of

catechola-

ca-techolanines

The catecholalline uptake in the isolatecl spleen strlp ivas signi_
ficantly reduced by DI'II , cocaine, or the combination of cocai'e rvith
DIlÏ. The uptakes \yJth Ð1{r and l¡1th cocalne }vere not significantry
differe't. Together r'rì,{r ancr cocalne cansed a signlficantly greater
reduction 1n u¡rtake tha' clid Ðlvlr a1one, but not cocaine arone.

2. e on the Response to Noraclrenatine

ln Isolat"d Spl"en Strips BatÞecl in Nor:ma1 Kr'ebs*Ilenseleit Solution
.

Six experiments rvere done to deterrnine the effect of varlous con-

centrations of DMI on the response to noradrenarine in the spleen. xach

experlment consisted of 4 strips from the same spreen" Each strip was

equiti-bratecl ln no|mar Krebs-Henselelt solution for 60 miuutes, then

exposed to cr-qnulative concentratlons of noradrenal-ine rO-'7 to 3 x lO-4g/m1 .

Tlre bath was washecl and the strlps alror'¡ed to rerax. Three of the 4

strips *ere then exposed to Drfr 3 x t0-8, 10-6, ancr s x to-5 g,/ml for
5 mlnutes; the fourth servecl as a tlme contror. A1r four strips were

then tested with the previous concentrations of noraclrenaline. The

log dose-response curves obtalned are shorinr in Fig. !7 , and su¡-Lmarized

in Table IO.

DMI 3 x 10-B ancl 10-6 g/ml significantly potentiated the responses

to smarl concentrations of norad.renarine, but had no effect on the

responses to large concentrations of noracrrenaline. D¡Ir 3 x 10-5 g/nl
signÍficantly potentiated the responses to the 1orvest concentratlon cf
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tration -.Response Curves for Contraction of The Isolated
Spleen Strip by Noradrenaline.

Each set of concentration-response curves is the mean of 6
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noraclrenaline, and significantly antagonized the responses to the five

largest conceutrations of noradrenallne.

of Ð<tra-

The prerzior,ts resuJ-is shorved that DlfI (3 x 1O-8 g/n]-) potentlatecl

the responses to noraclrenaline (l-0-6 s/^t). Exarerlments were there*

fore done to see lf this potentiation involvecl changes ,i-n the requi¡e-

ment for extracellular calcium for. contraction.

Experiments were done in 16 .spreeil strips from S cats, each

strip servj-ng as its o.,tn control" The experimental proceclure was

the same as descri.bed in section B. rn 8 strips 0,0o2 to 5 mìri

calcium rvas first aclded to the bath in increments in the pr:esence

of noraclrenaline (10-6 g/nr), and then 1n the presence of the same

dose of noraclrenaline plus Ðw (3 x ro-8 g/nr). ïn g ad.ditional

stÏips fron the same cats the order of treatment v¿as reversed to allorv

for the effect of time; the strip was treated rvj.th DMr first and

then followed by the cont::ol. The contractlle response to each

acldition of carclum Ìvas calcurated as a percentage of the total

maximr¡m after subtracti-on of the initial response to noradlenallne.

These responses rvere plottecl agalnst the calciu-m concentration ln

the bath. The results are shovm in Fig" 18.

DMI did not alter the concentratlon of extracel-l-u1ar calcium

necessary for contra.ction to noradrenaline. The calcium dose response

crl-rve in the presence of noradrenaline l'¿as not artered by DllI" The

mean dlfference in calcj.um concentration necessary to produce 5O

per cent of the maximum noradrenallne contraction betv¡een control

The Effect of Des¡nethylimipramine on the Utitization

cell-ular C_alcirun for Ccntractj-on by Noraclrenaline
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DÄ,ll 3Xl0 8g/ml

coNrRor

CONl'RhCTION
PER CËNT

OF
MAXIMUÀl 40

0CI05 0.05 0.s

CAICIUÀ{ CONCENTRATION m}'1

The Eff ect of Desmethyì-imipramine 3 x 1O-8 g,/mI
Restoration of the Contraction to Noraclrenali-ne
by Cumulat j-ve Concentrations of Cal-cium in the
Spleen Strip Bathed in a CaÌcium-Free Solution.

Each point is the nìean of 16 strips.
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ernd Dn'lI treatment rvas not signifj-cantly dlff erent (0"034 + O.OB3 rnJ,I,

P > 0.06)" Horvever, D.1'1I dicl si-gnlficantly potentia.te the response to

noradlenaline at calcitiin concentrations of 1.25, 2.5, and 5.0 rrl,l.

The mean dj,ffer.ences in contraction helght lyere 6"9 + 2.8,7.4 + 3.L,

and 8.1 + 3.l respec'bive1y, rvlth a signiflcance of P 4 0.0S.

The Effect of Desmethylirlj.pramine on the Cocaine Potentiation

of Noradrenaline in a Calclum-Free Solutlon

Slx experlntents vere clone to see if DLÍI lvorlld alter the poten*

tiating effect of cocaine on noraarenatine in a calcinm-free solutlon.

frvo strlps from the sa.me spleen lvere used in eaeh ex¡reriment. Tissue

câlcium rvas first r:eclucecl in both strips by addition of noradrenaline
_A(fO " e/nL) to the bath contalning a O-Ca EDIA solutlon unt1l the

contraction obtained v¡as small. The bathlng solution ryas then changed

to Ca-Free, to remove the EItlA" Both strlps vere then exposecl to

-Ã, -Acocaine (10 " S/rr.l) in the Þresence of noradrenaline, (tO-" g./m1).

The baths were washed ancl the stri¡rs allowecl to relax. Two and one-

half hours later one strip was exposecl to D.',rII (3 x I0-5 g/nL), and

tlren coca:.ne (10-5 g/lt-:-), both in the presence of noradrenaline,

(nig'. 19-A). The other strip served. as a controL and was exposed.

to cocaine in the presence of noradrenaline wlthout DMI (Fig" 1g-B).

The results are srunmarized ln Table 11. Dì¡II caused a small

but signiflcant increase in the noradrenaline contractlon. In four

additional strlps this concentration of DMr alone dict not cause a

contractlon. In the preseTLce of thls concentration of DI'II, .cocalne
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A 15' 15'

B

Ë

t,, 
'.nn,l.f #

È!ææ

Ca Free

15'

4

fflsn,nr f| -./ ë.
N

Ca Free Ca Free

The Effect of ÐesmethyJ-iniiprantine on the potêntiation
of Noraclre¡ral ine by Cocaine in the IsoLatecl Spleen Strip
Bathed in a Calcium-Free Solution.

Trvo spleen strips, A ancl B, from the same spleen A-
Exposecl to noraclrenal- ine (N)., 1O-b g,/ni)-, ancì coca,inc
(C), 10-5 g,zm1 . 1. First response ; 2. seconcl response
l-50 niinutes later j-n the presence of ^Dr\lI (D), 3 x 1O-5 g/nl .

B- Exposed to noraclrenal ine (N) , 1O-b g,/mI, ancl cocaine (C) :
1O-5 g/m1. 1. F.irst response; 2. Seconcl response lb0
minutes 1ater, without Diil.

Ca Fre e

15'

Fig 19
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caused a further slguificant increase ln the noraclrenallne contraction.

. 
In the control tlssues both the first ancl second exposures to

cocai¡Le significantly increased the noradrenallne contraction, but

the increase after the first exposure r'¡as significantly greater than

after the second ex1>osure, P ( 0.05. In the control tissues the

seconcì exposrlre to cocalne causecl onLy 33f, of the lnitial cocaine

response" In the presence of DìlfI the seconcl exposure to cocalne

catrsecl onl-y 22f" of the lnitial cocaine response. Horveve4 the

difference betryeen these percentages was not statisticall)' signi- -

ficant, P ) 0.05.

Six additional exper:iments were done to see rvhat effect Di{I

.-6-B(10 , and 3 x 10 E/rrJ-) would have on the cocaine potentiation of

noradrenaline in a calclurn free solution. Four strips rilere cut from

the same spleen, trvo were treatecì wlth Dl,{I (10-6 g/ni_¡ ald tv¿o vlth
-RDMI (3 x 10 g/nL), each strlp served as lts oiyn control. The

tlssues rvere bathed ln a Ca-f¡ree solntion after tlssue calcium v¡as

reduced as describecl above. In two strips the potentlatlon by

-Ã. -6cocalne (10 " g/ri-i-) of the contractlon to noradrenaline (10 " s/rr.J-)

was tested f irst " The baths rvere washed and the strips allolveci to

relax. T\vo and one-half hours later the potentiatlng effeet of
-l-cocai-ne on noraclrenali-ne was tested ln the presence of DllI (10-" g/nL)

ln one strip and In the presence of ÐUI (3 x tO-8 g/n,i-) in the other

(Fig. 20-A) " In the other two strips the order of treatment was

reversed; the stri-ps were treated wlth Dlr{I first and then folloled

by the control (Fig" 2O-B)" The results are surnmarlzed 1n Table 11.

In order to control for the effect of time the first and
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15 rrr m

15'

2

¡
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DC

B

Ca Free

15,

Ca Fre e

15'

4,3

Fig

nl n'l

Ca Free Ca Free

20 The Eff ect of DesmethyJ-ì.mipramì-ne on the potentiation of
Noradrenaline by Cocaine in the Isolatecl Spleen Strip Baihecl
in a CaLcium-Free Solution,

Two strips, A and B, from the sauie spleen. A- Responses to
noradrenal ine (N) ., 19-6 g/m1 , ancl cocaine (C) , 1O-5 g,/ml .

1, First response; 2. Second response 150 minutes fater in
the presence of DllI 3 x 10-8 g/rr-it.
B- Responses to noradrenaline (N), lO-6 g/ni', ancl cocaine
(C)r 10-5 g,/ml ;3. First t"rponru in the pr.esence of D),lI
(D), 3 x 1O-8 g/nJ; 4. Seconcl response.
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secontl respolrses were conblned for the purpose of analysis. Dl,,lI

-6(1O g/nl) catrsed a very smal1 but statistically signlficant

Íncrease (0.63 + 0.20 mrn) 1n the noradrenallne colttraction; DìrlI

-a(3 x 10 s/mr) had no effect. rn four addltional tlssues Dl,'lr

-6(10 - s/r¡.]-) alone clid not calrse a contraction. rn the presence of

elther concentration of Dl,lI cocaine caused a further signiflcant

lncrease ln the noradrenalin.e contraction (4.54 + 1.25 and 3.13 + O.7Z nvr),

These lncreases in the height of the noradrenallne contractlon rvere

not significantly dlfferent from.the increases causecl by cocaine in

the absence of Dj!II (5.2L + 2"35 ald 2.96 + O.72, p > 0.8 ancl p > 0.9).
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THE NFFECT OF PROCAII{B OÌ'I THE UTTLIZATICN OF EXT'ITACELIÜI*A.R iTI'iÐ

INTRACELI,ULAR OR }ÍE¡.tsRANE I]OUND CALCIUII BY NORADIì,8}'IALINN FOE

CONTRACTTON

There have been conflictlng reports on rvhether procaine poten-

tiates the responses to cateeholamines 1n smooth nuscle. Arrnln

qt el " (1953) shorved that procaine potentiated the adrenaline con*

strietion of the rabbit ear artery, and Bentley (1965) shoived that

procaÍne potentiated the response to noradrenaline in isolated

guinea pig vas deferens. Tainter & Chang (1927) found that procaiae

dicì not potentiate the heart rate and bloocl pïessure responses to

adrenaline in dogs and cats, ancì Nava-Rivera * 4L. (L967) founcl

that procaine failed to potentiate, but antagonized the contractile

response to noradrenalLne in isolateci aortic strlps. Kalsner' (1966)

found that procaine failed to potentlate the responses to phenyleph-

rine in rabbit aortj-c strips, but did block the uptake of phenyleph-

rlne.

Kuperrnan *t 3|. (1968) and l'/elss (1968) have shorvn that procaine

caused an iner.eased efffu* of 45Cu from frog sartorlus muscle.

Hucìgins 8z I[eiss (1968) shorved that in ratrbit a.orta noradrenaline

decreased the efflu* of 45C", 
ancl that this effect was antagonlzecl

by procaine"

. In vlerv of these studies i-t t'¡as of interest to see lf the

actlon of procaine was similar to that found ln the prevlous sectlons

of results with cocaine. Exlperiments were therefore done to see 1f

procalne woulcl effect the amount of calcium necessary for contraction

of the isolated spleen strip by noradrenaline"
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Four experiments v¡ere done to see 1f procai¡re t'¿ould potentiate

the noradlena1ine co¡r'br¿rction in a ca-Free solution. Tlro strips

fro¡n the sane spleen were usecl ln each experinrent " Tj-ssue calciurn

was reducecl in both strips by acìditlon of noradrenaline (10-6 g/nr)

to the bath containing a Q-Ca EDTA solution until the contractj.on

obtained rvas sniall" The bathing solutlon r'¿as then changed to Ca-Free,

to re¡nove the EDTA. one strip was pretreatecl rvith procaine (10-5 e/nt¡
for 5 nilnutes, after rvhich noradrenaline (10 6 g¡nt) rvas acldecl to

the bath in the presence of the procaine (Fis. zL-A). The other

..strlp 
y/as ex:posed to the same concentration of procaine after the

contractlon to noradrenarlne had reached a plateau (Fig. 21-B).

Procalne did not effect the noradrenaline contraction i-n either case.

Both strips were then exposed t'o eocaine (ro-5 e/nt¡, which slgni-

ficantly increasecl the noradrenallne cor:.traction by 10.0 + 2.1 mm

(p < 0.05) , and 10 .3 + 2"5 mn (pç 0.0S) respectiyely.

Elght adclitional experlments v¿ere done to see if procaine tvould

alter the restoratlon of the noraclrenalj-ne contraction by calciurrn.

Experiments were done in 8 spleen strips frorn 4 cats; eaeh strip

was used as its own control. The experlmentar proeedure was. the

same as described in section B. rn four strips 0.002 to 5"0 lru\{

calcium rvas acìded to the bath in increments in the presence of

noradrenaline (10-6 s/nt¡, and then in the presence cf the same

concentration of noradrenallne prus procaine (ro-5 E/n]t¡. rn four

addltional strips from the same cats the order of treatment was

reversed to control for any effect c,f time; the strlp was tested

wlth procaine first a¡d then without" The results are shov¡n ln
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The Effect of Procai.ne on the Response to Noraclrenaline in the
Isolatecl Spleen Strip Bathed in a Calcium-Free Solution.

Tvro spì"een strips, A and B, f rom the same spleen. A- Exposecl
to noracìrenal j-ne (N) , lO-b g,/ml , bef ore and in the presence
of procaine (P) ., t0-5 g,/m1 , and then^cocaine (C) , J-O-5 g,/m1 .

B- Exposed to loradrenaline (1i), l0 " g/ml , fol-lorved by pro-
caine (P), 10-5 g/ml, and cocaine (C), 10-5 g,/ml .
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Fis. 22.

The calclunl dose restr:onse curve in the pïesence of noraclrenaline

was not alterecì by procaine. The mean dlfference in calclum conceu-

tration necessal:y to produce 50 per cent of the maximrim ¡roradrenaline

contraction betrveen control anci procaine treatment was not signifi-

cantly different (0.002 + 0.052 nùl P > 0.9) . procaine also d j.d

not slgnificantly alter the response to noradrenaline at any of the

calclum concentrations .
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The Effect of Plocaine 10-5 g,/ml on the Restoration of the
Contraction to Noradre¡ral i-ne, lO-6 g/ml, by Cunrulatir¡e
Concentrations of Calcinnr in the Isolated SpIeen Strip
Bathed in a Cal-cirinr-Free Soltrtíon.
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The results suggest that there is an aLternative to the uptaJie hypo-

thesis as the sole explanatlon for cocaine-induced supersensltivity. It

Ls proposed that cocalne ha.s a post-receptor slte of actlon, 1n that it

facilitates both the release or displacement of bonnd. calcium, and the

utilization of this calciun by the contractile elements. Thls proposal is

Supported by experiments shorving that cocaine potentlates the contraction

of the lsolated spleen gtrip by noradrenalj.ne or strontium in.the absence

of extracellular calcium, and that this potentiation is antagonlsed by

calcir¡:¿ chelatj-on. It WaS also found that in the presence of cocalne less

extracellular calcitun was required for the contraction of the spleen stri.p

by either noraclrenaline or histamine. This supports-the view that either

more calclun has become available to the contra.ctile elements, or that the

contractlle elements can utilize calciurn more efficlentry.

AO THE EFTEC:I OF COCAINE ON THE UTTLIZATION OF BOIN.ID CAICIIIM BY NORADRENAITNE

OR HISTA¡,IINE

The results clearly shorv that cocaine potentiates the contractile res-

ponse to noradtenaline ln the isolated spleen strip in the absence of extra-

celluIar calciumo There are a. number of possible erplanations for this

potentiation" First, cocaine could increase the concentration of noradrena-

line at the receptor by either releasing end.ogenous noradrenaline frorn, or

blocking the uptake of exogenous noradrenallne by storage sltes in the nerve

endings. Second, cocaine could lncrease the affinliy of the receptor for

noradrenallne" The third and mcst 1lkeIy explanation is that cocalne 1n

Éome Y/ay makes a bound store of calclum more avallable for the contractlon

of the spleen strip by noradrenaline"
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Release of Noradrenallne

Maengwyn-Davies & Kopanyi (1966) found that large concentrations of
.-a

cocaine (fO " g/ùtl.) caused the contractlon of the isolaied rabbit aortic

strip by the reJ.ease of endogenous catechola¡nines. Daniel & lyo1orvyk (1966)

Shorved that very large concentrations of cocaine caused the contractlon of

the lsolated uterus, by a dlrect action on the sruooth rnuscle. Ho¡ever, in

o-rrr experlments, where the maximum concentration of cocaine used vas I0-5

8/mL, much less than in the above experiments on aortic strip and uterus,

cocalne never caused contraction of the spleen strip bathecl in a calclum-

free solution, but did potentfate the sma1l contraction eaused. by noraclren-

aline" Depletion of the catecholamj-ne stores by reserpine did not effect

thls potentiation by cocaine. Klrpekar &'lÏakade (1968) shorved that extra-

cellular calcium i-s necessary for the release of noradrenaline from post-

ganglionlc sympathetic nerves in the eat spleen. Therefore the potentiatlon

by cocalne in the absence of extracellular calclum can not be due to a

dlrect effect of cocaine on the smooth musqle, or the release of endogenous

catechol arnines.

2o Potentiatlon of the }laximum Response to Noradrenaline by Co-caine

Cocalne increased the maximrutr response to noradrenaline ln the spleen

strlp bathed in a calciu¡n-free solution" This finding differs from the

observattons made by Karr (1966) on the spleen strip bathed 1n the presence

of normal calcium ln which-.o."io. did not incr=ease the maximum response

to noradrenallne" Eowever, the maxlnum contraction io noradrenallne under

the cond.ltlons of severe calclum lack 1s much less than that seen when

normal calcium 1s present. It 1s presumed that in severe calclum lack
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noradrenaline causes contraction by releaslng a tightly bound calcium

store" If cocaine makes tlris calcium store more available to release by.

noradrenaline it could account for the increasecl maxi¡num contractlon.

It is unlikely. that the increased maxj-mtrm contractlon is due to an

increase ln the noradrenaline concentration at the receptor as tlle result

of blockade of neuronal uptake by cocaine, as the maxlmuni contraction was

obtained. at concentrations of noradrenaline 3 x IO-5 grlml and LO-4 g/ml;

any further j-ncrease 1n the concentration of noradrenaline dict not cause a

further contraction, but cocaine dict.

Anothei possible explanatlon for the change in maxlrnum response to

noradrenaline is that cocaine increases the affinity of the adrenergic

receptor for noradrenaline. Tuttle (1968) shoived that calciu-,ìr facilitates

the combÍnation of noradrenaline with the alpha adrenergie receptor. If

cocaine releasecl bouncl calcirl.n into the vicinity of the adrenergic receptor

the rèleased calcium could possibly promote its binding with noraclrenaline.

Davj-dson & Innes (unpublished) found that there were no spare receptors for

noradrenaline in a spleen strip bathed in a solution contalning normal

calclum" Thls implies that all the receptors are occupied by noradrenaline

in.order for noradrenaline to elicit a maximum response. Holever., it is

possible that the maximum response to noradrenaline under conditions of

severe calcium lack is not due to occupancy of 100% of the receptors" If

this ls true cocaine could conceivably promote the utlllzation of more

receptors by noradrenaline by freeing calclum from an unavallable store and

thus making caleium available to'the receptors" However, this explanation

ls unlikety ln vierv of the fact that cocaine itself d.oes not contract the

spleen strip bathed in a calcj.um-free solutLon. If tt were to releasewere to release
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bound calcium one rvould expect 1t to eltcit a contraction" Resul-ts rvere

also obtained whleh shorved that cocaine potentiated the contraction of the

spleen strip caused by strontium which is presumect not to act on the

adrenergic receptor.

The RoIe of Bound Calciu:n in the Contraction of the Spleen Strip to

Noradrenaline

At least trvo binding sites fo4 calciu¡n in aclditlon to an extracellular
site have been postulated for smooth muscle by a number of authors Hinke

(rg6s), Daniet (1965), Hurrvi-tz (1962b) and H'dgins-& iTelss (1968). They

suggested that there is a calciirm store ryhich is loosely bouncl to the out-
side of the membrane and which is easlly chelated by Na-EDTA, and a tightly
bound calclum store at an lntracellu1ar site, ryhich may possibly be bound

to the inside of the me¡ibrane and which is not chelated by EüIA. Hinke

(1965) and Hudgins & Weiss (1968) suggested that noraclrenaline can utillze

all three sources of catci-rrn for contraction of smooth mnscle. These

theories however, are based. on lndirect evidence, and the exact nature

and location of niultiple calcium storage sites has not been determi.ned"

Until there is a complete understanding of the mechanism of contraction of

smooth muscle, and the exact role of calcium ln this mechanj-sm is determi.ned,

the experimental evidence must be regarded. as circumstantial and the inter*

pretation of the action of drugs on smooth muscle will remaln speculative.

Therefore the results obtalned in this study viIl be discussed 1n the light

of the current theories, but it must be kept in mlnd that these theories

have not been flrmly established"

The results shorv that noradrenallne utilizes bound calcium for contraction
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of the spleen strip. This ivas sho\m by experiments v¿here Na-EDTA carrsed

relaxation of the noradrenaline contraction in a calcium-free solution,

and repeated Na-EIIIA ad:ninistration reduced the nagnittide of a subsequent

noradr:enaline contraction. These results suggest that Na-EûTA can chelate

loosely and tightly bound calcium after they have been released by noradren-

allne from their binding sites. The failure of Na-EDTA to relax the very

snall second nora<lrenaline contraction may be attributed to the complete

absence of loosely bound ca1clum, and the release.of only a very small

amount of bound calcium, rvhich therefore does not diffuse out of the cell

and can not be chelated by Na-Et)114" Subsequent exposure of the spleen

strip to normal Krebs-Henselelt solution replacecl more bound ealcium than

was originally present ln the tissue after the tissue had been bathed for

tr'¡o hours 1! a calcium-free solutlon containing EDIA. This rvas demonstrated

by the much larger. contractiou in response to noradrenaline in a calcium-

free solution after calciwr replacenrent, than in a calcium-free solution

after two hours of exposure to a O-Ca EülA solution.

4" The Role of Bound. Calcium in the Potentiation of Noradrenaline by

Cocaine

Cocaine was shoriryr to potentiate the response to noradrenaline in a

calcium-free solution. In these experiments tissue calcium was reduced

by repeated noradrenaline ad.ministration in the presence of a O-Ca ED{IA

solution" Therefore all the extracellulaï and loosely bound calcium were

probably removed from the spleen" The inability of Na-ÐÐTA to abolish

cornpletely this small noladrenaline contraction indicates that the calcium

Store nust be very tightly bound and very difficult to exhaust" The
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remalnillg smal1 rtoradrenaline contraction must therefore be due to the

release of calcitl¡n from this tigb.tly bound stoï'e" However, 1n the presence

of cocalne noradrenaline caused a much greateï contraction, rvhich seems to

be due to the abili-tY of noradrenalj-ne to release more calcium from this

bound store. Therefore cocaine in some way nakes this calcium nore avail-

able for release by noradrenaline, thereby potentiating the contractile

respol se to noradrenaline wlthout cocaj.ne itself causing a eontractlon.

Inhlbitlon by EIXIA of the cocaine-indu-cecl potentiation of the response to

noradrenaline indicates that the calcium which is released from the bincling

site diffuses out of the ceII along its concentration-graclient and then is

chelated by Na-EDTA.

The repeatecl administratlon of Na-EDTA antagonrzed the potentiation of

noradrenaline by cocaine in a calcium-free solution, and greatly reduced

the magnitude of subsecluent responses to noradrenaline and cocai.neo Horv-

ever, these responses rvere partially restored. by replaclng tissue calcirun"

These results suggest that the ability of cocaine to potentiate the responses

to noradrenaline in a calcium-free solution is dependent on the size and

Iocatlon of the bound calcium store. The reduction'in the effect of cocalne

by repeated Na-EDIA ad¡ninistration may be due to the removal of all the

Ioosery bound caIcfiun, leaving onry the tightly bound calcium, whlch is

much more dlfficult for noradrenaline to release, or may be due to a de-

pletion or reductlon in the amount of tightly bound calcium.

The results obtained with Ca-EUIA demonstrate that the inhibltlon of

the potentiation of noradrenaline by cocaine in a calcium-free solutlon is

due to calcium chelation and not to an unspeeiflc depressant effect of il)ilA

on the spleen strip" Na-ED1IA caused relaxation of the noradrenallne-cocaine
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contraction, but Ca-EÛ1'A caused further contra.ction" This unexpected.

contractile effect of Ca-EDTA 1s most likely clue to some free calcium

which 'was present as an Ímpurity in the ca*F,DTA ancl not bound to the

EUIA' slnee the same concentration of Ca..EDIA clid not contract the spleen

strip when it r'¡as bathed in normal Krebs-Ilenseleit solutlon. DanieI &

Irlin (foos¡ obtained similar results in the isolated uterus. They founcl

that Ca-EUIA can restore contraction by suppiying cal.clrun to the smooth

muscle rvhLch had previously been depleted. of calciu¡n to the point of having

lost its contractj.llty; this effect was antagonized by Na-EDTA.

5o Inhibition by Diazoxide of the Potentj-ation of Neradrenaline by Cocaine

ÏIohl et al-. (L967) showed that Drazoxlde is a non-competitive inhibitor

of noradrenaline in the rat aorta bathed in a soltrtion with normal- calcium

contenÙ- In another study'!'Iohl et a1 . (1968) shot'red thaL Diazoxide com-

petitively antagonized the restoration ny calcium of the contraction caused

by noradrenallne in the vat aorta bathed in a calcium-free solution. They

suggest that a calcium pool is linked to the alpha adrenergic receptor

somev¡here in the chain of events betrveen activation 'of the receptor and the

con'tractile elements, and that DÍazoxide prevents the utilization of this

calcium for contraction. Their explanatlon rloes not adequately explain the

non-competltive lnhibition of the contraction to noradrenaline, ancl the

competitive inhibition of the calcium restoration of the noradrenaline

contraction. These results may also be tnterpreted ln vlew of the findings

of Tuttle (1968) that calcium factlitates the conblnation of noradr:enaline

with the receptor. Diazoxide could therefore prerrent caleium from facil-

itating this drug-receptor comblnatlon, and thus act at a site other than
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the noradrenaline receptor, causlng a non-competitive antagonlsm. Any

lncrease 1n the noradrenaline concentratlon therefore would not overcome

the antagonism" Dl-azoxide ln the same way rvould competitlvely antagonize

the calcium restor.ation of the resporìse to noradrenali-ne in a ca1 cium-

free solution, lvhere the magnitude of the response is related to the

calcium concentration. Therefore any increase in the calclum con-

centration would overcome the Diazoxide antagonism.

We have shown that in a calcium-free solution Diazoxide antagonizes

the potentiation of the contractíon to noradrenaline by cocaine, but did

not antagonize the response to noradrenaline 1tsé1f.- The failure to an-

tagonize noradrenaline can be explaj-ned by the absence of extracellular

calcium available to facilitate comblnation of noradrenal-ine wlth the

receptor; under these experimental conditions antagonlsm of the poten-

tlatlng actlon of cocaine would be explained by interference by Diazoxlde

l-n some way with t:he effect of cocalne in maklng a bound store of calciun

nore avallab1e for noradrenallne to release. Therefore two sites of

action of Diazoxide are proposed, one v¿here lt blocks the action of extra-

cellular caleium so that the comblnation of noracìrenatrlne with the receptor

is lnpaired; and another slte where it blocl:s the actlon'of cocalne on a

bound calclum store.

These results might also be explained on the basis of Diazoxide

chelating caleium. However, the chemical structure of Diazoxide makes

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

The contraction of the spleen strip by strontium 1n a calclum-Free

Solution and its Potentiatlon by Cocaine

strontLum has been shown to cause cont"acti.on of smooth muscle

6.
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(Daniel, 1963). It has also been shown that strontium can substltute for

calcLum ln the contractlon of smooth tnuscle (Sperelakls, L962i Danle1,

1963; Bohr, 1964), and ln skeletal muscle (Frank, L962; Caldwe1l & Walster,

1963). It has been "r.**."rud by both Frank (Lg62) and Danlel, (1965) that

strontlum substltutes for calclum by dlsplacfng bound lntrace1lu1ar ca1elum.

Our results show that strontlum caused equlvalent contractlons of nor-

mal and reserplne-treated spleen strlps bathed ln a calclum-free solutlon.

Therefore the contractlon was not due to the..release of stored noradrenallne.

Cocaine potentlated these responses to strontlum but had a much greater

effect ln the reserplne-treated strlps than ln the normal strlps. These

results are fu1ly conslstent wlth the hypothesls that strontium causes con-

traction of the lsolated spleen strlp by releaslng bound calclum, and that

thls bound calclum ls much more easlly released ln the presence of cocalne.

The findlng that cocaine potentlated the contractlon ln response to strontlum

much less Ln reserplne-treated than normal strLps can be explained o.n the

basLs of the dlfferent procedures used for the removal of tlssue calclum.

fn the norrral strlps tl-ssue calclum wag reduced by bathing the strlp ln a

O-Ca EUIA solutlon and repeatedly exposlng the strlp to noradrenallne unt11

the contractLon obtained was small. However, to avold replenishment of any

of the noradrenallne stores ln the reserplne-treated strlp, the strip.s were

not exposed to noradrenallne and tlssue calciun was reduced only by bathlng

the strip Ln a O-Ca EDIIA solutlon for.two hours. It ls also posslble that

less bound calclum was present ln the reserpl-ne-treated strlp. Carrler &

Shlbata (f96Ð showed that reserplne depleted tlssue calclum ln rabblt

aorta. fherefore cocalne may be able to meke more bound calcl-um avallable

for noradrenallne to release in the normal than the reserplne-treated strlps.
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lend fu:rther suppoxt t,o a post-receptor action of co_

calcirrm, as they did not involve uptake or release of

the adrenergic receptor was not involved i-n any rvay"

7 " Histamine

The ability of hÍstamine to contract the isolated spfeen stri.p $/as

greatly reduced in the absence of extracellular calci-um, and rvhen tissue
calcium \'/as reduced by repeated exposuïe to histamine in the presence of

'a O-Ca EDTA solution. Cocaine f aj-led to potentj.ate these very srnall his-
tamine contractions, but did potentiate the.contraction of tirese same

strips in response to noradrenallne. These results are in agreement vlth
the findings of lludgins & IVeiss (fOOa¡ r,vho shorved that histamine depends

mainly on extracellular and loosåIy bound calcium for the contraction of

smooth muscle, rvhile noraclrenaline can util-ize a tightly botrnd calcium

store. Our results have shorv-n tha-t 1n the absence of extracellula¡ ancl

loosely bound calcium cocaine potentiated noraclrenalinà but not histamj-ne.

Noradienal-ine can use intracellular or tightly bound ¡rembrane calcium for

contraction but hista¡rine can not. Therefore cocaine may make this calcium

store more available; this calclum is then util-ized by noracìrenaline ancl

not by histaminec

The results shoiving that noradrenaline potentiated the contraction of

the isolated spleen strip by histanine in a caLcium-free solution indicate

that noradrenaline releases bound calcium which is then avallable for his-

tamine to utllize for contraction. It was assumed that if coealne enables

noradrenaline to release more bound calcium, then the noradrenaline pot-

entiatlon of the hista¡riine contraction should be greater in tissues which
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v¡ere treated with cocaineo Holvever the histamlne contractions in the

presence of noradrellaline were not larger ln the cocaine treated strips
than in the control strips" This was an unexpected finding but nlght be

due to having reached the maxlmal contractile respoltse of the spleen strip

in the presence of cocaineo

The effect of Na-Ð)1IA on the histamine contractions is also puzzling"

Na-EDTA caused relaxation of the histamine response in the cocaine-treated

strips, but caused a further contraction superimposed on the response to

histanine in the control strips. One possÍble e>'planation might þe that a

gleater amount of calciunr was released by histamlrle in the cocaine-treatecl

strips than in the co¡rtro1 strips. This large amount of calcium might be

enough to cause so¡ne diffuslon out of the cel1, r,vhere it would be chelatecl

by Na-EDfA" On the other hand the small amount of calcium released in the

absence of cocalne wotrld not be strfficient to diffuse out of the cell anci.

therefore cotrld not be chelated by the Na-EI¡itA" This explanation is not

wholly satisfactory as the potentÍatlon of the histamlne response by nor-

adrenaline should have then been greater in the cocalne-treatect than in the

contlol strips, whi-ch did not occur. This may have'been clue to the rnaximu:n

contractile response of the cocaine-treated. strlps having been reached.

Further experiments wlth smaller noradrenaline concentrations ralght elucidate

these cliscrepencies.

The Na-EüIA contractlon of the spleen strip which was not treated w-ith

cocaine could be the result of the release of a s¡iall amount of bound cal-

citsn. Daulel & Irrvin (1965) found that EDIA contracted the uterus in the

absence of extracel.lular calclu:n. They suggestecl that this contractlon was

the result of the removal of calclum from the surface of the ce1l membrane
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which ln sorne !/ay catlsed the lit¡eratlon of ca1clu:r from an lntracellular

binding site. The results obtained here therefore nlght be explained on

the same basis"

B. THE EFFECT OF COCAIì{E ON THE UTILIZATION OF IfXîRACH,LLrIAR G{I.CIUIII BY

NORADREN.\LINE OR HISTAi\iÍINE FOR CONTIùA.CIIION OF THE SPLEEN STRIP.

It 1s well establisheci that noradrenaline and histamine utilize extra-

cellular calci-um for the contraction of s:nooth muscle (Briggs & Meivln,

1961; Irlaugh, 1965; Hinke, 1965; Hudglns & IYeiss, 1968) " Ou" results are

consistent 'rvith this viery, and have shorv-n that both noracÌrenaline and

hlstamlne utillze extracellular calcium for contraction of the lsoÌated

spleen strip. In adclition, cocaine altered the utilizatLorl of this calciun

for contraction. Less extracellular calciurû v/as necessary for an equivalent

noradrenaline or hlstamine contraction in the presence of cocalne than in

the control.

I, Noradrenaline

The maximum hej-ght of the calclum dose-responèe curve 1n the presence

of- the submaxima,l dose of noradrenaline (10-6 S/nL) was potentlated by co-

cafne. These changes ln helght rvere ellmj.nated by plotting the dose res-

ponse-curves as a pereentage. of the total maximrrm response to noradrenallne

at the largest calciu¡n concentration. Therefore when cocaine shifted the

calcium dose-response cuïve to the left it rvas the result of less extra-

cellular calcium being utllized for contractlon, and not the result of a

ehange 1n the maximum height of contraction. It was found that the amount

of calcium necessary to produc e 50% of the ma:ri.mun response to noradrenallne
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Tras less after cocallte treatment"

The maxlmuu height of the calcium d.ose-response curve ln tire presence

of the larger concentration of norad.rena.line (5 x 1o-5 g/nl) ,was not altered.

by eocaine. Holvever, the calcium dcse-response curve was shifted to the

left by cocalne and the amount of calcit¡m requrirecl. for lOC/¿ of the na.xj_mum

response to noradrenal.ine Ìvas less after treatment rvith cocaine than in the

control.

The changes in the calcium restoration curves for noradrenaline may be

'accounted for 1n three ways. F1rst, cocaine could alter the, membrane per-

roeability and thus i-ncrease the entrance of extracellular caleium into the

ce1l, so that for a given calclum concer:.t::ation noraclrenalÍne tvould cause

a greater contraction in the presence of cocaine by vir.tue of more calcitrm

entering the eel1 and reaching the contractile elements" flurrvitz (i962)

shorved that cocaine antagonized the responseg to acetylcholine ancl potassi-tun

in guinea plg ileum. He suggests that this antagoni-sm ls the result of

memTrrane stabilJ.zation which prevents depolar izat1on and the influx of ex-

tracellular calcium ç'hich i.s neeessary for contractlon. Hotvever, Hurrvitz

has no dlrect'evidênee for cocaine preventing calcj.i:m lnflux upon depolar-

lza_tlon. Unl.ike the gulnea pig ileum the contraction of the spleen strip

by acetylcholine is potentiated and not antagonized by cocalne (Irrnes,

unpubltshed) " In acldition if. cocaine stabilized the membrane and prevents

the lnflux of calcium in the spleen strlp, nore ar.d not less extracellular

calcium should be requl.red for contractlon by noraclrenallne.

The second explanation may be that cocaine effects the contractlle

elements ln some way so that they beòome more sensitive to calclrun. Nor-

adrenallne then would cause an equlvalent contractlon 1n the presence of



-r17-

less calcium.

The thírd and rnost liliely explanation is that ln the presence of co-

cãine rr.oradretlalj-ne releases more bound ca1clu:n, thereby making less ex-

tracell-ular calcirun necessaïy for contractlon. The experiments clone in

the absence of extraceLl-ular cal ci.um shorvect that the contlaction of the

j-solated spleen strip by noradrenaline was due to the release of bound

calcium. The large concentratlon of noradrenaline (1O-5 g/^t) caused a

Iarger contraction than the smaller concentration of noradrenaline (10-6

g/rr.ir), presumably by releasing more bound calcium" The results obtained

'w'ith restoration of extracellular calcitun sholveA tnat less extracelLular

calcium r¡as reqtlired for 50% of the maxi¡:rum response to noladrenaline

(S x to-5 g/nL) than to noïadrenaline (10-6 e/^t) (see page 78) " These

results suggest that Less extracellular calcium is required for contraction

by the larger concentration of noradrenaline because nore bound ealcium 1s

released. The effect of coeaine would be explained by its ablllty to cause

noradrenaline to release rnore bound calcium; thus less extracellular cal-

cj.u¡r would be required for contraction.

These results are consistent rvith the findlngs of Hlnke (1966) who

sþowed that segments of ventral tail artery from ïats made hypertenslve

with desoxycorticosterone required l-ess extracellular calclttm for con-

traction to noradrenaline or potassium than did slnilar preparations from

normotensive rats. He suggested. that the "hypertensive"artery performed

more work than the ttnormotensive" artery, and that the increased responsiveness

was due to an increåsed efficiency 1n either calcium utllization Cr:ring

excitation-contractiou coupling or 1n the contractlle nechanisnn itself.

Our results do not preclude an action of cocaine on the contractlle elements.



-118-

Such an effect might facilitate the utilization of calcium by the contra.ctile
elements and thus less extracellular catcium rvoulcl be recluirecÌ for an e-.

qrtivalent contraction in the presence of cocaine" Bohr (]1964) proposed a

simllar mechanism f-or the potentlation of aclrenaline by desoxycorticosterone

1n isolated rabblt aortic strlps. He suggested that the steroicl rirakes mor-e

calcium available from bound sites rvith j-n the ce1l ancl theref ore potent.i ates

the response to adrenaline" In elther of these studies, the findings may

readlly be explained by any one of th.e three possible meehanisms cLisiussed

'here"

2. Histamine

A larger corrcentration of cocaine vras required to change the amount of

calcitm required for the contraction of the spleen strip by histamine than

by noradrenaline" This larger cocaine concentration (3 x 10-5 S/¡.L) shiftecl

the calcium dose-response curve to the left ancl less cal-cinm rvas necessary

to cause 5O% of the maximr¡n contractlon to hÍstamine ln the presence of

cocaine than in the control. Davidson & Innes (unpublished) have show-n .

that a larger concentration of cocaine is requireci to potentiate histamine

than noradrenallne contractions of the spleen strip. The present. results

are consistent rvlth the idea of small cocaine concentration being specific

for the potentiation of noradrenaline, and the larger concentration of cocaine

being unspeciflc, potentiating both noradrenaline and histamlne"

The calcium restoratlon cr¡-rves for histamiue are someryhat puzzling.

tess extracellular calcium was necessary for an equivalent hista¡nlne con-

traction in the presence of cocaine (3 x ro-5 glnrr) than in the contr.-ol .

The results in section A (see Fig" 8) shorved. that cocalne dlct not potentiate
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the con'uraction of the spleen strip by his'uarnine j-n a calcium-free sol-ution

because histamine can not utilize tightly botrncl calclum for contractiorr"

It 1s therefore difficult to exAlain these resLrlts on the basis that less

extracel-lular calcium is necessary for a histalnine contractlon j-n the pres-

ence of cocalne because cocaine allorvs hist¿rmine to rel-ease more bound cal-

cium. Hoivever, if cocaine lvere to alter the contraetlle elements in some

way so that tltey beco¡ne moïe sensitive to calcium, histamine rvould. cause

equivalent contraction of the spleen strip in the. presence of Iess calclrun.

This would account for the cocalne potentiation of the calciun restoration

of the hLstamine contraction where extracellular calcíum is available for

contraction and for the fallure of cocalne to potentiate the hista-mine

contraction ln a calcitm-free solution where extracellular calcium ig un-

avallab1e.

CO PHARI,IACOLOGTCAI EFFECT'S OF DESI,,INTHYLI¡ITPRAMINE

Desmethyllmipramine has been shol'rrr to have a dual effect on the res*

ponses to noradrenaline in the vas deferens and renal artery of the rat

(Ursillo & Jacobson, 1965; Hrd.ina & Garattini-, Lg67)" l[e have conflrmed

these findings, using fuIl dose-response curves for the contracti.on of the

isolated. spleen strip by noradrenaline ln a normal calcium solution" SmaII

concentrations of Dì¿II potentj-ated the contraction to small and medium con-

centrations of noradrenaline, but did not alter the maximu¡n contractlon to

noradrenaline" Ilolvever, when we extended the study to the effect of DtrII

in a calclum-free meclium, these small concentratlons of DIII failed to

potentiate the responses to noradrenaline in a calcium-free solutlon, or

to alter the amount of extracellular calcium utilized for contraction of
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the spleen strlp (see Fig. 1S & 20). . Therefore the potentia.ting effect of

DìII may be entirely clue to an lncråased noraclrenaline concentration at the

receptor as the result of btockade of neuronal uptake by Dìlr.

-ÃLarge concentrations of DMI (3 x 10 " g/nú) antagonized the responses

to noradrenaline in a nornral calcium solution. The dose-response clrrve

for noradrenallne rvas shifted to the right and the rnaximum height greatly

recluced, which inclicates a non-conpetitive type of antagonism.. These 1arge

concentratlons of Dl'lI, ho\'/ever, f ail.ed to antagoni.ze tine contractio¡. to

noradrenaline in a calcj-urrr-free solutlon" These resuLts suggest that the

antagonism is not due to an actlon on the alpha adrenergi.c receptor. Our

obseni'ations agïee rvith those of lL'dina & Garattini (J-g6T) rvho shotvecl that

the contraction of the isolated rat renal artery by potassium was relaxed

by DMI , and that this eff ect was antagonizecl by calciwa. They al.so sholvecl

that contractions of the artery due to either noradrenallne or calcit¡n were

antagonized by DIII. From these results they concluded that the antagonisrn

of noradrenaline by DMI was due to the prevention of the utilization of

extracellular calcium for contractj-on. Our results concur v¿lth this view,

since DMI antagonlzec¡. the responses to noradrenalinê in the presence of

ext_racellular calcium but failed to antagonize the response to noraclrenalj-ne

ln the absence of extracellular calcium. The mechanism of noradrenaline

ântagonisn by Dllt could be fu.rther elucidated by seelng 1f DlfI (3 x fO-5

g/nL) prevents calcium from restoring the contractlon due to noradrenallne

1n spJ-een strips bathed in a calcium-free solution.

It ls well established that DMI blocks the uptake of catecholamines

into storage sites 1n sympathetic nerve enciings, but there are conflicting

reports on 1ts ability to block the uptake of noradrenatlne in reserpine-
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treated tiss'"res (Iversen et a1.., 1965; Hamberger , 1967; l'{alrnfors, 1965).

Our results shorv that ÐMI effectivety blocks the uptal<e of noraclrenaline

in the isolated r:cserpine-treated spleen strip. These observations are j.n

contrast to those of Iversen et al. (fS6S)on the reserpine-treatecl rat

heart, lvhere DIII dicl not block nora-d.renaIlne nptake. Holever, the results

ã're ln agreement rvith those of lfalmfors (IOOS) , and }lanberger (1967) , tvho

shotved. histochemically that Dl,fi blocked the uptake of noraclrenallne and

al-pha-methyl noradrenaline in leserpilLe-treatecl rat irrain, vas deferens and

irls.

We further shoived that in the reserpine-treatêd cat I s spleen a larger

concentration of Dt[f, than of cocaine was recluirecl to block the uptake of

noradrenaline (see iable g). Together DMI ancl cocaine caused a greater

reduction in noradrenaline uptake than did ÐlI[ alone, but not'coealne a]-one"

These results inclicate that rvhlle DIÍI effectively blocks the uptake of nor-

adrenaline it is not as potent an lnhibitor as cocaine, The mol-ecular

\qeights of cocaine and DMI are very similar, therefore the compaï.1son of

potency can be mad.e on a mol-ar basis. Our resuits are similar to those

obtained by Hamberger (1967) who forrnd that the ner¡ronal uptake of nor-

aclrenaline \¡/as blocked "q..rity by cocaine and DMI in reserpine-treated rat

cerebral cortex or vas deferens" Horvevel our results are in contrast to

those obtalned in tissues from animals vhj.ch v/ere not treated with reserpine.

On a molar basis DIII has been shorm to be more effective than cocaine tn

blocking the uptake of noradrenaline ln rat heart (Iversen, Lg67); in rat

adrenals, heart and aorta (Pals & lÍassucci, ir367);-and in mouse cerebral

cortex (Ross & ReayÍ , Lg67i. Elsenfeld et al" (1967) found that DìII was

able to further block the uptake of nora*.*r"" in lsolated rat hearts
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where uptake vas aLready blockect v¡ith a very large concentlation of co-

caine" The difference betrveen our resnlts ancl those cited above could

be due to diffe::el.1ces in the techniques usecl. Ln the tneasureme¡t of nor-

adrenaline uptake, in reserpine treatment, or in the tlssues used ln the

val'ious stuclies. Further experiments to neasure up'cake of tritlated nor-

adrenarine in normal spleen night resolve these clifferences.

Cocaine effectively potentj-ated the responses to noraclrenaline in
spleen strips bathed in a calciu-m-free solution \yhere the neu::ona1 up=

take of noradrenaline haci alreacly been blockecì. by DllI . The uptake ex-

perlments showed that D),fi eff ectively blockecl the .uptal;e of noradrenaline

in the reserpine-treated- spleen strip bathed in a nornial calclum solution.

Hoj-ever, the experiments ¡¡here cocaine potentiatecl the t:espotlse to nor-

adrenallne in the presence of DMI, weïe clone in a calcium-free solution.

Various rvorkers have reported. that lack of caleium does not influence up-

take. Iversen (1966) showed that the uptake oi noradrenaline by the rat
hea::t was not affectecl when calcinm v¿as omltted from the perfuslon fluid.

Kirpekar &'l\äkade (1968) sholved that calcium was not recluired for the up-

take of noradrenaiine ny the perfusecl cat spleen. Ha.mberger (1967) showed

histochemically that calcium was not r:ecluirecl for the uptake of alpha-.

nethyl noradrenaline by the isolated reserpine-treated vas deferens. In

addition, Malmfors (1965) and_ Titus et al. (1966) shorved that the blockacle

of noraclrenaline upiaXe by DMI was competitive, providing evidence that

Dl\lI and noradrenaline act at the same uptake site" If calcj.um is not

required for the uptake of noradrenaline, and both Dtr'iI ancl noraclrenaline

act at the same site, lt 1s very unlikely that the uptake of noradrenaline

or its blockacle by DìIII in the isolated spleen strip would be altered by
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bathing in a calciu¡¡-free solution.

rn our uptalie experiments Dilr (3 x r0-5 s/n:-) blocked about 5oo/e of

the uptake of a very rarge concentlatj.on of noradrenarine (s * ro-5 g/mL) 
"

Holever, a much snal.ler concentration of noraclrenaline (10-6 S/^t) r,/as used

in the experiments in rvllich rve demcnstrated potentiation of noradrenali.ne

by cocaine i.n the presence of DMI. Malmfors (1965) and Titus et aI" (1966)

shor'¡ed that DI'II rvas much more effective in blocking the rrptake of small

concentr:ations of noradrenaline than large concentrations of noraclrenaline

(in rat iris, rat heart, and kitten ventricle). llarntrer.ger (1967) shorved

that DMI (3 x 10 " e/nL) completely abolished the uptâke of alpha*methyl

noraclrenaline (10-6 g/^t), in the rat brain and vas deferens. Therefore

cocaine potentiated the contractlon to noradrenaline in the spleen strlp

bathed in a calcium-free solution rvhere it is presumed that the neuronal

uptake of the d.ose of norä.drenalj.ne ttsed. was vj.rtually abolished by a large

concentratlon of DMI"

DO TI{E EFFECI OF PROCI.AINE ON THE POTE]$TIATION OF NORADRENAT,INE BY COCAINE

The experj:nents d.one wj-th procaine ghorved that it did not effect the

utilizatlon of either extracellular or bonnd calcium for the contractJ-on of

the spleen strip by noradrenaline" Procaine failecl to potentlate the

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

solution and did not alter the subseqrient 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 noradrenalÍne

contraction in a calciun-free solution"

Eudgins & lìIeiss (1968) shorved that procaine inhibited the contractlon



-t24-

of the rabbit aortic strip by noraclrenaline brit not by potassiurn" They

further shorved tirat noradre'aIine decreasecr the efftu* of 45 ca and that
this effect lvas lnhibitecl by procaine. On the basis of these finclings

they suggested that procaine prevents noradrenaline from releasing bo11pd

calcium. Our results are contrary to these flndings anci indicate there

is no such action of proeai.ne on the isolated. spreen strip. rt ls pre-

sumed that the contraction of the isolatect spleen strlp in a calciun*free

solutlon by noradrenaline ancl its potentiation by. cocaine are due to the

release of bound calciur,r; procalne in this situatlon was rvithout effect.
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1. Noradrenaline caltsed a sma11 contraction of the isolated spleen

strip bathed in a calcium-free solutlon; this contractlon was greatly

potentiated by cocaine. It is suggestecl that noradrenaiine causes con-

traction by relea,cing bound calcium, and that cocaine potentiates by

mal<ing more bounci calcium available for release by noraclrenaline.

2. Potentiation of noradrenaline by cocaine in a calcium-free

solution rvas not due to an increase i.n the noradrenaline concentration

at the receptor as the result of either the release of endogenous n'or-

adrenaline or the blockade of uptake of exogenous noradrenalj_ne.

Cocaine potentiated the contraction to noradrenaline ln a calcj-um-free

solution where the noradrenaline stores rvere depleted by reserpine.

The maximun noradrenaline contractlon in the absence of extracellular

calclum was increased by cocalne, and cocaine potentiated the responses

to noradrenaline after neuronal uptake was blockeci by desmethylimipramine.

3. Na-EDTA antagonized the potentiation of noradrenaline by cocaine

in a calcium-free so1ut1on, and greatly reduced the magnitude of sub-

sequent responses to noradrenaline and cocalne. These results indlcate

that Na-EûTA chelates the calclum once it ls released from 1ts binding

slte and diffuses out of the ce1l along íts concentratlon gradient.

4. Diazoxlde did not atr.ter the contraction of the spleen strip to

noradrenaline ln a calcium-free solution, but antagonized the poten-

is suggested that Diazoxide

making more bound calclum

noradrenaline 
"

5. strontium ceused equl-zal-ent contractions of normal and reserpine-

treated spleen strips bathed ln a calclum-free solutlon. Cocaine poten-

the reserpine-

:

ì
ai

i
i
I

I;
ì

tiation of noradrenaline by

interferes v¡ith or prevents

available for the release by

cocaine. It

cocaine from

tlated these responses but had a much greater effect 1n
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treated strips than in the normal strips. It is suggested that strontiu¡n

causes the contraction of the spleen strip in the absence of extra-

ce11u1ar calclum by releasing or displaclng bound calcium, and cocaine in

some way facilitates the release of this calcium.

6" The response of the spleen strlp to hlstamlne rvas greatly re-

duced in the absence of extracellular calcium, and rvas not potentiated by

cocaine. However, noradrenaline did potentlate the histanrine contraction

ln a calcittni-free solutj-on. The faihtre of cocaine to potentiate hista-

mine rvas attributed to the inability of histamine to release bound calcilrm,

and the noradrenaline potentiation attri-butecì to'the-release of bound

calciu¡n which was then utilized by histamine for contraction.

7. Cocaine altered the utilization cf extracellular calcium by nor-

adrenaline or histamine for contraction of the spleen strip" Less extra-

ce11ular calcium was requirecl for an equivalent noraclrenaline or histamine

contraction in the presence of cocaine than in the control. It was found

that the amount of calcium necessary to produce 5O/" of. the maximum re-

sponse to noradrenallne or hlstarnlne was reduced by cocaine. These

results lndicate that cocaine lncreased the menibrane permeabllity to

calclum, allorved more bound calcium to be released, or altered the cori-

tractile elements ln some way so that they became more sensitive to

ca1 cium.

8. Desmethylimipramine blocked the uptake of noradrenaline in the

lsolated reserpine-treatecl spleen strip, but a larger concentratlon of

DMI than of cocaine was required. Together DX1I and cocaine caused a

greater reduction in noradrenaline uptake than did D,\ÍI a1one, but not

cocai-ne alone.

Depending on the concentration use¿rdesmethylirniprarnine elthero
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potentiated or antegonized the responses to noradrenaline in the spleen

strip. Sma1l coucentrations of DliI potentiated the noradre¡raline con-

tractj-on of the spleen strip in the presence of normal calcium, but not

ln a calcium-free -solution. These sma1l DÌ,{I concentrations did not

alter the arnount of extracellular calcium utlllzed for contraction of

the spleen strlp by noradrenallne. Large concentratJ-ons of Dtr{I non-

competitively antatonized the contractlon of the spleen strip by nor-

adrenaline ln the presence of normal calciuni. Horvever, these large

concentrations of DX,II did not antagoni-ze the response to noradrenaline

in the absence of extracellular ca1c1um. rt ls suggested that the

potentiating effect of Dil{I ln the presence of extracellular calcium is

due to the blockade of neuronal uptake, whi.le the antagonism is due to

the prevention of the utilization of extracellular calcium by nor-

adrenaline for contraction.

10. Procaine did not effect the utili zation of either extracellular

or bound calcium for contraction of the spleen strip by noraclrenaline.

Procaine also did not alter the potentiation of noradrenallne contraction

of the isolated spleen stríp by cocaine in a calcium-free solution.
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