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ABSTNACT

Mecha¡rlsns governiag contractlllty of cat splenÍc capsular

muscle r¡ere lnvestigated.. Isometrlc contraction 1n thls tlssue in

response to a€onlsts such as catechola¡rines a¡rd. hlsta¡ni¡e conslsted. of

a fast and. a slow ptrase whJ-Le the response to potassiun consisted. of a

et'4Le tl¡ase. Tl¡e slon phase of the æsponse to no::a.d.renaline an¿ tÌ¡e

single phase response to potassfu¡¡n r¡eæ ¡noæ sensltlve to :reductlon of

external caLclun than the fast phase of the response to noradrenallne.

It was postul-ated. that the fast phase of the response to

norad.renaU-ne depend.ed. upon a tlghtly bor¡nd. stoæ of calciun ¡rhereas the

slow phase ¡{as due to a loosely bor:nd. pool of calclun. Dlfferentlal
' blockad.e of the sl-ow phase þ the calcfu:¡n chelator, EGTA, or by nanganese,

d.lazoxide or clonldlne, and of the fast phase by zlnc, procalne, netabollc

inhibltlon, papaverÍle, a.nfnopþtline or sod.lu¡a nltrlte, suggested. that

no¡adrenallne cor¡ld. noblllse calclum f¡ro¡n each pool lndepend.ently.

These :¡esults we:re glven add.ltlonal support by the ob.se¡r¡atlon that nor-

ad-ænallne ælease a 45tæ- fro¡n labeIIed. tlssue stores. Thls ælease was

lnhlblted. by zlnc or procalne but not by manganese. surprlslngry, nor-

ad¡enallne d.ld. not l¡cre^"" 45tæ- lnf}¡r 1n tlre spleen strlps, although

external calcÌ:n concentratlon d.1d. regulate the slow phase. . Conparbrnent

analysis of the td.esaturatlonr curÍve revealed. two 45Ca washout co¡lDonenrs.

the faster conponent ras lost by the strips at a :¡ate faster tt¡a¡¡ the

ross of an ext¡acellular narker, sucrose, suggestJng some brad.fuig of

calciun wlth tlssue constituents, The slo¡rer conponent of 45Ca d.esatur-

atlon r¡as ¡eLeased. faster ln the presence of ÐCa ln the exte¡nal- ned.iun,

-.ir::,
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suggestlng that lt ls self exchangeable. The a.nor¡nt of 45Ca reJ-eased. þ
40^'-Ca ls Jarge in conparlson to the a¡nourt æLeased. þ noradrenallne a¡rd.

also d-:Lffers in not beLng sensltl-ve to the blocklng actlon of procalne or

zj-nc.

Add.ltional experi.rnents to elucld¿te tte a:rangenent of cal.clu¡¡

pools sho¡red. that the t¡ro fr¡nctlonal pools of calclu¡u were ¿ùrr?Jlged. fn a

'serles-paralle1r fashlon, l¡€¡ êâch pool could. provld.e calclum to the

contractlle apparatus fnd.ependently br¡t the tightly borlnd. pool derlved.

lts content fron the loosely bound. pool. Thls ¡¡as shown þ the ab1llty

of nanga.nese to prevent reflIltng of tl¡e tlghtly boru¡d. pool as well as

the ablIlty of extracellular strontlu¡n to ¡elease bound caLcfu¡¡n when the

¡nuscle was depolarlsed. wlth potasslu¡n.

Depolarlsatlon of the ¡nuscle cell nembrane wlth pota,sslum

resulted. Ín a p:nefeæntlal lnhlbitlon of the slor phase. S1nllar1y when

tlre sodlun pulrp was stlnul¿ted ln a n¿urner ¡¡hlch has been found. ln other

tlssues to cause lyper¡rolarlsatton, the slor phase was pæferentlally

d.ecreased.. the acttvlty of an electrogenic sod.l¡¡¡o pump 'was denonst::ated.

in the spleen by blockade of the lnhlbltory effects of thls neclranlsn by

ouabaln, substltutlon of sod:lr¡m ch,Ìorlde by llth5.un a.nd. c]ranges 1n a¡rblent

temperature.

In add.ltlon to belng :regulated. by ttæ concent::ation of extra-

ceLlular cal-cinra, ttre slow phase also appeared. to be noduLated. by facto::s

¡¡hich determlne the steady state concentratlon of norad¡enallne 1n tle

blophase, Inhibitlon of neuronal uptalæ of norad.renaLlne by the poten-

tlating agents cocalne or 6-fryarorydopa.nlne on the one Ìrand a¡rd. the

alptra-adrenoceptor blocking agent phenorybenzannine on the other hand
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lncreased. the proportlon of slon phase 1n any glven response to noradren-

allne. The ratto of slow to fast phases i-n responses d.ue to nora<lrenall¡e

after lnhlbltlon of uptake resenbted. the ratlo 1n the òase of a poorly

transported. catechola¡nlne, lsoprenalt¡e, L:r nomal tissue, Another agent,

reseryine, whlch produces potentiatlon of norad:cenali¡e-lnduced responses

without blocking neuronaL uptakerd.ld not have sÍgnlflcant effect on the

ratlo of the two Dløses.

The spleen strlp normally behaves as a nultiuni-t pneparatlon,

showlng no rhythmlclty 1n nesponse to norad¡enallne. Sing1e unlt behav-

lour, cha¡¡acterised. by rþthnlc contractlons and. also contractlons ln

l¡esponse to rapf.d. stætchlng of tlre pre¡nratlon, was lnduced. by treatnent

wlth cocaine, æser?lne or Ghyd.ro:gd.opanlne whlch cause supersensitivity

to catechola¡ni¡es ând, 1n the case of cocalne and.:reserplne, to other

agonists also.
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Contractlon of, any nusclo, be lt skeIetal, carrillac or snooth,

represents the end result of a chaln of events whlch beglns as a result

of 'excltatlon' of the llnltlng me¡nb:ranes of the ¡nuscle ce1l elther on

account of pt¡yslologlca1 (hunoraf) stfunull or due to electrlqal or clrenlcal

stfunuIl und.er experfuaent¿I cond.ltlons, The uItl¡aate bloptryslcal ¡necha^nlsn

and. ¡nanlfest¿tlon of rexclt¿tlon' are as yet unlmorm. However, exclt¿tion

of the cell nenbrar¡o nost connonly results ln a d.eçrease ln restlng me¡nb¡ane

potentlal' thls ls d.ue to ctra^nges lrr the reLatlve pe::neablllty to the

lons d.lstrlbl¡ted. on elther sld.e of the ¡nembra.ne. The resultlng lonic

shlfts ln tu¡n nake avallable a stlnulus (cal-clurn) for the actlvatlon of

the contractlle protelne (actln a.nd. nyosln) fn tfre nuscle. Thls results

ln thelr slldlng agalnst eaeh othe:s (Hanson and. Huxrer, r955i A.F. Huxley,

L95?). Slnce actl¡ and. nyosin are arranged Iongltud.lnally, ln an orderly

fashlon, the above process results ln shortening of the ¡rusele or lnc:nease

ln tenslon. Any d.lecusslon on nuscle fi¡nctlon should. take lnto acco¡rnt

the followlng stepsf as proposed. by Bohr (fg6¿l)t

(") Menbrane phenonena

(U) Coupllng process (excltatlon-contractlon couplfng)

(") Proteln eontractlon

I{ork ls perforted. durlng muscle contractlon. The ultl¡nate fuel

for thls ls adenoslne trlphosphate (lfg). llence thls dlscusslon shoul¿

also lnclud.e ¡

(a) Energ¡r netabollsn
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The above four proces¡ses are lntfuiately connected. amd. a¡e

lnvarlably present ln all t¡res of muscles even though quantltatlve

dlffe¡ences may exlst.

In vlew of the nore organlsed. stn¡cture and. a :relatlvely lesser

d.egree of heterogenelty ln carriH¡,c and. skelet¿I ¡ruscle conpaned. to smooth

muscla nore le kno¡'m about thetr functlon. A great d.eal of structural

as well as functlonal heterogenelty exlsts not only between s¡nooth

muscles obtained fro¡n different specles but also between snooth nuscles

obtained. fron d.lfferent reglons of the sa,ne organlsn. tr'or e:ra.nple¡ one

can d.etect dlfferences ln behavlour bet¡reen gastrolntestlnal snooth

¡auscle ar¡d. those obtalnect fron the genltourlnary systen or the vascular

systen. Even a.¡nong vascular smooth nuecles, anatonlcal a¡d. functlonal

dlfferences exlst betneen nuscles of larger condult vessels and. those of

enaller arterloles or large velne (Sornylo arid. Sonylo, f968b). The follow-

1ng :revlew of the above nentloned. four lnportant facets of ¡uuscle fr¡nctlon

w111 pertaln nalnIy to snooth nuscl-e although lt may be necessary to

consld.er what happens 1n skeletal or card.lac nuscle for the sake of com-

parlson or for brlfu1ng gapo that exlst ln the laaowledge of snooth nuscle

contractlon.

''PROIEIN CONTRACTION'

Slnce the ultl¡¡ate cause of ¡nuscle contractlon fs shortenlng

of the contractlle protelns, a,n analysls of thl-s wLLr crear the way for

further d.lscusslon of other equally or no¡¡e conplex events occurrlng be-

fore thls step.
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1) Erper!¡nentel'¡¡odels

One of t|¡s lan.imarks 1n nuscle plryslolog¡r ¡¡as the de¡nonstratlon

by Szont Györgyl (tgSl) tt¡at t¡¡eatnent of f¡esh br¡nd.les of skel-etal nuscle

, flbres wlth aqueous 8lyceroI d.estroyed the ¡nuscle ne¡abrane and. extracted.

cell conponents of netabollc lmportance. The flla,nents of actln and.

nyosln werer however, p:rese:rred. 1n thelr natu::al state. Glycerlnated.

¡nuscle flbres when placed. ln buffe¡ed. KCl solutlon are ¡e1atlvely lnexten-

- slbler as lf the nuscle ls fn rlgor. Additlon of ATP restoæs extenslbll-

lty of the ¡nuecle. This ltas been ræferued. to as the 'plastlcislng actlon'

I of ATP. Thls actlon occurs only 1f mang¿rnése 1s present. Addltlon of

nlnute quantltles of calclu¡n to the plastlclsed nuscle :¡esults 1n contrac-

I tlon. The stl¡rulant actlon of calclum can be ellclted. only I-n the

, p*sence of an actlve ATPase systen 1n the contractlle proteln an¿ ls
:

ì blocked þ mersalyl or by the ¡¡enoval of Mg (nortzehl , Lg5Z). ContractLon

ls acconpanled. by try<lrolysls of, ATP. The contracted. nuscle can sti1l be

str€tched. back to lts orlglnal length. Eventually when all the ATp has

been tydmlysed the shorbened. ¡nuscle agaln becomes poorly extenslble

(Szent Gy'órry1, l95Lt FlIo et aL., I96J¡ Benctall , Lg6g). Sl¡itar rê-
sults have arso been obtalned. 1n the s¡¡ooth ¡¡uscle (Brlggs, L96j¡ Flro.

et al' , I96il. The concluslon that can be dra¡vn fron these results is
thet AfP has a d.r¡¿l- effect on nryoflJra.nents and. tt¡at contractlon can be

lnltlated. by calclum due to lts stlnulatlng effect on ATPase. As we shaLl

see later thls actlon of c¿IcÍlm 1s ind.lrect.

Results slnllar to those ln glycerlnated. nuscle have been

obtalned. ln another verTr useful ¡rod.el of ¡nuscle contractLon - the lsolated

nyoflbrlIs. theee flbrlls LO - J:}Oylong, contain actln and. nyosln fila-



-^.'.r.t' i:,' ::-.:I,t

-l+-
nentÊ¡, no:rmalIy a:ranged.. They are obtal¡ed. þ honogenlslng muscle 1n

weak buffer:s at pH / and an lonlc strength of 0.L - 0.15. the flbrlls
are then separated. fron connectlve tlssue and. lntact flbres either by

d.lfferentlal centrlfugatlon or flltratlon through butter nusIln. Con-

tractlon of rnyoflbrlls occu::s ln the presence of ATPTMg and. Ca ar¡d. is

¡neasured. by a d.ecrease ln the packed. volnne of nyofibrtls after centrl-

fugatlon at J000 x g. (Bentiall, Lg6Li per:ry and Gney, 1956).

11) Chenlgtry and. ultrastmctuze of cont:lactlle protelns

tr\:rther lnslght lnto the chernlcal basls of the lnteractlon

between actln and. nyosln ¡ras obtalned nhen it was posslble to ext:ract

contractlle protelns frorr nuscle anct study their che¡ntcal nature (fva"nov

et aI., 1959t Løsz+, and. tfa,nolr, rp61). They found that the najor con-

tltactlLe protelns of snooth nuscle can be extracted. wlth solutlons of

1o¡r lonlc strength. Thls contrasts wlth skeletal muscle ¡rhere a sofution

of hlgh lon1c strength ls need.ed..

The protelnr ext::acted, fron vascular and. other snooth nuscles

by neutral solutlons of low lonlc stængths ln the presence of ninute

amounts of ATP' cont¿lns a.n actonyosin ¡vhlch :¡esembles that obtal¡ed. fron

skeletal nuscle. It has slnllar vlscoslty, exhlblts superyrecf.pitatlon

reactlon a^nd. possesses AIPase actlvlty. A curlous featu:¡e of the vascu-

Lar smooth ¡nuscre 1s lte ablIlty to generate a greatær tenslon/unlt a¡nount

of actonyosln than d.oes skeletal ¡nuscle. Another l¡terestlng feature of

the vascular s¡nooth ¡nuscle contractlle protef.n ls that lt ls more read.ily

extr¡acted at pH 7 Lhøn at pH 6 (Schlrrner, I)6J). Needha¡n and. Shoenberg

(f964) ln thelr el-ectronicrog::aphlc stud.les on uterlne s¡nooth ¡nuscle

found. lt d.lfflcult to ld.entify thlck fll.a¡nents whlch correspond. to nyosf.:n
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even though the latter has been shonn þ blochenLcal technlque to exlst

ln thls enooth ¡nuscle (Needlra^m, L962). Actln 1n the fo::n of thln f1la-

nente could be ¡¡eadlly ld.entlfled þ these workers. Sornylo and. Sonylo

(fgeg) have suggested that the lnablllty to see nyosin 1n electron-

nlcrographs maybe because of greater extractlon of this proteln at ttÞ
pH employed. for pneparlng the tlssue for hlstologlcal e:u^nlnatÍon. A

second posslblllty ls that the nyosln fllament ln snooth nuscle nay

conslst of fewer nyosin molecules, therefore belng thl¡rner and. lnd.ls-

tlngulelu.bre fmm actln fllanents. A third. posslblLlty (Nenetschek -
Gansler, 196?) ß that contractlle proteins Ln relaxed. ¡nuscle occur wlth-

out orlent¿tlon of fll¡.¡nentous fo:m a¡rd. that r.¡nder the lnfluence of cal-

cium, polylrerlsatlon takes pIace. Thls results ln contractlon of the

collo1dal mass through a three d.1¡renslonal lnteractlon (cf. parallel

slld.lng move¡nent ln skeletal nuscle). A ¡nore recent work.shows that

nyosln-Illce thlck fl-Lanents aan lndeed. be de¡ronstrated- 1n snooth ¡nuscle

of 6u1nea-plg taenla coI1 (ntce'et al., I9?O). These workers for¡¡rd.

ordered arrrays of thlr¡ fllaments (6,5 * 10-9 neter d.la¡neter) along with

other apparently random arrangenênts of thln a¡rd. thlck fll¿rnents

(fo-A - LO-7 ¡neter d.larneter) ln cont::acted ¡nuscles, The thln flla,nents

lrere &rranged. hexagonally or clrcularly. Few examples of rosettes wlth

regular arrtnge¡nents of thln fltanents surround.lng thlck flla¡nents ¡rere

seen. The thlck fllaments varled. ln thlclmess and. were fewer ln relaxed.

nuscle. Thls prompted. the workers to propose that thlck nuscle f1la¡nents

aggregate prlor to cont:¡actlon and. d.lsaggregate d.urlng relaxatlon. Iowy

and. Snal1 (tgZO) found. thick flia¡nents even ln relaxed. t¿enla, However,

Rlce et al. (tgZO) have called. their ¡nethod. of flxatlon ,unpþslo1oglcal'
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as 1t was d.one at Oo C. Ftrrther work ls requlred. before a clear flnal-

plctune of the arrangenent of cont¡:actlle protelns ln the snooth muscle

can be obtalned..

Ttæ glycerol extracted. ¡nuscle was ¡nentloned. above as a popular

¡nod.el- for stud.les of the behavlour of the actonyosln system. Another

nod.el 1s actonyosln ext¡racted. fro¡n ¡uusc1e. ïJhen Mg and. A1IP a¡e ad.d.ed. to

the syste¡n ln the total absence of Ca, the actornyosln is dissociated. to

lts lnd.lvLd.r¡al conponents (tJeber, 1956). Assoclated. wlth thLs ls a lne-

ductlon ln the vlscosf-ty and. d.ouble ref::actlon of fLow, Thls is analogous

to the rpJastlclslng actlonr of ATP ln the glycerlnated. muscle, However,

lf cal-clur¡ ls added. even 1n snall anounts to the actonyosln ln ATP sys-

tenr a rapld neactlon occurs ln nhlch the acto¡yosln lnstead. of belng

d.1ssoc1"a,ted., actually shrlrrl€ ('supery¡eclpltatlon! lf actonyosln'ras

orlglnally a sol and. 's¡meresist lf actomyosln was a ge1), acconpanled.

þ vlgorous sp]lttlng of AIP (Szent Gyärgt, L!+?).

0n bloche¡nlcal exa¡¡lnatlon natlve actorlyosln exhlblts â, lvþ.

sensltlve APase actlvlty. Actornyosln can be &lssoclated. lnto rnyosln and.

F-actln conblned. wlth tropoqyos!-n B. Myosln exhlblts a ca-actlvated.

AlPase actlvlty whlch, unllke actonyosin ATpase, 1s lnhlblted. by Mg.

llydrolysls of snooth nuscle nyosln by trypsln results ln fo¡matlon of

two fra€rnents r r, (llght) neronyosln a¡rcl H (tr"w) neronyosln (cohen et

a1,., 1961). ATPase actlvlty 1s belleved to resld.e ln the heavy fragnent.

tr''or a long tlrne lt ¡ras belleved. that calclum particlpated. ln

brlnglng about acto4yosln ATPase activatlon and. ¡nuscle cont::actlon,

through lts actlon on actomyosln, Thls was lurpltclt 1n the theory pro-

posed. þ Davles (tg6ù. A snag was seen ln the above scheme nhen
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'artlflclalIy prepared. actorlyosin' was studled. Actonyosln p:repared. frorn

purlfled. actln and. nyosfn superyreclpltated. wlth ATP and Mg even in the

total absence of ca (euastrt, 1963¡ Muerler, l966). rn cont:rast, natlve

actotnyosln, und.er slmlla¡ cond.ltlons, became less vÍscoug. IÍowever, the

prepared. actolnyosln regalned. lts sensltlvlty to calciun r¡hen another

proteln, tropornyosln, obtalned. fro¡n the nuscle ¡{as add.ed. to the e:çer1-

nental syeten.

It was reasonable to conclud.e that tropoqyosln exerted. a¡¡

1nhlbltory effect on the actln a.nd. nyosln fllaments and. addltlon of

calclu¡n to the conpJ-ete system :resulted 1n a rernoval of thls l¡hlbltlon.
Subsequently studles by Ebashlrs grloup have revealed that troponyosln

conslsts of troponln and. tropornyosln 3 a¡rd. 1s lntl¡nately assoclated. nlth
actln f1Ia¡nents. Troponln whlch appears to be the calclum æceptor, can

comblne wlth Ca ln a ¡atlo of !OO2OOOg/UM. lhe present beIlef about the

mechanlsn of actlon of the troponyoslr¡ - actln - tgrosin systen is that
tropornyosln 1s present wlthin the hellces of natural actln a¡¡d. it repels

the Hg ATP.? or A1?-4 nhlch 1s attached. to the nyosfn partner and- thus

prevents the lnter actlon lead.lng to spllttlng a.nd. onset of contraction"

Ifhen ca ls added., lt would then blnd. to negatlvely charged. groups on ,the

troponln part of the troponyogfur senplex¡ neutrallse the charge an¿ thus

allow lnteractlon to occur between the actln nononers¡ a¡rd. the substrate-

4yosln conplex (uusrrr et al. , g6?), Thus calclun acts not as an acti-
v€tor, per se, but as an lnhlbltor of inhlbltlon. The d.lscovery of

tropomyo'sl¡ ln the smooth muscle of chlcken gLzzazl, (nUsfrf et al. , Lg66)

polnts to the general app1lcablllty of the above schene to dlfferent
varletles of ¡nusc1e. It nay be nentloned. here that ln ord.er to show the
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lnhlbltory effecù on actln and nyosln brld.glng, the S-H groups of tropo-

nyoeln have to be protected fro¡n oxidatlon (Mue11er, Lg66)" Ttrls may

e:çlaln the curlous observatlon that nyoflbrlls sto¡ed. ll the pr€sence

of o:çygen lost thelr need. for calclum. llowever, r¡hen the rnyoflbrlls weæ

stor€d. ln nltrogen atnosphere, the calclun sensl-tivlt¡r was prese:rred.

(Bendall, L969). stunllarly, Brlges (rg6¡) nottced. that after proronged

stor:ager glycerlnated. uterlne nuscle fall-ed. to respond. to calclun. These

experlments polnt out the labl-le nature of troponyosln.

Several other proteins have also been obtal¡red. fro¡n smooth

¡nuscle. Alpha actlnln stimutates network forrnatlon of F-actln and. super-

preclpltatlon of actomyosln solutlons (nUsfrf et aI. , Lg66). Beta actlnin

whlch l¡hlb1ts network fortnatlon Ìras been obtalned. from skelet¿.I ¡nrrscle

but not from snooth nugcle. Tropomyosln A has been extracted. fro¡n so¡ae

¡nolLusca¡t muscles arld. ha5 been lmpllcated. ln the prolonged. ¡nalnt¿lnance

of tone (catch ¡nechanlsrn) U tfrese muscles. Several atternpts to show :

thls substance ln ¡naru¡allan s¡nooth ¡nuscle t¡ave been unsuccessful (Need.Ìram

anrd Shoenbergr J'.96?l Carsten, 1968),

It can be æaIlsed fro¡n the precedlng dlscusslon that two sub-

stances aæ vezîr lnportant for contractlon and. both have to be provld.ed.

fro¡n outslde the d.o¡na1n of the cont::actlIe protelns. These are - calciun

and AlP. The detalled. ¡nech¿nls¡n of how calclun is mad.e available to the

contractlle apparatus durlng actlvlty and how lt ls taken back to temln-
ate actlvlty w111 be d.lscussed. und.er the head.lng of 'excltation-contraction
coupllngr. Before deallng ¡rlth that 1t nay be necessary to consld.er the

mechanlsm of ATP supply for cont¡actlon a¡rd. also storage of enerry f¡
other che¡nlcal fo:ms. It w111 also be necessarXr to consld.er the source



-9-
or fuef whlch can contrlbute to the enerry that ls stored. and ls uItl-

mately utlllsed durlng contractlon.

.MTERGY METASOLÏ.SM'

1) RoIe of hlgh enerry phosphate conpounds

Llke the skeletal rnuscle, s¡nooth nuscle also uses AIP as the

l¡n¡nedlate source of enerry' The AIP content of vascular snooth nuscle

(nevlz et al. , JB6Ð is vety slnll¿r to that ln a skeletal ¡nuscle, v1z.

the frog sartorius (Marechal and. Monma,erts, 1p6l). {ydrolysls of ATp

during muscuLa,r contractlon can be ¡no¡e r.ead.1ly d.enonstrated. in srnooth

¡¡uscle tttan ln skeletal ¡nuscle, Thls ls malnly because ln skeletal ¡nuscle

the abundant supply of c¡eatlne phosphate ca^n replenlsh the AIP pools

very easllyr through the Loh¡nan reactlon. S¡nooth nuscle on the other

Ìrand., contalns about J0 tlrnes less creatine phosphate (3eviz et aI, , 1965),

rn sriooth ¡ruscle, unIlke skeletá,I nuscle, much of the ATP requfuced, ls

dlrectly synthestsed. through glycolysis and oxld-ative phosphoryl-atlon

durlng conü¡actton (Daeners-T-qbert, 1964). Oxitlatlve phosphorylation

ln the enooth nuscle mltochondrla ls alnost as efflclent as 1n those ob-

talned. fmm sketet¿L muscfe (Stepfæns and. I{rogeman, itg?O). The reJa,tlvely

large contrlbutlon of anaeroblc glycolysls ln AlP productlon 1n the lnt¿ct

s¡nooth muscle ls nost llkeIy due to the pauclty of ¡nitochondrla,

The therrnodynamlc efflelency of smooth nuscle contractlon ls
d.lfflcult 'to assess. Thls ls largely due to the fact that many of the

snooth ¡nuscle stlnulants¡ êrgr catechola¡rlnes, besld.es causlng expend.lture

of AIP d.l:nectly d.ue to ¡nuscle contriactlon also possess metabollc effects,

Arterlal resynthesls of AIP (Bevtz and. Mohme-Lr¡rd.ho1n, L96Ð and the pro-

d.uctlon of fmctose-lr6-d.tphosphate (Beviz ar¡d Mohne-lund.ho1n, Lg&+)
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whlch consunes AIP are both stlnulated. by adænal1ne. Llke catechol-

amlnes, potÆ.sslum also l¡c¡¡sases trydrolysls of ATP, (Oaeners-Ia.¡nbert

(tg6+). Thle ca¡r be shorm only after blocklng glycorysls, and thereþ

preventlng res¡rnthesls of AlP. Pot¿.ssiun can also stlnulate AIP tryclro-

lyels 1n subcontractlle concentratlons. Thls ls renlnlscent of the

sorandt effect seen ln skeletar nuscle (van der looot, 196?). rt should.

be kept 1n ¡nind. that ¡neasure¡nent of net changes 1n AfP levels and. nelating

then to contractlllty wlthout taklng lnto account ¡netabollc effects of
agonlets can be mlslead.lng.

In snooth rnuscle, carbolSrdrates a¡e the najor source of .the

energy rtrlch 1e eventually transformed. lnto the r:nlversa1 ¡netabollc

cumency, ATP. Thls ls evtd.ent fron the resplratory quotlent of nearly

one (Koean a¡rd. Burton, g66). Preforrned. grycogen appearsr to be prefer-

entlally utlllsed. durlng conüractlon because add.ltlon of glucose to ned.la

contalnlng whole vascuLar segments does not lnc¡ease resplratlon (Ctratto-

pad.tyay, f962). The lrnporta^nce of ¡na1nta1ned. s¡mthesis of ATp, especlally

durlng actlvtty of the muscle, ls great sf¡ce the total ATp content of

the snooth ¡nuscle nay be less than ¡vhat can sufflce for the enerry ex¡rend.-

tture of even a slngle Jarge contractlon (tunanoln a¡rd Moh¡ne-Lundholn,

1962).

11) Subst::ate nequlxenent for conttaactlon

stud.les on the rabblt thoracic aortlc strips þ coe et gÈ. (rgea)

show thêt these nuscles can perdorm ad.equately ln the absence of glucose

ln the nedlum for a ¡¡easonably long tlrne provlcled. they are stimulated. wlth
rplSrslologlcal' (f-fO þgh) concent¡¡atlons of a.drenallne. Contractlllty

was d.lnlniehed. onry after a prolonged contractlon or repeated. short
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duratlon cont:ractlons due to large (r-ro ng/L) d.ose of ad¡enarlne.

Responees lrnproved after glucose was restored, The sponta.neous tone

d'eveloped by bovlne nesenterlc artery as ¡rell as Lts conttactile :response

to drugs can be n¿1ntâlned. r¡nder a.eroblc condltions þr end.ogenous glyco-

gen for at least 8 hours but for only t hour r¡nd.er anaeroblc cond.ltlons

(lunanoh and. Mohne-I¿undhol¡n, Lg6O, J962). Contractillty and. lactlc
acld prod.uctlon d.ue to adrenallne are ¡ed.uced. tn the absence of substrate

at a rate g:seater than that d.ue to hlsta.¡nlne or potasslum (f,unaho¡n an¿

Mohme-Lund.holn, l962 and, LgØ). Ad.ænallne probably stfunulates netabolic
processes that conpete wlth the cont¡actlIe systen for the limlted A1p

supply (Somlyo and Sonlyo, 1p68b). I¿ctlc acltl production'lncreases

durlng contractlon prod.uced by nost agonlsts. However, this is not en-

tlæi-y lnd.lcatlve of the enerry requlænent of the conbractlle process.

The contractlle effect of d.nrgs can be dlssoclated. frorn lactic acld

productlon (lunanoh and. Moh¡ne-r¡und.holn, 11963). For e:ca^npre, arpha-

ad.renoceptor blocklng agents red.uce the cont¡actlle lesponse to ad.renaline

morre than the lactle acld stl¡nulating effect. Slnllarly histarnlne and

ad¡enallne stl¡nulate lactlc acld. prod.uctlon tn the absence of contraction

when bovlne rnesenterlc artery ls challenged. ln the absence of extracellu-
l-ar lons. Besl-d.es utlllslng the E¡nbden-Meyerhof pathr,ray and ifuebs cycle,

nuscLes can also metabollse carbotryd:¡ate throngh the hexose nonophosphate

pathway (suarra et ar. , r)607 l{erthetuner and. Ben-Tor, 1962).

Several stud.les (Iìrchgot l, L966g Coe et a1., 1p6g) to
determlne substrate requlrenent for supportlng contnctillty have been

done on snooth muscle d.epleted. of subst¡ate by l¡rcubatlon in glucose-f:¡ee

¡nedlu¡n. The effect of ¡elntroductlon of knorm substrates on contractility
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was noted to assess the enerry contrlbutlon of any partlcular ¡netabollc

pathway for cont::actlon. Glucose and. ¡nannose æstolr€d. cont¡:actlons,

su6gestlng that the enbden-Meyerhof pathway was functlonlng. In spite

of the lnablltty of several Krebs cycle lnter:ned.iates such as cltrate,
alpha-ketoglutarate, succlnate, funarate and. ¡oalate to :¡estore contrac-

tlon, the presence of Krebs cycle l¡ s¡nooth nuscle cannot be d.oubted.

because pynrvlc acld. a¡rd. l¿ctlc acld. are ext:nenely effectlve as replace-

ments for glucose. Recovery of contractlllty after fatty acld.s such as

buty:rate, oleate, acetoacetate a.nd. be+,aþd.rorybutyrate suggests the

presence of beta oxld¿tlve pathway. The amlno acld.s alanlne, glutamate

and. aspartate do not supporL contractlons, It rnay be mentloned. here that

absence of effect on cont:ractlllty of a glven substrate d.oes not Ìmply

ttrat lt ls of no funportancer lL -&. The Krebs cycle j¡terrnedlates

a:¡e lneffectlve nost probably because they d.o not cross the ¡ne¡nb¡ane

barrlers encounteæd. und.er the erçerlnental cond.ltions, Howeve:e'

Furctgott and tr{ales (tgSZ), worklng under the assuqrptLon that unlonlsed.

dl- or trlcarboryllc lnte:med.l¿tes would. penetrate blologlcal memb::anes

better, tested. the¡n whlle the pH of the ¡ned.lum bathlng the nuscle was

reduced to decnease lonlsatlon. Under such cond.ltlons hlgh concentra-

tlons of these subst¡ates d.ld. becone effectlve ln restorlrtg contractlons.

In olçerfunents on subst:rate d.epleted. muscles one has to be very cautlous

about f.nteqpretatlon of results for the followlng reasonst the fact
that a partlcular substrate (whlch ls not ar¡ lnte:mred.iate 1n carboþd:¡ate

metabollsn) reverses the lnhlbltory effect of glucose deprivatlon d.oes

not necessarlly ¡rean that the sane substrate 1s no¡mally being utillsed.

þ the muscle ln vlvo. The questlon of avalIablllty of thls subst::ate
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ln vlvo has to be consldeæd. before 1t ls asslgned. a deflnlte role, The

second pltfalI 1s ln the assumptlon that d.ec¡ease ln contractillty during

substrate d.eprlvatlon ls solely d.ue to a decrease ln the enerry supply

.',' at the level of the contractlle apparatus. Menbrane actlvlty and. the state '

of lon pumpsr especlally those negulatlng the frrtracytoplasrnlc calciun

.concent¡atlons are of great lrnForta^nce ln d.etermlnlng the ultlnate extent

, of cont¡iactlon. l{hen one stud.les the end. resu1t of a serles of æactlons , '

...

ì to the effect of d.ecreased enerry supply on earlLer steps. Recent evi-
dence presented by lboeger (tgZO) sho¡rs that tr¡loxle tracheqlls nuscle,

, of the dog loses lts responsiveness to acetylchollne whlle gainlng in

i r€stlng tenslon. The loss of responslveness has been att¡lbuted. to the

I Ìoss of ca1clu¡n fron an lntracellular pool probably as a result of inhi¡.
I ltlon of an actlve punp whlch no¡m¿Ily serves to replenlsh thls pool.

the rlse Ln nestlng tenslon of the nuscle¡ whlch ls pr,cibably due to in-,
cæase ln the nolîally low pe:meablllty of the nuscle nenbrane for

,,.i calclun, suggests that the energlr requinenents of the contractlle :::::::
.,. , ;:'.'.¡l

apparatus are stlII belng fulfllled., Inc¡ease of restlng tenslon has not . .

:: :

,i ', been universally seen ln lry¡roxlc sÌrooth ¡auscles but decrease in contrac- '!:: ;

tlllty ln nesponse to a6onlsts d.urlng h¡rpoxla 1s welL ho¡m (ætar and.

Bohr, Jr968n| Guyton et a1. I Lg64), These and. other f1nd.lngs previously

..ì: deecrlbed suggest strongJ-y the Jmportance of aeroblc ¡netabollsn of carbo- r,

. hyd-rate fuel by the Kæbs cycle ln provf.dlng enerry for cont:nctLllty or
cellular exc1tablllty or both. A curlous phenomenen of aclaptatlon to

t¡ypoxla has been reported. by Detar and. Bohr (fg6gU)i r€sponses to ad.-

lrena11ne1ntherabb1taortaweæd'epresseË[1essafter1Jhou:rsoft¡y¡lox1a
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than after less than 2 hourg. 0n restorlng the former ¡nuscl-es to normoxlc

cond'ltlons the responslveness to ad.¡ena1l¡e par:ad.oxlcally d.ec¡eased. at
flÉt and' thon lncreased towarrÈls the prety¡roxic value. The acutely þ¡rox1c

tlssue, however, nespond.ed. to orygen by a pronpt lncrease in tenslon.

The authom also obsen¡ed. that unllke nö:moxic nuscles ¡yhen the þ¡rox1c
(adapted) ¡nuscle was placed l¡ a glucose free envlronment and lts ¡esld.ual

¡esponse to ad.renallne depressed, restoratlon cou1d. not be achleved wlth
pyruvate brut could' be æadlly attalned. wlth glucose. These norkers spec-

ulated that Ìrypoxlc adapted. nuscles attalned. a greater abllity to utllise
the Enbden-Meyerhof pathway for enerry productlon. The tnhlbltion of the

adapted' nuscle after retuzn to no:moxlc cond.ltlons uas ascrlbed. elther
to an lnhtbltlon of glycolysls þ orygen ('fu 

" fashton æ¡nlnlscent of
the classlcally d.escrLbed Fasteur effectr) or by stl¡nulation of â sârco_

plasmlc retlcular calclu¡n pu¡lp. Obvlously, as the authors have the¡n-

selves mentloned.r nolîe blochemlcal lnvestlgatlons have to be d.one to
clarlfy thls phenotttêroll¡ It 1s also necessazîr to Isnow lf the inhlbltlon
seen ln these ¡nuscles after o¡cygen can be related to ctunges in ne¡nbrane

potentlals as a result of effect on lon punps - speclflcarly on ¿rr

electrogenlc sod.lun pumpr

F\¡ture work w1Ll probably provf.d.e no:¡e lnfo¡matlon about the
conpartnentallsatlon of AIP and other hlgh energr compounds in the ce1l
for provldlng energSr to the lndlvld.r¡al steps which ult.tmately lead to
nuecle cont¡¡actlon.



-t5-
'MEMBRANE PHENOMB'IA''

The nenbrane of snooth ¡nuscle cells possesaes n¿ny propertles

co¡nmon to other exclt¡,bIe ¡nenbranes. In thelr resting state a potential

grad-lent exlsts aclross the lnner and. outer surfaces of the nenbra¡e and.

durlng actlvatlon or lnhlbltlon of the nuscle, ctranges occur 1n the ruag-

nltude of thls potentlal,

1) Reetlng ¡nenbrar¡e potsntlal of the snooth ¡nuscle d.epends upon the

t¡:ansne¡rbl:ane grad.lents of sod.lwn, potasslurn ar¡d. chlorld.e along wlth the

relative perrneablllty of the membrane to theee lons. Anong these, the

potasslun concentratlon gradlent and. the relatively hlgh potasslu¡n

perrneablllty,of the ¡nembrane are the najor d.eternlnants. Increase ln
external pota,sslun concentratlon red.uces the trransnenbrane grad.lent and.

cauaes d.epolarlsatlon' the zelatlvely low menbrane potential of snooth

nuscle (50 ¡nV for gulnea-plg t¿en1a coIl, BulbrJ¡g, l:gst+) conpared wlth
frog skeletal ¡nuscre (90 rav, Adrlan, L9i6) Lras been e:çlalned by a re1_

atlvely hlgher sodlum per:neabllity of the smooth ¡ruscle nembrane

(Kurl¡rana, 1963). Renoval of sod.iun fro¡a the exte:mal nedlum, acconilng
'to the above schene, should. cause tr¡rperpolarfsatLon, Thls has been ,

found. to occur by Bradlng and ronita (196g) lf sodlun is :nep'rased by

sllcros€o Low potasslun pemeablllty of the snooth ¡nuscle conpared. to

th¿t of skeletal ¡nuscle nay al.so contrlbute to the s¡naller restlng nen-

brane potentlal ln srnooth nuscle, Thls has been shor¡t by the stuclles of
Goodforrl and. Iie¡mansen (t96t).

Î¡o other factors rnay play sone role 1n d.ete:minlng the restlng
nenbrane potentlal. They are the chlorld.e potentlal an¿ electrogenlc

sodlun punp potentlal. Accordlng to Casteers (rgZo) the int:¡acel-lu1ar
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chlorlde eoncentratlon 1s too hJ.gh to flt a passlve dlstributlon (as

assumed. by ¡¡any worker:s, ergr sonryo and sonlyo, 196gb). To explain

thls non-equlllbrfu¡n d.lstrlbutlon, one has to consld.er an actLve 1n¡yarri

novenent of chlorld.e lons. Th¿t ehLorld.e lons contrlbute to the resting
nenbrane potentlal ls lnd.lcated by depolarlsatlon of the nembrane ¡rhen

external chlorld.e ls :repJ.aeed. ¡rlth nonpelmea¡nt sulphate anlon (Kurlya.ura,

1963).

Slnce the restlng nenbr:ane potentlal- ls less tha¡r the calculated.
potasslun equlllbrlun potentlal and. nore than the calculated. sod.iun

equlllbrlun potential, there ls a tendency for these two lons to d.lffr¡se

dormhlLl acrosa the nenbra,ne. The nalntena^nce of d.lss1nlIar concentrîa-

tlons of sod.lun and. potasslun across the nenbrane ls posslble because of
the god'lu¡r Pu¡rPr whlch drlves sod.fu¡n out of the cell and. brlngs potasslurn

ln a coupled fashlon (oanlel a¡d. Roblnson, 1960art). The pnnp can beeo¡ne

electrogenlc lf 1t ls uncoupled ln such a fashlon that sodlun efflux ex-

ceeds potasslum lnflux, whlch wou1d. result ln an lncrease ln nenbæ¡re

potentlal. such a phenonenon has been recently cl.enonst¡ated. in uterlne
snooth ¡nuscle whlch, after sod.1u[ enrlchnent ln cold. pota,sslun fnee ne¿iun,

ras ¡nad'e to :recover ln the pæsence of pota,ssium in the exteznal ¡red.lun

(Taylor, Paton and Danlelr 19?O). Thls 1s sl:nlIar to the events ln the
skeletal muscLe after ld.entlcar pr€treat¡nent.,(cross, Ke¡mes and grbova,
y96Ð. {y¡rerpolarlsation, f.n both these lnstances could. be reduced. þ
dntgs or proceduæs rrhlch lnhlbrted. the sod.lun pu¡npr e.g, ouabaln, sub_

stltutlon of }[thÍ¡¡n for external sod.lun and. reduction of tenperatuæ.

The lnternal sodlun concent¡:atlon of sod.lun enrlched. skeleta,l ¡nuscl-e ls
slmllar to that of nomar snooth ¡¡uscre (approx. qo ,ou) ¡ and theæfore
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Holnan (tg6g) feels that the posslblllty of the role of an electrogenlc

punp ln the snooth nuecle ls attractive. Nevertheless the¡e ls no good.

evldence to substantlate thls possiblrlty. A¡cersson et ar. (Lg6?) ob_

sel:ved that the restlng potentlal of rat porüa1 veln d.ecreased l¡r K-f¡ee

solutlon. Ithl1e thls can be e:çIalned. by lnhlbltlon of tlre sod.iun pqmp

(somryo a^nd. sonlyo, 1p68b), lt can just as relI be e:çralned. þ a d.ecrease

ln potasslun perraeablllty as Buggested. for Purktnje f1bæs (Carrne1let,

1961) and. for Carclnus axon (Keynes and. Lewls, Lg5I),

the recorrled. nestlng me¡¡brane potentlals of different snooth

nuscles valïr consld.e::ab1y. Part of thls ls due to technlcal reasons,

€tr$r r€cozrllngs wlth the sucroce gap technique nay und.eæstlnate the tnre

nembrane potentlal because of the shortclrcultlng effect of extra,cellular
lons¡ tlp potentlal of mlcroelectrod.es ca¡¡ be ar¡other cause of d.iscrep&cyr

especlally r+lth hlgh reslstance electrodes (^e,ar:"an, 1956), whlch ê!ê €s-

sentlåI for snooth nuscle studles. Ar¡other d.lfflculty 1s ¿ue to the

spontaneous fluctuatlons Ln nenbrane potentlal that occur in nany vlscer:al

snooth nuscleg. The ¡¡axl¡¡¡¡n level of ¡uenbrar¡e potentlal, æcord.ed. in the

absence of erectrlcar actLvlty, ls a,round. ?5 ny (Burnstock et ar. , L963i

sr aL,, r)64¡ speden, t96?), Brood. vessels exhlbitlng nyogenr-c

actlvlty usually show snaller restl¡g nenbr:ane potentlals, e,g, sural1

¡nesenterlc arterles (Steearnan, 1966) and. anterlor nesenterlc veln of the

gulnea-plg (Nak¿¡lna and. Horn, Lg6?). whether thls snaller nenbra¡re

potentfal predlsposes to splke actlvlty characterlstlc of ttrese ¡auscles

cannot be said wlth cert¿fuity.

11) Actlon potentlals

these are transient d.ecreases in the ¡ne¡nbrane potentlar,
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occurrlng elther spontaneously or as a æsult of che¡rlca1 lnfluences or

electrlcal stlmulatlon. The controvers¡y about whether these electrlcal

changes (actlon potentlals or splkes) are rnyogenlc or neurogenic appears

to be settLed ln favour of nyogenlc lnltlatlon slnce they cannot be

abollshed. by atroplne, hexanethonlun, cocalne or tetrod.otoxfn (AüfUrfng,

r955t nürtrrng et aþ , l95ù nürtrrng and. Kuriya,rna, L963t Nono¡nura et

{., L966¡ Kurlyana et al. r L966),

The lonlc basls of actlon potentlals 1n the snooth muscle ls

not as clear as tÌ¡at ln the squld, axon or the skeletal nuscle, Sod.lu¡¡

s.ppearÉ¡ to be 1"us lnportant for the prod.uctlon of splkes ln snooth muscle

than ln net:ves or skelet¿I mugcle. Reductlon of external sod.l¡.¡¡r chlorlde

to as llttle as 20 mlf and. æplacenent wlth chollne d.oes not cha.nge the

splke anplltud.e. F\¡rther d.ec¡ease æduces the ¡:ate of rlse as well as

splke anptltud.e (Hohan, L95?, 1958). B'ülbr1ng and Kuriyarna (lg6ù,
however, showed that when Trle chlorld.e ryas used. as a zepracenent, no

decrease ln anplltude but only a d.ecæaee l¡ the rate of rise of actlon

potentlal occu¡:fed. These resuLts a:¡e not ver¡r easy to lnterpræt. Re-

d.uctlon ln :rate of rise nay not be sfunpIy d.ue to lack of sod.:lr¡n ions a^nd.

the neplaclng agente nay the¡nselves have an effect. Arther, lt 1s pos-

slble that ths d.ecrease 1n rate of rl-se durfuig sod.lurn deflclency may be

an und.erestlnatlon lf conpensatory etranges take place durlng thls proce-

d.ure. F'or e:canple, low sod.lun nay facllitate the actlon of calelum, if
eodlun-calc1um cornpetltlon occurs 1n snooth ¡nuscle as lt d.oes !n heart

(luttgau a¡rd. Nled.ergerke, L958). Hlgh ca1clu¡n levels tend. to lncrease

the avallabÏLlty of ne¡nbrane sites for ln¡rarrt sodÍl¡n ¡nove¡nent durfurg the

splke ln the squld. axon (Ibanrcnfraueser and. Hod.gkirn, Lg5ù and. if a
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sfur1lar process occur¡ed. ln snooth ¡nuscLe, splke anplltud.e and. rate of

rlee w111 Lncreaee. Neverbheless the consensus ls that the contrlbutlon

of sodlun to the s¡¡ooth nuscle splke ls snaIl. Splkes r¡hlch ca¡r still
be ellclted. ln the absence of external sod.fu¡n aæ ¡educed. as exte¡nal

calctun ls rernoved.. Thls suggests that cal-cLr¡¡n naJr be an lnportant con-

trlln¡tor to the actlon potentlal. This 1s supported by the followtng

evld.ence ¡

1) slnce the trar¡snemh:rane g:rad.lent of carclum is hlgh

(2,5 nvr outslde¡ lese than 10-6 - ro-?u tuisld.e, cardwell, 1p6B) the

equlllbrlun potentlal ca¡r be elçectecl to exceed t 100 nV, If external
sod.lum le red-ucett to 10 n¡t{r the lnternal sod.lun concentriation d.ecreases

fron 35 nM to about 24 nÌ4. Under these cond.ltLons the sod.lun equlllbrium
potentlal d.ecreases fro¡n i j4 nV ln thê nornal envlronment to - ZZ mV.

rf thê splkes aæ d.ue to sod.!¡m entry, one wouLd. not erçect then to ex-

ceed - 22 nY unl-ess theæ ls a slgntficant contrlbutlon fro¡n another

catlon' h fact, when sucmse 1s used. as a :replacement for sod.¡:m, the

splke potentlal exhlblts ar¡ overshoot of * 20 ¡nV (n:ra¿rng and TonÍta,

L96ü Bradlng et at., Lg69).

11) In low sod.lr¡m solutlons, calclurn d.eflclency causes a sfight
depolarlsatlon. However, the d.ecæase fui a,nplitud.e and. ¡ate of rlse of
splke 1s far ln excess of ¡rhat can be accounted by the clepolarlsatlon.

Thls suggests an lncrease ln nenbnane permeablllty to calclum cluring the

splke (fraafng et al. ¡ Lg6Ð.

lfl) The actlon potentlal 1n cn¡stacean rruscle ls due to cal-
clurn entry (nagtwara and. Naka, 196+¡ lh,glwara and. Nakajlna, Lg66).

Seve¡¡al slnllarltles exLst betneen snooth nuscle and. cn¡stacean muscre.
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For exanple, llke cnrstå,cean rnuscle, sÌnooth nuscle ls reslstå,nt to

tetrod.otoxln, an agent whlch prevents sod.lì.m actlvatlon (Nonomura et al.,
1966). Ho¡reverr nanganese, whlch blocks caLcfu¡¡n entry, in cn¡stacean

muscle also abolLshes s¡nooth nuscle splkes (Nononura et al. , ]1966).

F1na11y, ¡rhen the snooth ¡¡uscle splkes are abollshed. by calcl-u¡a d.epletlon,

substltutlon of barl-u¡n can æstore then (nïirbrng and. To¡nlta , rg6gc).

carclun can contrlbute to splkes in snooth muscre in two

dlrectly opposlte ¡{ayso It nay serve as a cun€nt carrler durlng exclta-

tlon, and. the nagnitude of thls effect w111 depend. upon the concent:ratlon

d.lffenence across the nenbrar¡e as relL as tlte amount of lncrease in ¡nem-

brane pe:meablllty. In ad.d.ltlon to th1s, calclu¡n ad,sorbed. on the ¡nemb::ane

surface acts as a stá,b1lls1ng a6ent (rua"ntenhauser a^nd Hodgklr¡ , rg5?).

Thle actlon :¡esults ln a d.ecrease of sod.lu¡r penreablllty a.nct secondarlly

a greater avalIablIlty of sod.lun ctra¡rneIs for actlvatlon <tur{ng subsequent

exclt¿tlon. the stablllsing actlon of calcium is not limlted. to the

sodlun-depend.ent squld. axon but exlsts also 1n the calciun-d.epend.ent

barnacle ¡nuscl-e (nagtwara and rak¿hasht, L)67). Excltatlon, according

to thls theory, can occur d.ue to d.lsplacenent of calclu¡n ad.sorbed. to the

stablllslng site.

nürurrng and. Kurly ana (tg6) cautlon ttrat the depend.ence of
the splke on calclum ù¡ the absence of external sod.iu¡r d.oes not neces-

sarlIy ¡nean that calcltr¡¡ cu:rents ¿¡s lmFortant ln the presence of noz¡¡¿I

a¡nounts of sodlun. The opposlte sltuatlon t¡as been shorm þ Golenhofen

and. Pet¡anvt (tg6g) fu the gulnea-plg taenia coll. I¡n a rneùLun contaln-

lng normal a¡nounts of sod.lun ar¡d. calciu¡n the splkes wene reslstant to
tetrod.otoxl¡¡. However, ln a carclun-free sorution, preferabry wlth
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¡ra8neslun alsent and sod.lun fluorld.e ad.d.ed., the splkes Ínltlally dls-
appeared' or d.ecreased. and. then redeveloped. to near the lni-tlal 1eve1.

the ne¡r splkes ¡{ere sennltive to tetrod.otoxln thus lnd.lcatlng that sod.i1un

lons now were the rnost probable curzent caælerg. In spite of the hazarlt

of unquestloned. falth 1n the spectflclty of tetrod.otoxln, these :results

suggest that the smooth ¡nuscle nay possess a nore versatlle ¡neans for
utlllslng d'lfferent Íons as clra:ge carrleæ 1n dlfferent sltuatlons ttran

generally conced.ed.

l11) F\rnctlonal clqsslflcatLon of snooth muscles

Given a ¡nuscle cell nenbrane that ls capable of alterlng lts
potentlal grad.lent, one next wond.ers as to hor¡ activatlon of a singtre

¡nuscle ceIl flts ln th€ context of the contractlon of a large nass of
¡tuscle conslstlng of nunerouft nuscle cells. l{hen a s¡¡ooth nuscle is
stfurulated- vla lts nervesr are all the cells sÍnul-taneously actlvated. þ
the nerves or ls the actlvlty orlglnatlng f:¡on a few cerls propagated. to
other cells?

S¡nooth ¡nuscles have been asslgned. slngle or ¡rultlunlt status

by Bozler (fg+g) ' Slngle r¡nl,t ¡¡uscle cells have very close electrlcal
connectlons. stn¡cturally, rnernbranes of ad.jacent nuscre ceLls are

closely apposed. Thls may be seen either as abutnent of adjacent cell
nembranes or bulbous projectlon of one celI agalnst a¡rother ceII or l-ts
procesa' The ¡ne¡nb::ar¡es ale sonetfunes fr¡sed. or lle very crose to each

other and thls specfallsed. reglon ls carred. a .nexus' (Dewey and. Barr,
1962 and' 1968). In the absence of an extracellular space between the

two apposed ¡nembrar¡es, electrlcar actlvlty Ln one cerr can read.lly

affect the adjacent cell' In splte of d.lfflcuJ.ty I-n showf¡g a nexus due
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to shrlnkage of cells durlng flxatlonn newer nethod.s are brlnglng greater

succeÉ¡Êt to the hlstologlst. Slngle r¡nit ¡nuscles are generally present

ln the abd.onl¡al orga¡Ê¡, such as Ln s¡rall lntestine, taenla coll, a.nd.

the uten¡s.

Several obse:¡ratlons arÞ conslstent nlth the presence of low

reslstance l¡tercellul¿r Junctlons such as would. occur wlth nexuses or

tlght Junctlons. For e:<anple, electrlcal excltatlon orlgtrratlng 1n one

part of the nuscLe 1s propagated. over long d.lstances provid.ed. a critlcal
number of celIs ls excl-ted orlglnally (Tonlta.- L966). Also, Hofunan (l969)

notlced that potentlal d.lffeænce bet¡¡een a d.epolarf.sed. and. polarlsed.

reglon of a snooth nuscle separated, several cell lengths apart can often

be ¡¡ecord.ed by the sucrc¡se gap technlque. This can only be posslble lf
the lnternal 1ong1tud1nal reslstance of several ad.jacent ¡nuscle cells is
lo¡Y.

}Íany snooth ¡nuscles ca,n contract 1n a co-ord.l¡¿ted. rlrythurle

nannerr Thls ttas long been necognlsed. ln vlsceral snooth ¡nuscle but has

only recently been d.e¡nonstrat€d ln vascular s¡nooth nuscle by Jotra¡¡sson

and Bohr (f966) who showed. that s¡nooth nuscle of the cuta¡reous artery of

the dog's paw ls rfrythnlcally actlve rvhen partlally co¡tractecl by sylrpa-

tho¡nlmetlc a6ents or KCl. Boz1er's earller categorlsatlon,of vascular

emooth muscle as ¡nultûlnlt, based. on stud.les on large arterles appea::s

now to have been prernature (1948),

Another properby of slngle unlt nuscles ls their ablllty to

contract on belng stretched. raplôly. This phenonenon d.epend,s upon

stretch causlng d.epoIarlsatlon. Thls ln turn :¡esults in a propagated.

wave of excltatlon all. over the ¡nuscle ar¡d also an l¡rcrease in the
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frequency of spontaneous actlon potentl¿k (Cuthbert, 196û Holman,

Kasby a¡¡d. Suthers, 1p68).

ltlng

actlon

Sfngle unlt ¡nr¡scLes have a restlng actlve tone besldes exhlb-

spontaneous contt:actlons. Both these afe probably med.fated. ty

potentlals (Burnstock et al.., Lg63).

MuLtl-unlt n¡rocles have not been stud.fed as thoroughly as the

slng1e t¡nlt nuscle fron the electropþsJ.ologlca1 standpolnt, Und.oubted.ly

the snall ceIl size and. the large a¡nount of tough connectlve tlssue

present ln such nuscles have not permltted. successful intracellular
potentlal æcorrllngs. In contrast to slngle unlt ¡ausc1es, the multl-unlt

¡nuscles do not exhlblt spontaneous rhythnlcJ-ty, propagated electrlcal or

¡nechanlcal actlvlty and. myogenlc contractlon¡ The ¡nuscle ieells are ex-

tenslveJ-y surround.ed. þ connectlve tÍssue, thereþ lncæaslng lntercellu-
lar separatlon and d.ec¡easlng conmwricatlon. Exanples of multl-unlt

¡nuscle are the large cond.ult vessels such as the :rabblt aorta a-nd. pulmon-

ary arterles, and the rat vas defe¡ens. .A¡rother lnportant d.lffe¡ence

between the slngle and. nultl-r¡nlt muscles ls ln the necesslty.for exten-

slve nervous contact wlth cells l¡ the nultl-wrlt ¡¡uscl-e. Slngle unlt

muscles d.o not need. such extenstve one-to-one 1¡ure¡:rratlon. Thls d.oes

not nean ttet slng1e u¡rlt ¡nuscles necessarlly possess a sparse lnnenratlon.

Most of the ¡nu1tl-unlt muscles do not nead.lly exhlblt splke

electro-genegls. Instead excltation of such ¡nuscles wlth K€l or d.nrgs

produces graded d.epolarlsatlon (sonlyo and. sonlyo, 1968a¡ su and Beva.n,

W6Ð' rr cont::ast, slngle unlt muscles produce splkes accompanled. þ a

slow depolarlsatlon durlng excltatlon wlth d.rlgs or potasstun (Cuttrtert

and sutte¡, L9651 trl¡nakl, 196û Johansson et al., Lg6?¡ Nakajlna and.
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Horn, L96?t Sped.en, 196?¡ llolnan

1968a),

ù., J..968¡ Sonlyo and. Sonlyo,

Cl¡,sslflcation of snooth ¡nuscles lnto the two t¡qpes rests on

add.ltlonal crlterla as ¡{e11 as on ttrelr ablllty to generate splkes or to

respond. fy g¡¡ad.ed. d.epolarlsatlon. the splke generatlng nuscles respond-

to electrlcal stinull of shorter d.u¡atlon (to msec) conpared. to the

muscles d-epolarlslng 1n a graded fashlon (Son:-yo e! aI., 1965, I968b).

Alsor the latter snooth nugcles contract ln a sust¿lned. fashlon when d.e-

polarlsed. by KCl, whereas splke generatlng muscles respond. phaslcally

(Son1yo qt aI. , 1969). ID an lnte¡¡estfag e:çerlrnent, Sornlyo and. :Sonlyo

(fg68a) showed. that caffelne converts the behavlour of the smooth nuscle

of ¡nesenterlc veln fron splke gene:ratlon to graded. d.epolarlsatlon. Thus

lt ls posslble that s¡nooth nuscles nay not alnays behave ln a set lnttern
but may have d.ual propertles.

It ls stlll prenature to say that the tenns tslngle unltr,
rphaslc' and. 'splke generatlngr on ttæ one t¡and. and. '¡ru1tlu¡rlt', 'tonlc'
and 'gradedly :responslve' ¡¡r¡sc1e on the other hand. can be used. lnter-
changeably. Between these tr¡o extrenes nay Ile muscles showlng lnter-
mediate behavlour¡ êrgr although snall arterles ln vl-tro are noz:nalIy

qulescent (and. hence should. come und.er the category of ¡nulti-unlt nuscle,

they can be ¡nade rþthnlc under the lnfluence of pot:,sslum (Johannson

a^nd Bohr, t966).

The above descrlptlon has palnted. a verlr conslstent plcture of

the lnvarLable decrease ln nen-b:ane potentlal, with or wlthout actlon

potentlals, when a snooth muscle ls exclted.. ftro stud.les are 1n d.lscorrl

wlth the above. su et ar. GgAù, record.lng lnt:racelrurarly, found. no

2t+

et
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ctrange ln the nenb:rane potentlal of ¡:abblt pufuionary artery d.urlng

epnpathetlc etturulatlon whrle shlbata anct Brlggs GgeO ernploying extra-
cell-ular electrodes recorrled. þ¡rerpolarlsatlon of the ¡abb1t aorta durlng

contractlon lnd.uced. by ad.renallne.

I{hlle lt ls very trard to te}I exactly wtry the t¡ro studles

clted' above were dlffe:nent fron the rest one nlght take shelter und.er

the concept of fpha:cnaconechanÍca1 coupllngr (Sornlyo and Sonlyo, Ip6Ba)

to e:çJ-aln the parad.ox. Inc¡easlng evf-d.ence ls accumulatlng to suggest

the posslblllty of a non-electrlcal process of excLtatlon lead.ing to

cont¡¡actlon.

Although depoJa'rlsatlon Ls conslstently seen durlng contractlon

prod.uced' þ hurnoral stlmuü, lt ls by no ne¿uls ahsolutely essentlal. Ex-

perlments d-one þ Evans and schltd (r95g) and ttaugh (tgdz)¡ shor that
smooth ¡nuscle depolarlsecl wlth potasslun contlnue to cont¡act in response

to agonlsts ¡{lthout further change ln ¡nenbrane potential. Even though

these results sho¡{ that pharmacotoglcal agents can b¡nss the need. for
electrlcaL actlvatlon of nenb:rane one nond.ers 1f the prlor d.eBolarlsatlon

by potasslu¡l allons the other agonl-sts to nar¡lfest thelr rpharmacomechan-

lcal' effect. The crltlcal proof wLLl be to shor contractlon of a polar-
lsed' ¡nuscle wlthout any d.epo1arlsatlon. Untll then 1t w1ll be vety dlff1-
cult to quantlfy the relatlve roles of electrlcal a¡rd. non electrlcal
mechanlsns ln contractlon produced. by d.nrgs und.er norrnal clrcu¡astances.

Just as snooth ¡¡usele stl¡ûulants act elther by produclng

eleetrlcal changes ln the ne¡nbrane or by non electrlcal ne¿ùns, likewlse

snooth nuscle ¡eLa:rants also have effects on the nuscle cell nenb::ane.

Agents fuifluenclng electrrcal propertles of snooth ¡nuscre nay d.o so
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elther þ causlng þperpolarlsatlon or by d.eereaslng splke prod.uction.

nürurhg and ro¡nlta (rp68¡ r)6)arbrc) have shom that lnhlbitlon of
¡nechanlcal actlvlty of gulnea-plg taenla coll by ad.renall¡re a¡rd. nor-
adrenallne ls assoclated wlth hyper¡rolarisatlon. Thls 1s rnalnly due to
an lncrease ln potasslurn ar¡d to gone extent ct¡-lorld.e permeablllty. After
blocklng the alpha-a'd.renoceptors wlth phentola¡lne when only the effect
of catechola¡llnes on the beta-receptors nenalns, there ls no þperpolar-
lsatlon but only a cessatlon of sponta.neous splke actlvlty. Others

(sonryo and sonJ.yo, r9?o¡ somJ-yo, llaeusrer a^nd. sourlyo, r)10) have found

thå't beta-receptor actlvatl-on ln the non-sp1ke prod.uctng avlan slow ¡nuscle

or the rabblt mafl pulmonarJr artery can also prod.uce h¡rerpolarlsatlon
by stfuuulatlng an el-ectrogenlc god.lun prlmF. ïn the rat utems, Dlanon¿

and' MarsnaÐ (1969arb) obsert/ed that snall concent¡ations of ad.renallne,

papaveri-ne, tetracalne or nltroglycerln, whlle red.uclng the anp1ltu¿e. of
contractlonr rnainly reduced the frequency of spontaneous actlon potentlal
dlscharge. Very sIlght or no tr¡4rerpolarlsatlon occunred. ¡rlth the above

dnrgs' Even though hlgher concentratlons of adrenallne caused. ¡nore narked.

þperlolarlsatlon, thls was not belleved to be the cause of the decrease

ln arnplltud.e of contractlon but rather of a d.ec¡ease in restlng tenslon
of the ¡¡uscle. À11 four agents ne¡e also capable of rela:<lng d.eporarf.sed.

muscle wlthout alterlng nenb::ane potentlal, an observation whlch suggests

that a 'pharrnacomechanlcalf neclu¡rl-sm exlsts. The d.epressa¡rts were a11-

tagonlsed by ralslng external calclu¡r concentratlon, Bven though lt
appears on superflcial exa¡nlnatlon that reLaxants n¿y be acting by lnter-
ferlng wlth calclun ¡novenents, the evld.ence ls not very cIear. For

exanple, even though the relaxants tetracalne and. clnchocalne d.ecrease

¡:,:..;_i.:,:-1,
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rad.localclum lnflux (retstetn , 196û Northover , 1968) and papaveri¡e

lnhlblts llpld-faclIlt¡,ted transport of ca1clu¡r between two solvents

(Carpenedo g! 4., 1968), other relaxants Ilke epinephrfae and caffelne

(Fehsteln 
' 1966) and lnd.onethacln and d.esipra¡nlne (Northover, 1!68) d.o

notseentoaffectcaIc1unmovenents.As¡nent1oned'e1sewhere,th1srra¡l.

refrect a tn¡e absence of effect or nay indlcate that the crltlcat
fractlon of caLclum ¡novenent æIated. to contr:actlrlty ls very snalr.

,EXCITAITON-CONTNACTION CþT]PLING'

Ït ls clear fron the pævlous dlscusslon that electrlcal d.e-

porarleatl-on of the snooth muscre, elther spontaneous or evoked., ls
accompanled. a¡d. to a great extent caused by lnwarad. novement of calclum

1ong. The questlons that need be conslde¡ed. at thls stage are the

followlngr

a) Is the qr:antlty of calclu¡r that enters durlng d.epolarisation

enough to account for the entlre contractLon or d.oes the inltlal entry of
calciu¡r trlgger further release of calcium from sone lnterrral- slte? Such

a mechanlsn has been proposed. for the skeletal ¡nuscle by Blancnf (f968)

a^nd lrllnegraa (f970). GoocL:ford. (tg6ù calculated that the calclun influx
durlng a slngle actlon potenttat wor¡l-d barely be actequate to ralse the

lntracelluLar concentratlon of calcluo lons to a level which would. actl-
vate cont::actlon, although 1t r+as possible that severar splkes coul¿

prod-uce enough elevatlon of cytoplasnic calclu¡n to actlvate the contrac-

tlle protelnsr Hol¡nan (lgøg) estlnated that 1f the faster spikes of

vlscerar emooth nuscle r+ere entlrely d.ue to carclum current, a slngle
actlon potential could lncr¡ease the cytoplas¡nlc calclun concentratlon to
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2 to 5 x IoóM, whlch is qulte ad.equate for lnltlatlng contm.ction.

If the calclu¡u cu:rrent of the actlon potential ls sufficfent
to trlgger cont::actlon, then several stud.les whlch show perslstence of
actlon potentlals ln the absence of cont¡:actlon are d.lfflcult to e:çIain
(provld.ed one assu¡res that the cont¡¡actlle apparatus re¡nalned. functional
after the varlous treaùrcnts). For exanple, cuthbert and. sutter (tgøs)
found that actlon potentt¿ls ln rabblt anterlor nesenterlc velns contin-
ued for several ¡nlnutes after nechanlcal actlvlty had been abolished by

calclu¡n depletlon. Axelsson (rgef) found. that actlon potentlals contln-
ued although contractlons we¡e abollshed. when sod.iu¡n in the bathlng

¡nedlun was repJ-aeed þ rlthlum, hydrazlne or chollne, rt has yet to be

quantltatlvely estl¡n¿ted. 1f the splkes which d.o not ellcit contractlons

carr5r less calclun cutrent ttra¡r normal splkes.

b) ff ext::acellular calcl-u¡n ls not the sole actlvator of the

contractlle protelns, wheæ d.oes the renalnlng suppry of carciun co¡ne

from? An answer to thls questlon can come fron analysls of the excltatlon
contractlon mechanlsn in smooth nuscle.

The excltatlon-eontractlon coupllng process llnks the exclt¿,tlon
of the nenbrane wlth the shorüening of the contractlle protelns. Detal1ed.

studles ln strlated ¡nuscle have ¡n¿de lt clear tl¡at the folJ.owlng events

ar.e lntlmately Ilnked. wlth one another¡

a) tfre excltable nenbrar¡e amund the perlphery of the muscl-e

flbre depolarlses, glvlng rlse to a propagated. lrnFulse.

b) thls lmpulse travels to the transverse tubular nenbrane

whlch ls an lnvaglnatlon of the surface ¡nenbrane overlylng the z barrd

reglon (Huxley, lt96?).
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tubule ls the rel-ease of sequesteæd- calclun fron the termlnal clsternae.

The latter a¡e wld.ened ends of the sarcoplasnlc ¡eticuÌun sltuate¿ beside

the 'Z' band. of the sarconêtê¡

the nechanlsn by whlch d.epolarlsatlon of the tra¡rsverse tubr¡Ie

le coupled- to the release of calclun from the te:mlnal cfsternae is not

yet clear. Blanchl (1968) has proposed tl¡at ext¡¡acellular calclu¡r ente¡s

the nuscle cell as a result of the depolarlsatlon of the t::ansverse tubules

and thls cauaes secondary ¡release of calcit¡¡r fro¡n the teminal clstelnae.

Ca1elun æleased from the lateral clsternae blnd¡to troponln to cause

contractlon' Relaxatlon occurs when the calclun ls pumped. back actlvely

lnto the longltuctlnal certtral part of the sarcoplas¡nlc retlcuLr¡n and. then

:¡ed.lstrlbuted to the late¡al clstenxae, llore d.1¡ect evld.ence that an

lncrease 1n free cytoplasmlc content of caLclu¡n d.oes occur durlng the

actlve st¿te of the ¡nuscle and. these two may be causal-Iy nelated. has

co¡ne fron the work of Ridgeway and Ashley (L96?), These workers lnjected

a chemllunlnescent substancer aêeuorln, lnto barnacle ¡nuscLe a,s an ind.i-

cator of fnee calclun. An lncrease ln lunlnescence (calclr¡¡ trar¡sient)

fol-Ior+ed the actlvatlon of rnuscle nembrane but prreceded. the increase ln
muscle tenslon' The peak of the calciun transient colncided. nlth the

¡nzuc1mun rate of d.evelopnent of tenslon and. a .d.ecrease 1n the lu¡nlnescence

preceded rela¡c¿t1on. Even though thls technlque at the present stage of
development car¡ glve an estfunate only of the ctrange ln cytoplasnlc ca1-

clurn (rather tha¡r the absolute concent¡atlon of free calclurn) and the

lnablIlty of a,equorln to penetrate muscle cell nenbrane preclud.es its
use ln ena,lI ¡nuscle ceIls (e.g. in snooth nuscle) lt ts hoped that
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brlghter prospecte for lts appllcatlon to other muscles 1111 arlse.

In skelet¿I nuscle, the contractlon-relaxation cycle has a

nuch shorter tlne courete tltan ln snooth nuscle. Thls 1s naln1y d.ue to

a ¡nuch better organlsatlon of sarcoplasnlc :¡etlcu}¡¡¡ ¡+hlch functlons not

only as a slte fron whlch calclum ls released to the cont¡actlle protelns

d.urlng cont:¡actlon but al.so as a plmp for recapturfuig the caIcfu¡n. In

snooth nuscLer sarcoplasnrlc reticulun Le elther not d.eveloped. or at best

poorly d.eveloped.. It ls the¡efore very llkely that the cel-I ¡nenbrane

assurûes the fr¡nctlon of the sarcoplasnlc retlculun. Thls wouJ.d. be alded.

by the snall slze of the snooth ¡nuscle ceII, l¡¡ nhlch the ratlo of ne¡n-

b:rane surface to ceII volune ls nuch larger tÌ¡a¡¡ ln skeletal nuscle,

rt 1s posslble that dlfferences 1n the tlne course of contractlon-

relaxatlon cycle ln phaslc and. tonlc snooth muscles rnay be due to d.lf-

fernences ln th€ anount of sarcoplasnlc retlculu¡n. Thls has yet to be

:e:r¿¡nlned..

1) Sources and. slnks for calcfu¡¡n ln the snooth nuscle

As nentloned. earLler, nost snooth ¡nuscles lack a well orga.nlsed.

sarcopJ.a,s¡nlc retlculu¡n llke the one d.escrlbed. ln skeletå,l nuscle. Theæ-

fore the procees of calclirn release and. re-uptake ls probably not qulte

the sa.ne quantltatlvely as ln s.ke1etal nuscle. Tl¡e fen teporüs existing

on the Pæsence of sarcopl¿snlc ¡etlculun ln snooth muscle a¡rd Íts
ablJ-lty to take up calclum actlvely (Carsten, J.96Ð ¡eveal that the cat-

cfu¡¡n blnd.lng 1s conslde::ably lower than that of s1¡nlIar preparatlons

fron cardlac ¡nuscle (Carsten, L967). Consld.erlng the snaller actonyosln

content of the snooth nuscle and. the ¡elative slugglshness of the contrac-

tlon-relaxatlon cycle, lt has been proposed ttn't even thts weak actlvlty
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of the earcoplasnlc r.etlculun nay be physlologlcalJ-y ad.equate (Carsten,

Lg69).

Others, 1n vlew of the pauclty of sarcoplas¡nlc retlculun in
most snooth nuscl-es, belleve tlrat the nuscle cell- nenbrane and. the extra-
celLular nlIlleu sel¡/e as the source of ealclun for contractlon (feachey

and' Portet, L959)' The¡re ls some controversy regard.lng the nechar¡ls¡n of
removal of calclum fron the snooth nuscle contractlle proteins d.urlng

¡elaxatlon. Eecause sarcoprásnlc ¡etlcurun ls poorly d.everoped. 1¡r nost
smooth nuscles, the posslblllty of an actlve t:nansport of calclun across

the menbrane to the extracellular space has to be consld.erea (Scrratznanur.,

1961). Anong the few studles done so far to test thls posslbllity, no

evldence has been obtalned. ln eupport, except by Nagasawa (tgøÐ fu the

gulnea-plg taenla coll, ¡rho found that radlocaLclun efflux l-nc¡eased

marked.ly ¡rhen the anblent tenperature was l¡rcæased f¡on 4oc lo 37oc.
trn contrast Goodfora (rg65arb) found that the lncrease 1n efflux of ::ad.io-

calclu¡n from gulnea-plg taenla coIl ¡rhen the tenperature nas ralsed. fro¡n

40 to 35oC ¡vas snall (ero = 1.5). Thls ras not slgnlficantly hlgher
than the ternperature-lnduced. lnc¡ease ln calclun efflux from a heat-kil.1ed.

muscle. Good.ford. argued. that an actlve prîocess for lextn¡slon' of lntra-
cell-ular calclun ls not lnvoIved. and. suggested. tltat re¡noval of calclun
fro¡n the cytoprasn nay be b¡r a process of rexcluslon'. EssentialJ.y

stunllar resulte were obtalned. by van Breenen 4 g, eg66) 1n the rat
uterus. Deflnlte concluslons cannot be d.mrm fron the above results for
the followlng reasonet Radlo-calclu¡n efflux fron the tissue into the

lnactLve bathlng ¡ned.lun d.oes not necessarlly æflect extnrsion fro¡¡ the

cytoplasrn. Instead, 1f ruost of the novement really ls fro¡n the ¡nuscle
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rne¡nbraner a sna1l coÍtponent of efflux fron the cytoplasn can be conptetely

nasked.. In Good.ford'g etud.¡r, the tlssues we¡e load.ed. ¡ylth ra.d.1o-calciun

at a Low tenperature, a procedure whlch ¡ras found. to lncrease upta,ke of

the lsotope, If thls was d.ue nalnly to a decrease ln the penneablllty

bamler of the nenbr¡aner and also due to the lnablllty of a þ¡pothetlcal

externally d.lnected calcln¡¡ punp to lreep pace r+lth the calclu¡n f.nflux,

then the rate of efflux ln cold. should. also depend. upon the above two

faetors. However, wlth an lncrease ln external temperature, pemeablllty

should. agaln d.ecrease and. thls should., to sone extent, counteract the

lncreage ln calclu¡¡ punp actlvlty and. result ln a spurlously low tenper-

atu¡e coefflclent for the lncrease ln efflux. Nevertheless, Good.fold.'s

suggestlon th¿t cal-clum efflux ls not ll¡nited. by pu¡np actlvlty but by

the rate of dlssolutlon of calclun phosphate lnto the extracellular

fluld. 1s novel.

S¡nooth nuscles posseas spherlcal 1nva61natlons of the plasna

¡nembrane ¡rhlch are Isßown as nlcroplnocytotlc veslcles. Thele ls d.f.sa6ree-

nrent regartlng thelr actual nunber as nelI as dlstrlbutlon, The functlonal

slgnlflcance of nrlcroplnocytotlc veslcles ls not clear. However, lt ls

easy to reallse that these veelcles cause at least a 25% lnc:¡ease 1n the

area of the cell eurface (Rnoaln, f962) ar¡d. therefo¡re ¡nake a larger area

of menbrane avallable for excha^nge or transport of electrolytes and.

nutrlents. Recently Devlne and. somJ-yo (rgZo) showed that in vascular

smooth ¡nuscle the extr:acellular narker, lantlranun, not only entered

nlcroplnocytotlc veslcles whlch communlcated wlth the extracellular

space but also lnto suþlasualeruÉl vesLcles closed. off fro¡o the exterlor.

thls strongly suggests that the plnocytotLc veslcles, rhlch are e:çosed.
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to relatlvely hlgh concentratlong of calclun ln the ext::acellular space

can act as a resenrolr for calclun that nay be used. for cont::act1on. It
ls not Isnown lf these veslcles can also take part ln the necapture of
calclu¡n from the cytoplasru (and. cont¡:actlLe prote1n) and 1n lts extnrsLon

lnto the extracellular space.

11) S\¡¡¡ctlonal pools of calcù¡¡t

In splte of llttle d.lrect lnfo:matlon about the norphologlcal

eltes ¡rhlch provld.e calclu¡n for cont¡actlon of s¡nooth nuscle, a lot of

lnd.lrect evldence has been obtalned to lnd.lcate that calclu¡n ls avallab1e

from nore than one fi¡nctional pool. Peachey and. porter (r91g) suggest

th¿t ext:acellu1ar calclun actlvates contractlon because of the snall

anount of smooth nuscle end.oplasnlc retlcuLun and. the short d.lffuslon

d.letånce ln snooth muscle. Thls wae supported. by the obse:n¡atlon made

by Brlggs (tgøZ) thêt the ruagnltude of cont::actlon of ¡abblt aorta pro-

duced. by pota,sslurn sulphate ¡ras ¡e1ated. Ilrrearly to the rate of uptake

of rad.loactlve calclun fron the ned.lun. The lssue was sone¡úhat confused.

by the fact that no lncrease ln total calciu¡¡ content of the tlssue oc-

curred. even though potasslu¡n d.ld. not lncrease calclu¡a efflux. The dåta

of van B¡¡senen and. Da¡rler (rgó,6) on the rat uten¡s d.lffers fron the

above. They found that potasslurn lncreased. the ef,flux of that f¡ractlon

of rad.localclu¡n whlch energed. slowIy fron the muscle. Mone :¡ecently,

KneJcl and Danlef (fgZæ) reported a decrease ln rad.localclu¡n lnflux 1n

rat utems when the lsotope tras allowed to penetrate after potasslun

d.epolarlsatlon. Thls was attrlbuted to a d.ecrease l¡ dlffuslon of t¡¡acer

through the ext:racellular space due to cont¡¡actLon. However, when tl¡e

lsotope was add.ed flrst and. contractlon wlth potassiun produced. subse-
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quentl-yr the lnflux nas slnll-ar to that ln an unstLnulated. tlssue.

Unforùur¡ate1y, Brlggp dld not lnvestlgate the posslblllty of altered.

move¡¡ents through the ext¡racellu1ar space d.urlng contm,ctlon, 1n hls

stud¡r. Desplte these two opposlte æsults, an lnc¡¡ease tn &5 lnf1ux

d-urlng stlnulatlon has been d.enonstl:ated. ln nany sÍrooth nuscles (e.g,

sperelakls, L)62, 1n the cat lntestrne; u:¡akar¡a an¿ Horlan¿, 196¿1, fu
the gulnea-plg taenla coll). rn nost of these stud.les no effect of
potassfuur was seen on total tlssue carclun leveIs (nrtggs, 1964 r,ïi11-

nann and. slegfrledt¡ 1968). These d.lfferences in ¡esults are vezy

dlfflcult to e:çIaln' They nay be related. to dtfferences in nuscles,

dlfferences ln the effect of pota,sstw¡ on the extracerluJ-ar space of
these tlssues and d.lffeænces ln the extent of utlllsatlon of extracel-
lular calclun. An ele¡nent of uncertalnty 1s lntrod.uced. þ the assunptlon

¡nade ln the above stud.les tflat the ¡neasured. lsotoplc content reflects
lntracelLular leve1s ¡,rhen 1t rnay actually be a co¡nblnatlon of lntracel-
lu1ar and. extracellular (touna to the base¡¡ent ¡ne¡nbrane and. ground.

substaJrces ln the ext¡acelluIar space) calclum, A translocatlon of cal-
cium fro¡n one coÍlpêrtnent lnto another by potasslum need. not necessarlly
be detected. as lncrÊase 1n 45C" furfl.rr*. This is also supported by the

observatlon that tot¿l tlssue calclu¡n ls not alte:ied.. Nevertheless, lt
ls very Ilkely that fuI ¡nost snooth nuscles potasslum causes an increase

exchangeablllty between extracellular a¡rd tlssue bonnd. (l :ltæ,ce1lubr)
calclun.

Conpllcatlons ¡vere lntrod.uced. lnto the earller concept that

only calclun d.erlved. from ext¡:acelLular space wan used. for contractj-on

when Hlnke (tg6Ð obse:nred that the cont::actale responslveness of rat
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tall arterT to potassfuu d.ecllned faster thârr that to noradrenaline when

caLcium ¡ras wlthd.rarm fm¡n the perfuslon ¡ued.l-um. Add.ltion of EUIA

hastened d'ecay of cont¡actlllty but a dlffe¡ence stl1l exlsted between

potasslum and' norad.zenallne. Sever¡al workers have subsequently shorm

d'lfferentf¿l effects of calclun renoval on the contractile response of
s¡nooth nuscle to dmgs (e.g' noradænallne or acetylcholfue) or potassir:n
(ourttn and Jenklnson, 196]¡ Etuan and. sch1r d., L)629 sparrow and. si¡n_

nond.s, t96fi Hlraoka et al. , t)6g9 Hudgtns and. I{elss, 1968), Others

have succeeded- ln uslng pharrnacologlcal tools for d.Lffe¡entlatfng between

the responses to the two classes of stlnulants. In the rabblt aorta,
Hudglns a¡¡d lJerss (rgeg) obser:ved. that procaine (r ¡nl',r) tuh1blted the
responses to no¡:ad.renallne ¡nore ttran those due to potasslun. Irlkerlse
Kalsner et al. (tgZo) foru¡d. that sKF 525-A lnhlblted potassl¿n responses

no¡e than no:radænaIlne responses ln the above nuscle. These rgsults
suggest, that r¡nllke potassiun, d.nrgs Ilke acetylcholine and. norad¡en¿Ilne
utlllse a nore tlghtly bor¡nd. poor of calclum. stud.ies d.one þ tÍaugh (tg6t+),

Evans g! al. (Dsa), sornryo and somlyo (r96ga) and nany others on deporar_

leed' nuscle show tlrat norad.¡¡en¿Ilne ancl acetylchollne exert thelr actlon
ln a nar¡ner dlffe¡ent fmn that of potasslun (1.e. wlthout changlng nen-
b¡:ane potentfal further).

Fr¡rther support for the ¡ore of a tightry bound calciun pool
ln smooth muscle contractlon cane fmm the experlnents of Danle1 and.

r¡:r¡ln (tg6Ð and Hunrltz and.o-workers (t967ara). These workers, espec_

fal1y the latter, found. that gulnea-p1g lntestlnal s¡nooth nuscles cou1d.

be ¡nad'e to contract translently lf they were qulek]-y e:çosed to a calclun-
free ¡ned!¡¡n contalnlng a srnall anount of EIrrA. The arnplltud.e of thls
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calcll¡n washout contractlon could. be lncreased. by J.oading the tissues

wlth 16 rnlt prlor to cont¡actlon. Slnce the contractlon was pmd.uced.

presunably ln absence of extracell-ul-ar calclum, the source of contractlle

calclun was asÉ¡ured to be ttghtly bound. It was hy¡lothesised. tt¡at in the

calclum-fæe ned.lun the nuscle lost a superflclal pool of calclr¡m that

sen¡ed. to st€'blIlee ths nenbrane and pnevent the entry of bor¡nd calclun

lnto the cytoplasn durlng reatr Addltlon of 1.8 nlrl calclun at the

helght of the calclu¡n washout contractlon prod.uced. pronpt, reverslble

reraxatlon. However, acetyrcholine prod.uced. a further shortenlng f-f

added durlng a calclum washout contæ,ctlon. Add.ltlon of I.B nl{ calcir¡¡u

nowr aurprlslnglyr prod.uced. add.ltlonal shorbenlng rather ttran relaxatlon.

The workers Proposed. tl¡at acetylchollne þ lncæasing raenbràne perzreabll-

lty to calclum nulllfled. the stablllsing actlon of the latter. One could.

also propose that acetylchollne acted. þ d.ecreasing the afflnlty of the

stå'blüslng slte for calclun. Even though the above d.enonst:¡atLon of

contractlle eff,ect ln a calclura-f¡¡ee ned.J.un 1s fmportant, several aspects

of the work a.nd. concluslons aæ open to crltlclsn. These workers have

not ellmlnated the role of severe fluctuatlons l¡ osnotic pæssure (ad.dfng

and. ¡,¡1thd.::awlng i6 rN cacra) ln the producfuig of the cont¡:action. Also,

uslng ¡nuscles IabelIed. rlth radlocalclun durfng the lnlttal l¡cubation

wlth J6 nM caclzr Hu:*¡ltz et al. (lg6Za) found. t}ult 45ea efflux fro¡n the

muscle lncreased. durlng the calclun washout cont¡:actlon. This 1nc¡eased.

und'lrectlonal flux of cal-clun repæsented. to the rorkers e.n lncrease ln
¡nembrane pemeablllty. Alteznate etçlanatlons can be provlcted for thls
observatLon, based. on nore recent obse:r¡atlons of Hufulns and- lJelss

(tg6g) and. IkeJcl and. Da¡rle1 (fgZOt). These lnvestlgators for¡nd. thåt
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Ioss of ¡:ad.localclum fron snooth muscl-e t¡to the ned.lun ¡ras slo¡rer ¡rhen

calciun wag absent fron the external ¡ned.lum but lncæased. when cal-clun

was lntroduced.. Thls wa,s etçì-alned partly on the basls of exclrange d.lf-

fuslon and. partly on the abtllty of external calclun to conpete with the

lm¡ned.1¿te re-uptake of 45Ca released. frou the muscle, thereþ causilg an

accele:rated. loss. EDTA ad.d.ed. to the ca]-cù¡m free exteznal ned.lun 1r¡-

cneased the loss of rad.localclun. It ls possf.ble that the lncreased.

45ca etttux neasu¡ed. by Hu::wltz ancl co*workB¡:s (lg6Za) was not entlrely

due to release fro¡n a bound. pool but due to the chelatlng actton of EDTA

present ln thelr calclun-free washout ned.lum.

F"ron the foregolng d.lscusslon lt 1s clear that at least t¡ro

types of calclum pools a¡re l¡rvolved. 1r¡ contractlon - one loosely bound.

and the other tlghtly bor:nd., Calcul¿tlng d.lffuslon tlme ln the utetrrs,

iÞnlel (tg6Ð postulated. th¿t the loosely bound. calcfu¡¡¡ was not the one

present freely ln the extracellular water but was probably bound. weakly

to sone 'superflclalr slte ln the ne¡nbn¡re. the tlghtly bound. calclun

pool was also naned. rsequesteæd-t carc1r¡¡r (nantet, Lg6Ð. rn addition

ttre¡e ls a thlrd, superflclal pool of calclun whlch d.oes not contribute

to cytoplasnlc calclum durlng contractlon but slmply serues to st¿,bi]ise

the ¡nuscle me¡nb¡ane d.urlng ¡est.

111) Mod.els of lnter:relatlon of calclu{r pools

consideîable speculatlons have been nade regarriing the

functlonaL lnter-:¡elatlonshlps of these calclu¡n sto:¡es (pook) in splte

of the absence of hlstologlcal evld.ence as to their physlcal lnter-
r^elatlonshlps (DanLer, r)6Jt van Bree¡nen et al, , L)6&"g llunrltz, et al-.,

Lg6?4 Good.forrt, ]196Ð. Good.ford (1965) accounts tor 45u. flux studles
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ln the gulnea-plg taenla col1 by proposlng the presence of several enerry

ba¡r1ers between calclun ln the ext::acellular space, menbra^ne, cytoplasn

and storage sltes. IIe proposee that the d.onnhlII novenent of ext::a-

celLular calclun lnto the cytoplasn ls prevented. þ low memb:lane perme-

ablllty. 0n the other hand., calclun f¡on the cytoplasm 1s agaln ¡noved.

uph1II to a storage slte þ an enerry d.epend.ent proGêssr Inhlbltlon of

ênerry productlon by cold., anoxla or netabollc lnhlbltors lncreases

tlssue calclun (Goodford, 19651 Kroeger, ]g?O). (y¡rercapnia, whlle

produclng an lnc:¡eased. restlng tenslon In the t¡:achaells muscle of the

do8, d.ecr¡eases the effectlveness of an agonlst llke acetylchollne, whlch

preswnably acts on bound calclum sto¡es (Kroeger, lg?o). These :¡esults

support Goodford.f s nodel and. also ad.d.ltlonally suggest that the storage

slte not only acts as a glnk for renovfng calclu¡a fm¡n the cytoplasn but

also as a source of bound. calclr:.n for contractlon, Flnally, Good.ford

proposes that the efflux of calcfu¡n fron the stores ls a passlve plrysi-

coche¡nlcal process and. occurt at a rate sln1lar to the rate of d.lssolution

of calclun phosphate nlcrocrystals.

The th¡ee slmplest conventlonal arrangenents of the two calciun

pooLs ar€ 1) serles, ü) paraIlel and. 111) series/parallef (na^nfef , L965).

Acconllng to the rserles nodelt, calclum fron the superflcially
located pool has to lnss through the nore deepry located_ pool before

reachlng the cytoplas¡n. I¡¡terference ¡rlth the d.eeper pool would. affect
lnwanl movenent of calciun fron the superflclal pool and. vlce versa for
the out¡+ard. ¡novement of calclum. In the rparalle1 modelt the t¡ro pools

corununlcate wlth the outsld.e or lns1d.e of the ce1ls lnd.epend.ent1y, The

¡:ate of calclum move¡nent f¡ro¡n these pools, however, nay be d.lfferent.
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In the 'serlee/para11e1' nod.e1 a part of the calclum movenent occurs l-n

serleg and. a lnrt ln parallel.

0n superflciar e:<anlnatlon, the serles model appears rather

attractlve, slnce ln none of the ¡esults nentloned. so far could. one

d.enonstrate the effect of potasslurn (actlrrg on 'looseIy bound.r superflcial

catclun) ln the absence of :nesponslveness to norad.:¡enallne (actlng on

ftlghtly boundr calclun). F\¡rtheïmore, after thorough clepletlon of

tlssue calclum¡ nuscles lose thelr responslveness to the a6ent acting on

'loosely bound as well as to the agent actlng on tlghtly bound carclum

pools. 0n add.ltlon of calclu¡r to the med.lun, the responslveness to the

agent actlng on the loosely bound. pool neturns faster tlan to the agent

actlng on the tlghtly bound. pool of calclurn (Danlel, r9Ø). However, lf
one postulated, that calclun ¡novenent to and- fron the loosely bound. pool

was faster tha¡r fro¡n the tlghtly bound. pool, the above data could just
as well be explalned on the basls of the parallel nod.el, Ad.d;ltlonal

evldence obtalned by Hlnke (L96Ð supports the parallel ¡nod.er. rn the

::at talI artery¡ when the lesponses to pota,ssfu¡.n and. norad.renaDne are

abollshed by calclum removal, add.ltlon of barlum restores preferentlally

the contr:actlle effects of potasstun. sonlyo and. sonlyo (r968t) nave

suggested. that there ls no need for postulatlng the nultlple store ('stte')
h¡¡pothesis for explalnlng the dlfferences between potasslu¡n and other

agonlst lnduced. contractlons. They propose that an rexternal barrler,
contalning hlgh afflnlty sltes for ca1clum, could. concent:¡ate the catlon

from the external med.lu¡n ancl, lf fully ut1l1sed., support naxlnal cont::ac-

tlone ln the presence of very surall anounts of tissue calclu¡n. The

basenent ne¡nbrane or sone less speclallsed. cond.ensatlon of ground. sub-

"'-'--,. r':. " .:.':. j:r: ;.:.
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stance probably has the :requlred. catciu¡n-blnd.lng propertles. The lnner

barrler to calclum ln the above ¡nod.el would. be the plasrna nenbrane rhose

perrneablllty to calclu¡¡ and. other solutes noul-d. be controlled by the

nemb¡:ane potentlal, by rablllslng or stabll1slng dnrgs, and. by calclun

lteelf .' One can readlly recognlse that thls nod.el is a noilLflcatlon of

th¿t of Hurvrltz et al. GgAZA) and 1s functlonally analogous to Danlelrs

'eerleg' model. Such a nod.el, as nentloned ear.Ller, cannot account for
the ablIlty of barfu¡¡u to ¡estore only potassl¡rn but not norad¡enallne

contractlons ln a calcü¡n-free nedlun.

Klnetlc data to support the nurtlple pool hy¡rothesls have

generally been controverslå,I¡ vân Breenen et aI., QgeA^) an¿ Good.fozrl

(r969rt) falled. to resolve the 45c" 
"rrtux curve ln rat utems and.

gulnea-plg taenla co1l, :respectlvely, lnto clear cut conpart¡nents releas-
lL4lng ''ca al dlfferent ¡ates. 0thers, such as Hud.glns and. llelss (tg6g),

tütt¡nan and Selgfrled.t (1968) found. that the eff}¡c curre cou1d. be re-
solved. lnto several cornponents. In none of these latter stud.ies were

the rates of d.esaturatlon of tlssue (a5r^) conpared. wlth the rate of
l+5ka 

loss lnto the ¡redfu¡n for parallellsn. Thls ls necessarlr to satlsfy
the assunptlon that 45C" 

"t""ges fr,o¡n a honogeneously nlxed. conpartment

(Persoff, 1960). Ir splte of d.lfflcultles ln attachfng gneat quantltative

slgnlflcance to these studles one c¿ùn stlll get sone ldea about the be-

havlour of the calclu¡n pools. f,üffnan and. Slegfrled.t analyse¿ the 45Ca

efflt¡x curves of longltud.lna1 nuscle strJ-ps of gulnea-plg snall lntestine

at dlffe:¡ent exteznal concent::atlons of non¡ad.loactive calclun. In the

presence of 0.6 rrVt ca/I, Fractlon 1 of the efflux curve, wtrlch rep:resented.

3r% of tr,e 45ca comlng out of the nuscre, had. a Ìlalf tlne of I mln.

i ; ì. {::;t 1:::.! ti--... : ' ,:, 
-.'1
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Fbactlon Z @5%) and F¡actlon J @O/ò had hatf ttunes of / a.nd )) n1n.

nespectlvely. However, rhen the experl-nent ras repeated. 1n the presence

of 2,? nM ea./L, the results ¡{elre as follonsr tr'¡action I (J4%) 1 nh¡
Fbactlon Z (SZ%) 4 nln¡ Fbactlon j G4%) 22 mtn.

ttenpts to attrlbute d.lfferent :rates of 45C^ ¡rashout so1e1y

on the preÉ¡ence of d.lfferent functlonal pools lnvolve nuch over-

sfunpllflcatlon. Und.oubtodlJrr th varlable d.lstance of varlous nuscle

cells fro¡n the nuscle sudace, presence of hetemgeneous hlstologlcal

for:ned. e1e¡nents Êuch as connectlve tlssue, and. the p¡eaence of nultlple

organelles 1¡ the muscle ceIl ltself ca¡r probably lnfluence Urc 45Ca

washout and ¡¡ake lnterpætatlons dlfflcu1t. The solutlon of this problen

ItÂy cone frorn slnrpler pæ¡nratlons of ¡ruscle ce],'ls d.evold. of ext¡aneous

elements and. probably also fron purlfled. vl,able nembrane preparatlons,

Alte¡natlvely the denonstratlon of potassfu.rm-lncluced. or drug-lnduced

alteratlon of 45Ca novenente ancl preferenttaL blockad.e wlth agents which

lnterfere wlth ¡robllisatlon of loosely bor:nd. or tlghtly bound. calcir-¡¡l

nay be more promlsing. Relatlvely few stud.les have been d.one ln thls

dlrectlon a¡rd results so far have not been concluslve (Scnatznann, I96L¡

rran Br¡eemen a¡rd. Da.nle1, L966, von flattingberg et ar. , L966, r,üpnann

and. Slegfrled.t, 19684 ltudglns and. tfelss , Lg6g).

lv) Mechår¡lca1 con¡elatee of utÏLlsatlon of calclulr fron ülffetent pools

Several lnd.epend.ent stud.les have shom that contractlons of a
great varlety of snooth nuscres, prod.uced. by dnrgs, conslst of fast
(phaslc) and. slow (tonlc) conponents.

Brod.le et al. (tgSg) observed. that the lsotonic cont::actlon of

rabblt aort¿ prod.uced by adrenallne conslsted. of an lnltLal fast co¡nponent
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folloned. by a further slo¡r conponent. Subsequently Bohr (tg6l¡ L)64arb)

ehowed. that the elow plrase cou1d. be easlJ-y d.ecreased by reduclng external

calclu¡n concentratlon, whlle the fast conponent d.ecreased. only when the

reductlon ln calclum concentratlon was d.rastlc and. prolonged. In fact

the acute effect of calclun cteprlvatlon was a sllght lncrease ln the

magnltud.e of the fast component. Conversely Jlcreaslng the external

calclum concent:ratl-on produced. a d.ecrease ln the fast conponent. Bohr

proposed. th¿t the nagnltud,e of fast conponent d.epend.s upon nenbrane ex-

cltablllty whlle the slow component 1s lnd.lcatlve of the state of the

excltatlon-contractlon coupllng process. lle also suggested that nembrane

excltatlon and excltatlon-contractlon coupllng constltute two consecutlve

proceËtses ln a slng1e sequence of events leadlng to tenslon d.evelopnent.

rf the calclun avallable for couprfng becones extrenely Iow, coupring

w111 then become the rate lfunltlng factor for the fast as well as the

slow conponent, Thls 1s supported. by the d.ecrease of both fast anal slow

components ¡then calclum d.epletlon was prolonged.. The above proposeô

serles arrange¡rent of ttre two processes cannot be supported. by the ob-

servatlon that hlgh exte¡nal calclum d.ec¡eased. both fast and. slow

components because one certalnly d.oes not e:çect the couplfrrg process to

be rate llnltlng under these cond.ltlons. It see¡ns that a more plauslble

e:çIanatlon for the two phases 1s that norad-renallne ¡¡oblIlses both a

loosely bor¡nd. (superflctal) as r¡eLl as a tlghtly bound. calct¡¡n pool.

The fo¡mer contrlbutes to the slow component whereas the fast conponent

1s prod.uced by tlghtly bonnd calclum.

lwo conponents of contractlon have also been seen t¡ the :rat

aorta (Coatratnd and þba, L96Ð and. these two conponents shor the sane
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type of d.epend.ence on exteznal caÌclu¡n as ttÞ two phases ln the

rabblt aort¿. Very lltt1e ls Imo¡'m of the electroptryslologlcal correlates

of these two components of contractlon or about the other factors whlch

mod.lfy these conponents of contractlon. A very unerçected. observatlon

of Brod.le et ar. (L95Ð le the ablllty of the non-equlllbrlu¡r alpha

adrenoceptor blocklng a6ent Dlbena¡rt¡e to block preferentially the f,ast

conponent of adrenaLlne. If one assr¡mes a single type of alpha receptor

for adrenallne, blockade of thls receptor w111 be elçected. to affect both

phases equally. Slnllarly the obsenratlon that snall concentratlons of

ad.:¡enallne actlvate mafuily the fast conponents nhlle hlgher concent¡:atlons

produce both fast and. slow conponents 1s dlfficult to e:çlai.n on the basls

of a slngle receptor. These authors therefore for¡nd. lt necessary to
propose separate alpha adrenoceptors for fast and. slow components.

Multlple components of contractlon have also been obsen¡ed. ln
several vlsceraL snooth nußp1es. I¡r¿1 and. Taked¿ (t967arb), dlscovexed.

that the gulnea-plg taenla coll respond.ed. to potasslu¡n by a phaslc (quick)

conponent followed by a tonlc (slor) component. Unllke the contractlons

ln the aorta, the phaslc response rras nore senc¡ltive than tlæ tonlc co¡n-

ponent to a d.ecrease 1¡ external calcl¡¡n concentratlon. The phaslc cot¡-

ponent Ìras also preferenttally decreased. by nanganese, cadnlqn and.

anlnophylllne whlle the tonlc conponent was inhlblted by palnverlne.

l'¡lth the herp of the sucrose gap technlque, the phaslc conponent ras

found- to be assoclated ¡¡lth splkes 1¡ the ¡nembrane potentlal whlLe the

tonlc component was assocf¿ted. wlth stead.y nalntal¡ed d.epolarlsatlon

wlthout any splke actlvity. Results simllar to these have also been

obtalned by l{est et al. (rg¡r) for responses to acetylchollne ln the

.. j .:l -:-:l'-:.- - ::- .; t:.:i
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rabblt lntestine. These workers showed. that ttæ tonlc conponent was

lnhlblted þr anoxiar cyanlde or eod.lun fluoroacetate" Sl¡r11ar effects

of anoxla, glucose lack, Ilthfu¡¡n substltutlon for sod.lum, ouabaln and.

palnverlner on the tonlc conponent of potassfu¡m was subsequently shorm

ln the gulnea-plg taenla coll by Pfaffnan pt aI. OgeÐ, Fe:m,rl and.

Carpened.o (fg68) and. Urakawa et al. (tgZO). Very fen studies have been

mad.e to comelate two components of contr^actlon ln snooth muscle wtth

calclu¡n fluxes. Thus, Urakana anct Hotland (19d+) for:nd th¿t both phaslc

a¡rd. tonlc conponents of contractlon d.ue to lqpertonlc KCI were assoclated.

wlth an lnc:¡eased. 
lr5Ca 

Uttr¡c a¡rd the tonlc phase was accompanled. in

add.ltlon by ar¡ lncreage 1n total tissue calclum. These æsults suggest

that thê tonlc phase depends more upon extracellular calclum a¡rd. thus

contrad.lct the :¡esults of l¡nal and. Tal€d.a (tg6Za). However, Inal and.

Taked¿ ernployed lsotonic KCl solutton (fm substltutlng for Nafl), while

Urakawa and. Holland. ernployed. KCL ln a hy¡rertonlc solutlon (tfCt aaaea fu

usu¿l concent¡atlon of Nafl). Whettær thls r¡aJr account for the d.lfference

ls not Imown. Also not knor¡n ls rtry the calclurn dependence of the dlffer-
ent conponents of contractlon of vlsceral snooth muscle d.lffer fron the

calclun dependence of conponents ln vascular smooth nuscle.

SUMMART

The the¡ne of the foregolng :nevlew has been the central role

played, by calclun ln the actlvatlon of snooth ¡nuscle cont¡:actlle protelns.

Evldence has been provlded. that snooth nuscle stlmula¡rts mobl-Llse calclun

fro¡n several d.lfferent functlonal pools either by alterlng the electricaL

grad.lent across tlre muscle nembrane or by a non-electrlcal' ,pha:maco-
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nechanl-eal' process, Snooth nuscle relaxants, Ilkewlse, may decæase

nobll-lsatlon of calclu¡n þ electrlcal or non-electrlcal means. Several

¡nodele for the Êrra.nge¡aent of the varlor¡s calcfu¡n pools have been proposed.

and. the serlesftnrallel arrrangenent appears to be cunrÞntly acceptable.

Thele ls so¡ne evidence thi¡,t ¡nechanlcal ¡nanlfests,tlon of actfu¡atlon of

contractlle proteln can be ægo1ved. lnto several conponents and. these ln

turn can be :¡el¿ted. to the d.:Lfferent nechanlsns or fr:nctional pools of
calclum that eventually contrd.bute to muscle cont¡actlon.
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STATEMB{T OF PROBI.EM

It ls generally agreed. that calclum ls the nost lrnportant

factor ln coupllng excltatlon of snooth muscle nenbrane to 1ts eventual

, contractlon. Multlple pools (sources) of calclun have been proposed and.

as ê ¡selutt of several llnes of evldence lt appeaïs that d.lffe¡rent t¡pes

of stlnull utlllse d.lfferent pools of calcfu¡¡n for lnltlatfng contractlon.

Several lons, dnrgs and. procedures alter the æsponslveness of snooth

muscle to stlnulants. It ls concelvable tlrat rnany of these nay be due

ì to changes 1n the nod.e of utlllsatlon of the varlous calclun pools. The

pur?ose of thls study ls to d.evelop a nethod. for assesslng the contrl-

r butlon of any partlcul¿r c¿lclun pool to contractlon by analyslng the

t.chanical aetlvlty of the ¡nuscle. The cat splenlc capsular snooth

nuscle was found. sultable for thls purpose.

The lsonetrlc contractlle responae of the capsuJar snooth

¡nuscle to noradrenallne conslsts of an lnltl-al rapf-d plrase whlch ls
followed. þr a further slow lncrease ln tenslon, These tro phases have

been for¡nd to æIy on a t!.ghtly and. a loosely bound pool of calclum

respectlvely. lllth thls systen an attenpt nae nad.e to study the effect

of a varlety of agents whlch lnhlblt norad.¡enallne :nesponseso These

z lnelud.ed an alplraadrenoceptor blocklng agent as weLl as several others

whlch are better Imorm as¡ nonspeclfLc snooth ¡nuscle rel¡xants.

rt was hoped that sone a€ents rnr€ht have d.ifferentr.al effects

on the t¡ro phasee of contractlon whlch ln tr¡rn nould suggest d.lfferentral

effects on the two calclum pools.

Rad.loactir¡e carc!¡n novenent acr¡oss the restlng or stLnulated.
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splenic capsuìar nuscle r¡as also stud.led to attenpt to cha¡acterlse the

varlous pools of cal-clr¡¡¡r

The effect of pre-exlstlng nenbrane potentl¿l on the cont::actlle

response to stlnuLatlng agents was studled þr enploylng procedures tlrat
depolarlse or tqrper¡rolarlse muscleso

l{any agents or proced.ures aæ knorm to cause supersensltlvlty

of snooth nuscl-e to agonlsts. Theser l¡ the case of s¡rmpathonfunetlc

agents, lnclud.e eocalne, reser¡rIne and. d.enen¡atlon of syrn¡rathetic ne::ves.

Fro¡n the rscent flndlngs of several workers the phenomenon of supersensl-

tlvlty appears to be ¡ned.rated at least partly by alteratlons in the ¡node

of utlllsatlon of calelun. Hence ttre effects of varlous drugs on the two

phases of cont¡ractlon wene stud.led. to elucld¿te the nectranLsn of super-

sensltlvlty.

Tt¡e lnvestlgatlon ls malnly d.l¡ected. towards the d.evelopment

of a proceduæ for stud¡r1ng ut{llsatlon of d.lfferent calcÍr¡n pools by

analysls of a slngle lso¡netrlc conÈ¡actlon of the capsular snooth muscl-e

and to the use of thls nethod. to stud.y ttæ lnterrelatf-onshlps of the

dlfferent calclu¡¡ pools and. the effect of dnrgs whlch alter nuscle ¡e-
ectlvlty on these pools.

The cat spleen was chosen for thls stuQr because the tr¡o phases

of cont¡¡actlon due to no¡ad.¡enatlne are very d.lstlnct. The preparatlon

ls qulescent. A consld.erable a¡nount of work has prevlously been d.one 1n

our Labo:ratory on th^ts tlssue, whlch respond,s to a varlety of agonlsts

such as catecholanlnes, acetyrchorlne, hista,nl¡e, angiotensln and. J_

hyd'rorytry¡rtannlne. Prevlous work has also characterlsed the effect of
a varlety of proced.ures whlch lnterfere rlth the nechanls¡n of storage



-48-
and. release of nor¡adrenatine l¡ ttre sympathetlc ne¡r/e end.lngs of the

spJ-een and. cause Bupergensitlvlty (Davld.son , r9?0i l,lal1hot, 19?o).

Prel1¡r1nary work ehowed. that lt lras easy to pæ¡nre a sllce of the spleen

contalnlng nalnly the capsular snooth nuscle.
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I. PNEPARATION OF THB C,AT ISOIIITED SPIEtr'I STRIP

Cats (1.5 - 2 kg) of either sex were etr¡nned. þ a blow on the

head and. bled to d.eath by cuttlng the heart. The spleen was qul-ekly

renoved and. placed. In Krebs-Henselelt solutlon at roo¡n tenpe::ature (Z3oC).

A thln (0.5 tt) sl1ce was cut fron the surface opposlte the hllu¡a wlth a
Stadle-Rlgg nlcrotone. Strlps (f5 rr x 2 mn) ¡rere cut fro¡r thls sllcé

ln the longÍtudlnal, oblique or transverse d.lrectlons wlth a devl-ce nad.e

of flve razor blades ¡nounted. paraIlel to one another 2 nm apart. In sone

lnltlaL e:çerfunents the conventlonal preparatlons obtalnetl b¡r cuttlng

arong the edges of the spleen rere utilLsed for conparlson.

Hlstologlca1 sectlons showed that the sllce lncluded. nalnly the

capsular snooth muscle a¡¡d. contalned. ¡nuch less pulp and. blood. vessels

thar¡ the thlcker preparatlone obtalned. by cuttlng along the edges of the

spleen. The mal¡ reaaon for uslng a thlnner preparatlon was to reduce

the problens of diffi¡slon of dnrgs and. lons and. of heterogenelty of nus-

cular and. other tlesue elenents. 
:

The spleen strlps Ìrere nounted. ln lnd.lvld.r¡¿I 10 nl- jacketed.

organ baths, bathed. 1n ikebs-Henserelt sorutlon (pÍl ?.Ei tenperature

3?oC) and. equlllbrated wLtch 95% 0¡5% C}r. Ghanges ln lsonetrlc tenslon

were record.ed wlth a G¡:ass FT-03D force d.f-splacement trar¡sducer on a G:ia.ss

Polygraph. The preparatlons were lnltlally stretched. to exert a stead.¡r

restlng tenslon of 1 g. Before the experlrnent bega^n the tlssues lrene

stlrlulat€d wlth norad¡enallne, usually at lnten¡als of lJ ¡n1n untLl the

ref¡ponÊ¡ee¡ beca¡ne stable. tr\¡rther proced.u:nes rlll be d.escrlbed. in the
TRESUIÍE' sectlon.
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ÏT. BATHING SOIJUÎIONS

the followlng bathlng solutLons were nade wlth glabs

dlstllLed water.

a) K:¡ebs-tlenseÌelt solutlon¡ Nacl 11g nl't¡ Kcl 4.? nl{, cacLr 2,5 tñIl

KH2P04 1.4 nl'l¡ ltg$O¡ 1.2 ¡¡llt NaHCQ, 25 nyt and. gJ_ucoee 1I ¡nI,!.

In the preparatlon of thls solutlon calclum chJ.orl¿e ar¡d. nagne-

slurn sulphate ner¡e ad.d.ed. only after all the other J.ngred.lents

had been dlssolved and. the solutlon equlllbrated. rlth the O2-0cl:,

¡nlxtu¡e for flfteen ¡nlnutes.

b) I{odlfled Krebs-Henselelt solutlons

1) Calclu¡n-f,ree Krebs-Hense1elt solutlon

The conposltLon was sl¡¡llar to that of i(rebs-Henselelt

solutlon wlth the onission of calclun chlorlde. solutlons to
contaln varlous l-ow concent¡:atlons of calclu¡n ¡{ere obtalned. by

addltlon of approprlate volunes of a concentrated. stock sorutlon

of carclun chlorlde to the calclu¡¡-f¡ee solutlon. No substltu-
tlon was ¡nade to conpensate for the dec:¡ease 1n osnolarlty of
the bathlng nedlun caused. by reductlon of the a.mount of carciu¡¡

chlorld.e. rn several experlments the fæe calciun concentratlon

was reduced. by addlng the cherator etþrene glycor bls (z-amrno-

etþlether) tetraacetlc acra (ecrA) to trre standanl lhebs-

Hensereit solutlon. speclflc detalrs rLll be provid.ed, 1n the
IRESUI¡ISf sectlon.

ü) Potassluu-f¡ee l(rebs-Henselelt solutlon

:-i: ;:

Thls was raad.e by omlsslon of potasslun

the Krebs-Iúenselelt solution and. substltutlon of

clrloride fron

equlnolar
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concentratlons of sod.lu¡n d.ltryd.rogen phosphate for potasslun

dlhydrogen phosphate.

11l) Lo¡r cl¡Lorld.e solutlon

arl the lngred.ients were slnlIar to those used for
maklng Krebs-llenselelt sorutlon ¡ylth the exception of sod.lun

chLorld.e r¡hlch rras replaced. by an egufunolar concent¡atlon

sodlum lsethlonate. The solution stlrl contalned l.z rnl/- of
chlorld.e,

1.') High potasslun d.epolarlslnF solutlons

These were prepaned by çubstftuting dtffe¡ent anounts

of potasslun blcarbonate and. potaeslun ct¡lorlde for equ1nolar

concentratlons of sod.lun blcarbonate and. sod.iu¡n chlorlde.
IIÏ. EXPERI¡4MITAT PNOCEDUntsS

a) lbeat¡nent ¡vlth resernlne

Norz.drenallne stores in spleen were d.epleted. by

lntraperitoneal inJectlon of L ng,/kg reserplne twenty four
hours prlor to e:çerlnents. Tlesues ¡ver.e tested. for depletlon

of norad¡senallne sto¡es by chernlcal assay uslng the ¡rethod. of
Bertler et al, (rg¡e) and. Eurer and. Llshaj¡<o (r95g) an¿ by the

fallure to er-rclt contractlon wlth tyrarntne (tl * 1o-5 g,/nr) at
the beglnnlng of the e:çerlnent.

b) Synoathetlc d.enen¡atlon wlth 6-hvd.ro:Vd.opanlne

Thls rdas done accordlng to the nethod. :reconnend.ed. þ
l'tallhot (rgzo). A d.ose of is dt s ras adninlstered. intra-
venousry. The dnrg ras dlssolved. i¡nnedlatery befo¡e use 1n

0.5 ml of 0.1 N tryd.rochJ-orlc acld-. The spleen ras taken out
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for e:çerfuuents twenty four hours rater. ThÍs pmcedure 1s

known to produce an lnpafument of norad.:¡enallne uptake and. a

speciflc e¡uPersensltlvlty to no¡:ad.¡enalfuie and. ad¡enallne but

not to lsop:renallne or hlsta¡rlne (t'tatttrot, Jg?O).

c) Ionlc ar¡alyses

1) EstfuEtlon of inulln sÐace

rnulln was used as an ext:racellular ¡n¿rker slnce it
ls generally belleved not to penetr:ate the cel-l. rn each

d'eteí:nlnatlon of the effect of a treatnent on the ionlc content

of spleen srlces, lnurln-nettro:qy-3tt was ad.d.ed. to the lncubatlng

¡nedlun thlrty ¡¡inutes before the srlces rere removed. for analy_

Bls. l{hen the fneubatlon perlod. ¡fae¡ over sone of the slices
were d'lpped. ln non-radloactlve l¡cubatlon netLiun for four sec-

ondsr blotted. gently, refghed on a tor:sion barar¡ce, honogenlsed.

rn 514 trichloracetLc acla (TCA) *ra centrlfugecl for ten minutes

at J000 rprn. AJ.iquots (0.3 rnr) from the supernate we¡e ad.c[ed.

to vla1s cont¿lnlng 10 rn1 of sclntlllatlon fIuid. ar¡d the saarples

Ìrere countett ln a Phl11lps l1quld sclntlllat1on spectro¡neter.,

The rad.loactlve lncubatlon ned.lun ¡ras d.lluted 50 ford. ar¡d. TCA

1n anounts sl¡nlIar to that exlstlng ln the sa"rnples from the

tlssue, l¡as add.ed. to thrs. An aliguot (0.3 ¡nI) from thls was

¡nlxed. wlth 10 nl of sclntirlatlon fluld and. cor¡nted..

Another set of tlssues was id.entf.calr¡¡ tested.. l{et

welght was d.ete:mlned. after gentle blottlng and. dry welght after
d.essÍcatlon 1r¡ va,cuu¡n at BOoC for trelve hours.

rnulln space (fractlon of totar trssue 
'rater) 

was

d.etenrlned as follows¡
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Inulln space e

(u) (") (¿-")

wlpre a = counts/nln ln allquot fron honogenate

b = cormts/nLn 1n allguot fron ned.iun

c = dllutlon of ¡nedlu¡n

d. = wet welght of tlssue

e = d¡l¡ welght of tlssue

11) @ ht::acellgl¿r sodlu¡¡ and.
p

After approprlate pre-incubatton, the spleen sLlces

were ¡en¡oved fron the bathfug nedla, blotted gently, welghed.

and. put lnto polyettyrene tubes contalnlng concent¡:ated nltrlc
acla (0.2 nl) and. d.el-onlsed. distlllecl. ¡yater (o.e rnr). The lons

were extracted. for two hou::s al 37oc. Ad.dltlonar d.lstilled.

r,¡ater was add.ed. to ¡n¿ke up a vorume of J.0 nI and. extractlon

contlnued. for another elghteen hou¡cs. The aqueous ext¡acts of

lons were anarysed for sodfum and. potasslun in a perkln Bl¡ner

Ato¡nlc Absorptlon spectrophotoneter. An a,¡nor.¡¡rt of nLtric acld.

was add.ed. to the sodlun and potasslu¡n st¿nd.ard. sorutlons to

equal the concentratlon of the acld. l¡ tlssue extæcts. The

potasslwr star¡d.ard.s fn ad.dltlon to contalnl¡rg potasslu¡o chlor-

1d.e and. nltrlc acld. also contalnecL o.l5 ¡f of sodlun chlorlde,

Concentratlons of the ions were e:çressed. ln te:ms

of rnEq/I lnt¡acellular nater and. were calcurated. þ co:recting

the tot¿I tissue lon concentratlon (req/Le wet welght) for the

sodlwr and potasslum concentratlon l¡ the ext:racelLuhr (fnultn
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space). The concent¡atlon of l-ons l¡r the extracellular space

was coneld.ered. to be the sane as thât ln the bathlng nedium.

Concentratlon of fon (nnq,,/t) tntracelluJ.ar water) =

A-BxC
L - [ (ar¡' welst¡t/wer' releht) + g]

t{here A = total tlssue lon concentratlon (teq/kg wet welght)

B = ext¡acellu1ar space (fractlon of total tissue water)

C = concent:ratlon of lon (*eq/f) ln exte¡naL nedlu¡n

11l) Deter:nlnatlon of tot¿I tlssue caLclun

Tlssue sanples after approprlate treatments ¡rere

blotte¿L gently a,nd. put ln welghed. platlnun cn¡clbles. After

bel¡g weighed agah¡ the cnrclbles were put ln a vacuum d.essl-

cator at SOoC for twelve hours, rewelghed. and flnally ashed at

6OOoC for twelve hours ln a ¡nuffle furnace. thls left a rhlte

powdery :¡esldue whlch r¡as then d.lssolved. ln 1.0 nl of a solutlon

of I% Iantlranun chlorld.e fn 5% byd.roctrlorlc acld-. Ianttrar¡u¡n

chlorld.e was used. to prevent l¡¡terferìence by tlssue phosphates

tn the ca1clu¡n determl¡atlon. The tlssue calcl¡m d.issolved. ln

the la¡rttra¡rum-tgrdrochlorlc acld. solutlon r¡as estlnated. þ atorntc

abso4ltlon spectrophotornetry. The lnstn¡nent was fultially

ad.justed to lnd.lcate a nuIl read.lng wlth a blank solutlon (I%

la.ntlra¡rum chlorld.e n 5% hydrochlorlc acld.). StÆ.ndÂrd solutlons

of calclun chlorld.e ¡{ere prepared. ln the lanttranum chLorld.e-

hyd.rochlorlc acid. solutlon. Tlssue concentratlons of calclun

were e)qpressed. ln ,olt/lq wet welght.
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d) Tracer ra{loactlve calc!:m efflux

Spleen sllces nere tled. to thln glass rod.s rith
terylene threads and. prelncubated. 1n l(rebs-Ilenselelt solutlon

aL 3?oc for t hour. rn sone e:çerlnents they rrere exposed. to

20 n¡r of calclu¡n-f¡¡ee lfuebs-Henserer-t sorution contalning

etlrylene grycol bls (z-a^uino-etlrylether) tet¡r¿cetlc acLd.

(ncu,) (6 ru) for lJ nrn, folrowed. þ lncubatlon LrL zo ¡r1 of
calclu¡n-f¡ee l(rebs-Henselelt sorutlon for lJ nln. subsequently

the sllces were placed for 60 nln ln 5 nl of caleÏ¡¡n-free l(¡eb- :

Henselelt solution contalning, zycL of 45cúlz. The total
rad-loactlve carclun concentratlon of thls nedlu¡r Ìfa^s z.l pg/nr.
Load.lng under the above cond.ltlon (low total exter¡al calciu¡n

concentratlon) ensured a large uptake of 45ca, The tlssues

werethend.1ppedsuccegg1vel.yforonesecont11ntoeachoffgur

test tubes co¡tal¡lng ca-free K¡ebs-Henserelt sorutlon 1n ord.er

to renove radloactlvlty fron the ¡ruscle suzface. The tlssues

were then passed. through a serles of tubes contalning normal

K¡ebs-IIense1e1tso1ut1onorcalcl.r¡n-freeKrebs-Iüsnse'1el.tso]-utfon

(e nr) to allow efflux of 45ea. The incubatlon tlne l¡ each

tube was usually 5 ntn but varfed. fron rJ sec +,o )o nln in so¡ne

e:çerinents' The agents whose effect or, 45c" 
had. to be stud.ied.

¡¡e¡e add.ed. to approprlate tubes and a slnfrar volume of calcLr:n-

fæe or normal lhebs-ttrenselelt sorutlon (d.ependfng on the

partlcular case) was ad.d.ed. to the rernalnlng tubes. After
passage through the entlre serLes of tubes i¡r any glven e:çeri-
nent, the ttssues ¡{e¡e gulckly ¡renoved. fron the glass ¡ods,
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blotted. gently and. ashed. at 6OOoC. The ash was d.issolved. l¡r

L% lralttwtwn chl-orld.e ln Jft \¡ryd::och1orlc acü (2 n1). Aliquots

(O.3 rf) fron the d.:tesolved. ash as well as the ned.ia i¡r the

efflux tubes were add.ed. to 10 ¡nI of eclntl-llatlon fluld and

counted. ln a Phllllps l1quld. Sclntlllatlon spectrometer for
l+ ¡nlnutes. The tissue counts, after co:rrectlng for ret weight

were add.ed. to the cumulatlve su¡tr of aLl counts 1n the efflux

¡nedla to d.ete¡mine the totat tlssue rad.loactlvlty at the 1n-

ceptlon of ¡vashout. The effh¡x was d.eplcted. elther as the

resld,ual ¡rad.loactilrlty of the tl.ssue¡ plotted. on a senl-log

scale as a fì¡nctlon of tfue (d.esatu¡atlon cune) or plotted

as the rate of 45C" 
"r""g"nce 

into the efflux ned.Lr¡m as a

functlon of t1¡ne. tr\rrther detalls of these proced.ures will be

descrlbecL at appropriate places l-a the tnEsutÎSr section, An

eye Ilne of best fit was appl1ed. to the data, pofnts and. the

curye analysed. for lts conponent erçonentlars by the graphlcal

method. of Rlggs (tg6ù.

Tracer rad.loactlve caÌclun lnfl-ux

Spleen strlps 2 cm x 0.J cn x 0.0J cn ïe¡e tled wlth

terylene tt¡rea.d to hooks placed. 2.J em aparb on ttrt¡¡ glass

rodg. The strlps were then equlllbrated. in Krebs-Ilenserelt

soLutlon (gassed. wlth 02-C0, nlxtu:re) at 37oC, for one hour.

Durlng thls perlod. they we¡re challenged. twlce nlth norad¡en-
/.

arlne (to-" g/nL). After the preincubatfon perlod of one hour

palrs of tlssues were subjected. to one of tro proceduæsr

1) One strþ of the palr was lncubated. ln Krebs-
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tlenseLelt eolutfon contal¡ln g 5 x Lo-6 g/nr of noradrenarlne

for I ¡nl¡ute and. then transfer^red. to a beaker contai.nlng

Lo-6 g/nl norz.d¡enallne and |ycL L5c^ctr ln lcrebs-Iþnsereit

sorutlon for I nlnute. The other tlseue was kept only in
Krebs-Ilenselelt solutlon contalning l+)LCt þsC^Ct"for ll ¡n1n-

utes.

11) One nuscle of the palr was incubated in kebs-
Henselelt solutlon contalnln g 4 FL 

use;lct, for I ¡ulnute and

then kept ln the saJne solutlon wlth no:rad.ænaI1ne added. to

nake a concentratlon of 5 x 10-6 g/* tor J nlnutes. The

other muscle of the palr was kept in lkebs-IIenselelt solutlon

contalnln g, 4 /LcL 
[5ezl,ct, for J nlnutes.

After tlre necessary lncubatlons, the muscres ?rere

cut away from the thiead.s nhlch secured. tten to the rods.

After gentre blottlng the nuscres were transferæd. to welghed

platlnurn cnrelbles, welghed. agaln, d.esslcated. ln vacuum at
BOoc for twerve hou:rs and. ashed. for another twelve hou:rs at
6o0oc. Àshed. sa.nples were dlssolved. tn 1 ml of a 116 solution

of lar¡tt¡a¡u¡n chlorlde 1n 5% Wdroclrlorlc acld..

allquots (o.3 rr) obtalned. f¡om the solutr.on of the

ashed tlssue as well as f¡o¡r a J0 fold. dlruted. ¡:ad.loactlve

lncubatlon medfu.¡¡a ¡reæ counted. þ the riqufd sclntulatlon
technlque after nlxfng with r0 ¡rr of the scintirlatlng fLu1d..

The :ad.loacttvLty/gn tissue wet welght ras obtained. by nurtl-
plytne counts/rnin by 3,3 and d.lvld.lng the pmd.uct by the tlssue
wet welght (e). Slnllarly the countsþfn/nf of ttre lncubatlon
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!ßedlun l¡as also calculated.. 45C" 

"p""e 
ln the tÍssue was

obtalned. by d.lvld.fng the tlssue counts/rnln/$ ¡y ttre ¡ned.lr:n

counts/nln/nI.

Sp1een strlps were lncubatecl jrt lCrebs-Henselelt

sotutlon for one hour at 3?oC and, then 1n four clra¡rges of

potaeslunr-f¡ee solutlon (rO nfrlstrtp). The strlps stayecl for

a totat of two houre 1n the potaeslul-free solution at 37oQ,

befoæ belng flnally placed. ln 4O0 n1 of potasslurn-free

eolutlon at 4oC for twenty four hours. Subsequently the

strips were utillsed. for neasurenent of tenslon or lonlc

ctra.nges produced. þr seve:nal d.lffeænt t:¡eatnents that Ìr11I

be d.escrlbed ln greater cletall ln the IRESULTf¡' sectlon'

Illstolory of spleen strLps

1) Llaht mlcroscopy

Spleen strlps cut along the longltud.lnal a¡cls of the

spleen ¡rere tled. to glass rods and. then lncubated. ln lþsebs-

tlgnselelt solutlon for l0 nln. The strlps were flxed. ln a I0%

solutlon of fo¡m¿ld.ehyde 1n nomal sallne for f days, enbeclded.

1n paraffln and. sectloned. for 1lght nJ-croscopy. Sectlons ¡¡ere

etålned. ¡rlth haen¿to:qyl1n-eosin or VerhoffIs connective tfssue

staln before exanlnatlon.

ü) F,Lectron mlcroscopy

After lncubatlon l¡ lkebs-Ilenselelt solutlon for J0

nln the strlps we:¡e 1r¡Lt1ally flxed tn 216 glutaratrd.eÌryd.e ln

s)
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Mlllonlgrs phosphate br¡:ffer (pH ?.r) for J0 nln at 4oc, washed.

wlth the buffer for one hour, post-flxed nlth osnlc acld. a¡d.

stal¡ed. wlth 2y'o ur¿ny]- acetate. The tlssues we¡e embed.d.ed. ln

B¡lon and. the ultra thfui sectlons cut fmrn the blocks were

stalned. wlth Reynold.rs lead. cltrate befo¡e electron nicroscoplc

exanlnatlon.

IV. DRUGS AI{D OTIIER E.XPENIilEI'ITÁT, MATENTAIf¡

a) Sctutlllatlon fluld conslsted. of dlphenytoxazole (ppO) It.6 g¡

p-bls-2 (nphenyloxazotyt) benzene (pOpOp) 0.22 g1 toluene 2 I
and. ethyleneglycol nonornettqrl ether 1 1.

b) Method of p¡epa:ratlon of solutlons of d.n¡gs" Stock solutions

of I-noradænal1ne bttartrate, I-lsop¡enaline bltarbrate,

phenylephrine þd.roctrlorld.e and. hlstanlne d.lphosphate we:re

pnepaned ln 0.1 N HCl and. frozen, Dllutlons we¡e freshly rnacle

ln O.lN HCI. The stock soLutlons reæ nad.e ln concentratlons

of I and 10 ¡ng free base/nlr

Phenorybenza¡nlne hyd.rochloriae (1 re/nl) was prepared.

1n propylene glycol acfd.lfled. ¡rlth 0.05 n1 of IZ N HCI per l0 nl
of sorutlon. Approprlate d.ltutlons were pæpaæd. wlth d.lstilled.

rater lmned.lately befone use,

SoLutlon of reser¡rlrr" (5 rryg/nJ') was ¡nad.e þ d.issolvfng

reser¡rine (fO *¡ tu propylene glycof (S nf), glacfal acetfc

acld (2.5 nt) and. ethanol (2,5 nI).

6-t,y¿roxydopanlne ¡ras dlssolved. in O.l N HCt

lm¡ned.t¿tely befoæ use.

AI1 other d.nrgs and. lnorganic substances ïere



-û-
dlssolved. ln d.:[st111ed. water and. the pH brought as close to

?,3 aa posslble by tltratJng wlth NaOH.

Stock solutlons of organic substances except EGTA

were stored 1n the frozen state whlle the EGTA a¡rd. the lnorganlc

substånces ¡{e¡e stored. at roo¡n tenperature.

c) Llst of d.n¡gs and. chenlcaLs used.

a.rnlnopþIltui (B.D.H. )

bar!¡n chlorlde (B.D.H.)

4 5 cær,cL z ( ame rstnamr/s earre )

calclu¡r clrtortd.e (ffsfrer)

ctùor¡rrornazhe (løy and Baker)

clonld.lne hyd.rochlorld.e (Boehriuger Ingelhefun)

cocalne hydroch1orld.e (B.D; H. )

d1¿zoxld.e (Scherlng)

ethylene glycol b1s (beta-a.rnlnoettryl ether) N, ll-tetraacetic
acfi (rcm) (msrrer)

hlstamtne d.lphosphate (Nutr. Blochern. Co.)

1nu11n-nettro:ry-3tt (New Ðngland. Nuclear)

l-lsoprenallne bltart¡¡ate ttltryd:nate (Sterllng l{fnthrcp)

lantha¡ur¡n chJ.orlde (ffsner)

llthlu¡n ctrlorlde (B.D.H.)

nanganese chlorlde (ftsfrer)

1-no::ad.renall¡e bltartrate ( CafUfochen)

ouabaln (Nutr. Blochen. Co.)

papavertle (S.K. and. F.)

phenorybenzanlne tryd.rochlorft€ ($,K, and. F.)
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l-phenylephrlne þdrochlorlde (Sterllng Wlnthrop)

proca{ne þdrochlorld.e (B.D.H. )

sodlun cyanld.e (B.D.H.)

sodlu¡r lsethlonate (nastnan Koctak)

sod.lu¡n py:nrvate (ffsner)

sucrose (rtsrrer)
1rl

BUCros€-¿*C (New hglantt Nuclear)

zlnc ctrLorüe (r*her)

V. STAIISTTC.A¡ EVA¡UATTON OF NBSULIB

the effect of any t¡eatnent or procedure on a response was

conpared. rslth control nal-ues þ the Studentrs t test. Conparlsons lnvolv-
lng nore than two data pofnts tre¡re ¡nad.e uslng the Duncar¡rs nultlple range

test. (ne..,¡).
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I. Effect of norad¡enallne, lsoorenallne, hlstanlne and. pota.,sslun

clrlorlde on the caBsular snooth nuscle of the cat spleen

Strlpe out along the longltudlnal axls of the spleen were

lncubated ln Kr,ebs-IIenselelt solutlon aL 37oC. For studying the responses

to norad¡enallne¡ lsoprenal-lne and. hlsta¡rlne, the spleens werre obtalned.

fro¡n norrnal cats. The response to hlgh concentratlons of potasslum

chlorlde lrere studled. ln spJ-eens cLepleted. of cateeholanl¡es (< O.O5 g/g)

by pretæatment of the cats wlth reserplne. This was d.one to avolcl the

compllcatlon of release of end.ogenous catechola¡nlnes by potasslun which

nould h¿ve lnter:fe:red nlth the dlrect d.epolarlslng effect of potasslun

on the ¡nuscLe. Strlps d.epleted. of catechola.nlnes falled. to respond. to
-5tyramlne, J.:O-) S/rt,L Thls was tested. routlnely ln the beglnnlng of ever1f

experlnent lnvolvlng a reserplne-treated. strlp. The results are shorm

ln Flg. 14. Equlvalent responses to aIL three amlnes conslsted. of a¡

lnltlal fast lncrease ln tenslon followed. by a second. slower lncrease.

Theee wltl subsequently be refe:red. to as the 'fastt and. 'slow' phases

of contractlon. The effect of potasslun ¡ras stud.led. by replacing the

st^a.nd.ard. Krebs-Ilense1elt solutlon wlth one 1n ¡rhlch 90 ¡nl'l potassfu:m

chlorld.e was present and. an appnoprlate a,nor:nt of sod.lu¡n chIorld.e renoved..

The contractlle æsponse to thls pmcedure conslsted. of a slngle pbase.

An une:çected. obsen¡atlon was that J.sopænalfne ¡vhlch acts on the sa.ne

alpha adrenerglc receptors for prod.uclng contractlon as norêd.renallne

(Davldson, Lg?O) produced. a nuch snaller fast phase co¡npa¡ed to that 1n

an equlvalent contraction prod.uced. þ nor"ad.re¡ra11ne.

To lnvestlgate whetÌÞr the two phases of cont¡îaction prcduced

by the dnrgs cou1d. be due to uneven nlxing ln the bathlng nedlun, spleen



Fig. l.
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Varlatlon ln the ratlo of slor{ to fast phases of
contractlon wlth d.lfferent agonlste. Ia,ck of effect
of prellnlnary d.llutlon of the agonlst.

A. Contractlons due to norad¡enallne (¡[A), hlstanlne
(Hfsf) and lsopnenal-lne (fso) of spleen cäpsular snooth
nuscle from nor¡¡aÌ cats, and. to KCI (K) 1n spleen cap-
sulal snooth ¡nuscle fron cats treated. wlth ¡eser?lne,
I 

^S/lß, 
24 hours beforetrand..

B. Responses to noradrenallne, fO-6 ghúI, ad.ded. as a
concent¡¡atecL solutlon for the flrst contractlon, and.
ad.ded. as a prenlxed bathlng solutlon after enptylng
the bath for tLæ second. contractlon,
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strlps nere challenged. rlth nora.d.rer¡aI1ne ln tro d.lfferent rays (trtg. Its).

A response lras obt¿lned. wlth concentrated. norad.renallne solutlon add.ed. to

the bath to prod.uce a concent¡atlon of 10-6 g/nr. The d¡r¡g ras nashed.

out and IJ mln later the bathl¡rg rned.lun nas repraced wlth a ]:0-6 g/nr

eolutlon of noradrenallne ln Krebs-ltrense1elt ned.fu.¡n gassed. rlth 0r-C0,

¡nlxture and. kept at, i?oe 1n a water bath. The prlor dlrutlon o,,o"-=
ad.renallne lras ¡nade to ell¡rl¡rate the d.elay f¡ attalnnent of r.rnÍfom nixlng

when concentrated. drug solutlons are added. d;tnectly to the bath. Às can

be seen ln Flg. IB the prernixed. solutlon of norad¡enallne also prod.uced-

two phases' the two phases of contractLon are not artefacts of nlxlng.
Llttle ls knorm about the orlentatlon of snooth muscle flbæs

ln the epleen capsule. It ls concelvable that the two phases rnay arlse

d'ue to nuscle flb¡es belng arranged. 1n d.lfferent dlrectlons. ff thls 1s

true then ¡n¿rked dlffe¡ences 1n the rerative p:roportlons of the tso

phases should. be obtalned fron strlps cut at d.lffe:¡ent angles to ttre
1on61tud1na1 axlg. To test thls spleen strlps were obtalned. by cuttlng
the thln sllce fro¡n the surface of the spleen elther longlturrtnally,

transversely or d.lagonally. The strlps weæ cut I,J cn long and. ¡rere

subjected to a tenslon of I g before stlnulatlon (Fþ. Z). Nozad¡ena1lne

(fO-6 g/r,ù) produced nearly glp{f¿¡ proportlons of the two phases 1n the

preparatlons cut ln th:¡ee d.lfferent waf,sr ltrowever, the strlp that ¡ras

cut longltudlnally developed. the gneatest a.nount of tenslon. Tbls lnd.i-

cates th¿t a rnaJortty of the nuscle cells are arranged. para].ler to the

Iongltudlnal axls of the spleen. Histologlcal sections of the capsule

sholt that tlrls ls tme ln nost a¡eas examl¡ed.. It was atrso noteaf that
the capsurar ¡¡uscle cells were lt-5 rayeæ d.eep and. were surround.ed. by
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connectlve tlseue. In all futuæ e:çerlnents, the longltud.Lnal strlps

were enployed..

II, Effect of varlous restlng tenslons on the response to noradrenall¡e

Slnce nuscles possess an optlnum length at r¡Ì¡J.ch contraction

Is largest, prellrnlna4r ex¡rerlnents were done to flnd. tfp effect of

varloue degrees of stretch on the :restlng tenslon, length of the prepâr=

ation and actlve tenslon produced. fui nesponse to a const¿.r¡t subnaxl¡al

concent¡atlon of norad-:renathe (10-6 g/^t).

El8ht spleen strips we:re lnittally stretched. to exert a tension

of 1 I and repeated.ly stfuaulated. with norrad¡enallne r:ntl-l reproduclble

responses were obt¿lned.. The st¡etch on the ¡nuscles was then conpletely

wlthd¡¡awn by lowering the trar¡sducers. After 10 n1n the transd.ucers neæ

ralsed. unt1l the ¡¡uscles rere rlnder a tenslon of no no:re ttran 20 ng¡

5 ml¡ l-ater the nusclea were stl¡nuIated. nittr nomd.¡enallne a¡rd. the na6ni-

tud.e of fast and. slow phases obse¡:ved.. The slow phase r{as neasured. ll
two d.lfferent ways. Itr one nethod. the elor phase was neasu¡red. f¡o¡a the

polnt at whlch the lnltlal rapld. l¡c:rease fui tenslon slowed. d.onn (æsult-

lng ln a change ln slope of the cunre) to the polnt of ¡naxlnun tenslon.

rn the other nethod. the slow phase was neasu:pd. fron the beglnning of

the contractlon to the polnt of maxl¡nun tenslon. these two rnethod.s ¡reæ

used. provlslonally. tr'ron subsequent analysJ.s of the two plrases by tech-

nlques deslgned. to d.lssoclate then (to te p:nesented., Iater 1n thls section)

lt was declded. to netaln the second. nethocl of neasuænent of slow phase.

After two contm,ctlons were ellclted. 15 nfui apart, wlth the

nuscles bearlng a ¡nlnl¡nu¡r restlng tenslon, the transd.ucer r¡as noved.

further away unt1l the ¡nuscles exerted. a stea{y tenslon of 0.2J g. Agaln
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two tests were mad.e rvlth norad¡enallne' In a sfunlLar na¡¡ner, responseet

were teet€d. at 0. 5, L, 2 and, I g lnltlal tenslons. The results aæ shonn

ln Flg. l. The tot¿I actlve tenslon protluced. þ norad.renallne lncreased.

eteadlly to a naxlmum rlæn the restlng tenslon was l¡creased. Sron the

nlnlmun level to 1 g. Ftrther lnc:rease ln æetlng tenslon caused. a

d.ecrease ln actlve tenslon. Although not shorn 1n thls flgure, the rest-

lng length of the ¡¡uscles when nfurlnun¡ tenslon was exerted. lnc:¡eased b5r

40.3% when the tenslon was lncreased to 1 g. Incæase 1n tenslon to 2

and 3 g caused. proportlonately snaller f¡c:reases 1n length of t+5.O% and

4?.4% of the nlnlrnally stnetched. length :respectlvely. I{hen the cl4nges

ln actlve tenslon and. ratlos of the slow to fast phases as a functlon of

restlng tenslon were conpared, the ctrange l¡r active tenslon was g:neater

than the change ln tlre ratlo of slo¡¡ to fast phase, lr:respectlve of how

the slow plnse ras measured.. For exarnple, at nlni¡nu¡u restlng tenslon

the nean actlve tenslon due to norad.renarlne was onry lJ. 5% or ll,he

maxlnum lncæase ln actlve tenslon ob-se¡wed. at a ¡esting tenslon of 1 g.

After the restl¡g tenslon was lncreased. fron tlæ nlntnaL level to O.ZJ g

the contractlon lnduced. by noradrenallne vaß ?5% of ttre naxlmum. Thls

response was slgnlflcantly (p<0.01) larger thar¡ the prevlous one. The

ratlo of slow to fast phase d.ecreased. fron a nean value of 3.48 to J.OJ

when the slow phase was measured. as the tot¿I lncrease ln tenslon above

the restlng tenslon. Thls nas not stgnlfleant at the 0.0J level. Horr-

everr slnce the terylene thread. ttrat ¡yas used. for attaching the nuscle

to the transducer was far fron belng an ld.eal non-conprlant systen

neceasazXr for such studles, the responses at ¡nlnfuna1 restlng tensLons

were not glven any lnport¿,nce. Further lnc¡ease 1n restlr¡g tenslon fron



Flg. 3. Effect of ¡¡estl¡g tenslon on the actlve tenslon
produced. by norad.renallne (fO-0 e/nL).
( O ) actlve tenslon¡ ( o ) ratlo of slo¡v to fast
phase wlth the slow phase consldered. equal to the total
actlve tenslon¡ ( x ) ratlo of slow-to fast phase
wlth the slow phase was ¡neasured. as the d.ifference be-
tween the tot¿l actlve tenslon a¡rd. fast phase (see rnset).
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0,25 g to 0.5 g produced. a response that nas 90,?% of the ¡naxl¡num. Thl-s

response also was slgnlflcant1y larger (p (0.01) thaü the prevlous

r€sponse. ltrowever, the change 1n natlo of tlre two phases fron 3.05 la

2.49 was also not fonnd. to be st¿,tlstlcally slgnlflcar¡t. At I g restfng

tenslon the actlve tenslon ¡yas naxlmum but ¡vas not larger tt¡a¡r the prevlous

response ln a statlstlcally slgnlflcant nanner. ¡Urtt¡er increase 1n rest:

lng tenslon to 2 g produced a statlstlcally signiflcant (p<O,Ol) d.ec¡ease

ln the nagnlt'ude of actlve tenslon wlthout produclng a slgniflcant change

ln the ¡¡atlo of the two phases (2,56 ro 2.26). A further slgnlflcant

decrease 1n tenslon occurred. nt¡en the restlng tenslon ¡ras increased. to

3 8. the :ratlo sllghtly lncreased fron 2.26 lo 2.51 h¡t was not slgnlfi-
cantly d.lfferent. Essentlally sl¡nlIar ¡esults nere obtalned. ¡rhen the slon

phase was neasu::ed as ttæ d.lfference between total actlve tenslon a¡rd. fast

phase (rtg. 3).

These results shor that between 0.J g and J g the ctranges ln

actlve tenslon d.ue to ctnnges ln furltl^a,I restlng tenslon affect both

phases ln a nearly slmllar fashlon. Sl¡ce the ctrange in active tensLon

resultlng fro¡n lnc:reased. restlng tenslon ls due to the change ln the

posltlon of the actln and. rnyosln fllanents ln :¡e1atlon to each otlrer

(Xuxtey and Peachey, L)6L9 Gonlon et al., Lg66) the lack of ctrange of

the relatlve nagnltude of fast and. slow phases suggests that the mectran-

ls¡ns lnvolved ln thelr productlon a:¡e earÌier ttran the step 1n whlch

actlvatlon of cont¡actlIe proteJ.ns occurs. A resting tenslon of 1 g was

selected for subsequent e:çerJ.nents as thls appeared. to be optlaral for
d.evelopnent of actlve tenslon.
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III. The role of calcfu¡¡n ln the tno plrases of contractfon

d.ue to norad.¡enallne

As lt 1s well known that s¡nooth ¡nuscle contractlon d.epend.s upon

the avallablllty of calclum to the contractlle proteins and. seve::al Il¡es

of evld.ence suggest that there nay be nultiple sources for this 'actlvatorl
calclun, the effect of alterlng externaÌ calcirrm on the t¡ro phases of nor-

ad.renallne cont::actlon we¡e studled., A total of I spleen strlps were

obtalned fro¡n 4 cats a¡rd. lncubated ln Krebs-Ilenselelt solutlon. The

¡nuscles were repeatedly challenged. at 15 nfui lnterr¡als wlth norad¡enallne

(fO-6 g/^t) and. lsometrlc tenslon changes ¡{e¡e æcord.ed.. After the

r€sponses of the nuscle to norad.renallne beca¡ne constant, the calclun

content of the Krebs-Henselelt bathlng solutlon ¡ras reduced. to 2 nll for
10 mln and. the nuscles tested. agatn wlth noradrenallne. In a sfuntlar

stepwlse fashlon the calclu¡n concentratlon of the ned.lu¡n nas red.uced. to

l.r 0.8, O'4, 0'2 and.0.1 nlrl and. response to norad.¡¡enatlne obtalned. at

oach concentratlon, F1nal1y the nuscles we¡e lncubated 1n a calclun-free

nedlum for 2 hr. The effect of these procedures on the two phases are

shown ln F1g. 4. the slor¡ phase was neasured. as the totaL lncrease in

tenslon fron the baselÍne. Reductlon of external calclun ftom 2.J nM to

0.8 m¡'l had no effect on the fast phase of contractlon. Reductlon to

0.4 nM decreased. the fast phase by ?.5% whLc}. ¡ras not statlstlcally
slgnlflcant (pcO.O5) (ffg. 5), F\¡rther decrease 1n calclu¡r concentratlon

to 0.2 and 0.1 ¡nM red.uced the fast phase by 10.6% eÃd IgrZ% respectlvely,

Both these changes we¡re statlstlcally slgnificant at the 0.0J level.

Cornpaæd. to the fast phase, the slow phase ¡{as nuch nore sensltlve to

varlatlons 1n the extracellular calclu¡a concentratlon. Beduction of the
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Ca 2'5mM Ca 0'8 mM

3J

Ca O'lmM Ca OmM

I min

Flg. 4. Effect of reductlon of external calciun concentratlon, on the two phases of contractlon due to norad¡enali¡e
(ro-0 e/nt),
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Effect of exterrel calclum coneentratlon on the ma¿nltude
of slow and fast phases.

Inhlbltlon of each phase ls exp:ressed as a percentage of
the controL value of the correspond.:tng phase ln the presence
of 2,J rnM external calclun. Each polnt on the culrres was
conpared. wlth the adjacent polnt obt¿lned wlth a hlgher
concentratlon of external calclu¡n. Note the preferential
effect of all levels of calclun d.epletf-on on the slow phase
excepù that of prolonged d.epletlon ln a calciu¡n-free ¡ned.lun.

Flg. J.
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external calclun concentratlons d.om to 0.8 mM d.ld. not calrse a st¿tlstl-

cally slgnlflcant d.ecrease ln the nagnltude of slow phase. Howevert

concentlut1onsof0.4,0.2and.0.1nMred.uced'thes1owphaseby22.J/o¡

SO.5% arñ. 62.416 respectlvely, All these changes nere sig¡tlflcantly

(pco.Ol) d.lfferent fro¡n each other as ¡{ell- as fror¡ the slight (4.2%)

1nh1b1t1on at 0.8 nl,l externa]- calclu¡r. Protonged. lncubatlon for 2 hr in

the calclu¡n-free ned.lun resul-ted. 1n nearly conplete abolltlon of both

phases (gAø). Thus the slow phase ls more sensl-tive tl¡a¡r the fast phase

to :reductlon 1n extracellular calclun concentratlon' It 1s reasonable

to thlnk that the fast phase relles upon a source of calclu¡n that ls

nore tlghtty bound. than the source whlch eontrlbutes to the slow phase.

of spleen strlps.

In the p:revlous e:qrerfunent wlth the external calclun concentra-

tlon lowe:recl to 0.1 nMr the slow phase was reduced W 62.4% whl1e the

fast phase wag reducecl on\y LJ.Zft. In the follorlng elçerlment the tùne

couñ¡e of calclum d.epletlon of spleen strlps lncubated. ln a ¡ned.lum con-

talnlng 0.1 m.M calclun chlorlcle nas studled. 48 spleen strlps trere

suspend.ed. ln Krebs-lIenselelt solutlon, 6 for record.lng tenslon and. the

:¡e¡nålnd.er for analysls of calclu¡n content. The nuscles were stlmulated-

wlth norad.renallne (fO-e ghnf) everlr 15 mln untlI constant responses

were obtalned.. 6 strlps were tt¡en re¡noved. for a^nalysls of the calclun

content. The calclum content after thJ.s treat¡rent was regard.ed. as tt¡e

norm¿l vafue. All the ¡nuscles weæ then elçosed. to a metllun conta.inf-ng

0.1 mM calclum chlorlde and. the responses to norad.renall¡e were obt¿l¡ed.

after 5, I0, !5, l0 an<l 45 nln ln two strlps after each of the flrst ttr:ee

IV. Effect of reduced. external um on the calclu¡n content
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tlrno perlods and 1n alL the strlps after the re¡ralnlng two tlne perlod.s.

6 etrlpe Ìrere renoved. after each tLne perlocL for analysls of thelr calclum

content. The batr¡lng ned.lun was changed. every ¡nlnute during the fi::st

10 nln, every 5 ¡nln durlng the next 20 nln and. twice in every 15 tni¡

thereafter.

The effect of red.uctlon of externaf calcfu:¡r on the slow phase

of contr:actlon was conpared. wlth the reduction ln the total tlssue calclum.

After 5 mln, the glow phase dec¡eased. by an average of 48.2% and by 10 nln

lt decreased, by 6L%. the fast phase d.ecreased. þ only 18% at this sta6e.

Durlng the sane perlocls the total ca1clu¡n concentratlon of the ¡nuscles

had. d.ecreased fron a control value of I.lJ nyt/lig, to 1.4 ,,*l/læ and. 0.8 NUe

respectlvely (Flg. 6). These values were slgnlflcantty d.:Lfferent fro¡n one

another, Between 10 nln and, 45 ¡nln the calcium concent:ratlon d.ec¡¡eased.

very llttle, fron O.S nM/kg lo Q,6? rr*l/trq.. This d.ecrease lras not st¿tis-

tlcally slgnlflcant. The ¡nuscles were then placed. l¡ a calciun-f:ree

ned.lum. After exposuxìe to thls solutlon for 55 ¡nln the muscle respond.ed.

very feebly to noradrenaLlne. The calctur concent::atl-on d.ecreasecl b¡r

another 0.22 nl|/k6 a¡rd. thls was slgnlflcant at tIæ 0.05 level.

The decrease 1n calclum concentratlon of the spleen strlps

after 10 nln e)q)osure to ttre ¡ned.fu¡¡n contalnlng O.L nlt calclun ct¡torlcle

a.¡nounted. to 0.!J ,rA/W, The spleen has an extracelluLar space of 2214

(deterrntaed with lnulln). If the effect of clecreaslng the calclun

concentratlon ln the ¡ned.lun was only on the extracellular calclu¡n but

not on the celLular d"epot of calclu¡r then the d.ec:¡ease l¡ the tot¿,l cal-

clun concentratlon of the tlssue should. be only 0.22 Límes tÌæ d.ec:¡ease

ln calclu¡n concentratlon of ttÞ bathlng ned.lun (2.5 *lt reducecl to
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FLg, 6. Îlme course of loss of tlssue calclun ln 1ow calclun
med.lun, A rapld lniti¿I decrease in tissue calciun
content occurred. when the bathln;r r¡ie,iium was changeci
fro¡u lG¡ebs-ltrenselelt solutton (EEE.) to one contalnlng
only 0.1 n¡{ calclum ( o ). After /+5 min the bathlng
¡ned.lum contalned. no crlclun ( O ). A s¡nall firrther
decreage ln tissue calclun ls seen.
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0.I nM - 2.& ¡nM), 1.e. only 0.53 mM. the obsenred d.ecrease of 0.95 ruNI/W

ln total tlssue calclun content Le 0,42,rll/U nore than calculated. above.

thle appears to be the amount of calclum lost fron the ceIlular stores.

Thls was assoclated. wlth a preferentlal dec¡rease of 6I% of the slow phase

and. only 18% of the qulck phase. In the total absence of external calcium,

the ad.d-1tlor¡al Loss of tlssue calclurn (O.ZZ r¡ltg) exceeded. the d.ecrease

accountable by the red.uctlon ln the calclun concentratlon of ext:¡acellul¿r

spaee (O.O.ZZ nM) by O.2O nyl/W. Thls rras associated. wlth a decrease in

the fast phase by 82% ánd. ln the slow phase W 35%.

V. Effect of clnnge 1n external- calclum concent:ration on the reSponsé

to hlf,h external potasslu¡l concent]îatlon

These stud.les ¡rere d.one on strlps fm¡n reserÉne treated. cats

to avold compllcatlons due to release of end.ogenous catechola¡rines.

these strlps were e:q)osed. to a ned.lum ln whlch the potasslun concentratlon

was ralsett to 90 m¡,I by substitutlon of potassil:m for app:roprlate a¡nounts

of sod.lum chlorld.e, A prornpt lncr¡ease 1n tenslon consisting of a sJngle-

steep plrase occur:îed.. Control responses were obtalned. 1n 8 strlps bathed.

ln Krebs-flenselelt sol-utlon. The external calc!:m chl-orlde concentration

was successlvely :reduced. to 1.5 ¡nll, 0.75 ñ1r 0.5 mM ar¡d.0 ml1 every IJ rnfn,

After the nuscles had. nenalned. ln each of the above concent¡atlons of

calclun chlorlde for 10 mln, they were challengetl wlth the high potasslr.un

solutlon contalnlng a¡r ldentical concentratlon of calciun ehlorld.e. The

rssponse arways consleted of a glngle ptlaseç llhen !þe pereentage lnhl-
bltlon of the response to hlgh potasslun was e)qrressed. as a fnnctlon of

exte¡naL calciu¡n chlorlde (tr.16. /) a steep relationshlp was obtal¡ed. be-

tween red.uctlon 1n externa,l calclu¡n levels and. contractile force. Thls
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Flg. 1. Effect of red.uctlon of external calclun on the contractlons
of spleen etrlps due to a high concentratlon of potasslun
(fO rU¡. Sp1een strlps were taken f¡on cats treated wlth
reserplne, L ng/kg, 24 hours befo¡e the ex¡lerlnent.

\\\
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rolatlonshlp nae qualltatlvely slnllar to the relatlonshlp betneen decrease

In extracellul¿r calclun and. lnhlbltlon of tt¡e slow phase of the splenlc

rresponse to no¡adrenallne. One lmportant dlfference between the :nesponses

to the two agonlsts was the narked. sensltLvf.ty of the responses to potas-

slum to ¡eductlon of calcl¡¡n concentr:atlons frcn 2.5 nM to I.5 nll ln con-

trast to the responses to no¡:ad.renal1ne, where lnhlbition of the slow

phase was seen only when the external calclun concentratlon was reduced.

to 0.8 nl,I or legg. Nevertheless lt appears that potasslun contr¡actions

arrd the slow phase of response to norad.:¡enallne utlLlse a slnllar source

or mechanlsn of utlIlsatlon of calclun.

VI. Dlssoclat,lon of tfio phases of contractlon prgd.uced. bJr norada€naIlne

blr a calclun chelatoT, EGTA

In the prevlous e:çerlrnent reductlon of external calcfu¡¡r con-

centratlon from 0.8 nI4 to 0.1 nM pæfenentlally d.ecreased. the slow phase,

The :¡e¡nalnlng cont::actlon r.ras fast and. the tenslon was ¡nalntalned..

Krejcl and Danlef (fgZOU) suggested that ln a calclu¡n-free ¡¡ed.lum lnternal

tlssue ca-lc1u¡n may be :¡eleased. lnto a restrlcted. blophase fron whlch lt
can be t¿ken back by a.n uptake ¡necha¡rls¡n that ls satu:¡able at low exterrial

calclun concentratlons. Presence of a calclu¡r chelating a6ent ln the

external ¡ned.lum wlII prevent the reuptake of calclun 1f thls ls lnd.eed

thè caee, I{hether thls ¡roulct lnterfere wlth cont¡:actlon could then be

seen.

In s1x e:çerlments, spleen strlps ¡rere stlmulated. r+1th nor-
-/

ad.renallne (tO-o g/^l) r.¡ntll- conslstent :responses were obtained.. The

second. negponse (r1g. 8A) was obtalned. 1J sec after ad.cllng a calciun

chelator, EGTA (2,5 nlvl). An undtmlnlshÊd. fast phase followed. by a slow
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and små,lL further lncrease ln tenslon were sê€rlr Add.ltlon of 2.J nNI

calclum chlorld.e (a concentratlon no:nnally pxesent ln lkebs-Henselelt

eolutlon) to the bath resulted. 1n a further lncrease 1n tenslon whlch

approached control levels obtained. ln the flrst contractlon. The J-atency

of the contractlon d.ue to calclun was longer than that due to norad.rena-

llne. 0n the other hantl thê response appeared. to reach a plateau level

faster than ln the control response d.ue to norad.renalÍne. A¡rother d:[f-

ference betreen the response 1n the presence of EGTA ancl the response ln

Krebs-Itensel-elt solutlon ls th¿t ln the latter solutlon the slow phase

appeared. to begln as soon as the fast phase :¡eached. a naxlmun. However,

ln the presence of EGTA, there was a delay bet¡reen the attalnnent of the

naxlmun of the fast phase and. the conmencenent of a s¡nall conponent of

the slow phase. thls ïas even nore accentuated. ln the next two :responsês

whlch were obtalned wlth noradrenaLfne lJ sec after addltlon of trETA, 6 mM

and lJ nM. In the presence of 6 nl't EGTA the fast phase was potentlated

ln J out of the 6 strlps tested.. A small d.epression of tenslon was seen

betneen the fast phase and. slow phase.. Increase ln the concentratlon of

EGTA wae assoctated. wlth a progreeaslve d.ecrease 1n the sLow phase. In
the presence of L5 mlt EGTA, the fast pbase was stllL not dlfferent fron

the one ln the control responFe¡ The tenslon rl¿LE not ¡ualntained. and. there

was no secondary lncnease ln tenslon (slow phase).

The strlps were then depreted. of carclun by lncubatlon in a

calcÍu¡n-free ¡nedlu¡n contalning EGTA (re nu) for J0 ¡n1n followed. by a

further perlod of lncubatlon only ln calciun-free ned.fu.¡¡r. The nuscles

falled. to respond. to no¡adrenallne. IIo¡yever, wlthout washlng noradrena-

llne out, when ealelun chlo¡1ae (2.,.5 nM) ¡ras adðed. to ttæ bath I nrn laterr
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Fl6. 8. Dlssocl"atlon of fast and. slow phases of splenic responses to
noradr¡ena[ne (nl).

A. Responses to norad.renallne, 10-ó g¡trlr contractlons in Kre'us-
llenseÌelt solutlon, wlth EGTA and. caLcir¡¡r ,chlorlde add.ed as
lnd.lcated.. llote d.ecrease of slow phase and sllght potentlatlon .

of fast phase after EGTA.

B. Responses after d.epletlon of calclum by exposure for lû nfn
to a calclum-free ¡¡edlun and 12 nlt EGTA and 15 nin to calclum-free
nedlum. NA added- now dLd not result 1n contractloni ¡rlth ltA stlll
present, CaCJ.2 2.5 nyt ad.d.ed 2 mln later caused a slngle plrase con-
tractlon wlth a latency greater tt¡an the latency in C.

C. Responses to NA ln st¿nd¿rrl lkebs-Il,ensele1t solutj-on; first
contractlon before, second- cont¡actlon after lJ sec exposure to
EGTAr 15 mM. Note fast ptrase ls foLlor¡ed. by a pro6nesslve ,il.ec¡ease
ln tenslon.

D. Contractlons of B and C are superlnposed to lndlcate relatLve
slzes of the phases, onsets and. tlmes to peak tension.

c

EGÍA
lSmil
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Ths tenslon lncreased. ln a¡, rSr sllaped. fashlon and. tt¡e cur/e could. not

be resolved lnto two conponents (ffg. 8n), In Flg. 8D the larger con-

tractlon pmduced. by the add.ltlon of caLcium ln the presence of norad.ren-

allne has been superlnposed. on the s¡ualler response (fast phase) rhlch

was prod.uced. by norad¡enallne ln the sane strlp (flg, BC), 1n the presence

of EGTA (f¡ r¡¡) ln lbebs-Henselelt ¡nedlum. The d.e1ay preced-1ng the larger

response, ¡vh1ch was produced. þ utlllsatlon of extracellular calclum, was

gneater tlra¡r the d.eJay preced.lng the snaller response (fast phase)

produced presurably fro¡n a tlghtly bound. source of cellula:r ealclun.

The response of the calclurn d.epletecl tlssues to calclun, ln the presence

of norad¡enallne, ¡eached. a ¡naxl¡num ¡nuch faster than tte response of a

nomal tlssue to norad.renallne. ft trs not Isnown whether the tl¡ne taken

by a rosponee to no:¡ad.¡enallne to attaln a plateau level ls lfunlted. by

the rate of attal¡¡nent of an equlllbrlun of the a¡nlne ln the vlclnlty of

the alpha adrenoceptors or lf the rate llnltlng step l-s one of the subse-

quent events ln the sequence of cha.nges which resul.t ln the eventual

shortenlng of the cont¡:actlIe protelns. The response to norrdrenaline

ln tho control tlssues attalned. a peak level ln 134 t 6 sec. Horeverj lf
the calclurn d.epleted tlssue was flrst kept ln conta.ct wlth nor.adrenallne

for 2 nln the subsequent response to calclu¡¡ reached. lts peak ln only

5?.6! ),2 eec. Thus lt seene that norad.¡¡enallne tates longer to equlI1-

brate ln the vlclnlty of the receptors tf¡an the tl¡e taken for extra-

celluLar calclum to enter the tlssue to actlr¡ate the contractlle process.

The moblLlsatlon of the tlghtly bound. calclu¡n (evld.enced by the fast phase)

fs an even qulcker process takfuig an avera e of 4.J t 0.4 sec to reach a

maxlmun. Another lnportant flnd.lng lrÐÊthat the sun of the peak of the
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Fig, 9. llethod. of measurlng slow and" fast phases of resPonse to
norad-renaffne (l{A).

CAT ISOLATED SPLEEN CAPSULE

isomelric conlrocl¡on Î rofio É 1.8
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Flg. 10. {ffget of EGTA on the reoponses of spleen to norad¡enallne
(m) or potasst"ro (K).

A. Response of nornal spleen strlps to NA, 79-,6 g/nL
before and IJ sec after EGTA.

B. Response of spleen strlp fron eat treated. ¡rlth reser¡rlne,
1 nry/u{' 24 hours prror to i(, 90 mlrf befo¡¡e and. rJ sec after
EGTA, 15 nM.

NA
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fast phaee (tfre rssponse ln Flg. BC) and. the phase due to restoratlon of

ext¡acelLuler calclun (Flg. 88) exceeded the total conbactlon ln the

nozrnal tlgsue (f'lg, 8 B or C, lst contractlon) Ay 38ft. The slow phase

of the no:mal response to noradlenallne 1s d.epend.ent upon extraceLlular

cal-clun. Hence lf the contractlon prod.uced. by calclun fn the calclun

depleted- tlssue ln the presence of no::adrenlllne ls analogous to the slow

phase, then lt ls llkely th¿t the contrlbr¡tlon of the fast phase to the

tot¿l tenslon lnd.uced. by noradrenallne ls less than the peak tension of

the fast phase seen early ln th€ cont:ractlon. If one postulates that the

fast phaee ls a transtent process then the sum of a s¡na1ler fast phase (at

the later tfu¡e when the nuscle has developed. peak tenslon) and. the calclu¡t

contractlon (analogous to a tnre slow phase) ril1 be closer to the obse¡¡¡ed

tot¡,I tenslon ln the no:nnal tlssue. The translent nature of the fast phase

ln the presence of EGTA supports thls assr,ÌìFtlon. Ilence Ln all succeed.lng

e:çerfunents, the slow phase I{aE measu¡recL fm¡¡ the peak tenslon to the

basellne tenslon rather tt¡an to the peak of the fast phase. The ¡neasure-

nents have generally been e:çressed as a ratlo of slo/fast phase (rU. 9).

In another 4 tlssues obtáIned. fro¡n a reserplne treated. cat,

responc¡es ¡rsre obt¿lned nlth a Ìrlgh potasslun (gO r¡l) I(r:ebs-Ilenselelt

solution (fU. lOB). The contæctlons conslsted. of a slngle phase. EGTA

(f5 mU) was ad.ded to the Krebs-Itenselelt nedJ.um IJ sec before ctrangfrrg to

the hlgh potaselun solutlon, whlch also contalned. the sane anount of EGTA.

A very s¡n¿Il response was seen compared. to that produced by noradænal1ne

und,er ldentlcaL cond.ltlons (tr'tg. lOA), Thls shows a snaller dependence of

potaselun-lnduced. contractlon on ttghtJy bor¡nd. caleLun"

VII. Prafe¡antlal nodtflcatlonE of l¡.{tvidu¿t pt¡aseg of eontn,etlon

The results to th5.s polnt shor that any ctrange ln exte::na1
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calelun flrst affects the conponent of contractlle nesponse depend.ent

upon a loosely bound. calclun store. The tlghtly bound- pool, whlch ls
preeunably lntracelJ.ular, ls affected. later. Ttrls favou$¡ a ¡nod.eI 1n

whlch the loosely bound. store ls 1n 'serles' wlth the 1nt¡:acell-ular

tlghtly bound. calclun store on one slde and. the extracellular calclura on

the other sld.e. Our ¡eeults d.o not at thls stage allow any d.:tfferentlatlön

betneen extracellular a¡rd. J-oosely bound. stores. An altern¿Èe possibltlty

ls tha.t the looseJ-y bound. and. tlghtly bountl stor€s of calclun, lnstead of

com¡nunlcatlng wlth each other and. wlth the extracellular depot of calclu¡n

ln a serles arrangenent, nay have lnd.epend.ent access to the extracellular

store. In ot'her word.s the tro stores nay bê arranged. 'þarallel' to each

other. If the :rates of loss of calclum fron the tro pools fnto a calclun

d.eflclent ¡¡ed.lun are d.lffeænt, then the phÊses of contractLon depend.ent

on these two stores 1111 be lnhlblted. wlth d.lfferent tlne courses as

seen ln the e:çerfoents reported. so far. Furttrer e:çerlnents nere d.one

to flnd. out lf lt ras posslble to nod.lfy elther phase of contractlon due

to norad.¡enallne seJ.ectlvely or preferentlally. Such evld.ence lf obtaln-

able would. d.lctate agalnst the'serlgg nod.e1 of calcl¡n stores.

Mod.lflcatlon of slow ptase

Sever:aL d.lva1ent catlons a¡¡e Imown to lnterfere wlth the calcltrm

clepend.ent actlon potentlals 1n the baznacle nuscle flbres, nÉrnganese

chlorld.e belng one of then (Itaglnara a.nd. Nakajt^a, 1966). The effect of

manganese cblorld.e on the two phases of contractlon of norad¡enallne was

ther€foæ studled..

Eight strÍps of spleen capsure bathÞdl 1B Kreh-Honesþt! sorutl-on

we¡¡e stfu¡ul¿ted. wlth no:¡adrenallne (fO-e g/nt) rurtll conslstently egr:a1
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Flg' lr. Effect of l4ncl"2, procalne and. zinc on the phases of
cont¡actlon duõ to norad¡enallne (¡¡¿), y6-6 g/n\

A. Effect of !lnC12r O.Ir 0.3 and I nM¡ r'.'r,,',r'.'..,..,..,.:
:

B. Effect of procalne, 0.I nll¡

C. Effect of ZnCL2t0.6 and. 1 nl,l.

Nunbers above each contractlon ind.icatê the proportlon
of sLow to fast phases.
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Flg. 12. F,'ffect of ascorbic ac1d. on the lnhlbltlon of norad.renall¡e .

(itA) fnauced. ¡esponse ln the spleen. , 
1:,:,',',' 

,,':,t,,,

A. MnCI2r 1 nll added ln thé presence of ascorblc acid.,
j mll,

B. Ivln0l2r addLed. alone,

Numbersaboveeachcontract1ondenotetheproport1onof
slow to fast phases. Note the lack of protectLve effect l

ofascorb1cac1d'aga1nst1nh1b1t1onofresponsesto
norad.renallne by ffirCl2,
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lrêsponetes wens obtalned.. l'[anganeee chlor{.d.e (O.f nU) was ad.ded. to ttre
bathlng ¡ned.lun and. IJ n1n later the preparatlons ¡rere challenged ¡rlth.

norad.¡enalfuie. After the response, the gtrtp ¡ras r{ashed. and. the eon-

cent¡:atlon of nanganese chlorld.e lncæased. flrst to 0.J nl't and. then to
1 nll and- the strlp stinuLated. eaeh tlme, Flnally the strlp ¡vas ¡¡ashed

free of nenganese and. tested. wlth norad.renallne at lJ nln intervals for
evld.ence of recovetxr. A ty¡rical e:çerlnent J-s d.eplcted. in F1g, 11A.

l'langanese clrlorld.e reverslbly decæased. nalnly the slow phase of contrac-

tlon. Thls was lnd.lcated. by a d.ecrease ln tte ::atlo of srow to fast
phase. The tot¡.l contractlons d.ec:¡eased. Llft, t+g16 a.rra 69% wttn O.I nl¡I,

0.3 nl,I and 1 nM of nanganese chJ.orlcte :respectlvely.

tåtretnot z and. scholz (rgzo) cautloned that lnhlbltton by

n¡angarlêae lon of nesponses of a varlety of tlssues to a.d¡enaline need.

not excluslvely be due to 4n effect on cal-clu¡¡ utllLsatlon. In fact they

showed' that nanganese (O.f nU) durlng an obsen/atlon perlod of 20 ¡nln

lncreased the auto oxld¿tlon of adrenalfure approxlruately J fold.. Thls

effect of nanganese wa^s narkedly lnhlblted by ascorblc acld. ln concentra-

tlons of I - 5 x to-5 g/^L, To test whether ¡nanganese tnhlblted. the

splenlc capsular cont:¡actlon to nond.renallne by causlng an increased.

oxld¿tlon of the drtrg the following e:çerlnent ¡cas d.one. Th¡ee strlps
were stlrltulated. nÍth no¡ad.¡enal1ne, (fO-6 g/rl) r¡ntl1 the responses becane

reproduclble. ascorblc acü (l nM) was ad.d.ed. to one bath, ¡rang¿¡,nese

chlorld'e (r tu) and. ascorblc acld. (l ru) lnto the second. and. nanganese

chlorlde (r ,o¡l) alone to the thinl bath. The response to noradrenallne

was tested' agaln lJ nln L¿ter. Ascorblc acld. ù[d- not alter the lesponse

to norad¡enallne. ltanganese chlorlde d.ecæased. the slor phase narkeùLy,
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F16. l2B. The presence of ascorblc acld. ln a concentratlon that was

grrsater than that used. l¡ the study clted. earlLer, falled. to d.ec:¡ease

the effect of nanganese chlorld.e (ftg. 124). It seens very unllkely

that ln the short du¡atlon (3 mfn) durlng wh.tch a rsesponse to norad.ten-

allne ls stud.led., nanganese lons can pronote clestn¡ctlon of the agonJ-st

sufflclently to affect the lesponse.

Modlficatlon of fast phase

L,oca1 anaesthetlcs ha,ve been postulat€d. to act on snooth nuscle

as menbrane stablllsers (FehsteLn, L966). It was therefore consld.ered.

deslrable to lnvestlgate the action of pmeafuie on the response to nor-

ad:renallne. the e:çerlnent¿l design ras slnlIar to that tn the p:oevlous

experlment. Procalne ln a concentratlon of 0.1 rnltl prefenentlally d.ecreased.

the fast phase of the lesponse to norad.æna1f¡e and. consequently lncæased.

the ratlo of slolr to fast phase (ftg. 138). Ïtlgher concent:¡atlons of

0"2 nM, 0.3 nM and. I mll of procalne citd. not further d.ecrease the fast

phase but :¡educed. the slow phaee (rtg. t4). Wf.th hlgh d.oses, 1 ¡nI'{ antt

2 îü1, procalne lnduced. a tonlc lnc¡ease 1n tensLon superlrnposed. on rhyth¡ric

cont¡¡actlons. Procalne effects wer€ reverslble.

Zlnc ch1or1d.e 1¡r concent::atlons of 0.6 nlvt to 2 nÞI had effects

on the fast phase sfunÏLar to those of low concentrattons of procalne (tr'lgs.

J-2C, 14). The lnhlbltory effect of zbnc was mol€ reslstant than the

lnhlbltlon due to elther naJrganese or procalne to ¡rashout of the substance

fm¡n the þath. Recovery of contractlllty after weshout of the lnhlblto¡y

substar¡ces from the bath was less conplete rlth zl¡c than rlth eLther

¡n¿mganese or procaine.
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Flg. 11. Effect of procalne on the two ghases of contractlon
produced by no:ad-renallne, 1g-o g/nl.

þenltude of slow plnse (open bars) ar¡d fast phase
(t¡atched bars) after varlous concentrations of procalne
h¿ve been e:çressed. as a percentage of the contiol
responses.

i'i i'i l,'.



-91 -

too

É

o75
ü

¿

!so
t
Ê,

-25

O.tU_ tmr 2mr$

-

Flg. 14. Effect of zncr2 on the two phasgs of cont¡actlon
produced by noîad.renaIlne, L0-6 g/rù,

þnfgae of slolr plrase (open ba"s) and. fast plrase
(hatched bals) after r¡arlous concent¡ratlons it y¡rlCto
have been expressed as a pencenta,ge of the control '
¡egponges!
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VIII.

The prevlous e:qrerlments have provid.ed lnd.trect evlôence that

the two phases of contractlon due to noradrenallne d.epend. upon two d.lf-

ferent stores or neclnnlsns of utlllsatlon of calclum. It was also

notlced. that phar:macologlcal agents could. preferentlally decæase one or

tlæ other phase of contractlon. To gather nore d.L¡ect fuifomatlon about

the above phenonenon, e4perlnents were d.one to flnd. out ¡rhether norad.lren-

aLlne affected. radlocalelun releaee fron nuscles load.ed. wlth the lsotope

or affected the uptake of the lsotope by the ¡¡uscres fmn the bathlng

medlun. F\rrüher, lf any of these changes d.Ld. take place, 1t ¡¡as pranned.

to lnvestlgate the effect of agents whlch nodlfy the phases of contractlon

on these alte:ratlons ln trad.localclun ¡aove¡nents.

a) Effect of norq.drenal-ine on 45c^ and. sucro""-l4c effLux

Spleen strlps were equlllbrated. fu lbebs-Ilenselelt solutlon at

3?oc foî r hr. They were then d.epleted. of calciu¡n by lncubatlon ln

calclum-free lGrebs-Ilenseleit solutlon for J0 rnln. Durlng the f,lrst lJ nin

of thls lncubatlon, EGTA (6 rU) was also present 1n the bath. After thls

stePr the ¡nuscles were soaked. for 60 ¡nin ln a catclu¡u-free lbebs-Ifenseleit

solutlon containlng,Z¡ciof [5cacLr, Hudglns and. I{elss (1969) nave

earller shown that the upta,ke of ¡ad.loactLve calclun þ aortlc smooth

¡nuscle was enttanced. l¡ the absence of external non-rad.ioactlve calclun.

The spleen strips, after lncubatlon l¡ the rad.loactlve ned.lu¡n were dlpped.

ln non-::ad.loact1ve calclun-free Krebs-Henselelt solutlon for 4 sec and.

then paseed. through a serles of tubes cont¿,lnlng 2 nl of efther calcLr¡n-

fnee or stand.ard. Ikebs-Ilenseleit solutlon. The nuscles r,rere kept fl each

Effect of norad¡enallne
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tube for 5 rin befo¡e belng uoved. to the next one. Radloactivf-ty ænaln-

lng t¡ the tlssue at the end of the e:çerl¡nent and. ttre :rad.:Loactlvlty ln

the lnd.lvldr¡a1 tubes ¡rere dete:ml¡ed.. The rato of 45æ, efflux l¡to each

tube was obtalned- by co:rrectlng for the welght of the tlssue and. the

perlod. of lncubatlon ln that tube. The rate of effl-ux at each lnten¡al

h¿s been deplcted as a percentage of the t¡1t141 rate of, eff}.¡x durlng

the fkst 5 nln (l.fe. 15C). Eff}¡c ln the Ca-f¡ee and. Ca-contalnlng

ned.la have also been shown as the :rate of desatu¡atlon of tlssue rad.lo-

actlvlty as ¿ firnctlon of tlne (pfg. 15ArB). For th1s, tle tlssue rad.1o-

actfvlty was added. to the radloactlvlty ln each of the efflux tubes l¡ a

cu.nul¿tlve ilarrnêÌ¡ The tot¡.]- radloactlvlty thus accumul¿ted. d.enotes the

radloactlvlty ln the tlssue at the beglnnlng of the e:çerlment, The

level of tlssue radloactlvlty at the end. of each 5 nl¡ lncubatlon ln a¡

efflux tube has been e:çzessed. as a percentage of the l¡tti"aI :¡ad.io-

actlvlty 1n the nuscle and. a d.esatu:ratlon curve plotted..

Ifhen the effluc ¡vas d.et€rmlned. 1n a calclun-cont¿,lnlng ned.5.urn

(2.5 
^yt), 

nelther the ::ate of efflux nor the tlssue rad.Loactlvlty due to
45Ca, plotted. senllo6arJ-thnlcally as a functlon of tlne, decæased. as

slngle e:çonentlals. The percentage of 45A,a rernaining fu the muscle de-

cæaeed. fast lnltta,lly but grad.ually the rate of decrease bee¿,ne less

(rJ.g. IF). The pofuits on the curve after 35 - l+O nln appear to be 1n a

stralght Ilne, lnd.lcatlng an e)qronentlal decr¡ease (ffg. J:6B2). The l¡ter-
cept of thl.s llne wlth thê absclssa glves the percentage of totaf 45C,a

fn the tlssue that contrlbutes to thls slon efflux. Ttte dtfference

between the percentage of [5C;a:renalnlng 1n the tlssue at varlous tlmes

between O +,o 35 or 40 nl¡ and. the extensLon of the slo¡{ efflux conponent



Flg. 15. ross of 45c" f"or spreen strrp rn Ðc¿-rree or Krebs-Ilaneelelt soluil.ons.

strlr¡s werp-Ioa.ded ryrth 45(o. rn. þc.-r-e nedl.¡¡r.Efflux of +5ca was studred und.er condltlons lndicatedae follorsr

A. Effrr¡x occur¡ed. tn a hca-f¡ee ned.lum. 45|*- 
"oo-tents of tte r*9I9. at,,d.tfferent ttnes *å"" pfãit Aa1 pgTgentages of the ,+5Ca content at the beilnnlngof efflux.

B. Eff}¡r occuræd. 1n fæbs-ttense]-elt solutlon.Sl¡nll¿r plot as ln A.

c. Efflux occurred. tn fiFebs-IIenserelt gorutlon. ratesof effl.¡¡c at dlfferent t1¡nes have been ;ilt"J; pã"_-
ge1þegu of the ¡ate of efflux durtng the first 5 nln.I f valueÉ¡ êæ lralf tlnes of decay oã tts lat€e:çonentlal portions of each cürvêo
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to the left when plotted produced. a straight llne flt (Flg. 1681). Agaf.n,

the lntercept of thls 1lne on the absclssa glves the percentage of total
tlssue 45eu *wt contrlbutee to t}¡1s fast effh¡c conponent. ID about lOfi
of tlre experlnents the sum of these two conponents anounted. to LOy% of
the totar tlssue 45h'. rn the renalnlng ex¡rerlnents the sr¡n of the two

conponents r{ag less t}¡an LOO/,. The renain Log,\5C^, i¡ these experlnents,
appeared. to be conlng out as a very fast component that coulct not be

resolved cJ.early because the sanpltrag intenral (: ,f¡r¡ ¡ras not short

enough. Obvlously, lf such a conponent d.oes occur, it ¡vould. be largely
over durlng the ftrst 5 nin of the efflr¡x. A quantttatively dlffe¡ent
result was obtafned. when the rate of energence of ¡ad.Loactlvity instead

of the percentage of totat 45ca, renalnlng ln the tlssue ras protted fui

relatlon to tlnie. The counts/nln coning out lnto the nedlun d.ur{.ng the

flrst 5 nln of efflux rre¡re consLd.e¡ed. IOO/,. À11 the subsequent rad.lo-

actlvlty fui countsÁlln conlng out lnto the ¡ned.lun at J ntn lnten¡als ¡rer€

e:çæssed. aa a percentage of the l¡1t1al rr,:tæ. The ¡esul-tlng cunre a,galn

nas not a slng1e exponentlal firnctlon. However, like the earller curîve

showing 'desatt¡:¡at1on' of tlssue 45C",, the ¡ate of efflux also d.ecreased.

less steeply and. fn an exponent{a1 fashLon after r*o nln.

thls slower conpotrent ras not pararrer but steeper thæ

slow conponent of the d.esaturatlon curve.

Ifhen d.esatu¡atlon of tlssue 45c, *^ neasured. r¡r a carclu¡n-free

ned'lunr the rate of loss of ¡adloactlve calclr¡n was narkeclly clecneased.

and a.n appreciably greater fractlon of tlssue became avall¿ble to the

slow conponent (F1e, 16ÀlrA2).

The slope of

the slope of the

rn a total of 10 tlssues each, ln calcfi¡n-contalnlng or calclun-



Rlg. 16. Effh¡x of 4lÞ fron spleen strlp l-n the p¡esence or
absence of ll0ca fu tÌ¡e nBd.iun.

Sp1een strlpe weæ l-oaded. rlth 45æ, u 
". 

hc"-fo""
ned.lum. Effhuc r¡as then cond.uctecl 1n a ¿l0Ca-fæe
ned.lurn ( O ) or fu l(rebs-Henselett solutlon ( o ).Tte ra'd'loactlvíty renalnLng ln the strlps (ex¡rressed.
a"s a l¡ercentage of the lnltf.al ¡ad.loactivlt¡¡ ln the
str{ps) ls plotted. as a fi¡¡rctlon of tlne. The låst
partq of the tro cunreg (Ae and. B-) ale exoonentf¿Is
wlth half tLnes of lL and. 86.5 nlá-res¡nct-lvely and.
they net the orrlf¡ate at fhe 66ll and, 3l% narks.
Subtractlng the d.lffe¡enee betreen the polnts on thesestralght lfnes f¡on the polnts on the earlier parts
of the l¡ltl¿I curves gþve 2 seta of .polats.(r-antt x)
rhlch also feLI on Z e1"rtlLght 11les (fu ana"È., ) ¡¿vt-riebalf tlnes of l.J and. l+.) n1n zespecitiely. -Ãl a¡r¿Bl rgt the ord.lnale aL tIß jlt6 anð, 48% ¡¡a¡ts neË¡rec-
tlvely.
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free ¡ned.lum the followlng measulsenents ¡rere obtalned.,

In a calclu¡n-free ned.Í¡¡n¡

half tlne of rl,ecræase ln slow conponent of d.esaturatlon =

?4'5 t 8'6 nin

h¿If t1¡re of d.ecrease 1n fast conponent of d.esaturatlon =

T.Z ! 0,6 nl¡
compartnent sL?.e of slow component = 6?.8 ! 6.L% and.

conpartnenL sI?Ê of fast conponent = 3Z.Z ! U.?%

In a calcÍ¡n-contalnlne nedl-ulnt

half tl¡¡re of d.ecrease ln slow conponent of d.esaturation =

ul ! 4.g ntn

l hal-f tlne of d.ec:¡ease 1n fast component of d.esatu:ratlon =

j 6to.4mr¡r

ì conpartnent sLz,e of slow conponent = JZ,) ! S,B% a¡rd.

conpartnent aLv,e of fast conponent = lÐ,? ! 6,2%

rhe sum of the fast ar¡d. slow conpartnent slzes wa,s gz%, The

re¡nalnlng 18% of the tot¿I tlssue rad.loactlvltyappeared. to co¡ne out vezy

early d.urfuig the efflux. It cou1d. not be satlsfactor{-ly æeolved. due to

the sanpÌ1ng lnten¡a1s not belng 1ess than 5 nln apart.

Thus 1t can be seen that ¿ùn app¡eclable fractlon of r"ad1oactlve

calclun that le bor¡nd. to the nuscle 1n a calclun-f:¡ee ned.lun le relea^sed.

ln the presence of non-rad.loactlve cal-clu¡n.

To study tlre effect of no¡¡ad.renallne on the efflux of 45ç¿,,

the tlssues were loadecl rlth radloactlve calclu¡n ln the sane manner as

d'escrlbed. before. The efflux was carrled. out for 5 nin each for a total
of 75 ¡¡ln 1n a serleg of tubes contalnlng 2 nL of Krebs-Henselelt eolutlon.

Norad¡enallne was plesent 1n the tube Ln rhlch efflux occur¡ed. between



Flg. 1/, Effect of norad¡enallne oo 45ao efflux fron. soleenstrlps. Strips we¡e load.ed. wlth t+5ø. U a Ð-C.-f*"
¡ned.lun and eff}¡x conducted. ln lGnebs-Ibnselelt solutlon.
Errery 5 nln the strlps wetre noved. to fæeh ned.Lun.
Ra"d.loactlvlty conlng out lnto each sa.nple waa ex_
pæssed.,1s 1 percentage of,.!he radloacilvlty rneasured.
ürr1ng the ffußt 5 nln of *)ca-efflr¡c and. piotted asa functlon of tlne, Nozad^ænaf:,e (fA) waË present
f¡on tte J0th to 55th n1n and. resulie¿' :¡r 

"rr'lrr"o""u"ln effh¡x. The efflux ¡ate ln the abence of Nt(;)q¡ oþtafned by calculatlng a lfuiear reg¡esslon ofall the- data pofnts betreeñ j5 
-aura 

gO nL 
"*"i"afogthose obt¿1ned. betreen J0 and. 60 n1n.
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lyû l+s1"h and J0th nln. Ths ¡l¡tos of cfflux ïero convørted to a pcrocntago

of the rato durlng the flret 5 nLn of, efflux. Sj.nce the l¿st lJ nln of

the efflux curve ras llnear on Ê senllogarlthnlc plot, a etra,lght llne

caa d:æ;fln to fLt all the data polnts between 4O and. ?5 nin l¡clugLve ex-

cept tlre ones betreen 45 and. JJ nin. The elçected. efflr¡r ¡ate at the 5Oth

nl¡rute n¿Ls co¡Ear€d. ¡'rlth tbe actualþ obsen¡ed. nte. the Latter was 1n-

creased. by JN.Z t 9,816 by noradrenaltrne co¡ry¡¿recl to tbe ex¡rected. rate

of efflux (ffg. f7). Ttrls ¿Éffelence ras trSghly slgnlflcant statlstlcalty

(p< 0.01).

In a¡other contml er¡rerlment, four spJ.een etrlpe were eguAll-

brated. ln l(rebg-Ileneelelt solutlon for 6O nl¡ anct then l¡ 10 nI of lbebs-

Ilgnsel,elt solutLon contalning 1 g of ,Gucrose-1,|+C for J0 nln. Sucroge

ls belleved. to be J-arge\y cLlstrlbuteal ln th€ extracellular space. fhe

#tü¡Ê reæ then cllpped. for 4 sec ln a non-rzdloactlve meô:lum a¡d efffu¡x

for ) ¡nln each was perforned. ln a serles of 10 tubes contalnl¡g K¡ebs-

Ifenselelt solutlon. The percentage of the Lnltlal rra.d.loactlve auc¡ose

present ln thÊ tlssue rhen plotted. senllogarlthnlcally agalnst tlne de-

cæased. non-llnearly except durlng the raet 15 nln (f'fg. fB). Ttrls slor

efflux occurred f¡o¡n a con¡nrtnent that was only L0.8fr of tbe total
1lL

sucrose- 'C conteat of the tiesue. The ¡en¿i¡Lng, 89.276 of the lsotope

rashed. out very :rapfully rlth a half tine of 1.8 qln conpaæd. to a half

tlne of J6 ',rln for the slow conponent. The suct3ose conlag out ln the

fast conponent of efflt¡x ls nost tlkely that coning fron the extracellul¿r

space,

To test whether tlre obseryed. lnc¡eas" fr, 45C" efffu¡x ln the

presence of noradrenall¡e ls ¿lue to a ch¿rrge ln extracellu]¿r vo}¡¡¡e rlt]r



'r'.,.:r.

Flg. 18. EÌPfIrHr of 14C-sucroge and. effect of norad¡enall¡e.
Strlps lncubated. in Krebs-Ilgnselelt ned.lun nere
loaded. Éth 14C-sucrose antl the¡ nashed Ln non-
za.d.loactlr¡e neclfu¡¡n for ]0 nln. The bathlng ne¿lgrn
was clu.nged evgry 3 n1n. the ra'd.Loactlvlty renainfrrg
!1 the tlssue (ex¡rresse4 as- a percenta,ge oi tfr 1nltlal
¡adloactlvlty þ counts/nfui) was plotted. as a fi¡nctlon
of t!-ne ( o ), TÌæ resultlng curne was a sun of two
exponentlal fr¡nctlons, The slorer one consLsted. of
].:O.8% of the total tlssue :rad1oactivlty and. decreasedrith a. half tJne of )6 nln, rhereas the faster one( x ) conelsted. of-89"214 of the tot¿I ra"d.loactlvlty
a¡rd. had a half t{ne of 1.8 nln,

The lnset shows the æeult of a sLnllar e:çerLnent.
The ¡ate of eff}¡x (counts/ntl durlng any glv.n 3 nl¡
perlod. of efflr¡x) 1s expressed. a^s a percentage of the
!a+æ of efflux dqrfng the flrst J mrn. t{oradrenall¡e(m), 5,x 10-6 glntr-was present betreen 2l- and. Zt+ ntn.
unllke +5@' eff1.¡x, no lnc¡ease ln efflnx or l4c-sucrose
¡fas seen aftnr norad¡enall¡e.
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a consequent d.ilBpla,ce¡nent of extracellularly present re.dlodg'tcLr¡n lnto

the bathfug ned.1un, three nueele etrlps were load.ed. wlth ßucrose-I46 .na

efîLux beg¡¡n a"s ln the prevl-ous eryerlnento No:nad.ranallne nas present ln one

of æch set sf tubeøbetween the f5th and. 18th mln" ¡¡s 6lgnlfleant incnease

ln rad:Loactlvlty ln the ned.l-u¡n was obsenred (F.€, J-B lnset) "

b) Mod.:Lflcatlon of norad.ænall.lre lnduced. lncrease n l+5ca efflux

The lnere-ase fn 45Ca efflux due to nonadrerallne appears to be

due to a tnre nobll,lsatlon of lnfunceLlular carclun, especlarly sfurce

nost of the rapld.ly energfag e¿lcfu¡n had. alrrca{y left the tlssue befo¡e

norad.rerallne ras ad.d.ed., Ín the next serles of ex¡lerlnents lt ras tested.

¡rhether the lncrease ln efflu,( lras due to blockade of, alptra-adrenoceptors

or due to sone unspeciflc phenomenon. Às seen ln the prevlous e:çer{.nent,

the lncrease f¡ effrruc ot 45ca rlth norad¡enarine ( .5 * roJ g,/¡nl) ras

IN.z ! 5.8i6. In a¡other l-0 tlssues the effect of a snaller dose of nor-

adxeÞlture (5 x to-? e/ú) was studl€tl. A thlrd. group of J tlssues ¡ra's

p:setreated. rlth the alpha-ad¡enoceptor bloeking a6ent phentoJ.a.nlne
I

(5 x tO-" e/"I) durfng the first 45 nl¡ of efflLux antt the tlssuee re¡e

then exposed. to a slnll¡r concentratlon of phentola,nlne and. aJ.so nor-

a^d.rena1tne (5 x JiO'6 g/ú) betreen the 45th and. 50th rnrn¿{6. Percenta,ge

l¡creases ln efflr¡x rere dete¡mlnecl as d.escrlbed. earller a¡d. con¡nred.

rlth those due to the two concenbratlons of norad¡enallne 1n tÌÞ absence

of the blockllg agent. As caü be seen ln Flg. lt, the lnc¡ea^se ln efflt¡x

ot 45eo rlth a snaller d.ose of nora.drenar{ne ra.s snarler (6?.+t zû%)

conpared. to the :response with the h5gher concentratlon (13t0 .z ! 5,816).

Thls d.1ffeænce wa.s statlstlcally slgnlftcant at the 0.01 level. Phen-

to'la¡n{ae æduced. the æsponse of the hlgher concent¡atlon of noradrenall¡e
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F1g. 1?. Effect of phentol¿¡nlne on the f¡crease h t+|b efflr¡x
frcn spleen strlpe caused. þ nonclnepallne (Nl).
Sp1een strlps loa<ietl wlth +)Ga 1n a w0a-free nedlu¡t
we:re effluxed. ln lb¡ebs-Ilenselelt soLutlon and. noved. to
fresh ¡ae<iå¡m ever1r J nin. Radloactlvlty (counts/nh)
ûa.B rrea.sqæd. ln each sanple of med.lum. Pæsence of NA
(5 x rO-6 s/tÃ) ln the rã¿t,nn between 50 ?Fd 55 ¡uln
lncrea.sed eff}uc ¡nore tlran NA (¡ 4 LO.-7.g/^I). In the
presence of phentol¡¡¡l¡re (5 x 10-o g/nJ-) the l¡crease
l¡ efflux r¡ltå tlp hlgher concent:ratlon of NA was reduced.
to eqrral that due to the snal-ler concentæ.tlon of NA fut
the al¡sence of phentoJanlne,
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to a snaller value of 12.2 ! Lo.5%. Thls ras grgalflcar¡tly d.lfferent

(p< 0.Ol) f¡o¡n the contml response. There ¡ras no statistLcally sfunl-

flcant d.lfference between the response obtalnecl wlth no¡ad.renaline

(5 * rc-? e/^t) and. that due to the hlgher eoaeentntLan (5 * Jf.-6 Bhr,I)

of the sa^Tre 1n tþ pnesence of phentoJ.a^urlner

In the prevlous stud.:Les on the phamacological nod.lficatlons

of the two phases of contractlon due to norad¡enaIlne lt nas found. posslble

to preferentially block the loosely bound. calcfu¡n d.epend.ent slor phase

wlth nanganese cl¡lor1de and. the ttghtty bor.¡nd. calcir¡n depenctent fast p¡ase

wlth zlnc chlorlde or procalne. It was the¡efore consid.ered of lnterest

to stud.y the effect of ttrese a8ents on the lncrease ln 45(¿ efflux caused-

by norad.renallne.

TÌ¡ree groups of J tlesues ¡{ere loaded. rlth 45Ca as ln the

prevlous e:çerlnents. They rere then rashed. out ln a serLes of tubes

contalnlng 2 nI lfuebs-lÍenselelt solutlon and. nanganese chloz{-d.e (f nU).or

zlnc chlorlde (4 nM) or procalne (o,.5,ou). Norzd.renaline (j, ]Io-6 e/t)
was present ln ad.d.ltlon ln the 10th tube betneen iche 45fh a^nd. JQth nln

of washout. Percenta€e l¡rc:¡eases Ín efflux due to norad¡enallne were

calculated. and. are shown 1n F1g. 20. Ittanganese chlorlde ¡eù¡ced. the nor-

ad.renall¡re ¡esponse to LL4 ! li,.j%whlch ras gt¿tlstlcally not slgnlfl-
cantly d.lffe:¡ent fron tle control at the 0.0J level. 0n ttæ other Ìra¡d.

procalne a¡rd. zl¡c c}¡lor{.de caused. the norad.renallne response to d.ecrease

to 10.66 ! ]:z.]t+76 (p< o"o5) and. 41.4 ! tz.jz (p< o.ot) respectlveJ-y.

Thus the:¡e appears to be a cor¡elation between ttre ablrlty of agents

r}Éch lnhlblt the fast phase of the contractlle rsaponse of spleen capsu-

l¿r snooth ¡nuscle and. ttelr ab1}lty to d.ecrease the effect of noradlena1lne
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Flg. 20. pffect of l,ln0l2, p¡ocal¡e and. Z\C]-, on the increase in+)Qa efflruc frõ¡n spleen produced. S noradænaliner

Spleen strlps Ioa.ded. wttn 45ø, ln a h0a-f¡ee ¡ned.t.u¡r
weæ efflu:red. 1ri Krebs-RenseLelt solutlon alone or ln
Ibebs-Ifenselelt soLutton contalnlne lül1]2 (f mU) or
grocalne ,(0..5 T¡[) o" ?.\C].2 (¿+ ru),- nora,ãrJnaf:¡.
(5 x fO-o g/vrf) ras preseñt in the ned.f¿ betreen the
50th antl 55th nlnr

A. Percentage lnc¡ease l¡ ¡ate of 45ca efflr¡c in controlstripe d.ue to norzdæn¿Ilner

Sane ln the presence of !ln012.

In the p¡esence of procaine.

In the presence of ZnCJ-r.

Bt

C'

D.
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ln releaslng calclun fro¡n a slowly energlng conpartnent of rad.loactlve

calclum.

c) Effect of se chlorid.e and. on the lncrease 1n
) rÉ.45ca efflux pm¡noted. by Ðca

fn these- experiments J groups conslstlng of 10 tissues each

were 1oad.ed. wlth 45C^ tn the same nanner as ln the prevlous experlments.

Flve tissues fro¡r the flrst group were lncubated. 1n a calciun-free K:¡ebs-

Henselelt ¡ned.1un and. the non-rad.loactlve ned.lun was changed. every 5 mln

for 80 ¡nin. The re¡nalnju,g 5 tlssues were incubated ln a calclun-free

nedlu¡n for g ¡nln and. fui noz¡ral calclun lftebs-Ilenselelt ned.iun fro¡n the

50 nln to the 80 ¡nln. The tncubatlon ned.lun was ctranged. everîr 5 nln.
At the end of the e:çerlnent tt¡e 45ca contents of the tl-ssues were neagured

and- the cr¡¡rulatlve sur of efflux of 45a,a into the incubatlon nediu¡n at
the end. of each 5 nln perlod. was d.etermlned, The '+5ca renaf,nfng 1n the

tlssue after d.lfferent tlmes were plotted se¡nllogarlthnlo¡lly. ïn a

typlcal experlnent sho¡rn 1n F1g. zr, t}¡e rad.ioactlvlty fn the tlssue
d'ecllned' at the sane rate 1n both subgroups of tlssues. In the suþroup

that was lncubated. thnoughout ln calclu¡n-fæe ned.lum, the decllne ln
tlssue radloactlvlty becane aa exponentlal fi¡nctlon after l0 n1n. In the

other subgmup of tlssuesr in the presence of exte¡nal calclu¡n (e.5 r¡t),
a greater d.ecrease ln the tlssue 45U, 

"^, obse:n¡ed.. The resld.ua I 45Ca

ln both Sroups of tlssue at the end of 80 nln ¡r¿r,s neasured. and. the furtlrer
d.ecæase ln tlssue 45c" ¿,r" to ad.dltlon of Ðc" *"r e:çressed. as a per-

LLqcentage of tte -rea ¡ena;lnlng ln tlssues not ex¡rosed. to calcitr¡n. After
2,5 nyl of mCa, the tlssues contalned. only 41,û! 2.35%of tþ 45C^ ;g¡y¡t

..: : :: :-.:::., : l;i..:) ) : ; : -

ïas present at that tfu¡e l¡ r¡ntreated. tlssues.
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F16, 1Ì-, Effect of ¿ffiCa on the eJÌflux ot.4-5eo fron. spleen strlpsr
Ît{o sets cf strips l-oad.ed w:.ttr 45C,a l¡t a MCa-f¡ee ne.ìiu¡n
were Lncubated. fi . 4oC.-free rned.i.un arrd. clrarrgerl. to a new
¡nedium ever? 5^ni¡ for j0 mf¡ ( o ). One 6roup then
contl¡uerl ln 'ruGa-free ned.lu:a ( o ) a¡rd the other nas
trar¡sferred. every 5 ¡nln to a ne¡r tube contafurfng Kæbs-
Ilenselelt (, o ) solutlon. Rad.loactlvlty reuafnfng fn
tire tlssue (er¡rreseed. as a percenta.ge of the f¡itial
::adi-oacttvlty ln the tlssue, counts/rnfn) wap-nlotted. as
a funetlon of^ti:ne. The lnc¡reaged. loss of qlj¡Ca ln the
presence of wCa 1s notJ.ceabl-e.

TIME (min) +
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st¡nirar e:çerlnentg were d.one ln ¡rhlch procaine (0,5 nu) or
manganeae chLorid-e (r tm) we:re added. to each of the tubes in which effLr¡x
occurred. Additl0n of @cr (2,5 ntnt) resulted. in vlrtually no change in
the effect of &ca on the resld.ual 45c" 

"ontent 
(llg.t ! t.?zp¡o.oj) jrr

4angaÌlese clrLorid'e treated. tlssues. In procaÍne treated tlssues the¡e
Iras a sught though non-signlflcant d.ecrease ln the effect of Ðca. 

The

d.ecrease io 45C^ level ¡dâs

absenee of externaL ÐCa.

4t,3 t 2.49% of the resldual level i¡ the

These results show that the fractlon of 45c" *ht"h exctranges

wttrr Ðca 
d'oes not :behave 1n the sane way to¡+arrd.s procalne or zinc chlor-

1d.e as the fractlon of 45c" ,*hl"h 1s released. by no¡ad.renallne.

smooth ¡ausclg

The slo¡r phase of contraction due to norad.renallne ¡ras for¡nd. to
be nore sensltlve tlran the fast phase to changes ln exter¡¡al carclum
concent¡:atlon' rt was the¡efore considered. necessary to find. out if a¡r

l¡flux of extracellular calciu¡n occurred. when tle capsurar snooth muscre
was stl¡nulated with no¡a.d_rena1lne.

a)

T¡+elve spleen strlps were lncubated. l¡ K:¡ebs-Henselelt solutlon
for t hr. 6 trssues ¡rere stl¡nurated. wlth nozadrenarine (5 * ro-6 g/nr)
for 5 nin, after whlch alr the muscres were brotted. gentry. I{et and. dry
weights and' total tlssue calclun were d.ete¡alned.. The untreated. strlps
had' a calclum content of 1.p1 ! 0.266 n\I/lrs wet welght ancl a tlssue rater
content of 80' 33 ! 0.23%. the tissues nad.e to contract wlth noradrenatlne
showed- llttle change ln these varues, havlng a calcium concentratlon of

IX. un fuflux ln
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2.r4! oð3 nrI/k8 wet welght and. a water content of lj.ùzt o.zY%. These

changes wene not statistlcally slgnlflcant,

b) Effect of norad-¡enal1ne on 45c" influx

Ten spleen strlps were lncubated. for t hr ln lkebs-ttenselelt

soLutlon. They were then d.lvid.ed. lnto two batches and. tra¡sferred to tr¡o
beakers each containing 10 n1 of Krebs-HenseleLt soLutlon an¿ 4 ¡rgl of
[sc^crr. After 1 mln nora.d.:¡enaline (J x Lo-6 e/^l) nas add.ed. to one beaker

and' a sl¡nlIar voLume of lkebs-I{enseleit solutlon ad.d.ed. to the second. beaker.

3 nln later the strlps Íere taken out, blotted, welghed. a¡d. ashed. at 6OOoC

ln a nuffle furnace. îhe ash, d.lssolved. tn a L% solutlon of tar¡tha¡ru¡n

chlorld.e frL 5% trydrochlorlc acld. was cot¡nted. and. the count s/n|n/ g ne+,

welght of tlssue was calculated. Sfnllarly the cor¡nts/nln/nt of the zz.dlo-

actlve i¡rcubatlon med.lu¡t r¡e¡e also d.ete¡mined.. The rad.loactlve ca1cil:.n

space in the tissue was obtalned. þ cilvld.lng the coruts tn the tlssue þ
the counts 1n the med.lum.

Tbe 45Ca space 1n the r¡nstlmulated tlssue was. O.g5 ! .0p whereas

the space ln the tlssue stlmulated wlth noradze¡¡all¡¡e was 0,96 t 0.10.

The d.lfference between the spaces f¡ the two groups of tlssues ¡ras not

signiflcant at the 0.05 level.

In another elçerf-nent L0 tlssues were flrst lncubated. in Krebs-

Itrenselelt solutlon for 60 min. Flve tlssues weæ ffrst ¡nad.e to contr:act

wlth no¡a.d¡enaf.lne (5 * to-6 e/r,ù) for I nin and. then 4 yc,r of 45c"ct,

was ad.d.ed to the bathlng ¡nedlu¡n (vo}.uae 10 n1). The second group of J
tlssues was e)q)osed. to a similar rad.:loactive bathlng ned.irrm but not to
nol:adrenallne. After 4 nln, both sets of tissues and. ned.la were analyse¿

for rad.loactlvity. W,e 45Ca 6pace ln the tlssues stl¡nulated. wlth nor-
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ad'renal1ne before and' durlng the presence of rad.ioactive carclun had. a
sPace of 0'91 t o'15 nhile the unstl¡nuÌated. control had a 45ca space of
0'96 t o'11. Agaln the d.lffe¡enee between the two Êpaces nas not signl_
fi.cant.

slnce no neasureable effect of no:nad¡enaline on total tlssue
calclun o" 45c^ lnflux rras observed., further stud.ies wlth a6ents such as
Inanganese ehlorlde whieh affect the slow phase of contractlon d.ue to nor-
adrenaline were not carrled. out.
x

The results so far show that preferentlal nodlflcatlon of elther
phase of sprenlc s¡nooth nuscle response to norad.renarlne ls posslble.
thls w111 suggest that the two dlffe¡ent calclu¡a stores or meclunlsns ln-
volved 1n their utlllsatlon c¿ut fr:nctlon ind.ependentry an¿ can the:refore
be consldeæd to be arranged in a rpararleil fashion. However, it nas
seen d'urlng the prevlous e:çerinents that rhen hlgh concent¡atlons of the
snooth muscle lnhlbltors were enployed., both phases of contractlon Ìrere
dlmlnl-shed' even though one phase ruay have been affected. nore. Thls suggests
that elther the chemlcar agents enployed are sonewhat unspeclfic as regauds
their slte of lnhlbltory actlon or that the two sto:¡es of calclun or the
dlfferent ¡nechanls¡ns of utlllsatlon of calclun fron these stores are not
conpletely lnd'epend'ent' The followlng experl-nents we¡e d.one to flnd out
whether an art'ernative aEarlgenent 1n which the calclun sto¡es besld.es
provldlng carciu¡n to the contractlle nachlnelr by lnd.ependent nechanisns
or pathways arso i¡teracted. ln seriês¡ êrgr rt is posslbre that the tlghtry
bor¡nd calclun pool rnay derive lts carciua fron the loosely bound. pool and.
the contractlre nachlnery its calclu¡a fron the two poors ind.ependently.
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Such an arran enent couId. be consldered as a 'serles-paral1e1' arrange¡uent.

a) Effect of ¡ranfianese chlorid.e on nora.d¡enall+g lnduced response

of no:crna1 spleen strlps and on resto¡atlon of responses to

noradrgnallne by calclun chlorlde in calciun depfeted strips

In a previous sectlon lt has been shorm that nanga^nese chlorlde

preferentially d.ecreases the slow phase of contractlon of spleen lnduced.

by norad.renallne, thls belng suggestlve of a¡r effect on the loosely bor:nd-

store of calclum. In thls serles of e:çerfunents, the above d.ecrease was

measured. qr-rantitatlvely. Further, 1t was seen that after the strlps weæ

d.epleted. of calcit¡m both phases of contractLle responses to norad.renallne

were abollshed, suggestlng depletlon of both the tlghtly and. the loosely

bound. stores of calclun. The ¡esponses we¡e restored fuIIy on repletlon

of the sto:¡es wlth calciun chl-orld.e. If the tlghtly bound. pool is replen-

ished vla the loosely bound. pool then nanganese should. be able to reduce

the slze of tt¡e irghtfy bound. store after the above procedu:re. Consequently

replenlshed tlssues should bave a snaller faet phase 1n the p:nesence of

nanganese ctrloride ,tln¡r no:cural tlssues. 0n the other hand. 1f the tlghtly
bound. store :refllls by a¡r lnd.ependent route then there should. be no d.lf-

ferences ln the rnagnltude of the fast phases ln the t¡ro sltuatlons.

rn each of flve experlnents, four spreen strlps, lncubated. ln

Krebs-Henselelt solutlon, were tested wlth norad¡ena1fn. (fO-6 g/nf) unt1l

the magnitucle of the fast and. slow responses becane reprod.uclble. Tno of

the strlps were then d.epleted. of ca1clu¡n by e:çosure to calclun-free Krebs-

Ilenselelt solutlon cont¿.lnlng EGTA (r¡ r¡t) for 20 m1n and. then onry to

calclum-free l(rebs-Hense1elt solutlon for an ad.d.ltlonal 10 nln. Nor¡adren-
I

all¡re (tO-" g/nf) falled to produce contractlon ln the lrajorlty of strlps

:,:.,
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tested. The reslduaL contractlon ln some strlps d.lsappeared. after an

ad.dltlonal IJ nln exposure to the calcÍ¡m-f:¡ee solutlon. The other tno

strlps 1n Krebs-I{enselelt solutlon ¡vere stinulated. n{th norad¡enalÍne

everlr lJ nln. l'langanese chlorlde (f rU) ¡*as ad.d.ed. to one strip j-¡¡nersed-

1n Krebs-lIenselelt solution and. to the other strlp in calclun-free soLu-

tlon. Flve nlnutes later calclun cl¡lorlde (2"5 
^n) wás ad.ded. to the two

baths contalnlng' calclun-free solutlon. Flfteen nlnutes after add.itlon

of nanganese chl-orld.e, all four strlps rdere challenged. wlth norad.renaline.

The response of the tlssue that was 1n Knebs-Henselelt solutlon and had.

not been treated wlth nanga^nese chJ-orld.e renai¡ed. r,uctanged.. the tissue

tlet had. been d.epleted. of calcLum but nas not glven nang¿rnese chJ.orld.e

recovered. very nearly to the level seen at the beglnning of the e:çerlnent.

In Flg. 22, Ll can be seen that tte tlssue ¡rhlch was glven n¡Lnganese chlor-

ld.e whlle bathlng ln Krebs-Hensel-eit solutlon showed. a preferentlal

d.ec¡ease of the slow (53.9 t 5.6%) conpared. to the fast phase (zg.5t J.2%).

Thls d.lfference was highly slgnlflcant (p4O.OI). Norad¡enallne response

ln the tlssue d.epleted. of calclun but whlch ¡ras refllled. wlth calciun

chlorid.e ln the presence of nanganese chlorld.e al-so funproved. but was d.lf-

ferent fro¡n the sltnllar tlssue not treated. nlth nangÉilcese chl-orld.e. The

n¿mg€urese chlorl-de t¡eatect tlssue after bel¡g refllled nlth calclun ch-}or-

lde showed. sl¡nllar lnhlbltlon of slow ancl fast phases (56.2 t 6.8% ana

56.25 t 6.?% respectlvely). TIre lnhlbltlon by nanganese chlorld.e of fast

phase ln the rrefllled.r tlssue was slgnlflcantly (p(0,01) greater tlran

ln the tlssue 1n whleh the calclr:¡¡ stores ¡rere already fltIed.. The d.1f-

ference 1n lnhlbltlon of slow phase 1n ttre two sets of tissues, horever,

was not signlficant at the 0.0J 1eveI.
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FLg, 22. Effect of Mncr, on norn¿rL spreen strlps and on the repletion
of caLclun stoies 1n depJ-eted strlps.

The flrst and. thlrd bars denote the percentage lnhlbltlon of
slow and fast plases of response of normal spleen etrlps by
I.tncrz (t mH).

Another eet of spreen strlps weæ first depleted. of calclun
t¡r a ca-free ned.Íun contalning ffiTA, 15 nlf for z0 nf¡ and. thenln a Ca-free ¡¡ed.lun alone for 10 ¡Íln. The strlps dld. not respond.
to no¡adænallne t L0-6 g,t/r,r. h&z (z.s 

^lt) *"ä th"t add.ed. ln
the presence of MrCl2 anC. responses to no¡ad¡enaIlne obt¿lned..
The slow and fast phases of responses to noraclrenallne after
thls proced.ure expressed as a percentage of the slow ar¡d. fastplase ln the sane strips before d.epletlon of calclum are ghown
ln the second. and fourth bars. The d.lfferences between theflrst' and thlnl and the thlrd and. fourth bars are highly slgnl-flcant (p<CI.01).
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These r.esul-ts lnd.lcate that nanganese affects tle utllisatlon of

tlghtly bound cal-clur¡ fron lntact stores less than loosely bound. calclum.

However, when both stores are depleted, lt also affects the refllling of

the tightly bound pool or 1ts subsequent availablLity for producing the

fast phase.

b) Effect of substltutlon of qlrontlum chlorld.e for calclum

chl-orld.e on the responses to potasslun chlolidg ,and norad¡enallne

Hudglns (tgøg):neported. that after ¡esponses of rabbit aortic

strips to nor^ad¡enalLne and potasslun had. been nearÌy abol5-shed by lncubatlng

the ¡nuscle ln a caLclun-free ned.lum, substltutlon wlth barlun or strontlum

chl-orid.e restored. the responses to potasslun ¡nore ar¡d. foí a 1onger tlne

than those d.ue to norad.renallne. S1¡n1lar nesults for barlu¡¡ have been :¡e-

ported by Hlnke GgAÐ. The ¡neeha¡rlsn of thls unequal ¡estoratlve effect

of barlu¡n and. strontlun on contractlons produced. by norad.¡enallne a¡¡d.

potasslwn ct¡lorid.e 1s not clear but thls evld.ence has been conslclered. by

Danlel (tg6Ð to 1¡dlcate that the calclum pools, d.lfferentlally mobillsed

by norad.renallne or hlgh pota,sslua Ievels, a¡e in parallel.

Erçerlnents were d.one to flnd. out flrst of all if there ¡{as a

d.lfferentlal effect of strontlun chlorid.e ln æstorlng the responses of

the spleen strlp to nora.d.renaline and. potassÍ¡m whlch had been abollshed"

by ealclurn d.epletlon. Barlu¡n could. not be used. ln thls study because lt
causes narked. contracture of the spleen. Strontlun on the other hand has

very feeble effects whlch d.evelop far too sIowIy, conpared. to the requlred.

duratlon of obsen¡atlon of responses 1n thls stud.¡r. In slx ex¡lerfunents

palrs of spleen'strlps obtalned. from reser?1ne treated. cats were flrst
stlmulated. ¡¡lth the tno agonlsts ln Krebs-Iúenselelt solutlon, Nora.d.renal-1ne
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-â.(10-" e/^r) was used for one etrlp 1n each experùrent and hlgh potaeslum

Krebs-Hensereit solutLon (rcr go mM) ror the other. Noradrenarlne responses
had a fast a.d. a s10w phase wheæas only one phase courd. be obsen¡ed ln
the :response to high potassiu¡¡. after :neproducible :nesponses wene obtained.
wlth the tro agonists, both tlssues were repeatedly washed. with a calclun-
free Krebs-IfenseLelt solutlon for 45 nin' The strlps now faire¿ to respond
to high potassiurn (ca-rree) ned.lu¡u (¡'tg. 4êB) but norad:¡enarlne st1ll
prod'uced' a small l¡esponse. Flg. ZlcrB shows that the slon phase of the
response to noradrenar-lne after calclu¡n d.epJ.etion was only s.trg%of the
control slow phâse whereas the fast phase was L2. O?% of the control. The
¡nuscles were washed free of agonlsts and strontlu¡n cÌ¡l0rr-de (3 nu) was
ad'ded' to the calclun-free bathlng neôla. Responses to hfuh potasslun were
obtained' with hþh potassl'n (ca-tree) bathing medlun to ¡rhlch strontlu¡n
chlorld'e (: nu¡ ha'd' been ad'ded.. Iiloradrenarlne ¡ras arso tested. in the
ca-free l.oebs-Henselelt nedlum ln the presence of strontium chf.orlde.

As can be seen in ¡'1g. 2) and 24A, trhe response to hlgh potas-
slun ¡ras restored' by strontfu¡¡n chlorld.e apprectably. The response to hi6h
potassiun now showed' two d.lst1nct phases and. resenbled- the responseÊ nor-
mally obtalned due to noradrenarr¡e, Repeated. stlnuratlon at 15 nln
lnten¡aIs wlth htgh potasslun prod.uced. a sn¿lr preferentlal d.ecrease ln
the fast phase after flve to slx nespor¡.ses, Exposlng tlæ tlssue to a
cal-cium-free solutlon, contalnlng EGTA (15 nU) for ten ¡ri¡utes followed,
by a 5 n1n perlod' d'urfuig which EGTA ¡+as ¡rashed. out and strÐntlun chlorlde
replaced' resur-ted 1n a d.ecrease ln the :response to trlgh potasslu¡n (23.23%
of control), Thls ne¡y response was slgnlflcantly d.lffeænt (n(0,0I) fron
the rresponse to þrgh potasslun 1n Krebs-Henseielt solution contalnlng
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EffecL of -,rCl, on tlæ C.l¡nlnlshed responses öi reserplne treatærJ
sD-Leen tr¡ KCl ãnd norad:r,enal1ne ln calclu¡n-fl¡ee ¡netì.luln.

A. Contn:I response to KCI- or sloT'r or fast plrase of no:¡ad¡enal.ile
lnduced cÐntractíon 1n lfuebs-Henselelt me;,J-Íun¡

(") Responses to pota.ssiurr chl-orirle

Bo Respcnse to KCI (fO *U¡ tn Ca-fæe meditirn.

C, H*sponse to KCl 1n Oa-free nrcd.1um contaj:nf¡g SrCI,. ( f o,U)

D. R+sponse to KCJ. l¡ Ca-fr.ee medium cont¿.J¡l¡g SrCl2 ( : tot'l)

a.'ftrer brief exposurl{} to EGTA (f5 *U),

E. Response c¡f tlre tlssue to KCl í¡ Ca-free SrCl, contalnlng
ned,lun after brief prlor erpÕsure to h. (¿'S íiU) followed
ì:y erposu¡e to Gj-f:¡ee nerllun rJrrtil æsponses were abollsherL.

,
(i) Responses tqr nr¡radrena.tine, 10-o g,/nlr stow (rratcherl tars) anil.

fast (open bars) pLøses

3, In Ca-f¡ee ¡necllu¡n.

Co In Oa-free nedlun after add.ltlon of SrCI.., to C,a-free ¡neri-iu'n,

D" fb.ctryphylaxls after four cont:¡actlons.

E
!r)
c{
€(J

,1 -^É. --
F2

o-
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Fi¡;, Zfu. Substltutlon of strontlun for ealcium.

A. Response of reserpl¡e treated. spleen to KCl, p0 nM,
added as lnd.l-cated, ln Kæbs-lfenselelt solutlon ( O )nas ¡narked.Iy decreased, in calclu¡n-free rned.iurn ( o ),After ad-d-ltlon of sz€l2r 3 nM, ( r ) ttr" fi::st respor¡se
showed- reeoverrr of ampÏÍtud.e and two phases. rtre next Z
respcrrees at 15 nin lnterr¡als shoûred. Llttre change, but
lhe /th response after 10J mln 1n sr{rz r¡as <llninls}¡ed..
Tlre lntervenlng responses are not shohñ.

13. Respr:nsee to KCl, 90 ¡nlir ln Kr€bs-Hensereit solutlon.
Sa{.LZ, 3 rN, add.ed. as lnd.lcated, had. no effect on the
r99ponSê t

C, Response to no::ad¡enallne t J:0-6 dr*, (ne) rn lfuebs-
Ilenselelt soruti.on, followed. by dfurnlsrrea-r*lponse in
ca-:free sorution. Add.itlon of sr{l2r 3 m}r, reÁulted. in
partial recoverlr which rfas reveTsed on æmoval of SrCIz
fro¡n the Ca-free mediu¡n.
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stronti-un chlorlde, before the add.itron of EGTA. The strlp yras then
ex¡rosed- for 2 ¡nin to carclu¡a chroride (z. s ,on) and. the strip a,galn

resto¡ed' to calcl'um-free solutlon untll the response to high potasslum
was aborished'' strontiun chlorlde was ad.ded. to tte calcl.u¡r-free ned.ium ,,,,,

and' the response to high potasslun that nas no¡v obtained. was signlfieantly
greater (,,.zl%) compared to ZJ.ZJfi after EGTA (p<0;01).

rn another experlnent (F1g. 248) a slngle phase response to ,ì:
hlgh-potasslu¡n l¡ Krebs-Ifenselelt solutl0n was f1:rst obtalned.. The solu-
tion was then washed' out an. strontlum chlort.e (l nM) was ad.d.ed. to the
stand'ard' Ibebs-ilenserelt solutlon bathlng the ¡¡uscle. After 20 nln the
¡nuscle was challenged. with a hlgh-potasslum K¡ebs-Henseleit solutlon that
contafuied strontiun ctùorlde (r rnr,r¡. No d.lfferrence r{a^s seen i¡ the con-
tractlon due to thls solutlon and. the previous one. Thus the converslon
of a single phase hlgh potassiun contractlon into one ¡rlth tro phases is
not an effect of strontlu¡r alone but need.s the absence of externar caleiun.

conpared to hlgh potasslum the norad¡enal1ne responses rhlch ha¿

d-ecreased ln the calclum-free med.lun were restored. fro¡n :t2.0?76 (tast phase)
anð' 5'49% (slow phase) to only tÐ.94% (faet plrase) anð. )z.)ft (srow phase) ,':'..

of the orlglnal resPonse ln Krebs-Ilenselelt sor-utlon ln the pæsence of
strontlurn chlorlde (rtg. Z)bc and' 248). strontlum resto¡ed. the noradren-
aline response nuch less than the hrgh potasslu¡n response (pç0.0r) and
the restored norad¡enallne ¡esponse exhlblte. tactr¡rphyra:cte (",g. z3bD). 

,,,i
The nesponse of spleen to potasslu¡a chlorld.e ls nore sensltlve

to reductlon of exteznal carclu¡a tha¡r the fast phase of norad.renarlne
response' Thls was tested- ln the foll0wrng nannerr spJ-een strlps lncu-
bated ln lfuebs-Ilenselelt solutlon first sti¡nurated. wlth high potasslun
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Fig. 2J. Effect of strontlun on the response of :reserplne treated.
spleen to KCI ln a Ca-fæe ned.h¡n

Response due to KCl, 90 nlr{, (tst responu") in Krebs-
Ilenselelt sorutlon ( O ) was rnarkeùly reduced when EGTA,
15 ¡nl{r was added lJ sec before Kfl (zrrd response), In a
9a-free nediun ( o ) ttre response tÐ KCl r.¡as a'bollshed
(]rd. ræsponse), Ir the presence of SrCI2, j d, ( - )tfie KCl reaponse nas restorea (4th respofiåe) a¡¿ f,aa ¿
phasee. *EGIA æduced. tlæ restored. response less (5th
response) tt¡an the lesponse ln the pre8ence of calelu¡n
(Znd resp,rnse). Ngte tÌre pmg:nesslve d.ecæase fui the
restöred respúnse (6ttr response),
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solutlotr a.L 15 n1n fuiterr¡als to obtaln control responses. æTA (fg nlf)

ras ad-d.ed to the lfuebe-Ibnseleit solutLon and IJ gec later tlre strlp was

tested by :nepla.cfag the bathfng ned.lun nlth the hlgh potass{nu Krebs,-

Ilenseleit solutlon cont¿lnLng EGTA (f¡ rm)+ As seen in Fj-g, 25, a narked.

¡eductlon l¡ the response to hlgh pota-ssfirn solution occu:red.. The strlps
were then hathed. tor 5 nin fur lftebs-Henselei.t solutlon and. then ln calcir¡n-

free i(rebs-Ilenseleit eolutlon until a Ca-f¡ee hf.gh potasslum ned.lu¡r ôid.

not produce any contractlonr St¡ontir¡n cl¡.lorld.e (: r¡¡) ¡ras then ad.cled. to

the Ca-f¡¡ee K:rebs-Ifenselelt nedlum and. a æsponete nas obtal¡ecl wlth tr16h

potasslunt Ca-fæer ned.lun contal-nlng strontlun ch]-orlde. Flfteen nl¡utes

later a s1n1lar procedura was done except that EçTA (f¡ n¡t) rag ad¿ed to

the calclun-freer'Sz{l2-contalnlngr K¡ebe-¡lensaleÍt solution lJ sec before

the test and. also ad.d.ed to the h16h potasstun test solutlone. The :neeponse

to potasslun was larger (28014 p<0,,05) t¡ üÉs ea.se tlnn tle one 1n tùe

absence of stxontlu¡n 1n the exte:lrial nedLu¡o.

Tlsse results lnd.lcate that r¡nltlra norm¿l strips, a ¡nrt of tbe

¡esponse to hlgh potasslun whlch ls restored. þ stmntfu.¡n chlorlde in
ca1cl¡¡¡ndepleted. etrlpst 1s d.ependent on a tlghtJy bound. pool of ea1c1u¡0.

It ls also llke1y that stmntlun ltself can substltute for ca-lcù¡¡¡ for
actlvatl¡g the eont¡actrle ne.clranlsn dlrectIy. The ælatf.onshrp of ext¡s,-

cellular strontlun and. the tlghtly bor¡nd. calclr¡n store seena to be of a
Issrlss-parallelr t¡pe.

XI. Effect of snooth nl¡scle a€låfiants on the tro pba.sog of contractlon

due to no¡ad¡enal-he

Several drugF decrease snooth utrscle actlvlty and. are consld.Eæd.

as snooth ¡nuscle æl¡.xante. ÎtÞfur therapeutlc appllcatlons lange fron
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þpertensfon and. anglna pectoris, to spastie cond.ltlons of tbe gastro-
lntestlnar t¡aet, The sites of actlon also narg wld.et.y¡ for exa,npre

even anong agents actlng on vaseul¡r snooth nuscle sone act nore on arter-
lolar muscles ¡rh1le otl¡ere possess effecte on the venous bed. as reII.
The effects of a varlety of snooth muscLe :¡ol¿xants on the two phases of
contractlon produced by norad.renalÍne ¡re¡e tberefore stud.1ed. to flnd lf
qualltatlve d'lffe¡ences exlsted. a.nong these a,gents fnsofar a^s their effect
on varlous stores or necba¡lsne of utllLsatlon of calclun wa,s concemed.,

Consld.erable d.lfferences nere for¡nd. betreen d.lffeænt snooth nuscle re-
laxants ln theLr abillty to decrease the tr¡o dtfferent conponents of the

lesponse of spleen to norradrenalLne. The erçerl¡ental- deslgn conslsted.

of lnltlar testfng of the spleen strlps wlth nora.d.renarlne (roJ g,/nl) aL

lJ min lnte:r¡als untj.L the :responses beca.ne consistent. The snooth muscle

relaxant under study was thea add.ed. to the bathlng ned.ir¡n and. the uuecle

stlmulated' wfth no¡adænaIlne 1n the presence of the test substance o If
no cha"nge occu:red., the concentratlon of the test subsûa¡rce ras lncreased..

Thls was d.one tlIL a clear change ln tbe respo[se to aorra^d¡enallne occuæd..

The snooth muscle relaxant ¡ras thên rashed. anay and ¡¡ecover¡r of the Euscle

fron lnhlbltlon ¡ras follored" Th¡ee to flve ex¡nrlnents re¡e done wLth

each substa,nce, and. ln the folrowlng descrlptlon the flgua€s arg t¡rlcal
of the ¡esults obtalned. ln th€ naJortty of ex¡nrlnente with each subst¿nce

bel¡g tested..

a) Agents oæfel¡entlally affectlng tbe a1,or pbase of
æsponse to norad¡sn¿l1ne

Dl¿zoxlde Ís an aatllr¡çerterslve agent havlng a p:referentlal

effect on arberlolar snooth nuecle 1n congarlson ¡rlth venoua snooth nuscLe
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(nrurn et al' , I9Ø). ft has been shorm to be a conpetltlve antagonist

of calclun ln the rat aort¿, (Wofrf et aI., 196?). Ir the spleen, as can

be seen ln Flg. 26A, drazoxld.e (ro-7 and 3 x l0-4 e/^t) caused. a prefer-

entlal- d.ecrease ln the nagnltud.e of the slow phase ln response to nor-

adrenallne (f9-6 e/nt). thls was 1nd,lcated. by a d.ecrease 1n the ratlo of

slow to fast phases. The Inhlbltory actlon of d.lazoxlde could be removed.

by washlng thê drug out.

A slmlIar ¡esult ¡vas obtalned. uslng clonid.ine, 5 x 1g-8, tO-7

and J x 10-7 g/mr (tr.lg. Z6n). Thls d.nrg ls also a new antltgryertensive

boLleved malnly to have a centrar slte of actlon (Nayrer et al., Lg6B)

although theæ ls so¡ne evidence of a perlpheral slte of actlon too (IarUt

and Zalmls, 1pl0).

b) Agents preferentially acting on the fast phase of

response to norzdrenallne

Unllke d.lazoxld.e or clonld.lne, ad.d.ltlon of sodlum nitrite,
Allr

I x 10-" and 6 x 10-o g/nf (ffg. Z6C), anlnophyltlne, ) x tO+ g/nl

(rU. 2?a), chlorpronazlne, Io-9 e/ú (¡,tg. z7B), papaverlne, I x 10-6

and 5 x 10-4 g/nr (Flg, 2?a,) resulted. ln a preferentlar decrease of the

fast phaee of contractlon, The effect of sod.lum nltrite on the vascular

system dlffers from that of dlazoxid.e 1n that thls dnrg has a greater

effect on the venous capacltance bed. (Rtraa and Mellander, rgØ). chlor-

pronazlne ls a s¡nooth nuscle d.epressant r¡nder e:çerlnental cond.ltlons

(Coafratnd a¡rd þb, 1969), arnlnoptSrlllne has a generallsed. snooth muscle

reÌaxlng ablllty and papaverlne besldes belng a s¡nooth nuscle rela:ra¡t ls
also an lnhlbltor of oxld.atlve phosphorylatlon (Fe:r:arl and. Ca4rened.o,

1968).



îLs. 27. ntrec-t_3f---------------- TIgRl,yltT", chlorproma zlne (@e andpapaverrng (eefJ on the,pþses of conù¡aòtloí ¿u" tonoradænafUe (ttl) r 10-6- aln;..
A. Effect of a.nlnopþIllne, 3 x fO-4 e/*Lt
B. Effect of chlorpronezlne, tO-9 g,//nIl-

C. Effect of ¡npavertne, 3 x fO-6 and 5 x 10_4 S,/n1,.

Nunibers above each cnntractlon tn.lcète the proportionof sLow to fast phases.
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XII. gf&gtg of substrate deplet

of spleen strlps

Metabollc enetgy 1s requlned. not only for the work perforrned.

by the contr¡actlIe p:otelns but also for ¡ralntal¡lng the lntegrlty of the

ceLl ¡nembrnne and for drlvlng the varlous actlve processes that nalntafui

the ho¡neostasls of cells. Accotdlnglh the effect of subst::ate (glucose)

depletlon on the cont:ractlllty of the spleen fias stud.ied. Spleen strlps
r+e¡¡e flrst stt¡¡uLated. 1¡ Krebs-tlenseleit solutfon nlth noradrenallne

(3 x to-? g/^l) every 15 mln r¡ntlL the responses beca,ne constå,nt. The

muscleg were then e:çosed to a K:¡ebs-Ilenselelt ned.lun fro¡u whlch glucose

had' been renoved'. No substltutlon r¡as nad.e to ¡naintain no:mal osrnolarity
of the ned.lu¡n. The ¡¡uscle contlnued. to respond. to norad.renallne for 30 - 60

mln wlthout any clrange ln contractlllty or ln the :¡atio of slor to fast
phases. After thls or earller lf tlte muscLe was st!¡ulated. for 5 ¡nin nith
a htgh concentratlon of norad¡enattne (to4 g/rt), there was a prefe:rentfal
decæase 1n the fast phase as ¡rell as a d.ecrease ln total actlve tension
ln I out of 5 e4¡eriments (rtg. 284). After proronged absence of glucose
(z t" or nore) both phases we¡e slnllarly d.ecreased.. 0n ræturntng the
strlps to a glucose contalnlng ned.lurn, the contm,ctlltty retu:roed. to no:mal.

Slnce there ¡ras conslderable scatter ln the trend and. ¡na€nÍtude

of ctrange of the fast ar¡d. slor phases ln the absence of glucose no atterapt

r+as nade to analyse ln detail the effect on the two phases. However, ln
a flEther serles of e:qrerlments spleen strlps re¡e flrst exposed. to the
suhstrate free nedlu¡n r¡ntl1 contractillty nas dJ¡rlnlshed., After thls a
serles of ¡netabollc lnternedlates were tested. for thelr ability to restoæ
the splenlc responses to nonadænaIfu¡e. Flg. 288 shows a ty¡rlca1 æsponse
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Flg. 28. Effect of subst¡:ate depletlon on slow and fast phàses of contractlon
d.ue to noradrenaU¡re.

Contractlons of spleen strþs to noradrenalfle, tO-6 g/ù, (ne).
I'fu¡rbers above the :records fndlcate the ratlo of slo¡r to fasi pÍnses.

A. After responding to NA ln lfuebs-ffenselelt sorutlon (KII) the strin
kas ¡epeatedly stl-nulated. ln a glucose-free ¡ned.lun (gIuõoså-free K-H).After 4J rnln the¡e ¡ra,s a preferentlal d.ecrease 1n rast prrase but J0nln later both phases were nearry equarly affected., nesb::atlon of
grucose (KH) reversed. the lnt¡lbttlon of tension proc[rction.

B' After a r€aponse to NA 1n K-H nedlun the strlp was exposed. to
8lucoee-f¡¡ee K-H ¡ned1ur, Decæase l¡ tensLon and pneferentfal
d.ec¡ease 1n fast plase l{a.s s€ên¡ Adrlltlon of sod.lum py:rrvate restored.
the responee to NA. Renoval of pynnrate resulted 1n lnt¡lbltLon of
actlve tenslon productlon.
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to sod'lulrl pynrvate (S tr'r¡. ft can be seên that the response to norad.ren-

al1ne recoveæd to near nomal level and. was depressed. agaln when py:nrvate

was wlthdlrâ.lrll¡ Thls result suggests tÌ¡at the K¡ebs cycle ca,n provl¿e

met¿boIlc energr for contractlon of the spleen. Slnllar resto::atlve

effects were seen after o¡caloacet¿t" (5 nM) and. sod.iu¡n acetate (5 ru).
0n the other trand succlnate (l ru¡ and. cltrar. (S rntu) rarted. to:¡ever.5e

the lnhlbltory effect of glucose deprlvatlon.

XffI. Effects of alter€d extemql potasslun chlorlde concentratlon

on responses to norad.r€nallne

Smooth muscle menb¡ane potentlal 1s lnfluenced. to a Jarge extent

by the transnenbrane potassiun grad.lent. Eler¡atlon of external potrisslutn

ls e4pected to depolarlee the muscle, whIle a decrease should. produce tryper-

polarlsatlon' The nagnltud.e of these clranges r1lIrto sone extentrbe d.e-

c:reased by other effects of external potasslun, e.g, on potasslura perùeability.

The al¡n of these e:çerlnents ras to a,lter the external potassiun chl.orlde

concent¡¡atlons and. study the effects on the two phases of tlæ contractlon

prod'uced þ noradænallne. If the productlon of these phases ls d.epend.ent

on electrlcal or nonelectrlcal processes, thÊ ¡results rtll shed. sone llght
on the ¡nechar¡lsns lnvolr¡ed-.

a) Effect of lncreased concent::atlon of exte¡rral pot¿ssfu¡m

chlorlde

In slx experlments, strlps of spleen capsule obtalned. fron cats

¡rhlch h¿d been ad¡nlnlstered. reserprne (r w,/kÐ 24 hours earrler, rene

stl¡nulated wlth noradrenalhe (10-6 g/nt) r¡ntll constant responses ¡{eÌe

obtalned' The Krebs-lúgnselelt bathlng necLfu¡¡r was then clranged. to one

contalnlng 10 rnM potasslun ct¡Ior4de and. a proportlonately smaller concen-
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trutlon of sod.lu¡n chlorld.e. After IJ mln a æsponse to norad.renallne ¡ras

obtal¡ed. ThÊ bething ned.lun was then ctranged. to one contalnlng 30 nM

potasslurn chlorld.e and. the æsponse to nonadrenallne tested.. In a sLml-lar

fashlon the æsponses wsre tested. fn the presence of 4J a¡¡¿ 60 nM potasslurn

chlorlde and flnally 1n a ¡nedln¡r contalnl¡g 14O mM potassiun substltutfng

for all the sod.lurn fui the nedir¡n for producllg nearly conplete d.epolarlsa-

tlon. The tlssues were then bathed agaln ln Krebs-tfenselelt solution and.

the response to noradænallne obtal¡ed., Tlre ¡¡esults are presented. in

Flgs. 29 and. 304.

Elevatlon of exte:øral potassLr¡¡n ct¡lorlde concentration fron

J.ll nM to 10 ¡dÍl d.ld. not change the na6nltud.e of the fast or slo¡y phases

'of nor¿drenallne responsea although the slot{ phase beca¡re steeper. I¡n the

presence of J0 nM potasslu¡n chlorld.e a sn¿ll contractlon occuned. and. the

slow phase of the response to noradænaIlne lncreased. to 126% of the con-

trol. Thls snÊll lncrease, horever, r{as not statlsticalLy slgnlflcant at
the 0.0J level. 0n the other fnnd., the fast phase vas I5Z% of the control

and thts potentla'tlon ¡ras hlghly sf-gnlflcant (pc0,OL), Illth a¡¡ external

potasslum chlor{.d.e concentratlon of 6O n¡'t the nuscle tension l¡c:reased

fro¡n 1 g to 1.6 g. Norad¡ena1l¡e nor p:roduced. a fast ptrase rhich vas IL6%

of contml, whlle the slow phase Ías stnaIler ttran control (6gø). rn the

Presence of the na,:clrnalIy d.epolarlslng concent:latlon of 14O nM potasstun

the nuscle tensLon lncreased. to 1.8 g, the slord phase ¡¡as d.ecæased. f¡¡rbher

(sg% ot control, p<0.05) while the rapld. phase ctranged. llttle (tzz% ot
control)' úIlth 5.t+ nyl potasslurn ln the external ned!¡¡n the fast phase

constltuted 3076 of the total contractlon¡ ln the nuscle depoJarlsecL by

I40 ¡nM potaesltrm lt nade up nearly 8O% of the total contractlon. Th[s r¡as
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Effect of potasslu¡n on the slow or fast phases of contractlon.

Slow (open trars) and. fast,(fratcfrea b.*) phases of contractton
.lue to nor.ad-renallle¡ 10-ô gftJ., 1n spl.een strlps frorn cats
treate,1withreseI?1nel1ng/I{8'24hoursbeforeexper1nent.
Responses ln bathlng solutlon contalnin€ concentratlons of
KCLr as lnd.lc4ted., aæ e:qrregsed as a percentage of the
côrleapondlng response to no:pdænaI1¡re ln l(rebs-Ilenseleit
solut1on,

t p >0.05

¡l p >0ol

*lð

fi,*
tE ,o

áóo

ã*
o" 'o

o

KCI

lOmM

KCI

30mM

KCI

45mM

KCI

óOÍrill
KCI

140mM
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d.ue to a dec:¡ease ln the slow phase.

Earller 1t was shoffir ttrat when 15 nll EGTA was ad.d.ed. to a ¡ne¿lun

contalnln9 2.5 nll calclum clrlorlde lJ sec befone noradrenallne, the slow

phase was marked.ly red.uced. whl1e the fast phase ¡ùas verîr l-lttle affected..

fn order to flnd. out 1f the fast phase of the l¡esponse to nora.d¡enallne

1n the nedfu¡¡n contal¡lng 14O nl'l potasslu¡n nas as d.ependent on tightly
bound. calclun as the fast phase 1¡¡ Krebs-Henselelt solutlon the following

procedure, record.ed. ln F'lg. JOB, nas ca:rled. out. A contml nesponse to

nor:a.drrsnalhe (ro-6 s/nt) ¡ras obt¿lned., Tre fast phase was o.JJ g and

constltuted 40% of the total :¡esponse. The response to no¡ad¡enallne nas

then dete¡rnlned. 1n the presence of l-ll0 nlrl potasslurn. The fast phase was

now 0.56 g, about 69% of the total æsponse. Subsequently the nuscle nas

l¡n¡ne::sed 1n 140 rnM potasslu¡n and. EGTA (15 nlrt) was add.ed., causing a pronpt

d'ecæase ln tenslon. After IJ sec nhen norad¡enaIlr¡e nas a.dd.ed., a raÞid.

but t¡:anslent lncæa.se 1n tenslon occuræd.. The l¡c¡¡ease l¡r tænslon was

equal ln nagnltud.e to tlre fast phase of nozad¡enallne in I4O nll pota^ssir.rn

t¡ the absence of EGTA.

It has been shorm earller tt¡at the fast ptnse of no¡¡a.drenallne

¡esponse obfralned when the nuscle ls lncubated. 1n l(æbs-Iüenselelt solutlon

1s also seLectlvely pæsenred. ¡+hlle the slow phase 1s reduced tf EGTA

(f¡ ¡nu) ls ad.d.ed lJ sec befoæ the cont¡ìactlon. It can be conclud.ed. fro¡n

these obser:\¡atlons that an lnc¡æase 1n external concentratlon of potassfurn

chlorlde has a dual effect on cont:ractlllty. Up to a concentratlon of

l0 mM, potassluru chlorlde f¡creases both phases but at trlgher concent:ra,-

tlons the slow phase dependent on extracellular ealclu¡n ls pæfe:rentially

reduced. The rapld. phase d.epend.ent on tlghtly bor¡nd. calcÎ¡n is æslst¿,nt
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F16. 10. Effect of lncreaslng concenbratlons of pota,ssrun on the
phases of contractlon due to noriad¡enallne.

' A. Responses to no:¡ad.renal1ne, y6-6 glnl, (¡f¡) fu the
ptesenee of I0, 30, 60, antl 1ll0 nlt pota,ssium,

B. Responses to no¡ad.:renaline, to-6 e/rù, (wl)i theeffect.of potasslyl_140 ¡nI{, ancr the ãrrect'of'rapf.d
re<luctlon of arralr¿bre exte¡nar car.clu¡n by EGTA, i5 ,on.
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to changes ln menbrane potenttal due to very hlgh concentratlons of
potassfu:rn chlorlde.

b) Effect of reductlon of pot¿,ssLum chlorld.e on æsponses

to norad:¡en¿llne

rn slx erçerfments (nepresented. in Flg. 31A), sBleen strfps 1n

standard K¡ebs-Henselelt solutlon wene stlnul¿têd. wÍth norad.renall¡re

(ro-e g/nt). After the pnepa:eatlons gave reproduclble responses the

bathlng medlum was clranged. to one wt¡1ch contalned no potassl-u, The

¡ned.lu¡n was at ftrst ctranged. evezy ¡rl¡ute for 5 n1n and. then every J nin
thereafter. No¡¡ad.ræna1lne ¡ras ad.d.ed. to the bath every 15 ¡n1n. Renoval

of potasslu¡n f:ro¡¡ the bathlng nedlum d.ld not ctrange the æstl¡g tenslon

of the nuscle' Thls ls unllke bovlne faclal arteries, whlch cont¡:act

under slfi114r clrcu¡nstå,nces (Bnecht et ù., Lg69). Responses to no:rad.:ren-

aÌ1ne dld not clrange during the fi::st 30 - 60 nfu¡ ln pota,ssl¿rn-frree

solutlon (tr'tg. 318). I{hen the nusele was ætuznecl to the orlginal pota,s-

elûl-contalnlng l(rebs-Ilenselelt solutlon no change ln tenslon occurred..

lJhen noredrenallne ¡,¡a"s t€sted. 2 nln later, very llttle charrge r¡as seen in
the fast phase but the srow phase lras rnarked.ly :reduced. (rtg. 3lc), Thls

tnhlbltlon was reversed. pronptly lf the muscle r¡as æturned. to a potasslum-

free nedlì¡n. Add.ltlon of potasslurn chlorld.e (: rotu¡ to the ¡ned¡¡¡¡ durlng

a steady contnctlon lnduced. þ no:radrenallne æsulted. in a pronpt relax-
atlon of the ¡nuscle (fre. 3Ð).

In another tt¡æe erçerJments spleen strlps ryere stl¡nulated. wlth
no¡:ad'rsnalhe (fg-6 S/^I) ln Krebs-lfenselelt solutlon, After being left
lJl a potasslum f¡ee med.lun for thlrty nlnutes without belr¡g stl¡rul¿ted

they we:re ¡¡estored to l(æbe-Ilenselelt solutlon for 2 nln and. then challenged
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Flg' JI. Effect of e:çosure to potasslun-fæe nedlu¡a and subsequent
¡estoratlon to lkebs-llenselelt ned.lun on the responses of
spleen to no¡:adrenallne.

A, B, C¡ D. Contractlons tÆ noradrenallne, (ul), 10-6 g¡ÁnI.

A, l¡ Krebs-ffenseleit ¡ned.lu¡nt B, after change of bathfng
flulcì. to K-free solutlon¡ C, 2 nin after restoratlon of K
to the solutlon¡ D, after replacenent ln K-free so1utlon,
KCI ad.decl at the peak of confuractlon resulted ln a decrease
ln tenslonr

L,O

L,
E
É(,
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ilA
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tr'19. 32. Ie,ck of effect of slrr¡rle exposuæ of spleen to a K-f:ree
Fth,rne,ne+1'¡o on tle subsequent effeet of no:radrenaline
(LO-o e/nl) ln nonal K¡ebe_Ibnselelt solution (f_n).
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wlth noradrenallne (Fås,. 3z). unllke the prevlous experlment, ln the

absence of prevlous stl¡nuIatlon of the ¡¡usc1e whlle J.n a potasslu¡n-f¡ee

envlronnentr subseguent restoratlon of potasslun d.ld. not ¡esu1t l¡
lnh1b1tlon of the elow phase of no::ad.¡enall¡e æsponses.

These e:çerl¡ents l¡dlcate that absence of potasslun d.oes not

narkectþ alter the æsponslveness of splenlc capsular snooth muscle to

norad.ænallne, but creates a sltuatlon ln whj-ch the muscle ls f¡hlblted

þ eubsequent restoratlon of potassium to the external ¡ned.lum. ft is also

evld-ent that the depresslon produced þ potassh¡m depend,s upon so¡ne changes

occurrlng d.urlng stl¡ula,tlon of the nuscle l¡ a pota,sslun-fæe med.iu¡n.

In a furtlsr serles of slx experlments the muscles ltere stlm¡lated.

1n a pota,sslun-ft¡ee ned.lum and. the ¡¡ed.lu¡r ¡ras tlÞn r.eplaced. wlth lhebs-

lienselelt so1utlon. Responses to no::acl¡enall¡re decreased. narked.Iy when

tested' 5 ¡¡t¡ after the repJacenent ar¡d. we:re 63.4% of the control responses

ln the potasslun-free solution, However, wlth the nuscles kept continu-

ousry 1¡ lbebs-ltrenseleit solutlon, the responses æcovered., reachfuig

control levels Ln t+j ntu (r1g. 33).

although the t¡hlbltlon of norad¡gnalfuie æsponse by a pre-

t:¡eatnent rlth potassturn (5.1+ nt't) for 5 ¡nln before stl¡ulatlon beca¡¡e less

when the nuscle was contlnuously e:çosed. to the saJ[e concentratlon of po-

tasslun a¡rd. tested. Iater, ¡rhen the l¡hlbltton was produced. ln another Ì¡ay

as shown ln Flg. /+ a d.lffe¡ent :æsu1t was obtaf¡ed.. Ïn the upper panel

(¡'tg. l4A) potasslun (: rr,l¡ d.ecæased. the response of norad¡enallne

(ro-e s/nl) ro &+% of the control response ln a pota.ssiu¡n-fæe nedlun.

No::ad.renall¡e was washed. out and the nuscle left in Kzebs-Ilensereit

solutlon for J0 n1n. The response to norradrenallne lncæase¿ to 89/ of
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FLg. !+. Preventlon þ norad-æn¿I1-ne of recoveqf of spleen capsulå,r
nuscle fmn l¡hlbltlon car¡ned. þ potasslnn.

A. , Spleen strlp wa"B sttunulateil with nota.dr€naffne (-tt¡)
l¡ a K-fæe nedlu¡ ( O ), The second. æsponse obtalned.
2 ¡nln after additlon of Kcl to the nedfu¡n uas æituced. to
64% of the contml. The nuscLe then kept tn ¡c-ts-H"nse1e1t
rnedtun ( o ) ror J0 ntn recoveæd. its senslttvlty to NA.

B. spleen stz{.p stlmrLated. wtth NA 1n K-fæe nedlun ælaxerL
on additlon of K01. l{o æcor¡ea¡r oecurred. ta J0 nln.
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controlo In a parallel e:çerl¡nent (tr'tg. l4A) a cont¡:actlon to noradæn-

all¡e was obt¿lned. ln a potasslu¡n-f¡ee nedlun and. potassiu¡n chlorüe (J nU)

was add.ed at the peak of the contractlon. A p:rornpt rel¿,xatlon of the

¡nusclo ensued. Even though th€ potasslun concentratlçn ¡vas nalnt¿,l¡ed. for

J0 rnln, therss was no tend.ency for the nuscle to ægaln lts orlglnal tenslon.

c) Effect of d.lfferent concentratlons of ootasslum on response

to norad.renalfuie Ln potasslun-free ned.lun

Pa1red. ¡tuscles 1n standa¡cL lbebs-Ilenseleit solutl-on ¡re¡¡e ffust
stlnurated. wlth no:rad.renaIfue (ro-6 e/^t) urtll- const¿nt æsponses weæ

obtalned.. One ¡nuscle lra^s then placed. 1¡ potasslun-free solutlon and. the

other strlp re¡nafuied. fx Krebs-Ilenselelt solutlo¡ for conparison. Both

¡nuscles reæ stlmulated. agal¡ 15 nl¡ later. I{hen the noradænal-1ne con-

t::actlon :¡eached. a plateau¡ potasslun chloride ¡¡as ad.d.ed. l¡ a cunulatlve

fashlon to both strlps, Concent¡:atlons of, potasslum ch-lor{.de up to l+.2 m},1

rola:<ed the ¡nuscle lmne:rsed ln potasslu¡r-free ned.lun (ftg. j5 ), A

potassluru chlorld.e concentratlon of 6û ,ayt d.ld. not alter the tensl-on, but

at a concentratlon of B.4 n¡{ the tenslon sllght1y l¡creased.. Thus potas-

slun chlorid.e had a dual, concentration depend.ent, effect on tenslon

ln potasslum-fæe ned.lun. Conversel¡ ln a nuscle suspended. ln lkebs-

llenselelt soLutlon (potasslum concent¡:atlon J.4 nlvl), ralsfng the external

potaeslun concentratlon to 9.6 nll dld. not clrange the tenslon, but at a
concentratlon of 11.? rnM a snall contractlon occurr€a (Fig. 3-F).

In anottrer e:çerlnent four spleen strlps.were stlmulated ¡¡1th

noradrenalhe (10-6 U/^t) ln pota,sslu¡n-f¡ee med.lum four tfu¡es at IJ rnln

lnte:cr¡als. When the fourth :response reached. a plateau, potassirur chloride

(Z *U) was add.ed to the four baths (f1g. 36A). The nuscle:re1anced.,
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35, Effee,t, o.f KCI on æsponse of spleen strlps to no¡ad¡enal1ne,- 
10-6 d^L, (n¿).

41 ln K-fæe ¡¡ed.ù¡¡n ( o )¡ B, ln lhebs-Ifenselelt solutlon( O ). KOI was added. at K, ¿ttt tte concentratlon in tte
btldrtg solutlon as lndlcated..
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:red.uclng the actlve tenslon due to norad¡enallne by t*O%. The nuscles

were washed. free of extr"aceLlular potassiun chlorld.e and. challenged twlce

wlth no::ad.rena1fuie. lfhen the second. reaponse :¡eached. a steaer leveI, the

potaesiun c}¡lor1d.e concentratlon ln the baths ¡ras raised to 10 nU (ftg. 1t6B),

A gneater relaxatlon (9011) wELs seen. the responses rith 6O a¡¿ 140 ¡nll of
potasslun chlorlde ne:¡e slnlIc,rly stud.led (ffg, 36 C a.na O). pot¿sslu¡n

chlorlde (60 mu) produced. only a 2576 decæase ln tenslon followed þ a

secondary lncrease ¡rhlch exceed.ed. the contrcl level by 3016. Wlth 1¿Ð nM

potaselun chlorld.e tlrert was no relaxatlon. A qulck but unsustained.

lne¡aaee ln tenslon was seên¡

Ttese :¡esults suggest that hlgh concent¡atlons of potassir¡n car¡

overcone the relaxant effect seen with low concentratlons. The optfunrn

concent¡atlon of potassiurn ct¡lor:lde for causlng rela:catlon Ls bet¡yeen

6 ar¡d 10 m.lt{.

It was hy¡rotheslsed. that some charige occurred. fui the nuscÌe nhen

lt was stfunulated wlth no:radrenaLfne ln a potasslun-fæe ned.l¡¡m. This

change 1s absolutely necessarxr for allowlng pota"ssù¡¡n to subsequently

exert lts 1nh1bltory effect. Norzdæna1l¡e ls Isro¡yn to cause ctepolarlsa-

tlon of snooth nuscle wtrlle tnduclng contractlon. Thl-s woulcL ¡esu1t i¡
lncreased. penneablllty of the ¡ne¡nb:rane anrd. d.ownhill ¡uove¡uent of sod.iun and.

potasslun. fn the absence of externat potassÍ:n the menbrane sod.ir.un pr.rnp

ls lnhlbited. Thus ar¡ lonlc Lnbala¡rce caused. by norad.renall¡¡e nray be per-

petuated. 0n restoratlon of pota,sslum the punp wl-lI resune lts fnnctlon.

If the efflux of sod.lu¡n ls coupled. wlth a sllullar lnf}¡x of pota,sslum then

no net novement of charge ¡1111 take pJ-a,ce a¡¡d. the ¡nemb:¡ane potentlal wLLl

not clrange. However, lf the punp operates for sone leason ln a fasfulon
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îLg. J6. Effect of potasslr¡n on æsponse of reser¡rfne treated.
spleen sta{.ps to no::adler¡aline obtalnecl. l¡ a K_fæe
ned.lun.

Cont:ractlon due to no¡sd¡enall¡e (fe), LO-6 glnJ,,
KC1 added as ind.lcated..
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ln whlch the net effLux of sodLum exceed.s the lnflux of potassl-un then

the ne¡nbrane wlLl h¡ryerpolarlse. Thl-e nay be the cause for inhlbition of
l¡esponseB to noradrenall¡e. flcweve¡, l:f the nuscle contlnues its lncuba-

tlon fn Krebs-llenseleit solutlon then eventually the p,,np ls e:çected. to
¡estore the lnternal potasslum 1eveI as the sod.lum ls punped. out. If the

electrogenlc nature of the punp ls d.ue to the lncrease in the internal
sodlt¡n concentratlon or a decrease ln lnternal potasslum or both then

restoratlon of normal lnternal concentratlons of these tno lons d.urlng

t'he contlnued. presence of potasslurn w111 lead. to recovery fron lnhibltlon.
However, lf tho nuscLe contlnues to be acted. upon by norad.renallne d.urlng

the presence of potasslun, then ln splte of the actlvatlon of the puJrp by

potasslun in an electrogenlc fashlon and. the consequent relaxatlon of the

¡nuscle, the tendency of thls punp to restore normal ionlc concentration

may be ov€rcome by the nalnt¿lned. d.ownhlIl lon novenents as a consequence

of tho actlon of noradrenallne, Thus the lnhlbltlon wllL not show any

tendency to subslde. Other causes of lnhtbltlon have also to be tested.
tr'or e:ranple, an lncrease flt potasslu¡n or chlorld.e perneablllty or a d.ecrease

ln sodlu¡¡ permeablllty by lncreaslng external potassiu¡n nay ¡s rrnFortant

factors. Flnal1y potasslun rnay alter tlssue sensltlvlty to no::adrenalLne

by a non-eLectrlcal nechanLsn. The following e:çerlnents rere d.one to
test the above proposals,

rf stlnulatton of an electrogentrc sod.lu¡r punp 1s lnvolved. 1n

dec¡ease ln sensltlvlty, then procedures ¡rhleh lnhlbit the sodlwn purnp

should prevent the d.ecrease ln sens1tlvlty.

j
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rn slx experlrnents spleen strlps ffo¡n reserplne-treated. cats

were stlnulated. 1n potassfu¡¡r-free ¡nedfi¡n ¡rlth norad¡ena1lne (fO-g g/nL)

four tl¡nes at 15 ¡nln lnte¡n¡aLs. I{hen the fourth response to norad.renall¡ne

reached- a plateau, potasslt¡¡¡ chlorld.e nag ad.d.ed. to attaln a concentration

of 2 nM. A ¡n¿rked rela:<atlon (48% of tot¿.l contractlon) occurrea (rtg. j?^).
The nuscles we¡e then washed. free of no:rad¡¡enallne ln potassiun-free

¡ned'lun and ouabah (fO-9 e/rù) nas ad.d.ed. to the bath¡ after 15 nln another

response to norad¡enallne was obtalned.. Pot¿sslun chlorid.e (Z rfq) ¡{as

a'galn ad.ded and. rela¡øtlon noted.. Norad.:¡enallne was then nashed. out nlth
potasslun-free ¡nedlun and a hlgher concentratlon of ouabain (fO-A e/nt)
added and the prevlous procedure repeated.. In the saJre way relaxatlon

lnduced by potassfu¡n chforlde was tested. in the pæsence of J x 1g-8, to-?
and' J x 10-7 g/nl ouabaln. Snall concentratlons of ouabal¡o (3 x fO-9 ana

10-B 8Án1) produced. sJ-lght lnc:¡easeg ln :¡elaxatlon but these nere not

st^atistically slgnlflcant (flg. 3?Brc). Hf-gher concentrations of ouabaln

(3 * ro-8r r0-7 and. J x r0-? e/nr) 1nhlblted. the response to potassiurn

chlorlde to JB (p 0.05), IZ.5 and O% (p<O.Ol) of the no¡ad.:¡ena1lne

reÉ¡ponse respectlvely (f'tg. 3?DrErE). Representatlve traces are shorm 1n

Flg, JBA and. lt. In thls ex¡rerlnent or¡abaln (i * rc-? g/rrrL) d.ecreased. the

lnhlbltory effect of potasslun chlorlae (2 nru) to a very snall relaxatf-on,

whlch was then follored by a srnall cont:ractlon. Inhlbltlon of potasslun

responses by ouabaln was reve::slbl-e, and. the ti¡re for ¡ecovery varled.

from J0 - 45 ¡n1n for snalr concentratlons ( 3 * ro-8 g/Í,L) to nore tlran

90 ¡nlnutes for the ¡na:rl¡nu¡¡ brocklng d.ose of I x 7g-7 g/nL of ouabaLn.

d) _E{fect of ouabaln on potasslun lnduced lnhtbltlon

norad¡enallne responses 1n capsular snooth nuscle
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The bl'oekad.e by or¡¿baln could. not be overcone by lncæasing the concentra-

tlon of potaeelun chLorld.e, Instead., an lncæase ln tenslon :¡esulted.

dependlng on the concentr:atlon of potassÍun chlorld.e.

e) Effect of substltutlon of 1lthlun chlorld.e for so¿iun chloride

on pot¿sslw¡-lnduced. lnhlbltlon of tesponses to norad.renall¡e

When Ilthlun chlorid.e ls substituted. for sod.lun chlorlde, it
enters the lnt¡acellul¿r ¡Yater. However, the sod.lun punp [s unable to :

punp out llthLu¡n. As a result, tlssues load.ed. wlth llthlunr fail to ly¡len-
polarlee when the sod.iìrn purap ls stlnulatea (ruraar and. Kaglyana , L96f|. .

Thonas, )1969).

Ï¡ flve e:çerj-nents spleen strlps fro¡n :¡eserpine-treatæd. cats we¡e

flrst stlnuìated' four tlmes wlth norad.¡enallne (ro-e g/nt) 1¡ a potassir¡¡n-

f¡ee nediunr After the fourth nesponse ¡eached. a plateau, pota,sslun was

ad'd'ed 1n a cunulatlve fashlon to obtaln concent¡¡atlons of O.J¡ 0.5, 0.9 an¿

r.2 mlr ln the nedlu¡¡. Each lncrease fu¡ concentratlon nas nad.e after the

rel¿xatlon due to the pævloug concent:iatlon was conplete, The tenslon at
each of these polnts was e:q)¡essed. as a percenta6e of the inltlal tensLon 

¡,,,,due to norzdrenêllne. No¡ad¡enallne r¡as tben washed. out ln a potassiurn-f:ree i-'

bathlng nedlun. F1na1ly the above potaesiun-f¡ee solutlon rhlch contalned :

sod'lun was replaced- ¡vlth a pota.sslun-free solutlon ln whÍch Llthlum chlorLde
was eubetltuted for sod!¡n chIorlde. There nas a pronpt but snarl ¡elaxatlon"
The strlp g:radually contracted. ttrereafter to bear a tenslon of I.ZJ - 1.4 g :,jl

after J0 nln. The strlps were ã€aln stlnulated. ¡rlth noradrenalfue (ro- 6 g/*L) 
:

a¡rd when the æsponse had :¡eached. a plateau potasslwn chlorld.e was agaln

added. ln a cunulatlve na,nner¡ Às can be seen .in Flg. lgB and. 40,
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Flg. lB. Effeets of or¡abaln and lltù¡lr¡n chlor¿de on æl¿xatLon
due to potåssfuxr chlor{-de¡

Oonlractlons ln potasslun-fæe solutlon due to no:ndrenalfrte,
10-o.9,/n1, ln strlpa fron a @,+, tæated. ¡vfth æseei¡er
I :r6y|kg' 24 hours befoætrand.. KOt added. as l¡d.lcated. to
lnhiblt tlæ contractLon, Ou¿baln added. or K-fæe NaCI con-
talnlng solutlon (f-free) æplaced. rlth a K-fæe solutlon' ln whlch NaCI nas æplaced. wlth LlCl (fa + K-fæe tlCl Knebs)
as lndicatêd..
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Bffect of or¡¿bal¡ on rela¡çation l¡duced. þ KCl,

Responses obtai.ned. ¡rlth no¡adrer¡¿ll¡re, 10-6 e/¡"f. (lfA) j¡
K-f¡ee ned.lu¡n. KCL, 2 n!{, added. at K,

A, Oontrol lesponset B^ C and. D rsesponses lx the pæsence
of ouabln 10{r 3 x tO-u úd 3 x 10-7 g/ml respectively.
Nu¡nbers above each æconl l¡d.lcate the f¡t¡lbltlon elqrressed.
as¡ a percentage of the peak actlve tenslon.

-51o/o

3 xldZg¡ml



t.19, l*0. EÌFfect of substltutlon of Ilthfu¡n et¡lord.de for sodlun
chlorrde on tlæ rel¿xatlon of spreen strips stlnuratecl¡'lth no¡ad¡enallne in potasstr¡n-free nedli¡¡.

lpleen strlps fron æser¡rlne !æated "'ts Here stl¡n¡-
I^ated nlth norad.ænarrne, yg-6 &/nL. At the peak oicont¡øctlon the p,otaeslun concedtration of trrä-*r¿ir-
na"s t?creaßed to 0.3, 0.5, 0.p and. 1,2 m¡rl, Ihel¡hlbrtlon of the non¿ænarlne-r-¡rdueed contraction¡fas etqraressed. a,s ¡nrcenta8e of the actlr¡e tenslãn---proclueed. þ nomdrenallne-( -r ). fte sartr;--ãt"îpuwe¡e then placed. rn a potassrun-ibee ned.:rum in whieharl tte sod.iun chlorlde was æpJaced. þ Llcr. it*--strlps we¡e then nadê to conträct wrtt¡-no-aa¡enãrt.
an* potasslun concentrration increased. u ãt"p"ì; Ë_fore ( o ).
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the relaxatlon after each concent:ratlon of potasslu¡a was signlflcantly

red.uced d.ue to llthlun substltutlon. More prolonged. lncubatlon of the

r¡uscle tn (Na + K free) llthlu¡n-contalnlng solutlon :¡ed.uced the potassiurn

chlorld.e response even rnore. Flg. l8B shows cornplete blockad.e of the

potasslun chlorld.e (Z rU) relaxatlon after lncubatlon for 60 nin ln the

l-lthlum-contalnlng so1utlon. As ln the experl¡nent with ouabah (3 x 10-7 g/nl),
potaselun ehl-orlde (Z rU) now produced a s¡naIl cont:¡actlon i¡stead..

f) Effect of reductlon of tenperature on relaxatlon lnd.uced.

by potasslu¡n chlorld.e

tslologlcal processes depend.lng upon actlve or enzy¡ne-d.epend.ent

processes are vel1r sensltlve to changes ln anblent temperature. 0n the

other hand nechanls¡ns dependlng on changes ln ¡nenbrane reslstance are

belleved. to be Less sensltlve to changes in teraperature (naff and Gilman,

Lg?O). The effect of red.uclng anblertt tenperature on relaxatlon lnduced.

by potassluru chlo{ld.e was therefoæ hoped. to shed sone light on the nature

of the process lnvolved..

Four experlments were perforned. to test the effect of ternperature.

Spleen strlps were first stlnulated four tl¡¡es wlth noradrer¡allne (fO-6 e/nl)
ln potasslum-free nedlun al )7oC. The anblent ternperatu¡e was then reduced.

Lo Z)oC and lJ ¡nln Later another response to norad.renall¡e ¡ras obtaLned.

(tr'tg. 41c). Addltlon of potasslun chlorlae (4.2 nl't) to the bath after the

contractlon had. rreached a plateau produced. no change Ín tenslon, The

potasslum and no::ad.renaLlne were then washed. out wlth potasslurn-free solu-

tlon, the temperature ralsecl to 3loC and. aùninlstratlon of norad.renall¡e

and potasslun chlorld.e repeated.. slmllar tests were ¡nad.e aL 3?oc. At

)3oC, potasslurn produced a relaxatlon whlch a¡now¡ted. to 5j% of the inltlal
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Flg. 41. Effect of tempe::ature on æl¿:ratlon due to KCI.

No::a.d.rena11ne, tO-6 g,/nt, (ln) added. to potasslun-free,solutlon bathlng spleen strlps at varlous a¡nbient
temper:atures.

KCl-, t+.2 nll, was a.dd.ec[ as fu¡d.lcated..
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cont,ractlon whlre al j?oc thls lncæ aseð. to 69y'o. Each of these vaLues

was slgnlflcantly (p<0.01) dlfferent fro¡n the other:s. The potasslum-

lnd.uced. relaxatlon shoned. a hlgh tenperature dependence and between 2/oC

and 3?oC lt had a etO of ).).
The above ftndlngs, nanely blockad.e of potasslun-1nd.uced. relax-

atlon by low concentratlons of ouabaln or substltutlon of external sod.l-u¡n

chlorlde by llthlu¡n ct¡lorld.e, along wlth the ¡narked ternperature depend.ence

of the relaxatlon process, 1s very hlghly suggestlve of an actlve pïocess

belng lnvolved., nost llkely the sod.lu¡n pu¡trp. Earller lt ¡vas h¡rotheslsed

that such a punp was probably nad.e electrogenlc by elther an l¡crease ln

lnternal sodlurr or a d.ecrease ln lnternal potasslurn or both. Thls ¡¡as

attrlbuted. to the actlon of norad.¡enallne. If such a ¡neclranlsn exlsts

then relaxatlon of spleen strlps by potasslu¡n should aLso occur lf lonic

changes sl.lnllar to the above are produced. þ a d.lfferent procedure, ' It
has long been krronn that lncubatlon of smooth nuscle 1n cold. potasslum-

free solutlon for severa.l hours æsults l¡ dornhlll lon novenents as a

result of dfunlnlshed. actlvlty of the sod.Lun punp. It was therefore con-

sld.ered. worthwhlle to sto¡e spleen strlps ln a potasslum-free med.lun at

4oC for 2ll hours. The strlps were then lncubated. in potasslum-free ¡ned.lu¡r

at 37oC for J0 rnin. Ionlc analysls of these strlps sho¡red. a conslderable

lncrease ln lntraceIIular sod.lu¡n and. loss of lntracellular potasslun.

The ¡nuscles were tlen stretched. untll they exerted. a tension of I g,

Experlments were done to fl¡d. out tle effect of potasslu¡n on the restlng

tenslon and on the lncæase ln tenslon produced. by norad.renallne. The

effects of ouabaln, llthlum substltutlon, Iow tenperaturre, substltutlon

of an funpermeant a¡rlon lsethlonate for the external cl:Ioride were also
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studled. Slnce narked lonlc changes occunred. l¡ the spleen strips d.urJ-ng

cold storage lt was hoped- that the potasslum-lnduced relaxatlon could

poeslbly be correlated. wlth changes ln lon1c composltlon of tte nuscle.

g) Effect of potasslun chlorld.e on r€stin8 tenslon and

'1, responses to norad¡ena1lne in sod.lun_loaded sþleen strlps

rn th¡ee e:çerfunents, the sod.lw¡ load.ed. spleens weæ stretched.

to 1 g tenslon whlle suspended. ln a potasstun-free solutlon at 37oC.
: After l0 nln, they we:se stlnulated with noradrenalhe (10-6 u/*f trlce

, at lJ nln lntel:val. The trro pháses of co¡tractlon were someti¡nes not as

clear as in no¡¡nal spleen strlps. Fig. 42 d.eplcts a slngle t¡pical eJçper-

' lment. Potasslum cl¡lord-de (¡ rU) add.ed. to the potassiura-fnee bathlng

nedlun red.uced the restl¡g tenslon. Maxl¡num ¡elaxatlon occurr€d. 1n about

I J - 6 nLn. Re¡nova1 of potasslu¡n shorbly after the tlssue began to relax

I resulted. ln a partl¿l restoratlon of tenslon. These results are sonewhat

i dlfferent from those obtalned from fresh spleen strlps incubated. in potas-

I slun free ned.tum whe:¡e the ¡estlng tenslon d.ld. not change, The response

to noradrenallne (fO-6 e/^t) was rnarked.ly d.lnlnlsbed. when tested 2 nl¡r

..,.t 
after ad.d.ltlon of potasslun ctùor{-d.e. The d.ecrease was rnalnly ln the

slow phase. If the muscle was then kept ln the potassir¡¡r-contalnlng

'' nedlun for /0 mln after norad¡enallne was washed. out, sensltlvlty to nor-

adrenallne lncreased¡ the lnhlbitlon of the ¡esponse to norad.renal-ine

not only decreased., but ln fact the response ¡ras larger tl¡an the control

.:. rosponse prevlously ellclted. ln the potasslun-free ¡ned.lum., The ¡nuscle

lras agaln washed. fæe of potassluar a^nd. lJ ¡nln later when nolad.renalÍ¡e

was tested, there ïas a smalI further lnerease ln the noradrenaline

resporser Thus thls prreparatlon showed the sa.me klnd. of brlef inhlbltory
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îLg. 42. Effect of KCI on tÌÞ tenslon and. responslveness to
noÌ.ad-renaffne (wl) of sod.Lum loaded ãpleen strlps.
The strlps Trere sugl,ended. in a K-f¡ee ¡aed.iu¡n.
N.o:radrena11ne, 19-õ g/nI¡ wâ^s added. at NA, and KCl,
5 ñh as l¡¡dlcated.. Note the lnltf"al short
Ìastfng lnhlbltton folloned þ recoverJ' of æsponse
due to NA ln the pæeence of KCl. ne¡nóval of ftCf
produced. further Ir¡rmveænt fur response to NA,
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effect of potasslun as seen ln the no¡naI spreen strlps 1n earller
e4perlnents.

h) Effect of ouabaln a¡rd ]-lthlu¡n on potasslun induced relalcatlon

In two experlments, four sodlun load.ed. spleen strlps obtaine¿

fro¡n neser¡llne treated. cats were stretched. to 1 g tenslon ln potasslgrn-

free ¡ned.lun. They wene then exposed. to potasslun ct¡-lorld.e for 1 ¡nln an¿

the ensulng relaxatlon noted. (¡,tg. ¿+3A). The spleen strlps were qulckly

washed f¡ee of potasslun and. allowed. to regaln the lnltta,l tenslon. I¡alf
the spì-een strlps ¡ve:re ct¡anged to a solutlon eontainlng llthlum chloride

but no sod.lum or potassiun, and. the other strip re¡nalned. Jl potassiun-fæe

solutlon. The change to the solutlon wlth llthiu¡n chlorld.e prod.uced. a

translent blphaslc clrange in tensl¡ln¡ a contractlon fol1owed. by neÌaxati.on.

The :nelaxatlon d.ue to potasslum chlorlae (2 nlt) d.ecreased, ?O% ln strtps
placed ln the solutlon cont¿ln1ng llthturn chlorlde whlle the responses j¡
the strlps that renal¡ed. 1n potassium-f:¡ee solutlon were unchanged..

In sinllarly deslgned. e:çerlments the æsponse of sod.lu¡n 1oaded.

reser¡rlne treated strlps to potasslwn chlorl¿e (5 nl{) was flrst d.etermlned.

(f'18. 438). The strlpa were then washed. fæe of potasslun chlorid.e a¡rd.

exposed. to ouabaln (3 x fO-8 e/rl) for IJ rnln. Potasslun ct¡lori¿e (f o,U¡

then caused. a relaxatlon whlch was only slfghtly less tha¡r ln the control

response but the rate of :¡era:<atton was nuch slor.¡er (Flg. 43c). The

strlps were agaln ¡rashed wlth potasslun-free solutlon and. exposed. to

ouabaln (fo-Z g/nt) for lJ min. Potasslu¡r cblorld.e now produced. a snal-I

contractlon lnstead. of a relaxatlon (F1g. tDD). As in the earller exper-

l¡nents done on no¡nal spleen strlps, the blocklng effect of ouabaln cou1d.

of snooth ¡nuscle and. on lnh1blt1on of



F14. I+3. Modlflcatlon of ttp ¡ela:cant effect of potasslun
(XCf) on sodfu¡m-Ioad.ed. spleen strlps.

A. lte flrst lsaponse dr¡e to KC1 was ellclted. 1n a
K-f¡ee sodlu¡n chlorlrìe contalnlng rnod.lfled. Kæbs_
Ilenselelt nedft¡n ( O ). On rashfng KCI out, the
tenslon rose to no¡mal. 10 nln tatei the bathlng
n9d':[un was c]anged to a K-free nedlu¡n in whlch sodlun
9hlor1d9 wls- reBJaced by lithlr¡n chlortde ( iililili:ii ).A tra¡rslent blphaslc ctrange ln tenslon o""rr""-ä.
10_¡nln l¿ter agpllcatlon of KCI resurted iJr a s¡nallerrelaxatlon.

?. -_99"-t*1 response of a sodfi¡¡n-Ioaded. spleen stripto KCI l¡ a K-trree sod.ium chlorld.e conta:_ãfugsolutlon' KCl nas washed out after peak reIãxation
occuæd..

Cr D. Red.uced. responaes of same strlp ln the
presence of ouabaln 3 x fO-8 and. lO-Z-g/mL respec_tlvely.
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be removed. elowly by repeated washês,

Ae d.escrlbed. above, responses to norad.renallne we¡e lnhlblte¿

when sodlun-Ioaded ¡nuscles relaxed. und.er the lnfluence of potassium. The

followlng e:çerlment ¡ras done to see lf thls lnhl.bltlon could. also be

bl-ocked. by ouabaln. Three experlnents r¡ere d.one on paJ-rs of sod.lurn-Ioaded.

strlps suspend.ed. ln potasslum-free medlun (rl.g, ¿r4). Responses to nor-

ad.renalln" (fO-6 g/^t) were obtalned. fLrst. One of the pafured. rnuscles

was th€n treated. wlth or¡abat (fO-? e/nt) for 1J nln. I{hen potasslun

chLorld.e (f rU¡ was now ad.d.ed. to medla bathlng both nuscles, the nuscle

treated wlth ouabaln exhlblted. a sna1l contractlon whereas the untreated.

musele :¡elaxed. (rnea^n rel-axatlon 0.91 g). Norad¡enallne ¡¡as ad.d.ed. to both

baths. The response 1n the ouabaln-treated strip lncreased. 18% over the

control val-ue lnstead of decreaslng by 8016 as ln the strlp which was not

treated. wlth ouabaln. Returnlng the untreated. ¡nuscle to a potass,iul¡-free

ned.lun :¡estored. the response to norad.renallne but tte or.¡abaln-treated.

tlssue d.ld not change lts response ln potasslun-free med.iun. ?his suggests

that lack of lnhlb1tlon of noradrenaline response ln this tlssue T{as

rnalnly d.ue to blockad.e of the sodlu¡n pulnp W ouabein.

1) Effect of te¡nrerature on potasslr¡¡r-lnduced. relaxatlon of

sod.lun-loaded. spleen strlps

Four sod.1u¡n-loaded. spleen strlps we:¡e lncubated. il potassium-

free ned-lun at 18oC and stÌetehed. to exert a tenslon of 1 g. Potasslum

chlorlde (S tU¡ was ad.d.ed. to each. No change l¡r tenslon resulted, Potas-

slum ¡vas then washed. out and. the a.nblent tenperature lnc:reased. to 24oC.

After lJ mln potasslun chlorlde was relntroduced. In thls nay the l¡esponse

to potasslun at 3OoC and )loT was also measurea (Ftg. 4S). The e1O of
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Flg. ly'l. Effect of potasslum on sodlum load.ed spleen strlps
bathed ln potassfu¡¡n-free medium.

Responses to noradrenallne, J:9-6 gt/nL, (U¿) in spleen
strlps fron cats treated. wlth reser?1ne, I dW,
2t+ hours beforeha¡rd. KgL, 5 rn!Î, nas add.ed. to the
K-free tethlng solutlon d.urlng the perlod lnd.lcatecL
by f q ). A, wlthout ouabalnt Bt wlth ouabaln,
LO-( g/ú, added as lndlcated..
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rolaxatlon from 20oC to 30oC ras l+.1. Thls hlgh value ln sod.lu¡n-Ioacled.

muscles ls sonewha,t gneater ttran that for potasslu¡n lnd.uced. rela:<atlon 1n

norrnal nuscles lncubated. ln a K-free rned.lun.

j) Effect of reductlon of external chLorld.e on pot¿sslun lnduced

nelaxatlon

ff lt ls assuned that potasslun lnduced. rela:<¿tlon of a ¡nuscle

whlch has been ¡nad.e to contract lnltially wlth norad.:¡enallne ls due to an

1ncnease1nmenb:a¡repotent1al'1t1sconce1vab}ethat1ncreased.l.nrrard'

punplng of chLorlde can be responslble elther alone or ln conjunctlon

wlth an electrogenlc sod.lu¡n punp for the same. 0í the other Ìrantl a d.if-

ferent sltuatlon is also posslble lf the cause of lncrease ln ne¡nb::ane

potentlal ls an electrogenlc soùlum pumpr If a certaln a.nount of chloride

accompanles the sod.lun thls ls Ilkely to :reduce the rnagnitud.e of lncrease

ln nembr:ane potentlal. Renonal of external chlorld.e w111 the¿ be e:çectect

to d.ec:¡ease potasslu¡n lnduced. relaxatlon 1f a chlorlde puap contrlbutes

to the tr¡rer¡rolarlsatlon wheæas d.epletlon of lnternal chlorltle w111 be

e:çected. to neduce lts shorbclrcultlng effect on the electtogenic sod-lun

pump ther^eby lncreaslng the potasslun lnduced. :¡e1a><atlon dependflg on the

lnd.lvLd.ual nechanlsn that ls prevalllng. These possibllltles nere tested.

as followsl

Four sod.lr:m-l-oad.ed. spleen strlps were suspend.ed. in potassiun-

free solutlon at 3?oC anal stretched. for J0 ¡¡1n to exert a tensLon of 1 g.

They were then e:çosed to potasslun chlorld.e (0.7 *m) and. the:relaxatlon

was neasured as a percentage of the fuIltial tenslon. The ¡ruscles welle

qulckly washed. free of external potasslun chl-oricle and. allowed. to regain

the inltlal tenslon. The bathlng rned.lun ln three baths was now replaced'
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Flg. 4J, Effect of tempe::atu¡re on the relaxa¡rt effect of KC1 on
sod-lum loaded spÌeen strlps.
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by a potasslun-f¡ee ned.lu¡n l¡ ¡rhlch sod.lwr cl¡Lorlde was replace¿ by

sod.lu¡n lsethlonate. A s¡nalr anount of chlorlae (2.5 ,,øq/t) fui the form

of calclun chLor{de stlll re¡nalned.. In this ned.lum, the ¡ruscles tenpor-
arlly galned. a very snal1 anount of tenslon, whlch ¡eturned. to norrnal

after iLJ min. AlL four muscles were a6ain tested. wlth potasslu¡n chlorlcle
(I mu¡ and the percentage relaxatlon of the nuscles e:çosed. to lon chlor-
lder potasslum-free ¡nedlun was conpared. r+1th the rel-axation of the sane

nuscle ln a med.lu¡n contalnlng a g:reater anount of chlorid.e, The fourbh

tlssue whlch served as a control reLaxed. egual1y both tfunes. The ¡elax-
atlon ln low chlorlde solutlon was l.],.ttft greater than the relaxatlon in
the mediwn contalnlng the normal anor¡nt of chLorld.e. Thls d.tfference was

not statlstlcally slgnlflcant.

spleen strlps

Forty flve spleen strlps were loaded. wlth sodlrr¡n by incubation

ln potasslum-f:¡ee nedlu¡n at l+oC fot 24 hours. They we:re then d.lvlde¿ into
flve groups and lncubated ln potasslum-fnee ned.iu¡n at )foT for l0 nin. A

slxth Sroup conslsted of flve no:mal spleen strlps lncubated for J0 nln
ln lbebs-Ilenselelt solutlon al 3?oC. Two groups of sodluln-Ioad.ed spleen

strips were treated ¡rlth ouabain (l * l:o-7 ghù) durlng the last rJ n1n

of the prelncubatlon perlod and thmughout the rest of the experl¡nent.

After the prelncubatlon was over, the no:snal spleen strfps and.

strlps fron one of the groups of sod.iun-1oa.d.ed. muscles were taken out for
estl¡natlon of lon contents. Potasslwr chlorld.e (S rm¡ was add.ed. to the

renainlng nuscLes. After 6 nfur, one group of untreated. an¿ another group

of ouabaln-treated. strlps rere t¿ken out for analyses, 1}wo hours Later

k) Effect of potasslurn on the ionlc contents of sod.l_un-Load.ed
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the renalntng tlssues wene taken out. The results are shown 1n Fig. 46.

The cold stored musel-es had galned 110.1 rnEq of sodiun an¿ 1ost ?6.9 Íg,g,

of potasslun per lltre of lntracellular water (p(o.or). rncubation ln a
potasslun chLorlde contalnlng solutlon for 6 ¡nfu ¡esulted ln a negJ-ig1ble

change ln lntracellular potasslun concentratlon but the sod.iunl concentration
decreased bV 39.9 ffiqh, ¡rhlch was statlstlcal-ly signiflcant (p< O,O5).

Thls decrease dld. not occur 1n ouabaln-treated. tlssues. Incubation in
potasslun chLorld.e-eontalnlng rned.lum for two hours nearly restored. the
lonlc concentratlons (atrterences fro¡r control stå,tlstically not s1gnlf1-
cant), but thls was prevented. by ouabaln.

It was nentloned' earller that an lncrease ln ne¡nbrane potentlal
can be prod-uced not only by etlnulatlng an electlogenlc punp but also þ
aJ-terlng lon1c cond.uctances. tr'or exa.nple, an lncrease 1n potassiurn

permeablllty w111 tend. to brlng the nembrane potentlal closer to the,
potasslum equlllbrlurn potentlal whlch has nornally a hlgher value. The

most acceptabre way of dlstingulshlng between the pump and the conductance

nechanlsms ls to estl¡nate the potassiurn equlllbrlu¡n potential on the basis
of the lntra- and' extracellular potasslun actlvltles (or concentratlons)

and neasure nenbrane potentlal d.urlng the relaxation prod.uced. by potassiun.
rf the me¡nbrane potentlal exceeds the potasslurn equlllbrlun potential then
the typer¡roLarlsatlon ls d.ue to a purnpr whereas lf lt d.oes not, then a
change ln cond-uctance ls ¡nore llkely. Add.lttonalry lf the muscle ce1l is
t¡y¡rerpolarlsed beyond the potasslurn egulllbrlun potentlal by passlng a

current across the nenb:rane and. lf extracellular pota.sslurn now d.eporarlses

the nuscle lnstead of Ìr¡rerpoJarislng lt, then a punp nechanlsn can be ex-
cl-ud'ed'' An at'ternpt was nad.e to ¡neasure me¡nbrane potentlal clranges i¡ the



::.; ,-::t li:.

-161-

150

È

I t2o
o(,

z9po
E

d óc,
(J

É.
t-

= 30

F16. 46. Int¡ucellular sod.fu¡n and. pota.ssiun concentratlons 1n
nornal spleens and ln cold stoloed. spleens erposed. to
potasslum chJ-orlde (5 tU).

A. Control r¡alue ln r¡ntæated. spleens¡ B, controJ.
value ln spleens stored at 4oC ln a K-free med.lu¡n
(coId stor¡e¿) | .C¡ cold stored spleen + KCI for 6 rning
li, or:aba1n (fO-o e/rrl) treated. cold. stored. spleen + KCI
for 6 nln¡ E, cold sto¡ed- spleen + KCI for 2 hr ar¡d'
F, ouabaln tæated. cold. stored. spleen + KCI for 2 hr.
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spJ.een capsular snooth nugcÌe, However, thls ÌEd. to be abandoned. because

of the d.lfflculty ln gettlng good. lnpalements ¡rlth the hlgh reslst¿nce

glass ¡nlcroelectrodes that have to be used. for snall s¡nooth nuscle cells.
The presence of connectlve tissue around. the ¡¡uscle cells and. the snall

slze of the nuscle cells are probably responslble for our fallure to d.o

electrroptryslologlcal stud.les on the splenlc capsular snooth nuscle.

An lnd.lrect approach ¡¡as therefore trled. Barlum lons are knorm

to decreaee potasslum pemeablllty ln snooth or skelet¿l ¡nuscles (Sperelakls

and- lbrr, 19651 sperelakls et al. , Ð6?) and this has been suggested as

a mechahlem for 1ts ablIlty to d.epolarlse nuscle ceIls. It ras ¡reasoned.

th¿t lf the neclanlsn of relaxatlon of splenlc capsular s¡nooth nuscle by

potasslun was lnd.uced. by an lncrease ln potasslurn perrneablllty, then thls
sho.uld. be mod.lfled. by prlor ad.nlnlstratlon of bariun.

1) Effect of potassLu¡n chtorlde on soleen qtrlps ln the

presence of bariu¡¡ ct¡Loride In potasslun-f:ree ned1un

Ttto spleen strtps lrere suspend.ed. fui K¡ebs-Henseleit solutlon

and another two ln potasslun-free med.lu¡¡. Barlu¡¡ chlorlde (2.5 nt't) nas

added to the four baths. The response of the strips ln Krebs-IÍense1elt

solutlon was a small lnc¡ease 1n tenslon (Flg. 4þ). The :responses

occu:red wlth a long latency (tS - 20 sec) a¡d. were lnltfa1ly rhythmlc ln

the strlps suspended ln l(r€bs-Henselett ¡ued.fu¡n. I¡ cont::ast, the strlps

suspended ln potasslu¡n-free nedlun (¡'tg. 474) contracted. much ¡¡ore strongly,

wlth no rtrythnlclty and. wlth a shorber latency (t+ - 6 sec). The responses

of the strlps to barlum chlorlde ln potasslu¡n-free med.lun were flve tl¡nes

Iarger tlu^rr those ln lkebs-HenseleLt solutlon. Add.ltlon of potasslun

chlorlde (f.t+ nU) to both groups of strlps rresulted. ln relaxatlon whlch
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Ft"g. 41. Effect of external potassÍum on the response of spleen
to barlum.

.4,. Response to BaCl2 t-n Krebs-llenEelelt solutlon. At
K external pota,eslu¡r chÌorl,d.e. Concentratlon nas
lncbeased, to 6.8 m.ü1 and. 8.2 nI4.

B, Responee to BaCl2 ln sane nuscle aftær exposure to
K-free nedlu¡n. K, 1;4 ¡nll was ad.dett as Lndl-cated".
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was nore n¿rked 1n the strip l¡n¡nersed ln potasslun-free nedlum. These

effects of potasslum on tenslon lnduced. by barlurn chlorlde were d.ifferent

fron those on tenslon lnduced by norad¡er¡allne. ft nay be ¡ecal1ed. fron

Flg. 3fr t-}:'¡t Íncreaslng the potasslurn concentratlon ln lfuebs-llenseleit

eolutlon d.ld not red.uce the norad¡enallne-lnduced. incæase ln tenslon.

Moreover, even 1n the tlssue ¡nade to r€spond. to norad.:¡enaLlne 1n potasslun-

f¡¡ee ned.lum tte percenta6e rela¡catlon due to potasslum (z.t nlf) was less

than the ¡elaxatlon d.ue to a nuch smaller concentration of potassiurn

(f.4 rnt{) ln the ¡nuscle whlch trad. been ¡na.d.e to contract by barlun chlorlde

ln potasslu¡¡-ftee med.lun.

r¡l four addltlonal strips fron separate cats, suspend.ed. in

Kæbs-Ilenselelt solutlon, responseci to 2.J nlf of barlt¡m chlor{¿e nere

obt¿lned.. The concent:catlon of potassfu¡¡n ln tle ¡ued.lun ¡¡as then reduced.

from J.ll n!Î to 0.3 nltf a¡rd 15 nfui later the ¡ruscles ¡{ere agaln stlnulate¿
wlth barlum chl-or{.de. After the æsponses were obtalned., bardr¡¡n ctùoride

wae washed out and the strlps lrere then In¡nersed. 1n a potasslurn-f¡ee

¡ned'lu¡n for IJ n1n. Barfu¡n cl¡lorlde was aald.ed. to the baths agaln. The

nean lncrease ln tenslon of strþs ln potasslu¡r-free ned.1u¡n was J.04 t 0,16 g.

Thls ras slgnlflcantly d.lfferent (p( O.O1) fron tte lnc:¡ease 1n tenslon i¡r

0.1 mM potasslurn ct¡loride (Z.t+t 0,l-74 g) and In 4,g rnlvl potasslum chlorlde
(r.03 t 0,033 s).

If potasslu¡n-1nd.uced. ¡ela:catlon ls d.ue to an lncrease in potas-

slun permeablllty and. lf the effect of barfu¡n 1n æduclng potasslun

permeablllty 1s non-conpetltlve, as has been suggested. þ SpeæIakls ar¡d.

co-workers (196?), then one should. e:çect a d.ecæase ln the abillty of
potasslun to rela:c tl-ssues treated. wlth barlun. The failuæ to ellcli
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thls and. the unexpected. lncæase il responslveness of the tlssue to
potasslun suggests that ln the presence of barfu¡¡n ch].orlde the eLectro-

genlc sod.Íun becomes more senetltlve to potasslu¡n ch-torid.e or alteznatl-vely,

potaoslwn relaxes these nuscles by a d.lffe¡ent mectranls¡n ln ad.ùltlon to

or 1n the absence of an effect on the electrogenlc sod.lun purnp. This was

lnvestlgated next.

n) Effect of ouabaLn on the ¡el¿,:catlon fnducett by potasslun

"hfo"ld" ln ru""l"" "thrlrt"d *lth b""1* 
"trlo"id"

Slx spleen strlps were lncubated. ln potassfu¡¡n-free ned.iun.

Thlrty ¡nlnutes later they weæ stlnulated rlth barlun chlorlde and- the

relaxatlon on lncreaslng potasslun ct¡lorld.e concentratlon of the rreùiun

1n a cumulatlve 
'rranner 

from 0.r nll to 5 ¡nll was noted..

Potasslun chlorld.e a¡rd. bariun ct¡lorld.e we¡e ryashecl out a¡d. after
lncubatlon for another IJ n1n 1n potasslun-f:¡ee solutlon the strlps wele

utr1¡¡'r]at€d. wlth norad.renalfue (10-6 u/^) and. the :relaxatlon noted., The

nuscles were agaln washed. wlth potasslun-f¡ee solutlon ¿¡.nd. ouabaln

(3 x fo-? thîJ) was ad.d.ed. to all the baths. Flfteen nlnutes later, nor-
ad:¡enaIlne ¡{as repeated. and. ad.d.ltlon of potasslun chlorld.e now failed. to
prod-uce any relaxatlon' As ln earller e¡perlnents, a slight conbractlon

occu:red-r lnstead' After anottnr wash 1n potasslun-free solutlon an¿

wlth ouabaln stll1 present, the strlps were finarry stfunurated. ¡¡1th

barlum chlorlde (z,S tolt) and. at the helght of confu:action, potasslun

chLoride (f tU¡ was a.dded. and. the relaxatlon noted., In strlps not treated.

¡rlth ouabaln the tenslon decrneased. by 85. )5 t 3û/" of the inltial f¡crease

due to barlum cÌ¡lor{-d.e and. to lesser extents t¡ the pïesence of snaller
concentratlons of potassltm (Flg. 48), In the presence of or¡¿ba1¡r the
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FIg. 48. Inhibitlon by $Cl of the tenslon produced. by BaCl2 (2.5 
^y)t¡ a K-fæe solutlon.

KCI was add.ed. after the contractlon.|nduced by BaCl2 had
reached a pJa.teau. Open bars shorv the rela¡catlon , -
expressed. as a percentage of the actlve tenslon prod.uced.
þ Ba0lr. Itratched. bar shows a d.ecæase j¡.KCl induced
lnhlbltïon ln the presence of or¡abaln (fO-O e/rol).
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rela:<¿tlon due to potasslu¡n chlorf¿e (5 nM) was only J8 t W8% of the

actlve tenelon produced- by barlurn chlorld-e. Thls effect of ouabain was

hlghLy slgnlflcant (p<0.01). Thus the or¡abaln sensltlve conponent of

rela:<atlonrwhlch nost prrobably represents the contributlon of the sod.ium

PmPr Ls 29% of the actlve tenslon p:rod.uced. by barf.urn. Since a sfunllar

concentratlon of potasslun chlorl-d.e prod.uces a €M decæase fu¡ the active

tenslon prod.ueed. þ norad.renallne ln a potasslun free ned.lun and. also

because thls effect ls entlrely blocked. by ouabaln, lt appears ttrat the

ouabaln eensltlve relaxlng ¡rechanls¡n of potasslu¡n fui the presence of

barlu¡n (zgø) ls less than thåt ln the presence of norad¡enaline (6tt%).

The rneason for thls d,lfference ¡1111 not be clear untll a posslble i¡h-lbi-

tory effect of barlum on the sod.lun punp ls nrled out. Even thoqgh the

use of barlu¡r d.ld. not provlde clear cut evld.ence negard.lng the posslble

role of pemeablllty changes ln ned.latlng relaxatlon d.ue to potasslum, it
beca¡ne obvlous that ¡nore ttra¡r one ¡nechanls¡n n¿y be lnvolved-. Nevertheless,

ln th€ preaence of noradrenallne, the pæd.o¡nlna¡t mectu¡r1s¡n for ælaxation

by potasslu¡n ls stlmulatlon of the sod.lrrtr punp.

XIV. Effect of rese¡Dlne, cocalne and. 6-hJrdro:S¡dopanlne on the

two phases of congactlon due to norad.renaline

Up to thls polnt the effect of agents which d.epress s¡rooth

nuscles on the two phases of norad.renall¡¡e we¡e stud.led.. Sevelal proced.ures

have an opposlte effect on s¡nooth muscles and. cause supersensttlvlty to

varlous agonlots. It ¡vas therefore proposed to stud.y the effect of thæe

such Brocedures 1n the spleen - na.nely t:¡eat¡rent with reserplne, cocalne

or 6-nyarorydopanlne.
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a) Effect of ¡reserplne

Adnlnlstratlon of æser¡rlne (f rg/kg) to the cat 2t+ hr earlier
prod.uces an unspeclflc eupersensltlvlty of the spleen strlps to catechol-

amlnes and. other agonlsts. Thls 1s acconpanled þr a depletlon of end.ogenous

catechola¡nlnes. the supersensl-tlvlty Ìùas neasured on the basls of a shlft to

left of the d.oee nesponse (lsotonlc contractlon) curve and. a.n lncrease in

the ¡raxfurun ¡esponÊ¡e of the spleenr It 1s generally beLLeved. ttrat super-

sensltlvlty prottuced. by reserplne 1s due to a¡ effect of tlæ d.rug or sone

posteynaptlc gtnrctr¡¡e or nectrarrlsn (Davt¿son Ì Lg?O). I¡r slx eþerfnents

spleen strlps fm¡n a reserplne treated. and. a cont¡o1 tlssue were paired.

and. stlmulated. wlth varlous concentratlons of norad.:¡enal-1ne. Dupllcate

sannples fro¡n each control and. reserplne treated. tlssue were analysed for
thelr catechola¡nlne content a¡rd the nean content ¡¡as found. to be

2.94 ! 0.3 g and 0.042 t o.oo4 pe/g tlssr¡e wet welght respectlvely. The

depletlon of catechola¡n1nes due to reserplne a.¡aounted. to p8. 5% of Lhe

controL value. The ttrreshold. concentration of noradrenallne 1n the control

tlssue was 10-8 g/ml and. naxl¡aum response was obtal¡ed. yrlth 3 x 1O-5 g/n]',

The lsometrlc contractlons prod.uced. by snaller concent:rations of nor-

ad.nenallne had. proportlonately s¡naller slow phases compared. to the rapid.

phase. In fact ln some tlssues an lnltla1 fast phase was followed. by a

grad.ual decrease 1n tenslon slnIIar to sone ear.Ller experfunents tn whlch

the spleen strlps were stlnulated. wlth no:¡adrenallne in the presence of

EGTA (15 mM). However, on lncreaslng the concentratlon of nor.ad.renallne,

the slow phase becane nore pronlnent. The rapld phase also lncreased.,

though less ln proportlon to the slow pÌrase (Flg. l+g).. Wlth very high

concentratlong of the agonlst so¡netl¡nes the upper l1ntt of the fast phase
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nerged lnd.lstlngulshably wlth the slow phase. In such cases responses

were obtalned lJ sec after e:çoslng the strips to EGTA (f¡ nU) - a

procedure that ha"e prevlously been shown to d.lssoclate the fast phase

fro¡n the eJ-ow phase. Reserplne t:¡eated strþs had. a tl¡¡eshold. of

3 x rO-9 g,/nr ana contracted n¿¡cl¡naIly ln response to 10-5 g/m1 noraaren-

aline. The d.ose lnesponse curîve was shlfted. to the left but no ctrange in

the ma:citnu¡¡ was seen ln the cülîlfer Isonetrlc responses thus d.lffer fron

leotonlc contractlons of reserplne treated. spleen strlps tn whlch the

naxl¡nu¡n response ls hlgher. l{hen the ¡at1o of slow to fast phases in

reserplne treated. p:separatlons was conpaæd. ¡rlth those fui control tlssue

1t was for¡nd that for any given concentratlon of norad.renallne the ratlo
was sllght]y hlgher ln the reserplne tlssue. Thls difference was not

statlstlcarly slgnlflcant at ttre 0.0J level except for J x 10-? g,/nr nor-

ad.renallne. Ho¡rever, when the responses of reserplne tneated. strlps to
thls concentrratlon ïere co¡upared. ¡rlth nearly egulvarent responses l¡
control strlps d.ue to Lo-6 ghrú, no statlstlcal slgnlflcance could. be

found.. Á' very curlous obse:n¡atlon ln rneserplle treated. tlssues ¡ras the

pxesence of rþthmlc contractlons of sÍrall anplltud.e superlnposed. on the

slow phase of :nesponses obtalned. d.ue to norad.renalhe (l x 1o-8 to

3 x þ-7 e/nl). Thls phenonenon wlll be ¡nore fu1ly d.escrlbed. later.
Based. on prevlous lnterpretatlon of the slgntfi,cance of the tr,¡o

phases of norad.nenaLlne lesponse, lt see¡ns that both stores of calcl¿m

are probably not dlfferentlally affected. durlrrg the supersensltivlty pro-

d.uced by reeer¡rlne.

b) Effect of cocalne and 6-hydro:wd.opa.¡nlE

Both cocal¡e and 6-byaroxyd.opa.urlne cause superîsensitlvlty to
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FlB. 49¡ Effect of reseÌT)lne on the ptrases of contrsactlon of
spleen strlps due to nor¡ad-renallneo

by dlfferent concentratLons of noraclrenali¡e 1n spleen
strt¡rs of e)ats treated. 2l+ h:rs prlor to ex¡rerlnents
wlth reserplne (f re/Lg), ( o ), and ln strlps fron
untreated anlmale, ( o ). The ¡atlos obt¿lled l¡
the two groups of spleen strips neæ not slgnlflcantly
d-lfferent for any concentratlon of noracl¡enall¡e except
3 x tQ-? e/rur (p( 0.05), hdlcated uy (x),

NEGATTVE LOG OONCENTRATTON (gfnd) OF NORAORENALII{E
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norad¡enaltuie ln the spleen (Uvtason, L9?Ol ldallhot, L9?O). Both the

agents d.ecrease neuronal uptake of norad.renallne, the former by an action

on the a¡nlne punp and. the latter by causing selectlve d.egeneratlon of the

syrnpathetlc postgangllonlc nerîve ten¡lnaLs. Potentlatlon of catecholanlnes

by both these agents rs.. gene:411y belleved to be d.ue to the blockade of

uptake, although evldence favourlng an alternative posts¡maptic actlon of

cocalne 1s nountlng (Davfason, IplO). It ls belleved that the latter rnay

lnvoLve an enhanced efflclency of utllleatlon of c¿Icir¡¡n sto¡es for
contractlon (Gæenberg, L96ù l(asuya and. Goto, 196ù. a baslc eff,ect

such as thls 1s an attractlve ¡rect¡anism for e:çIalnlng the ablIlty of

cocalne to potentlate nesponses of a€onlsts other ttra^n s¡nnpatho¡nlmetlc

a¡nlnes. 0n the other hâJrd., potentlation of norrad.renallne :responses 1n

6-nyaro:rydopanlne t¡eated spleen 1s speclff.c. The responses of the spleenr

to lsopnenallne, a poorly trahsported s¡rmpathonl¡etlc amlne 1n the heart

(Iversen,r96?),arrd'toh1st¿m1nearenotpotent1ated.(uatttrot,Lg?o).

Ït was therefo¡e of lnterest to study the effect of these,two agents on

the two ptnses of noradænatlne responsesr

' In s1x e:çertunents cocalne (fO-5 - J x tO-5 e/ú) decreased. the

threshold concentratlon of no:¡ad¡enallne fron a control value of 10-8 únt to
a!

l.0'7 g,/nf. The ¡naxlmun æsponses to no¡rad.ænalfne ¡.reæ not d.Lfferent fro¡n

the control but ¡¡ere obtalned wlth a s¡naller concent:catlon of 3 x rc4 {*
of the agonlst. QÈallt¿tively slmll¿r:¡esults were obtalned. 1n spleen strlps

f,ron 6 cate tæated wLth d-lryaroryaopanlne zlt Iv befo:¡e erçerlnent¿tlon. Such

spleens had. a catecholannlne content of 0.1p t Orùt+fg/g, tlssué ret welght, a

d.ecrease fuL 93.5% over control values. The shlft 1n the d.ose :response

curve was roughly 70% of that obtalned. wlth cocalne. l4arked. rtrythrniclty
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superlmposed. on the slow plrase ¡{as seen ln the response to norad.¡enal-lne

.Oñ
(fO-u - ) x ¡g7 g/nL) U tnese tlssues, Thls ls shaqply 1n contrast r+ith

normal tlssues whlch as a rruLe d.ld not show any rl¡ythnlclty.

The nost ctraracterlstic change l¡ the relatlonshlp between the

ratlo of slow to fast ptrases and. the concentratlon of norad.ænallne was

an lncrease ln the :¡atlo at low concent:¡atlons conpared. to that 1n control

tlssues (ffg, 5O). Às the concentration of the a6onlst l¡creased., the

ratlo feIl to a level whtch ¡rese¡nbIed. that ln the contrrcl strlps. The

d.lffe:¡ences between the ratlo for any, concent:ratLon of norrad.renallne fro¡n

to-8 to LO'6 g,/nl ln the control and. cocal¡e or 6-trydroryd.opa,rnlne t:¡eated

tlssues were slgnlflcant (p<0.05). The ratlos ln response to 3 x tO-6

and. 10-5 g,hrù, of no::adrenallne nere not slgnlflca.ntly d.lffe:¡ent. Ilhen tte

ratlos of the two phases ln respohses of equal raagnltud.e 1¡ the two groups

of, tlssues ¡{ere conlnred. rather tttan ratlos 1n æsponse to equlvalent

concentratlons of the agonlsts, ttre d.lffe¡ences were agaln for¡nd. to be

elgnlflcant except ln the case of ratÍos obta.fned. with 10-ó g,/nf ana

hlgher concentratlon of noradænaIlne 1n the cocalne or ó-frydrorcyd.opa.nlne

treated. tlssue ar¡d. the correspond.lng :responc es f¡ control.

The matn effect of cocalne or 6-lgrdro:çyd.opanlne on the spleen

1s to lnc¡ease the contrlbutlon of slow phase to any glven response to

norad.renal-lne.

XV. Con¡arlson of the effects of norad.lenalL4e and. lsopænaIlne

1n spleen strlps

Both norad.renallne and. lsoprenall¡e cause spleen strlps to

contract þ actfag on alpha-ad.renoceptors (nlckerton, I9Ø). lfe were

the¡efol€ surprlsed. when at the begtnnlng of thls stu{y (¡'tg. t) tt was
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Effect of 6-trydroxyd.o¡nmlne and. cocalne on the phases
of cont¡actlon d.ue to norad¡enaIlne.

The ¡:atlo of slow to faEt phases of cont:¡actlon of, spleen
etrlps to varlous concent¡atlons of norad¡ena1l¡et

( o ), ln nntrrated. st¡lps. (control.) ¡ . ( I ), tn ttre
presence of coc¿lne, 10-) e/ør ( o ), ln strlps fron
cats treatetL wlth 6-nya-norydopanlne (lS 

^e/Ug) 
24 tE before-

hand¡ Each ¡¡atlo marked. wlth ( X ) ß stgnlflcantly
ttlffe¡¡a.nt fron. the coæspond.lng ¡atto t¡ the control
curye (p<0.05). No slgniflcant cllffe¡ence lras obsenred
betneen cocaine ana 6-fryaro:qydo¡nnlne t¡eated strlps.

NEGATTVE rOG CONCENTRATION OF i{ORADRENAIINE (srml)
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obseryed. that equal neaponÉ¡es to these two agents conslsted. of entlrely

dlfferent proportlons of slow aJld. fast phases. Th1-s nas lnvestigated. 1n

greater detall 1¡ thls serles of slx erçerlments.

Cornpa:red. to norad.:¡enaLlne (rO-8 g/rù) the tt¡reshold. concentratlon

of leoprenallne was greater (tO-6 g/^t). The responses to lsoprenallne l¡ad.

a larger proportlon of slor{ to fast phase cornpared. to resportses with nor-

adrenallne. Flg. Jl shows the ratlo of slow to fast phases of response to

nearly equal responees to lsoprenallne and. no¡:atlrenallne as a functLon of

the correspondlng concentratlon of agonlst enployed., The ratlos we¡e

slgnlflcarrtly d.lfferent (p(0.05) for the tlrree s¡nalLer concentratlons

shown. The ratlo of slow to fast phases ln :response to lsoprenallne nere

larger wlth snaller d.oees and. d.ecreased. progressJ-ve1y wlth fnc¡ease 1n

agonlst concentratlon to approach the values obtalned. 1n rresponses dué to

hlgh concent:catlons of norad.nenal-1ne. Thus the curr¡e obt¿l¡ed. wlth fso-

prenallne d.lffe¡ed. gualltatively frorn that obtaf¡ecl rlth norad.¡enallne ln

control strlps but ¡esenbled. those obtalned. wlth the sEune agent ln tissues

trEated. wlth cocal¡e or 6-ffv¿ro:ryd.opanine.

In another thæe e:qrerlnents the Íat1os of slor¡ to fast plrases

of eqr:al :responses to norad.zen¿Ilne (? x fO-8 g/*t) and. Ísoprenall-ne

(3 x fO-5 e/nt) when conpa¡ed ln a 6-hyo.roryttopamlne treated. tlssue d.ld-

not show ¡nuch d.lfferìBncer FlLg. JZC sho¡vs a ty¡rlca1 erçerlnent. For con-

parlson equlvalent responses to the two a,gonlsts ln strlps fron two un-

tneated control spleen strlps weæ obtalned. and. the typlcal recorrl shorm

ln Flg. J2B, The two responses had. narkedly d.lffeænt ratlos. It thus

s6ems that the d.lfferences 1n the ratlo of slow to fast phases of norad¡en-

allne and. lsopnenallne l¡ nor:nal spleen strlps a¡e due to some nectranls¡n

that ls affected. by pætroat¡nent wlth 6-lryd.ro:çyd.opalr1ne.
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rD+ ISOPRENALINE

O"-"""'"O NoRADRENALINE

ISOPRENALINE

NORADRENATINE

NEGATIVE LOG COî{CENTRATIOI'¡ (glml)

Conparlson of responses of spleen strlps to no:¡ad¡enaline
antl- lsoprenallne.

Ratlos of slow to fast phases of responses after r¡arlous
concent¡:atLons of lsoprenallne ( , o ), æd norad¡enaline
( o ). The :ratlos l¡ contractlons of elmllar nagnltud.e
after lsoprenallne and. no:radænallne d.lffered. slgnlficantly
(p(0.05 shown at X) at the lower concentrailons. The
scales of concentratLon of the tro agonlsts Ìrave been
ar:ranged. so that contractlons at the sane pofnt of the
absclesa aæ nearly equaJ..
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FLg. J2. Varlatlon fn the ratlo of slow to fast plrases of
contractlon wlth no:cad¡en¿llne and lsopzenallnet the
effects of phenorybenza.nine and. of t¡eatnent wlth
6-hyaro{ydopanlne.

A. Cont¡¡actlon of spleen strlp due to d.lffe¡ent
eoncent¡¡atLons of norad¡en¿llne (tn) tetore and ln.
the presence of phenorybenzanlne (pOg)

B, Contractlons of unt:oeated. spleen strf-p to nor-
ad-renallne (m), leoprenal:.rre (fSO).

C. Responses to NA or I,S0 1n spleen strlps fron a
cat tæated lrlth 6-try¿¡o¡qy¿.oparnlne.



-L77-
XVI. Effect of pheno:Vt¡enza.¡n1¡e on the response d.ue to nora^dr:gnalþe

Phenoxybenza¡nlne ls a non-equlllbriurn antagonlst of the alpha-

ad.ænoceptor ln the epleen. consequentry if a slngle t¡le of receptor

exlsts for norad.:¡enallne then lnactlvatlon of thls receptor populatlon

should affect the nesponse but not the proportlon of slo¡¡ to fast phases.

Th1s, surprlslngly, was not found to be the case, (r1g, 5zA). rt ca¡r be

seen that befo¡e e)q)osure to pheno:çybenzanine, responses to f:o'?,
nA

I x 10-r and. 10-o g,/nL of no¡:ad.:¡enalfne showed. l¡creasing responses havfng

ratlos of 1.3, 2,26 and ).0J :nespectlvely. The tlssue ¡{äs ex?osed. to

pheno:rybenzantuie (3 * ro-8 e/^l) fot 5 ¡n1n foIlowed. by several washés

wlth Krebs-Itenselelt soIutlon, The tlssue became about 10 tlmes less

sensltlve to norad.¡enallne. However, comparable æsponses after pheno:ry-

benzamlne had- J-arger ratlos of slow to fast phases. In 6 such e:çerfunents,

spleen strlps were sti¡ulated. wlth several concentratlons of norad.ænaline

before and after tr.eatlng the strlps wlth phenorrybenzanLne (3 * ro-8 g/rrù).

The :¡esults have been shonn 1n a d.lfferent nay conpared. to the results

obtalned. ln the prevlous two sectlons. Sf¡ce ln nor¡naI tlssues the ::atlo

of slow to fast phases lncreased. with lncreasing concentratlon, lt nas

posslble that the lncreased. ratlo of the two phases after pheno:rybenzanlne

was d.ue to the hlgher concentratlons of norad¡enallne necessarãr. ft was

the¡efor€ found nore convenlent to conpare the :ratlo of slow to fast
phases for any glven varue of actlve tenslon 1n nor¡nar (rU. 5]f..) or
pheno4ybenzamlne treated tlssues (flg. fiB), Tlre sÌraded. areas represent

the two regresslon ll¡es surrotxld.ed. by thelr respectlve 95% confld.ence

Ilmlts. For any glven actlve tenslon produced. by norad-renaline, the ratlo
of slow to fast phases was slgnlflcantly hlgher ln pheno:rybenzanlne t¡eatéd.



îLg. JJ, Effect of pheno:qybenza.nl¡re on the :¡atlo of s1o¡r tofast phaees of æsponses to noradrenaline.

Ratlo of elow to fast phases of tesponse to d.lffe¡ent
doses of noradrenall¡e a:se plotted. as a fr¡¡retlon of
the tot¿l actlve -tenslon at whlch they we¡e ¡neasu¡ed.¡ln the prsesence (gtrfpea)^or abeence (sflpplea) ot
pheno:rybenza,n1ne (3 x ro-g e/^L). Tt'' aclirr" Gnstonls a fwrctlon of the d.ose of no¡ad.æna1l¡e enployed..
tho area withln eaeh zone denotes lihe gS% conãld.eneelln1t for each regression line.
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tlssue. These results suggest that a slrnple blockad.e of a slngle popula-

tlon of alplra-adrenoceptore ls probabJ-y not the only result of phenory-

benza¡nlne treatment. It ls lnte¡estlng to note that the lncrease ln ratio

of slow to fast phasee caused. by pheno:rybenza¡ulne for any glven actlve 
.. ..:

tenslon lnduced. by noradrenallne ls slmllar to the effect of cocalne or .'"';"",'"

6-nyaro:gd.opamlne even though pheno:rybenza,¡nlne l¡hlblts responses of spleen

to norad.¡enallne whlLe the latter agents cause supersensltlvlty.

XVII. Rl\trthnlc conttractlons evoked. ln spleen strlpg tt,,t..,tt, t,

a) Effect of cocalne, ¡esemlne and. 6-t$rcirorryd.opanlne pretreat¡uen! 
..:,: ¡.¡:,

Nor:nar spreen strlps 1n vltro never showed. spontaneous rtrythnlc 
:r::i':':':':

contractlons. lthen such a spleen was stlmulated. wlth d.lfferent a¡nor.¡nts of

noradænallne, ae a :rrrle no rlrythnlclty was observed.. However, ln the

presence of cocalne 10-5 - ) x ¡g'5 g/nL or ln spleen strlps obtalned.

fron cats pretreated. with reser¡rlne (1 ng/kg) or 6-nyaroryd.opa.nlne

bS ^e/W) 
Z+ ttr before the e:çerlment, snalL concentratlons of norad.ren-

al1ne (varylng fron 10-8 - J x J:g'7 &lnJ) prod.uced. t¡ro phases of cont::ac-

tlon but' ln add.ltlonr rlrythrnlc contractlons superlnposed. on the s1o¡r

phase ¡yere arso seen ln a najorlty of 6 - 10 e:çerlnents cLone after each 
:;::,,:,:,,,,,:

procoduæ.At¡l1ca1e:çer1ment1nasp1eenstr1pobt¿l¡ed.fro¡nacat

treated. wlth reser?lne exhlblted. rþthnlc contractlons ln the presence of ' "'' "::

3 x rO-8 or 10-7 g,/îti- ot noradænalhe (FU. ,4L). Idlth the sm¿tler

eoncentratlon of norad.renallne the contractlons occun€d. once every ninute.

The frequency was greater wlth the hlgher concent::atlon of norad.renallne. ..,,', ' '

t{hen the nuscle ¡ras stfunul¿ted. wlth I x 10-8 g,/nl of norad-renal1ne ln the

presence of cocalne (ro-5 g/nr) 1n ad.d.lt1on, the a^rnplltud.e as well as

rate of rhythrnlc cont:¡actlons lnc¡eased. colrpa¡ed. to the control reser¡llne
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treated tlgsue. Inc:¡easlng ths concentratlon of norad.renallne ln a tissue

exhlbltlng rhythlc cont::a.ct1on gmdually lnc:reased the frequency of

contraetlon, but wlth concent¡ratlons above LO-? g/ù there rras a narked

decrease fut the amplltude of the rtrythnlc contraetlons. Usually wlth

concentratlons of norad.:¡enallne above 3 x IO-7 g/^I, the rþthnlc cont::ac-

tlons seened. to fuse lnto one another and. eventually d.lsappear. The

responses shown 1n Flg. J4ts were obtalned. in the presence of eocai¡re

(fO-5 e/rrù) wlth varlous concentratlons of noradænallne. The 3zd

I€sponse rep:nesents the sta6e wlre¡e the rlrythmic contractlons we:ne beconfng

fused.. tr\rther lncreage 1n norad.renallne concentratlon ¡esulted 1n the

t¡rfca1 2 phase response wlthout rlrythnlc actlvlty.

The lnd.uctlon of rtrythnlc contractlon d.ld. not appear to be due merely

to lnc¡ease ln tenslon due to thø agonlst. In 4 experinents¡ palrs of reserplne

treated. epleen strlps were e:çposed to cocalne (fO-5 ghù). One of the¡n

was sttnulated. by cumulatlvely lncreaslng concentratlons of potasslun

chlorld.e (flg. 54C) whlle the other was stfunulated. ¡rlth norad.¡enallne

(r'tg. t+D). In the presence of noradrenaline (1.2 x rO-7 gtlni-) larger

rlythnlc contractlons we¡s ellclted.. 0n the other hand. when equlvalent

contractlons were produced. by potasslun, no rþthmlclty was l¡d.uced..

Increaslng the potasslum concentration to cause a co¡tractlon larger thar¡

that due to no:ratlrenalfuie (not shonn) st1ll d.Ld. not glve rlse to rlrytlrmic

contractlons. The behavlour of the spleen to elevated. exteznal pota,sslun

dlffers fro¡n that of sone vascular s¡nooth muscles whlch d.o exhiblt rlryth-

niclty ln responee to thls lon (Johansson and. Bohr, 1966).



F1g. $1. Effect of notad¡enallne or potasslu¡n i¡r spleen strlps
after treat¡nent wlth cocalne or reserpine.

A. Effect of d.lfferent concent¡atlons of no¡:ad.¡en-
allne (N.e,) on spleen strlps of reserpine treated. cats,
Unllke responaes ln untreated. spleen strips, 1n thesestrlpe rþthmlc contractlons were superrtrrposed. on the
slow phase. Cocalne caused further Doten¿1atlon l¡
the reoponee to ttt (l x 10-8 e/^I) aLong wtth l-rncæaseln anplltude of rtrythnlc cont¡actlorsr

B. Effect of cocalne on spleen strlp f¡ro¡n no:maI
g?e. ,The strlp was flrst ex¡rosed. to cocalne,
\0-2 g/rnl, f¡cereaslng concentratlons of non,årenallne
(NA) caused. at flrst, lncnease in the anrplltud.e of
the fast ar¡d. slow phases as well as the ãnptttuae an¿
frequency 9f {Vthnic cont¡:aetlons. NA (lõ-Z e/^L)
!P *t" of rhythnlclty beca¡¡e faster tui tfre äpfi_
trrde was reduced. At stül hlgher concentratlons
(not shonn) ttle rhythnlc contrãctlons d.:lsappeaæd.,

C and D. Pal¡ed cocalne treated. strlps obtalned fm¡n
sane spleen as ln B. KCI_' Z.I nDÍ, (IC) aA¿ea cu¡nula_tlvely ln C. No rt¡ythqlc contractlons wetîe seen.
Noradrenallne, 3 x I0-ö e/ù, (tl) aaaed cu¡nulatf.vel¡'
fui D. Note rtrythmlc contractilons.
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b) Effect of lncr¡eqse 1n extermal potasslu¡n concentratlon on

th" rt\ythtlclty lnduced by 
"yrnpathonlmetlc 

anlnes ln spfe"n

strl?s

Durlng the stud.y of rtrythnlclty lnd.uced by norad.renallne, lt
was seen that rhythmlclty could. not be ¡nalntal-ned. for nore tlran 5 - LO 

:

mln. The actlve tenslon graauatly d.ecreased. and. rhythmlclty eventuaÌIy

subslded. At thls polnt replacement of the bathlng f1ulä ¡¡lth a fresh

solutlon of noradrenallne a¡rd. cocalne restoréd. the rlrythmlc responses.

Thle suggeeted that destnrctlon of the dnrgs was occ[rrlng. However, when

rtrythmlclty was lnduced. by a relatlvely speclflc alpha-adrenoceptor stlm-

ulant phenyl-ephrlne, the effect perslsted for as rong as h5 n1n. rn

several- experlments, therefore, phenylephrlne was used. instea^¿ of nor-

ad.renallne.

Spontaneous rtgrthrnlclty observed 1n varlous snooth ¡nuscles ls
belleved to be nyogenlc and. assoclated. wlth actlon potentlals whlch arlse
ln pacenaker cell-s and are propagated. over a large ¡n¿ss of s¡nooth nuscles

ln a concerted. fashlon (sontyo and. Sonlyo, 1p68a). A det¿lled search of
the llterature falled. to reveal any d.escrlptlon of rlrythniclty ln spleen

strlps ln' vltro' Nor could. data be for¡nd concernLng the electmpþslo-
loglca1 correlates of contractlllty of the spleen. tle have so far not

succeeded ln naklng d.lrect nlcroelectrod.e record.lngs of transnenbÌane

potentlal changes ln the splenlc snooth nuscle d.urlng rhythmlcity. Und.er

these clrcumstanceÊt ¡{e were forced. to enploy an lnd.Lrrect approach to stu{y

the effect of changes ln nenbrane potentlal on rþthnlclty. The ex¡rertnent

shoÌ{n ln Flg. 55A Ls typlcal of J experl¡¡ents on strlps fron reserplne

t:¡eated cat ln whlch rtrythmlc contractlons were obtalned. rith phenylephriae
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(z * ro-5 e/rù) and. cocalne (ro-5 g/nJ). r¡rcreaslng the potassiwn concen-

t:etlon of the bathlng med,lu¡n fmm J.4 to 8.4 nI,[ abollshed. rþthnlcity
but dld not change basal aetlve tenslon. An lncrease ln the concentratlon

of phenylephrlne to 4 x rc-5 g/nL by add.ltlon of the requlred. anount to

the bath :resultêd 1n an lncæase ln basaL actlve tenslon and. resrrmFtlon

of rlythmlc actlvlty. the potaesÎ¡¡n concentratlon was ralsed. again to

11'4 m¡'l and. rhythnlclty d.lsappeaned.. A further lnc:rease in phenylephrine

concent¡atlon to 6 x ra-5 g,/nt :g;tsed. the basal actlve tenslon but did. not

restore rtrythmlclty and. further lncrease ln potassl¡.n concentratlon to

I4.4 nM caused. an ad-dltlonal lncæase l¡ tenslon but no rþttrnlclty,
Thus elevatlon of potasslun hacl a dual effect - an lnitlal suppresslon of

rþthnlclty wlthout changlng basal tenslon and. a subsequent increase ln

basal tenelon' In two experlments, after ad.d.Ltlon of cocal¡ne (fO-5 g/nl)
and phenylephrlne (Z x lo-5 ghù) the nusele exhlblted. rþthnlc contractlons

1n1t1a11y. Ho¡reverr as the basal actlve tenslon reached. a naxl¡¡um for the

dose enployed, the rhythnlclty d.lsappeared.. Increaslng the concentratlon

of potaselun to I mlvl prod.uced. a sllght d.ec¡ease ln tenslon and. resunptlon

of rlrythnlc contractlons (rtg. !.fr). F\¡rther erevatlon of potassiurn

concent¡atlon to 14 mM abollehed. rtrythmlclty (not shorm) as the basal

actlve tenslon lncreaeed.. Flg, JJC shows the results of another elçerfment

ln whlch, after rt¡ythrnlclty ras lnduced. by phenytephrlne 1n the presence

of cocal¡er progresslve l¡cæase ln potasslum concentratlon resulted. ln a
progæssive decrease ln the a,nplltutþ of the rþtlmlc eontractlon - ¡rlth

a sllght dec:¡ease ln basal actlve tenslon but nlth hlgÞr concentratlon

(U.e rnM) of potasslun acconpanled by an lncrease ln basal actlve tenslon

back to the level before ad.d.lng potasslun. Any further lncre¡nent ln



FLg. JJ. Rtrythnlclty 1¡¡ spleen strlps.

A. RÌ¡ythnlclty due to cocalne (COC) aftær contractlon
was lnduced by phenylephrfne (fn). Ad.d.ltlon of
KCl (K) to obtaln a fl¡a1 conõeniratlon of 8.4 n¡,I
stopped rtythnlc actlvlty wlth slight clecrease in
basar actlve tension. Addltlon of pE ¡estored. rlryth-
nlclty whlch was brocked. by an fnc:¡enent in K conóen-
t¡¡at1on. tr'¡rrther addltlon of pE lncræased. tension
but d1d. not restone rtrythnlclty. trncreasf.ng K
concentratlon to 14.4 n¡'t further Lncreased. tenslon
br¡t d.1d. not ¡estore rþthnlclty.
B. Addltlon of PE ln the presence of cOc caused. an
lncæase 1n tenslon. Rl¡yth¡trlc contractlons super-
lnposed. on the slow phase final-ly d.lsappeared..
Additlon of KCI- decreased. tenslon and. ¡estored rtrythnic
contractlons.

C. Effect_9n-r\Tth+tctty lnduced. by COC (10-5 e/^t)+ PE (2 x t0-5 g/nr) of add.ttton of K to the bai'hln!
med.lun.

D. After rhythnlclty was lnduced by COC * pE, thelevel of the bathlng nedlu¡n was lowered at X so asto e:çose half the ¡nuscle to alr. The anplltud.e of
contractlons rernlned. r.¡nctrar¡ged although the basar
actlr¡e tenslon dec:neased. sllghtly.
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potêsslun concentratlon abolfufÞd. rlrythmlclty wh1Ie lnc¡easlrg the basal

actlve tenslon. rn Jot¡ansson and. Bohrr s (tg66) stud.y, erevatlon of

potasslun (fO tU) nas also found to d.ecrease rþthnlclty of strips obtalned.

fron subcutaneous artertes when the lnltlal actlve tenslon nas hlgh. Thls

¡{as Elssoclated. wlth a d.ecæase ln frequency of rhythmlc cont¡actlons.

l{hen t}p 1n1tLa1 actlve tenslon was low, a.ddltlon of potasslun resulte¿

ln an lncrease ln tenslon and rtrythnlclty¡ the latter never occu¡red. in
any experlment on spleen strlps. The present exper{-nents lnd.lcate that

rhythmlc cont¡actlons are prod.uced. only by a llnlted. range of concentratlons

of syrnpatho¡nfunetlc a€ents and. these are affected. by aLteratlon ln the extra-

cellular concentratlon of potassluru.

c) Conductlon of actlvlty l¡r rhvttunlcally actlng spleen strlps

Rhythnic cont¡actlons of smooth ¡nuscle generally lndlcate single

unlt behavlour. Thls neans that actlvatlon of snooth nuscle ceIls of one

part of the tlssue should result 1n propa,gatlon of excltatlon to other

parts of tle tlssue antl activatlon of the cells there. The fo11or+ing

e:çerlnent was deslgned to test thls polnt. Rþthnic contractlons were

lnduced. ln palrs of spleen sÈrlps by addltlon of cocalne And phen¡rlephrlne..

After the contractlons had. becone unlform, the ned.lun f¡ one of the baths

wae trorered. so that only half of the strlp ¡Ías exposed to the solutlon

whlle the other half was e:q)osed. to wa¡rn nolst alr above the ¡ned.iu¡n. If
the pacenakere lnltlatlng the rfrythrnlc cont::actlons exlsted. in the lower

half of the strlp (uatnea by the ned.lun) and. lf the rþthnlc strlp ¡{as

capable of conductlng thê excltatory wave of d.epolarlsatLon arlsing frorn

the pacenakers, then the upper ha,lf of the strlp should stlrr cont::act

rtrythnlcally and the tot¡,I na€nltucLe of the rhythnlc contractlon should.
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not be altered' 0n the other hand. lf tt¡e conductlon faIled., the arnplltude

of rtythrnlc contractlons should be reduced. by about half. Flnally, if
the pacenaker cells ¡¡ere ln the reglon of the strlp e:çosed. to alr, the

rtrythnlc contractlone nlght be conpletely aboll-shed as the ll¡nlted. a.nount

of the a8onlst ln the solutlon present on the nuscle as a thln flln was

metabollsed. by enzy¡nes. In thls case, even though the nuscle exposed. to

the med.lu¡n could conduct an lrnpulse, no rþthnlclty would. be seen. Thus

a decreage or abolltlon of rþttrnlcity does not necessarlly nrle out slngle

unlt behavlour of the nuscle. 0n the other lra.nd. per.slstence of the

undlminlehed rþthrnlc contractlons ¡rould strongly support thls posslbility,
tlhen the l-evel of the ¡ned.lun surrour¡d.lng the rbythnlcally contractlng

strlps was l-owered. to e:çose half of the strlp to alr, the basal active

tenslon lnvarlably d.ecreased. stead.f.Iy. In 2 out of 6 experl¡nents the

anplltud.e of rþthmic contractlo¡s nas naintaiaed., in 1 experlnent the

anpÌltude was d.1n1nlshed., and. 1n the renalnlng 3 ¡nuscles the rþthnlcity
was abollshed.. FLg, JJD shoÍs the result, of the e:rperlnent ln ¡.rhich the

rt¡¡thmlclty ctld- not d.l¡rlnlsh t¡ anplltude.

d) Myogenic ¡esponse

Most known slngle unlt nuscles exhLblt a pecullar pheno¡nenon

knorm as nyogenlc contractlon, rn thls, a nuscre when stretehed.

rapldly nespond.s by an lncrease in tenslon or shortenlng. Spleen strips
ftom J dlfferent cats under I g restlng tenslon :¡eturned. every tfme ln
over 20 tests to thelr orlglnal level of tenslon s1orly after rapld. stretch
(rtg. 56e, tst and. 2nd neeponses). The strlps ¡{ere then e:çosed. to cocalne

(ro-g e/nl) and. noradrenatlne (ro-a e/nt). The strlps showed. elther a
slmple tnc¡ease 1n tenslon and. no rhythnlclty or ¿Ln tnitlal rtrythnlclty



-L87-

and lncrease ln tenelon whlch gædualIy d.lsappeared.. If the strlps we:re

rapldly stretched. at thle sta6e the nuecle d.eveloped. a translent lncrease

1n tenslon over and. above the resting tenslon of I g (ftg. 561,, Jrd and.

4th responses). Thls occurred, ln every one of nearry l0 tests. rn other

strlps ln r¡hlch the rhythnlclty was regular a¡d. nalntalned, st:retch ¡ras

applled. before an e:çected. contractlon. A€aln an actlve lncrease 1n

tenslon occurred and. a long pause rras seen befo:¡e the next spontaneous

contractlon occurr€d. (not ehorm). I{hen cocalne and. norad,renallne were

waehed. out (Flg. 56L, sl"]n and. 6th responses)r wogenlc responses could.

not be ellclted In 90% of the tests.

e) Effect of altered. calclu¡n concentratlons and. of substalces

aIterl¡rg calclu¡n utlllsatlon on the rÌ¡ythmlc contractlons

ln spleen

Calclum lons are belleved. to play ¿¡r tnForbant part 1n carrylng

the lonlc cu:rent nesponelble for actlon potentlals ln s¡rooth nuscle.

l,lhether the lons a:¡e d-erlvecl fnon the extracerlurar (? loosely bound.

store) or from the tlghtly bound. store 1s stÏll not clear. The effect of

dec¡ease ln external calcfu¡¡n on rlgrthrntclty was therefore stud.led. as

followgt Rttythnlc cont¡actlons were produced. by noradrenallne 1n J spleen

strlps treated. wlth cocabe (fO-5 g/^t). When the contractlons beca¡ne

regular, EGTA (f to¡l) ras ad.ded. to the bathlng ned.fu¡n. This rras expected.

to reduce the fr,ee Ca# concent:a.tlon of the ¡red.lum to approxlrnately 1.J mM.

Such ¡ed.uctlon of avallable calclun has been shornr by the e:çerlrnents

d.escrlbed. earl-ler not to affect elther phase of contractlon due to nomd.æn-

allne. EGTA dld not appreclably lnfluence the basal actlve tension of the

strlps. However, the rlrythnlc contractlons alnost conpletely d.lsappeared.



îLg. J6. Rhythmlc contm,ctlon of spleen,

A. Qulck str€tch (qs) applled. to restlng spleen
strlp dld. not canrse ¡ebor¡nd. lncæase ln tenslon.
After cocalne (COC) and. norad:enall¡e (N^0,) a sllght
lncreage l¡ tenslon but no rtrytlrnlc contractlons
were seen. gs now ca,ueed. a n¿rked. æbor¡nd. lncrease
ln tenslon. Iüashlng out the tbnrgs abollsted rebor¡nd
cont:cactlon due to qs.

B. Rhythmlclt¡ was lnduced. in a spleen strlp by nor-
ldnenallne (NA) ln the p¡esence of cocalne (fuC).
Add.1tlon of EGTA nearly abotlshed. rhythnlctiy tút
had. very sllght effect on basal actlve tension.
sn¿rl abortlve rtrythnlc incæase ln tenslon ï€LS asên¡
Addltlon of cac12 ¡estored. rtrythnlclty contractlons.

C. 
_ 
Rbythnlclty lnduced. as above ïas d.lrnlnlshed. by

I'ilnCIZ.

D. þythnlclty lnduced. as above. ZnCJ-, had a verysllght tnhlb1tory effect.
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(fle. 56n). The rresld.r¡¿l contractlong appeared. to be tlny an¿ abortlve
and h¿d a f:nequency slntlar to the contractions befo¡e add.ition of ffiTA.

Addltlon of calcfu¡n ch.r-orld.e (r ru) restored. r\ythnlc actlvlty.
Slnllarly nå,nganese chlorlde, rhlch preferentlally affects the

utlllsatlon of loosely bound calcir¡n for produclng the slow plrase of con-

tractlon ln the spJ.een dr¡e to norad.renallne, narked.Iy d.lrnlnlshed. ttÞ
rtrythnlc contraction 1n each one of 4 experl¡rents (rtg. S6c). 0n the

other ha¡¡d zlnc chlorld.e 1n a concentratLon of 0.4 nM, whlch prefe:renttalty -

affects tlghtly bound. calclum stoæs, had a nuch snarler effect on the

rtythnic resBonses (tr'tg. Í¡6Ð) in a slnll¿r nunber of e:çer1¡rents as the

8bove. A hlgher concentratlon of I ot 2 nl¡l d.ecreased. rþthnlcl,ty every

tfune (not shorn). such high concentratlons¡ however, a.rso affect the

utlusatlon of looeely bor¡nd. calcfu¡n to some extentras seen earlier.
f) Effect of tet¡od.otoxln

Actlon potentiars produced. due to an lncæase 1n nenbra¡r

perzneabLllty to sod'lum a¡e abollshed. by tetrod.otoxlnrwlthout nany exceptlons"
Inc:¡easlng anounts of tetmd.otoxln were ad.ded. to tro spleen strf.ps rnad.e

rþthrnlc bv cocalne (ro-5 e/^l) and phenyrephrlne (z x rc-5 e/^r). con-

centratlons of tetrod.otoxin up to J x 110-6 e/ù farled. to aboüsh rhyth-
nlclty (rk. 5?L) Ln J e:çerlrnents. Thls concentration ls J0 tines greater
than that requirred to abollsh actlon potentials ln the gufnea-plg d.laplrragn

(Kurlyama et at., Lg66).

After rlythrnlclty was produced. rn 3 strlps uslng the procedure

nentloned' above, the tenperatr¡re of the bath ras loreæd. ln steps. FIg. 5?B

shows the effect of node¡ate lo¡rerlng of tenperatuæ by 7oC, Thls resulted.
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ln a d.ecrease ln the f:requency and. a,mplltud.e of contractlons. These

effecte were reveïsed on restorlng the tenperatuæ of the ¡re¿lum Lo )lo1,
Solutlons nrad.e þ¡lertonlc by sucnose are ¡reIl hrom to abolish

eonductlon rbythnlcity ln slngJ-e wrlt ¡nuscles (Dewey and.Barr, L96gi

Tomlta, 1966b). Ádd.ltlon of sucrose (feO n¡'r) to the ned.iuro bathing the

rhythnlcall¡r contlactl¡g spleen strlps abollshed. acti-v1ty.

h) Effect of i¡hlbltlon of sod.lun pr¡¡rp on rt¡ythrnlclty

Da¡rlel and. Chapnan FgeÐ have suggested. that rhythnlc fhrctua-
tlon ln the actlvlty of an electrogenlc sodiun pu¡np nay be :nesponslble for
osclllatlons ln the ¡nenhra¡e potentlal. It ls concelvable that such fluc-
tuatlons rnay be reeponslble for rþthnlc contractions. Accordlngly the

effect of nenorral- of external potasslun and. of the consequent inhtbitlon
of the sodlum punp on rtrythrnlclty was stud.led (flg. ¡¡ZD). After the spleen

strips were made rtrythnlc ¡d-th cocalne and no¡ad¡enallne, the tbebs-Iletrse-

l-elt bathln8 ned.lnnr was changed. to a prewa:med., K-free ne¿iun contafnlng

the sa¡ne concent¡¡atlons of cocalne and. nora.d.renallne as the pævious

eolutlon. The tenslon lncreased. and. rhyühnlctty d.Í.sappeared. in each ohe

of three experlrnents. Add.ltlon of J,4 nlrl potassl'u chlorid.e caused. a:

dec¡rease ln tension and. resunptlon of rþthnlc actlvlty.
These results suggest that spleen strlps wlrlch ord.:Lnarily d.o not

behave as stngle unlt nuscles can be nrade to d.o so by several procedures.

The rtrythmlclty d.oes not seem to d.epend. on sod.lum l¡flr¡c but a loosely

bound E¡ource of ealcfu¡n E¡eens to be necessa,rlr. Red.uction of external

potasslum concentratlon, nhich d.oee not lncæase no::ad.renallne responses

ln no:m¿l spleen strlps, lncæases the tenslon and. abollshes rþttrmiclty
when the latter ls present' Thls suggests tt¡at an lnc¡eased. actlvlty of



ELg. Jl. Rhythunlc contractlon of spleen.

A. Rtrythrnlc contractlon lnduced. -tui cocal,ne (fO-5 e/^L)
_tneated lpleen by norradænaIf¡e (3 x roó g/r^L). fetro-
d.otoxin (TTX) d.:td. not block the rtrythnlc contractlons¡

B. Rhythmlc conttactlons obt¿,ined as above. Reductlon
of tenpe:cature fmn )loÍ, b JOoC d.ecreased. frequency of
rtythnic -cont¡:actlons. Fì¡rther lowerlng to tenperatuæ
Lo 23oC (not shorm) stopped. rlrythnlc coñt:ractlons.

c. Rþthrnlc contractlons ellclted. as above a¡rd abolished
by ad¿Ltlon of sucrose (fZO mt'l).

I). Rhythnlc cont¡r¿ctlon produced. ln_co^,a,fae (fO-5 g/rrù)
treated. spleen by norad^nenall¡re (fO-Z g/rof). Replace-
¡nent of thÊ ¡fuebs-I{enselelt bathlng ¡red.ir¡¡n wlth ã K-fæe
solutlon contalnl¡g the sane concent:catlon of no¡ad.ren-
allne (x) resurt€d 1n an lnc¡ease ln tenslon and. aborltlon
of rtrythnlc contractlons. Restonatlon of nor¡naL potassiurn
concent:¡atton (5.4 mM) caused. a decrease ln tenslon and.
æstoratlon of rt¡ythnlc cont¡actlons.
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an eLectrogenlc sod.lt¡n pwrp n¿y be p:revaf-Llng ln such tissues.

1) Electron nlcroscoplc exa.nlnatlon of soleen capsule

The absence of spontaneous rtrythnlclty, nyogenlc response and.

also ths lack of rhythnlclty when stl¡nulated. wlth agonlsts 1n nornal spleen

euggest thàt lt 1s probably functlonlng as a nultlt¡rlt s¡¡ooth ¡nuscle, 0n

the other trar¡d. und.er the lnfluence of cocal¡e, ¡eserpine or 6-fyaroxyaopa-

nlne, tho sa¡re tlssue assuned. a behavlour char:acterlstlc of single unlt

muscles. Dewey ar¡d. Barr (1962) showed. thst the close ft¡nctlonal co¡nnr¡n1-

catlon between slngIe unlt snooth nuscle ce1ls was due to the presence of

ttght Junctlons between ad.Jacent cells. These areas of nembrane fusl-on

or cloge ¡nenbrane apposltlon lrer¡e called. nernlses. If spIen5-c nuscle

ordinarlly fu¡tctlons llke a nultlunlt snooth muscle then lt should. be

devold of nexuseg. It was therefore surprlelng to flr¡d. that 'tlght
Junctlonsr dld. exlst ¿rn¡ong ad.jacent snooth muscle cells ln the spleen

capsule (ffg. 58). Varlous kt¡d.s of these jrurctlons appeared. to exlst.

The ¡nost coÍunon was one 1n rhlch ad.jacent muscle cells extend.ed. processes

whlch lnterd.lglta,ted.. In sone regJ.ons of these processes, the membranes

appeared to make a verx¡ close contact, Iess conmonty the me¡nb:îanes of

ad.Jacent ce1ls ah¡tted. agalnst each other. Under lrtgher na6nlflcatlon

the t¡yo ne¡nbranee appeared. fi¡sed. to each other ¡rith the loss of one layer.

ïn splte of these tlght junctlons, there was an abundance of

connectlve tlssue ¡rhlch su:rounded. the nuscle cells extenslvely. Thls

feature ls ty¡rlca1 of nany ¡nuJ.tlunlt muscl-es. The above plcture suggests

that the splenlc capsular s¡nooth nuscle ln the cat possesses the nor¡lho-

loglcal correlates of a slngle as well ffitt nuscle even though

functlonally the for:ner cannot be shorm, ln vltro, except under artlflclal



F16. J8. Electron nlcrograph of apleen snooth ¡nuscle ce1J.s.

S¡nooth nuscle cells n¿rked. a and b are closely
apposed.(ln the reglon shown wlth an arrow)to fonn
a neJq¡Ê¡. Processes fron cells uarlred. b and c sho¡r
extenslve lnterlocklng (x 35000).

The lnset (toner rlght land. corner) shows the reglon
of the nexus ln gneater magnlflcatlon (x 54500).
The ne¡nbranes of ad.jacent cells appear to be fused..
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condltlone. llhether euch elü¡Etlons r¡esult Ln fo¡matlon of nore tlght

Junctlone or 1n a prfrnary decæase l¡ ths ¡eslstance bet¡reen exlstlng

Junctlons or gecond¡rlly as a :result of an lncreased. l¡sulatlon of the

perlJunctlonal reglon around. the ne:n¡s ls not .knorm. ThLs certalnly

seens a fn¡ltfr¡l area for fr¡rther :nesearch.
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To malntaln contlnulty and to explaln the J-oglcal progresslon

of this lnvestlgatlon, sever:aI relevant facts arlslng fron the experlnents

h¿ve been d-lscussed earlier 1n the 'RESULTS' sectlon. OnJ-y those d.iscus-

sions that have a Inore general bearlng on the problerns investlgated. wi1l

be dealt wlth in greater length in thls sectlon.

RoIe of calclum in solenlc capsular snooth ¡nuscle contraction and.

effect on the various phases of contractlon

The import¿nce of calciun lons ln ¡nedlatlng contractlllty of

muscLes ln genera-l ls well accepted., starting fron the classic papers of

Ringer (feAO; 1882) on the effect of thls lon on the heart. The d.enon-

stratlon by Heilbnrnn and. lfierclnsky (lrgl+t) that lntracellular injectlon

of calcium lnto skeletal ¡nuscle of the frog caused. contractlon ls one of

the ¡nost di:¡ect d.enonstntlons of the role of calclun. More recently tÌæ

study of Rld.geway and Ashley (tg6Z) in whlch an increase ln the cal-cium

stimulated. chemoLunl-nescence of lntracellu1ar1y lnjected. aequorln i¡r the

glant muscle flbre of the baznacle Ïras seen d.urlng muscle contractlon,

was a further confirrnation of relatlonship between intracytoplasnlc free

calcium and. nuscle contractlon. the necesslty of calciun f¡ snooth

nuscle contractlon due to a varlety of stlmuIl has been establlshed. ln

experiments where additlon of calciun to glycerlnated. nuscle flbres

caused. contraction (tr'tto et al., 1965) or the removal of calclum fro¡n the

external ned.lun resulted. ln loss of responslveness of snooth muscles to

stimull (i{augh, 1962).

It has long been knom that renoval of external calclu¡n does

not d.ecrease nuscle responslveness to all stlmula¡rts equalIy. For ex-

ançIe, renoval of external calciwn abollshed the responses to potasslum
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1n the gulnea-pig taenla coli (Drrbln ar¡d, Jenklnson, 1961), rabbit
aorti-e strl-p (lhrrl¡;1ns anrl ìlr¡1ns, 19(r?), r.-at r¡ton¡e (til.:ln,,r.n rurcl lit-.lrl.lrl,

196?-) faster than the responses to acetylchollne, norailrenallne zurd

acetylcholine. Thls 1ed to the proposal that d.ifferent agents nad_e avail-
able either loosely bound (extracellular) or tightly'bound (tntracetlu1¿r)

pools of calcfu¡¡r (Oaniet, L963¡ llaugh, l962¡ Hinke, 1965¡ van Breemen

et al. , rg66t }Ilraoka et at. , 1968). IÞ,nler (t065) proposed that the

various functlonal pools of calclun nlght operate índ.epend.ently of one

another or 1n a coupled. nanner ln serles, Our lnltial results wlth the

spleen, in whlch stj-nulatlon wlth norad¡enaIlne, lsoprenallne and. hist-
anlne resulted ln lso¡netrlc contractlons whlch conslsted. of an lnltial
fast and a subsequent slow phase, prronpted- us to investigate the mechan-

isn of prod.uction of these tr¡o d.lfferent phases.

the piesence of two d.lstlnct phases of contraction with nor-

ad¡ena1i-ne and. lsoprenallne whlch act on the alptra-ad.renoceptors ln the

cat spleen (Blckerhon, r)63) and hlsta¡nl¡e whlch acts on a d.lfferent
kÍnd of receptor (Innes, 1962) suggested. that the phenomenon Ïras falrly
general. Moreover, the absence of two phases ln cont::actlon pr^od.uced. þ
potasslum - an agent wh1ch, unl1ke norad.renallne, d.oes not have ¡nuch

effect on the tlghtry bormd calcium pool (H1nke, r)65) suggested that an

analysls of the dlfferent phases of contractlon nlght result fn a posslble

correlatlon with the ¡nanner of utlllsatlon of the various calclum pools

for contraction- Before golxg further lt was necessaty to ellnlnate the

posslbillty of the two phases betng artæfacts of r¡neven nlxlng of the

concentrated. dmg wlth the bathing ¡¡edlu¡n. Thls possiblllty was easily
nrled' out when 1t was seen that norad.renallne prenlxed. wlth lbebs-Hensel-elt
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solution also prod-uced. t¡vo phases.

Another source of objectlon carr be the lack of an ab,solutely

non-conpllant naterlal to connect the spleen strlps to the transd.ucers

ln these experLments. Such a sltuatlon would. lea.d. to distortlon of the

recorrcled. necha¡¡lcaI effectg. However, J-f thl.s we¡e the case, lt is the

rapid phase nhlch should be attenr:¿ted. ¡nost. In the experf-nents 1n whlch

the effect of dlfferent concentratlons of noradrenallne on the two phases

were stud.led., lt was found th¿t the snaller cont¡actlons produced. by low

concentratLons of the agonlst conslsted. of a proportionately larger

a'nount of fast phase conpared. to æsponses obtå.1ned. wlth hlgher corrce¡,-

tratlons of the agonist. Thls sho¡rs that ttÞ two phases of contractlon

a:re not neclnnlcal artefacts d.ue to the connectlng terylene tt¡¡ead. an¿

lnd.eed lf there ls a^ny dlstortlon of the faet pllase due to the thread.,

lt 1s lnsufflclent to nask the phase to a.ny slgnlflcant extent.

Wlth the two phases of cont::actlon establlshed. as a reflectlon

of sone functlonal aspect of spleen strlps 1t nas necessat.¡r to consider

lf the d.lfferent phases represented. rates of contractlon of a populatlon

of sl¡¡llar nuscle cells or nhether there rere tno populatlons of nuscle

celLs. rf the latter was tn¡e a¡d lf these two popuratlons were not

honogeneously d.lstrlbuted, then spleen strlps cut l¡ d.lfferent d.lrectlons

wor:ld. have sho¡m cllfferences ln the proportlon of the two phases. Slnce

we found. no such d.lfference ln our e:çerfunents to test thls point re

theæfore cannot d.eterrnlne whether the cause 1s a slngle populatlon of

nuscLe cell-s or t¡ro populatlons d.lstrlbuted. hornogeneously. The prod.uction

of greatest actlve tenslon change 1n the longltudinally cut strlps cor-

relates wlth the hlstologlcal flnding that most of the ¡nuscle cells were
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aligned. longitudinally.

Muscle contraction ls a result of a serles of events culninating

ln a response of the eont::actlIe proteÍls. rt was clearly necessary to

d.eterrnine whether the two phases of cont¡¡actlon wered.ue to factors related.

to +,ile responsiveness of the contractlle proteins or some earller step or

sÌÊ,?E in the process. It ls well lonor¡n that the actlve tensfon produced.

by muscle lncreases when the restlng tenslon rnuscle i-s increased. up to a
certain Ii¡nlt. This ls rnost I1keIy d.ue to ctrange tn the posltlon of

actjl and. nyosln fll-aments in rel-atlon to each other (Huxley and. Peachey,

f96li Gorrion et al. , 1966)

Sp1een strlps subjected. to resting tenslons rangi-ng fro¡¡ 0,5 g

to 3 g prod.uced. the largest actlve tenslon 1n response to no¡ad.renallne

with the restlng tenslon at 1 g; the actlve tension was eonsld.e:rably

less when restlng tenslon was elther lncreased. or d.ecreased. further. In

splte of narked. changes 1n actlve tenslon prod.uctlon, the relatlve pro-

portlons of sLor* a¡rd. fast phases d.lcl not change slgnlflcantly. Thls

suggests that these Ìrere lirrlted. not þ the contracttle protelns but by

so¡ue earLler step(s).

The factors regulatlng the magnltud.e of fast and. slon phases,

whlch appear to be related. to some earry step ln the chai¡ of events

causing contractlon cou1d. be d.lfferent rates of utiLisatlon of cal-clu¡n

fron nu1tlple pools or diffeænt rates of att¿lnnent of equll1br1um of

d-rug concentratlon 1n the vlcinlty of the alpha-adrenoceptors (Ulophase)

and the bath or both. trbctors rhl-ch can affect the concentratlon of an

agonlst such as norad.renallne ln the blophase a¡e the concentration

grad.lent and. the :rate of lnactlvatlon of no::ad.renall¡e ln the blophase.
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The latter is belleved. to be llnlted nalnly by the rate of ne-upta.ke of

the agonlst lnto nel:ì/e end.ln6s (Iversen, 196?).

f¡r order to test the flrst posslblÌltyn spleen strlps were

stfunulated with norad.renaline ln the pr"esence of different low concentra-

tions of exte¡nal calclu¡r. No slgniflca.nt change was seen l¡ efther ptrase

even when the calcium concentration was reduced. fron 2.5nÌ4 up to 0.8nM,

F\¡rther ¡eductlon of calclun concentr:atlon to 0.1 nivl resulted. 1n a pref-

erential d.ecrease ln the slow phase, F1nally, prolonged. e:çosuæ to a
calclum-free med.lum abollshed. the æsldual slow phase and. also the fast
phase. Elevatlon of lnt::acelluLar free calclu¡n ls accepted. as the pze-

requlsite for contractlon, a^nd. lt ls thenefore expected that renoval of

cal-clun should. d.ecrease contractlllty, Slnce the slow phase ls more

readily affected. by reduction of extracellular calc1un, thls ptrase seens

to d.epend upon elther the ext:¡acellu1ar water as a source of calclun or

an inte¡naI pool of calclun that is readily ln equlllbriu¡n wlth the extra-

cellular space. As a coroLlary, the fast phase of norad.renallne response

probably rel1es on a pool of calclum thiat 1s not so easlly affected. by

alterations ln extracellular calclun concentratlons.

In contrastr the contractlon produced. by hlgh concentratlons

of potasslu¡n ln reserllne t¡eated. spleen strlps Êreens to have a slngle

phase. It could- be arguetl tlÞt lf the potasslu¡n-lnduced. cont::actlon had.

two phases very close to each other they wolld. be lndlstingulshable fron

a slngle phase. If th:[s were tn¡e then stepwlse æduction of exteznal

calclun should, þ affectlng any slow phase preferentlaJ-Iy, d.lssoclate

the posslble tr¡o phases. Thls never happened.. Instead., the eont::actlons

progresslvely decreased ln slze wlthout un¡nasklng two phases. In e:çerl-
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nents where the slow plrase of the response to no::adrenaline was sel-ec-

tively d-ecreased- þ exposlng the nuscLe to the agonlst after a brlef
red.uctlon of exte:raat calcium with EGTA (f5 nf'f), the resldual response

to noradrenaline was equal to or sllghtly greater tha¡ the fast phase of

the control contraction obt¿.lned. 1n l(rebs-Ilenseleit solutlon. 0n the

other tË¡d the xìesponse to potasslum was narkeðLy d.ec¡eased.. The s¡nal1

¡esld.ua1 response nay elther ¡ep¡esent a sllght effect of potasslurn on a

tightly bor:nd pool of calclun or an lncornplete renoval by EGTA of extra-

cellular calcium.

Danie1 (LgØ) proposed. that the loosely bor:¡rd calch¡n pool ras

not ln the extracellular water but ln a supert'iclal slte 1¡ tÌÞ nemb::ane,

basing his conclusions on calculatl-on of d.lffuslon tines and. rates of

I oss of contractlllty of ::at utenrs to acetylchollne ln a cal-clu¡n-f¡ee

ned.ium. The p:resence of ground substance outslde the ceII ¡nenbrane

properr ¡nakes thls suggestlon 1lkeì-y. Thls concept ls supported. to so¡ne

extent by the present flnd.1ngs that the fastest rate of efflux of an

extracellular mailcer, sucros"-l4c, r¡as 1,8 mln conpared. to tty.¿t of 45ca

r¡hlch was 4.3 nin. Agal¡, when the loss of sucrose frour the strips was

consldered- wlth thi loss of sLow phase ln a low calclun ¡ned.lu¡n (O.f rnU),

about 92% of the raplòly energlng conpartnent of "r"=o"r-I4c had been

l-ost at tle end. of 5 n1n ln contrast to on]ry JLft of the rapldly energlng

cornpartment of 45C^. In etrlps e:qrosed. to a low calclun med.lu¡n (O.f nU)

for 5 nln the slow phase decreased W 48,2%, Thls correl-ates reasonably

well with rhe 50% dec¡ease 1n the rapldly ernerglng 45c" 
"orpartnent, 

al-
though lt ls poselble that ln a calclum-free ¡ned.ï¡m the rate of loss of

slow plrase nlght have been sonewhat faster. Nevertheless tle d.isc:repancy
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bet¡¡een the rate of loss of 45au and. sucro"u-Iþc Ie constrderabre. rn

thei 0.1 mM calclurn contalnlng solutlon, the predomlnant decrease ln sl-ow

phase was acconpanled by a decrease ln totat tlssue calclum content. The

decrease 1n calclurl ¡ras greater than what cou1d. be accou¡rted for by a

d.ecrease in the calcj.un content of the extraceLlular space only (i.e. net

loss of tlssue calclum occurred.). It ¡yas estinated. tlrat a 6l% d.ecrease

of the slow phase and L8% decæase of the fast phase was assoclated. with

a loss of 0.42 
^¡,t/lrg 

tlssue wet welght of calclum, after rnaklng aIlo¡rance

for the decæase ln concentratlon of calciu¡n ln the extracellular spaee.

An additlonal loss of 0.j4 ,túq/Ug tlssue wet welght of calclu¡l was assocl-

ated wlth the loss of 82% of the lnltlal fast plrase anò, 39% of the tnltl,al
slow phase when the strlps were placed. ln a cal-cfu:m-free nedlun,. Maklng

Sross approxlmatlons, the pool of caJ-cium responslble for the slon phase

appears to be sonewhat ln excess of 0.42 ,nlt/U,g whlle the pool responslble

for the fast phase 1s about 0.34 ,rA/l.4,.

Da¡riel (196Ð estlmated- that the total calcium fractlon related.

to contractlllty ls 0.2 nfi/U¿ tlssue wet welght. Our estlmates are hlgher

than those t¡ the above study. However, ff tfie d.lfferent pools of calcLu¡n

were belng lndepend.ently lost lnto the extraceLlular apace and. lf thene

were a pool tbat was unrelated. to cont::act111ty, then lt would. be very

easy to overestlmate the fractlon of calclum utlllsed. for contractlon.

The calclun content of spleen strlps (t.?5 ,lt/t<s tlssue wet welght) fucu-

bated ln Krebs-Ilenselelt sol-utlon are so¡newhat lorer tha¡r that ln the

guinea-plg ta,enla coIl, 2.J nlt/kg, (Bauer et aI. , l96ù but s1¡nllar to

that of frog stonach ¡nuscLe¡ 1,9+ nMt/Xe (Bozler, lr9Ø) and. canlne trach-

aells rnuscle, t.6 ñt/t<g, (Kroeger, fg?O). However, the calcium concentratlon
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1n the bathlng ¡ned.1a ln the stud.ies clted. above varied. by as ¡nuch as

I.25 ÍM. This ca¡r cause a d.lsc:nepancy of 0.25 Íûtl/kg, lf an extracellular

space of 20% ls assuned..

The nethod. of ¡neasurenent of the slow a¡d fasi, phases is of

consid.erable funporta¡ce. The two phases ¡*ere d.issociated. by neasuririg

the contractlon d.ue to norad.renall¡e i¡ the presence of ECÎA (15 nM) and,

2.J ml[ calclum in the medlu¡n. Thls æsulted i¡ a contractlon whlch ¡ras

not sustalned-. The peak of thls contractlon was sl¡nllar Ín rnagaitud.e to

the fast phase of the conb:actlon due to ttre saJre concentration of tlre
agonlst ln lkebs-llenselelt ned.lu¡n alone. In anotler serles of etçerlments

the tlssues Ìrere d.epleted. of ealclum untll no response to no¡:ad.renal,lne

occur¡ed. On restoratton of calclu¡n (2.5 
^yt) 

1n the presence of norad.¡en-

aline the preparation respond.ed. wi-th a slngÌe phased. contraction whlch was

nearly equal ln lnagnltude to the contractlon that occurred. ln Krebs-

Hensetei-t soIutlon. The contractlon occurrlrtg on æstoratlon of extra-

cellular calclum $ras assumed. to be elmtlar to the slow phase of the no:mal

contraction to the agonlst. I{hen a¡r algebralc sunmatlon of the peak of

the fast phase and. the peak of the contractlon due to restoratlon of

external calctun was d.one, the result¿¡t was la¡ger than the conposlte

contractlon e:çerlnenta,lly obtalned. It was therefore conclud.ed that

one of the two phases was probably translent, Sl¡ce this concluslonagreed

wlth the observatlon of the fast phase belng transLent j-B the pæsênce of EGTA,

for all subsequent calculatlons the sLow phase was neasured. as the total

actlve tenslon. Thls rnay be a sllght overestlnate but lras justtrfied. fron

the stand.polnt of convenlence wlthout any great conpronise ln accuracy.
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of contractlll ¡rlth nultl calclun

lwo phases of contractlon have been reported. prevlously ln
rabblt lleum (I{est et aI. , rg5]-), gulnea-plg taenla co1l (rrattnan et a1.,
r965i l(arakl et al. , r96?i rmal and. Takeda, r)67a7 Fe:rarl ar¡d

Car¡renedo, 1968)' Ir these stud.les contractions we¡e ellcited wlth
elther acetyÌchol-1ne or potasslun. r¡nal and. Takeda obserr¡ed. that the

l¡ltia1 phase of the cont::actlon of gufnea-plg taenla coli was assoclated.

wlth splke-]ike eleetrlcal actlvlty and thls phase was,more susceptible
to red-uctlon of external- calclr¡.n tlran the second. (tonlc) phase whlch ¡ras

assoelated. wlth sustained. depolarlsatlon of the ¡nembrane. The tonlc
phase was abollshed. by prolonged. d.epletlon of calci¡¡n. These workers

also found' that d-ivalent catlons such as nanganese lnh]-blted the flrst
phase preferentlally. subsequentry these Jnvesti.gators (r967b) obsenred.

that the snooth ¡nuscle relaxant, papaverfne, preferentially abo11she¿

the tonic phase ¡rhlle another a6ent, aminophyJ-l1ne, affected. the l¡1tial
phase. Fer¡:arl and Ca4reneao (1968) conffumred these obserr¡ations wlth
papaverine. l{est et al. (tg5]-), uslng acetylchollne-ind-uced cont¡actlons
of rabblt lleun, and Pfaff¡nan et al. (lgæ), usfng potasslun-lnduced con-

tractlons of the gufuiea-pig taenla coll, observed that the tonj_c phase

of contractlon of elther tlssue was preferentlalJ-y decæased. by netâbollc
lnhlbltlon due to cyanld.e, d.lnltrophenol, lod.oacetate, ouabaln or ar¡oxla.
It was therefore postulated. that the 'tlghtJy bound.r store of calclun
that ¡nal¡Iy contrlbuted. to the second. (tonlc) phaserdepended. on net¡,borlsn
for pmper functlonlng. I{hether thls pool was d.epleted d-urf¡rg netabollc
lnhibltlon or ¡{as unable to d.ellver lts content lnto ttre cytoplasn was

not established..

;l:,:..;:rl:-: -:
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In vlew ofl the a,Ïovo oboorvatlonn, lt appeerrod l)rlcltl-1.¿rr Lfurl,

Lhe two phases of contracl,l.on of sploen at:rlps duo to nor¿¡.rlren¡rlllrrl

shoncd- exactl-y the reverse relatlonshlp to reductlon of external calclum

co¡npared to the above visceral snooth ¡nuscles. this d.lanetrlcally oppo-

slte behaviour 1s seen not only ¡rith calclun d.epletion but also wlth

substrate d.epletlon a.nd. after treaûnent of the nuscle with nanga¡ese or

papaverine. The cause of thls d.lfference 1s not Imor.m. However, the

pecullarlty of the spleen ls not unlque. Other preparations, e.g. rabblt
aorta. (Brodie et al. , 1959¡ Bohr, L963t rg6u), rat aorta (coar::aind. and

hb, 1969) and gulnea-plg u¡eter (Cfraprnan and. Holman, 1968) also contract

ln response to agonlsts. Contractlons due to adrenall¡e or norad.:¡enallne

ln the aort¿ preparatlons a¡rd. potasslurn in the gulnea-plg uæter have trvo

phases arrd the fnltlal fast phase ls ¡nore reslst¿.nt to d.ecrease in exter-
nal calcium than the subsequent slow phase. It was very surprlsl¡1g that
the guinea-pl8 ureter behaved so differently frorn the guÍaea-pig taenia

coli even though they had slnllar electroptryslologlcal correlates, both

havlng a fast phase assoclated wlth actlon potentlals a¡rd a subsequent

slow or tonlc phase assoclated. with malntalr¡ed. d.epolarlsatlon an¿ no

action potentlals.

The naln d.lfference between the tr.yo phases of contr:aetlon ln

the rabblt aorta (nroare et al., rg5Ð and. the spreen capsurar strlp ls
in the slower responses in the former tlssue. arso, theæ ls a better
separation between the two phases 1¡ the spleen, nohr (rg6J) postulated

that the fast coqponent of ad-¡enal1ne-tnduced. contractlon in the rabblt
aorta. was lnd.icatlve of tlre muscle memb¡a¡re exclt¿,b1llty whereas the

slow phase was 1Í-nlted. by the excltatlon-contractlon coupling process.
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Ile envlsaged the two processes to be consecutlve 1n a single sequence of
events. The present ¡esults on the effeet of low exteznal calciun tend.

to a8ree wlth Bohr's flnd.l¡gs, although we d.o not agroe wrth the lnter-
pnetatlon that ne¡nbrane excltablllty ls rel-ated. only to the fast phase.

Evid-ence w111 be d.lscussed- later that ln the spleen both phases of con-
I

t::actlon d.ue to noæd¡enallne :represent nenb::ane excitability although

one ruty be ¡nore dependent on electrlcal clunges in the nembr"ane than the
other. Danlel (tg6Ð d.iscussed. varlous nodels of calclun pools. Ills
'serles ¡nod.elr was rnalnly supported. by nunerous observatlons (waugh,

l:964¡ lllnke et al,. , L9&E Hlraol<a et aI. , 3961) in whlch the response

to potasslt¡¡n that was attributed. to an extracellular or loosely bound.

calciun pool was always lost ln a ealclu¡n-f¡ee ¡ned.1u¡r befo:¡e the response

to norad-renalf¡e or ad.renallJte, which malnly utlllsed a tlghtly bor.¡nd

pool of calclurn. the converse waer never sho,m to trappen.

Proposed. ¡node1 of calcÍun pools l¡ the spleen capsular snooth nuscl_e

rn tl' present stud.y on the spreen strlp, a variety of proce-

dures preferentlally :¡educed. elther phase of contractlon d.ue to no¡ad.ren-

aIlne and by lnference this Ìrould. reflect prefenential effect on elther
the loosely or tlghtly bound pools of calclun. Thus ¡nanganese, d.iazoxlde

a¡d clonldlne affected the utlllsatlon of loosely bou¡rd. ca]-clun rnaln1y,

whereas procalne, zlJtc, papaverlne, annlnopþIllne, nitrltê a¡rd. to some

extent substxate depletion preferentlally affected the utlllsatlon of
tlghtly bound calclum. These observatlons are more consistent wlth a

'paral-le1' aræ.ngement of the two calclun pools. Illgher concentrations

of elther crass of the above agents affected. both pools of calelun.
Thls rnay either be as a result of an overlap ln the effect of these
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pæferentlally acting agents on the two pools or d.ue to a . serÍes-

paralIel' alrrangenent of the tno pools. îh1s was tested. ln tlre present

stu{y wlth the help of nanganese. trû the nornal spleen strlps nalrganese

reduced. the slow phase of ttp response to nozad¡enallne more than the

fast phase (fi.g% v/s Z).Jy'o). IIofiever, 1n spleens whlch had. been first
d-epleted. of calclun and. then replenlshed in the presence of nanganese

chl-or1d.e ' the fast phase was red.uced. þ rnanga"nese as ¡nuch as the slor¡

phase (56.25% v/s 56.20Í). ttrts suggests that the tlghtly bound. calclu¡n

pool ls fllLed. vla the loosery bound. pool. In the no:mal spleen nor-

ad¡enallne can independently nelease calclu¡n from the tightly bound. pooJ-

even though the release fro¡r the loosely bound. pool ls furhlblted." hence

the preferentlal decre¿se of the slow phase.

Other ll¡es of evld.ence suggest that a rssrles ¡nodelr i.¡r ltself
ls not acceptable and. that a fpa::aIlel' or rserles-paraIlel nod.elr tras

to be consldeæd. For exa.npre, Hinke OgeÐ found. that after responses

of ral' vent::al taIL artæry to norad¡enallne and. potasslun r¡erre abollshed.

1n a calclum-free ned.ium, substltutlon of barlu4 restored. potasslun-

l¡d.uced, responses no:¡e ttran those due to norad-ænallne. Slnce potasslurn

acts on the loosely bound. pool of calclun, the above obse:r¡atlon can be

best explalned þ the parallel ¡aoclel. The ¡neclranls¡¡ by whlch barlun

(rr"rc, I965i Bohr, L96t+¡ Danlel, J9Ø) or strontlù (Bohr, L9&l

Danlel, I96fi türdgfns, 1969) substltute for calcÍ:¡¡ ls not Imom. Da¡rÍel

(tg6Ð proposed. that these a6ents na1n1y substltuted. for calcfu¡n at the

superflclal slte nhe:¡e calclu¡n ls loosely bor:nd.. Tlrls suggestlon was ¡nad.e on

the basls of the obsernatlon that responses to acetylchollne that rere æstored.

by strontir¡n or barfuIn fui a calcir¡¡s-fæe ned.fu:¡m clecayed. very raptûIy when these
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substltutes were rernoved., even though the agonlst ¡¡as stlll present. 0n

the other hand. Hudgfns (f969) founa that the responses of rabblt aorta to

pota.ssium, noradrenallne or hlst¿,¡nlne that were resto:red. by strontiun l¡
a calclum-f¡ee nedlum showed. tachy¡rhylaxls. Thls suggests that stron-

tlum nay posslbly be restorfng responsiveness of nuscles by releaslng

residual bound. calclun. In the p¡esent study thi.s posslblllty was

examined nore close1y. The responses to potasslurn th¿t were conpletely

abollshed. 1n a calciu¡n-f:ree ned.lu¡n nere narkedly æstored. by strontlu¡n.

The resto:red. responses l¡stead. of having a slngle phase exh1.blted two

phases. In the presence of EGTA (fg r¡{) ln Krebs-}Ienselelt solution,

the response to potasslun was marked.ly dtmf¡rlstted.. However, ln a calclun-

free strontlun containlng ned.Ï:n wlth EGTA, potasslurn produced. a larger

reslronse. Also the restoæd. :responses to pota,sslum when strontlum sub-

stituted. for calclu¡n d.lml¡lshed. when the spleen strþs were exposed. to

EGTA and- were restoæd. when the stores r{ere flrst refilled. wlth caLclu¡r

and then the loosely bound. pool of calclun ¡{as relnoved.. These observa-

tions support the posslblllty of strontlu¡n not only substltutlng for

calclun at the level of the contractlle apparatus but also ln releasfng

residual calciun fron the tlghtly bor¡nd. pool. It appears that potassium-

i-nd.uced. d-epolarÍ.satlon nay pezmit strontlum to galn access to the tlghtly
'colnC- pool. In the nornally polarlsed. ¡nuscles, strontium ln the concen-

t::ations enployed. d.id. not :result 1n ar¡y cont::action. Responses to nor-

ad¡enaIl¡e were also reduced. ln the cal-cium-fæe ¡ned.lu¡n. this d.ecrease

was less thar¡ that of responses to potasslun. The d.funlnlshed. responses

to nond.nenallne also partlally restored by strontium but to a

lesser extent than the resDonses to potasslu¡n. It renai¡s to be seen
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whether this is ¡elated. to a lesser abll1ty of no¡rdrenaline to allow

entry of strontlun lnto the celI.

An l¡rterestlng outcone of the use of the varlous substar¡ces

, 
ntnlch preferentfally affected. one of the two phases of cont:ractlon due

to norad.renallne was the observatlon that two of the agents which red-uced.

the slow phase are cllnlcally used. as antihypertenslve agents. Diazoxld.e

has been shown ty Rubln et al. (tgØa & b) to æduce systeralc blood. pressure

, by a pred.onlnant effect on the arterlolar callbre a¡rd. had. llttLe effect

: on capacltance vessels, llohl et a1. (tg6ù sho¡red. that the d.llator

effect of d.lazoxld.e was nedlated. by antå.gpn1s-n of calelun. Unllke dla.z-

oxld.e ' the ÌS4potenslve effect of sod.lu¡n nltrlte 1s acconpanied. by

dilatatlon of capacltance veesels (zutfn et aI. , I)63a & b) whlch ls responslble

for the postural h¡potensÍon. Unllke d.lazoxld.e, i.rr the.spleen sod.lum

nltrite preferentlally :¡educed. the fast phase of no¡adrenallne nesponses.

Illhi-l-e d.iffe:ences i¡ the effect of calclum depletLon on the responses of

arterlal and. venous s¡aooth muscl-es have been d.ocu¡nented (Sornlyo and. Son-

Iyo, 1!68b) Uttle ls lüown about the differences between reslstance

,i, (arterloles) vessels and. velns. The above qr:alitative d.lfferences i¡ the

effects on the two ptnses of a slngle :lesponse 1n the spleen of agents

Imown to act on d.ifferent parts of the vascular tnee suggests that ad.d.ltlonaI

study wlth nore antlþpertenslve agents aetlng on snooth ¡nuscles nay ena.ble

the spleen strip to be used. for sc:reenfurg potentlally good. antitry¡rerten-

sive a¿ents from othe::s whlch nay cause postural h¡4potenslon.

Rad.ioactlu. 45C^ flux studles

Studles of radloactlve calclr¡n movernents f-n spleen strlps

¡evealed seve::aI lmportant thlngs. Tlssues that weæ l-oad.ed. w:.tn 45ca u
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u. hCr-f*e necllurn lost thelr rad-loactlvlty tn a 4oC"-free ¡ned.lum ln a

n¿utner that couLd be descrlbed. by a sun of two e:rçonentlals havlng half

tines of 14.5 and 1.2 mln, 0f the :¡adloactlvlty present in the nuscre

67.8% came out at a slo¡+er ::ate whereas 32.2% ca¡ne out faster. i,fhen

efflux r+as conducted. in the presence of 2,5 nNI calciu¡nr tt¡e half ti¡ne of

the slow component of efflux was d.ecreased. to &7 ntn and. th¿t of the

faster conponent to 6 nin. Also a fractlon of the 45ct *ut ca.ne out

slowly 1n ttÞ absence of external calclun appea:red. to eurerge fron the

fast movlng conpartment. A sfunlLar abillty of external calclu¡n to ln-
crîease efflr¡c of 45Cæ- fron tlssues has been shown by. several workers

(Huagins ar¡d. Ìfeiss, I969i Krejcl a¡rd Danlel, 1920b¡ Good¡nan and rlelss,

ry?r). Thls nay reflect a process of self-exchange. wrren 45ca efflux
was co¡npared. with "u"*".-l&C "fflr*, rnost of the sucrose ca¡ne out fro¡u

a fast compartnent, and. the half tlne was consld.erably less than that of,

the fast efflux of ca1clun. It is posslble that a faster conponent of
45Ca efttux ¡ese¡nbllng that of sucmse nay ltave been ¡nlssed. because of

lack of resolutlon of the ¡neasurenent proceduæ, or that the þ5Ca 
"rnergfrrg

fron the fast conpartnent was bound. to the tlssue to sone extent. The

nost signiflcant obsenratÍon Idas the abll1ty of nomd.¡enallne to lncnease

the effrux of 45c^ at a tfune when nost of the rapld.ly energlng isotope

had left the tissue and. nhat was left behlnd was the more tlghtly bound

calclun f:ractlon. The ablIlty of the alpha-adrenoceptor blocklng agent

phentolanlne to reduce thls lncrease f¡ efflr¡< ind.lcated. that the ¡elease

of bound. 45h. n^" rel-ated. to actlvatl-on of the alpha receptors ln the

spleen. The observatlon that norad.renallne falled. to lnc:¡ease ttre eff¡¡x
of sucros"-l40 at the sane tlne 1n another set of e:çeriments suggested.
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that the release of 45Cu by noradn-.nallne wae not rluc lc¡ :r sc¡ueozln¿4

effeet of contractlon. FlnaJ-Iy, the t¡cret*ud. 45Cu, lnfl-ux r,¡as lnhlblted

signiflcantly by zlnc or procalne. These agents also preferentiaJ-J-y

lnhibit the fast phase of norad.renallne-lnduced. contractions. 0n the

other hand., ÍÊnganese whlch preferentially lnhlbited the sIo¡r phase of

contïactlon due to norad¡enallne dld not slgnlflca^ntly d.iminish the
IL4

increased. '-Ca efflux caused. by noradrenall¡e.

An appreciable release of l+sha from spJ-een strips occurred.

,rh.n @Ca was added. to the calclu¡n-free ned.lun l¡ nhlch efflux was beilg

cond.ucted.. the release of thi.s self-exchangeable fraction of calclu¡r

was not d.inlnished. signiflcantly elther by nanganese or procalne. This

i¡d.lcates that the above fractlon ls tllfferent fron the ]oosely or

tlghtJ-y bound pools of calciun that partlclpate i¡ contractlon.

It was rather surlrrlsing that norad¡renallne d-i.d. not lncrease
LLrthe lnf1ux of n2h even though lt was earller establlshed that the slow

ptr,ase of the noradrenallne-induced response was vety sensltlve to reduc-

tlon of external cal-clun. 'ulhl1e we have no experlmental- flnd.lngs to
tL4nesolve this paradox, the lnablllty of agonlsts to i,ncrease -/Ca lnf1ux

in the rat utenrs }las been reported. 1n the past (van Breenen and. Danlel,

1966, Krejcl and. Daniet, lr97Oa). 0n the other hand, ln a large variety

of tlssues such as the clrcular nuscle of the cat lntesthe (Sperelakls,

1962), :ra,bblt aorta (nrtggs, ]1962) a.nd gulnea-plg taenla coIl (Urakar*a

and- Holla¡rð,, 1964) an lncrease ln lnf1ux ls assoclated. wlth contractlon.

Krejci a¡rd. Danlet have suggested. that in the rat uten¡s conb¡actlon nay

hlnder the novenent of substanees fro¡n the ext¡acellular space lnto the

ca.'"hLng ¡ned-lun. ThJ.s appears to be an unllkely e:rrylanatlon for the
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phenonenon observed ln the spleen because norad.¡enallne d.icl not slgnl-
ficantly alter the efflux of sucrose. Another possibility is that d.ur{ng

contractlon calclu¡o which ls bound. to ground. substances outsLd.e the celL

¡ne¡nbrane (and. therefore a part of the extracelluJ-ar space) nay be trans-

located j¡wards for contraction. Under these clrcu¡nstances no change

will be obser¡ed. ln the tlssue calciu¡r levels d"uring contraction, as was

seen in the spleen. However, even und.er these clrcunstances one wou1d.

ex¡rect external 45Cu ø replace some of the Ðca that rnay be translocated.

lnward.s d.urlng contractlon. The lack of lncrease t, 45C" lnflux in the

spleen d.urlng exposure to norad.renafine still remains a mystery.

Effect of depolarlqation on cont¡:actllity

In splte of the frequent obsen¡atlons nad.e by nany workers that

snooth muscle contractlon ind.uced. by na.ny agents ls assoclated- wlth d.e-

polarlsation of the me¡nbrar¡e and. often ¡vlth actlon potentlals there seeÌLs

to be no d.oubt that contm,ctlons ca¡r also occur ln d.epolarlsed. tissues

in the absence of any further cha^nge ln nenbra¡re potential (see

IYTIìODUCTION). Very J-lttle nork has been done to flnd out the el-ectro-

physlological co:rel¿.tes of the two phases of contractlon seen ln varlous

tlssues. rmai and rb,keda (tg6Za) and. chapna^n a¡rd. Hormàn (rgeg) found.

ttrat the fnltlal fast phase of cont¡actlon jl the gulnea-plg taenia coli
or ureter was associated wlth splkes whlle the subsequent slow or tonlc
phase lras assoclated. wlth stead.y d.epolarlsatlon of the memb::ar¡e and. no

actlon potentials. tÙe d.1d not stud¡r the eLectroptryslology of tlæ splenlc

capsular smooth muscle. However, when the relatlon of exlstlng ne¡nbrane

potential of the splenlc muscle wlth the resultilg contraction due to
norad.renallne was e:<anlned. by varyirrg the potassiun concentratlon of the
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ned.lum over a wlcl.e range sever:a1 tnterestlng flnd.ings weæ obt¿lned..

A sllght elevatlon of potasslu¡n coneentratlon fron J.4 nM to

10 nM caused. no lncrease fui amplltud.e of contraction although the slow

phase became fastêr. An lncrease to 30 nM potassfuun caused. a snalf

lncrease ln restlng tenslon as well as potentlatlon of both the fast as

well as slow phases of :lesponse to norad.renallne. Thls lncrease can not

be d.ue to the cha.nge in resting tenslon of the ¡nuscl-e slnce lt was hlgher

than the optlmum tension of I g. The most slgnlficant flnd.i¡g wlth

hlgher concentratlons of pota,sslun (60 and. 14O rnM) was that the slow

ptrase progresslvely d.frnlnished. while the rapld phase re¡nained. slightly

larger than normal. It was confirned. that the rapid. phase of the response

to norad.renallne st1lI truly represented. the utlJ.isatl.on of tlghtly bo¡:nd-

calclun, when the presence of EGTA (f5 ¡nU) dld. not d.lmlnish lt. the

d-ecrease ln the slow phase when the nuscle was d.epolarlsed. suggests that

lt ls rlepend.ent on d.epolarlsatlon ln the polarlsed muscle. 0n the other

ianC, the fast pLrase ls reslst¿nt to any d.ecrease und.er sLmllar cond.ltlons.

Potentiatlon of snooth nuscle response to nora.d.renallne ln the pxesence

of nod.erate lncæases of potasslun concentratlon has been noted. earlier

1n the rabbit aorta (nonr et 4. , 1958), Beva^r¡ a¡¡d. Osher (I9Ø) warned-

that the potentlatlon obse:n¡ed couId. have been due to the effect of potas-

slu¡n on resting tenslon. this objectlon is not appllcable to the p:nesent

stud.y because norad.renallne ras ad.d.ed. after any lesponse to potasslum

had. reached. a stead.y level. If the slow phase of norad.renallne-l¡d.uced.

response in the spleen ls d.epend.ent upon clepolarlsatlon then a s¡nalI

lncre¡nent l¡r external potasslum nay d.ecrease the threshold for norad.ren-

aline. However, the mechanlsn of increase of fast phase by potassh¡m ls
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not clear.

Several workers have shown that contractillty of s¡nooth ¡nuscl_e

to agonlsts d-ecreases 1n the absence of potasslum 1n the exteirral ne¿ium.

Barr et at. (t96e) obsen'ed. that d.og earottd. artery strips wten stored.

in the colcl for 36 - 50 hr galned. soillu¡n and. lost potasslun. Such strlps
when stimulated' electrlcally ln a potassiu¡r-f:¡ee ¡ned.ium æspond.ed. very
feebly. However, restoratlon of potasslun concentration of the ned.lurn

to norrnal levels restored. the æsponslveness. Sfunl1ar]y tsrod.le et aI.
(lgSÐ obsen¡ed. that ln ttre absence of external potasslurn, the sl-ow con-
ponent of the response of r:abblt aorblc strlps to ad.¡enaline d.l¡ni¡islæd.

first foLlowed. by the fast conponent. Restoratlon of potasslun concentr:a-

tion led- to recovery of the slow conponent even thoueh 
fhe fast colrponent

becane d'epæssed further. The lnvesti€ators d.ld. not nentlon the tlne
couÌse of the above clu.nges. ResuLts slnll-ar to the above showlng the
necesslty of potasslum for contractlon have tÞen presented þ paton (rger)
and' Karakl et al. (tg6ù. Another phenomenon often obser:ved. when certal¡
s¡nooth ¡nuscres are exposed. to pota,ssiun-free med.ium ls an lncæase i¡
tension (Leonar.rl, I95?¡ Konold. et aI., 1968).

Suzprlsingly, spleen stri-ps kept ln a potassiun-f¡ee ¡ned.lun for
prolonged perlod.s d.id. not show any ctrange ln the resting tenslon and

contlnued to respond. to norad.¡enallne nlthout any signlficant changes in
the anplltud.e of the response or 1n the proportlon of the two phases.

However, when the ¡nuscles were returned. to Kreb.s-llenseleit solutlon
shortly before stfunulatlon, the responses were d.lminlshed. rnal¡ly because

of a red'uctlon of the slow phase. Responses to no¡ad.renaLine in K¡ebs-
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Ïlenselelt solutlon we¡e d.l¡nl¡lshed only 1f ttre nuscle was stlnuLated.

whlle ln the pota.sslun-free ¡ned.Iun. The lnhlbltlon prognesslvely d.e-

c:reased- ln splte of ¡nalntenance of potasslun 1n the bathlng ned.lum. It
also d.lsappeared rapldly lf the muscle was :¡eturned. to the pota.ssiun-

free med.lum. Potasslun, withln a llnited concent::atlon range, :re1a:ced

spleen strlps that had contracted in the presence of norad.re[alfne in a

potasslurn-free ¡ned.lu.n. The lnhlbltory effect of potasslun was abollshed

by lnhibitors of the sodl¡n pn¡lF such as ouabaln. Substitutlon of exter-

nal sodiu¡n ctrlorlde by llthitrn chlorld.e and. reductlon of external tenper-

ature also abollsted. the effects of potassiun. These fÍndlngs as well

as the known ablllty of potassln¡¡ ln the concentratlons ernployed ( 10 nrM)

to actlvate the sod.lun punp porderfully (Skou, fg65) suggest that the

lnhibltlon of the slow phase of norad.rena-llne responses due to potasslurn

nay be attrlbuted. to the sod.lun pump, Slnllar obsen¡atlons were also

nad,e when the effect of norad.ænal1ne r¡as stud.led. on sod.lun toad.ed. spleen

strlps ln the pnecence or absênce of exte:rraI pota,sslun. ïn ad.dltl-on t}æ

phase of lnhlbltlon due to potasslun, 1n these ¡auscles: ** associ¿tecl

wlth a loss of lntracellular sodlum that nas ln excess of the galn ln

potassiun. Thls observatlon suggests an r:ncoupling of the sod.fu¡m punp,

Several lnvestlgators bave shown that sodr un load.ed. skeletal ¡nuscl-es

(Cross et al. , L965¡ FIulllns a^nd. Anad., 1965¡ Adrlan a^nd. Sla¡rnan , 1966)

and. uteri (tUytor et al. , fg?O), whlle ¡ecover:lng fmrn the coId. in the

presence of exteznal potasslun, becone h¡rpezpolarlsed. d.ue to the actlvity

of an electrogenlc sod.lun p,np. I{hT[e Bo Beasurenents of ¡nenb:ra¡re potentLals

have been ¡nad.e ln the spleen lt ls posslble that a phenonenon sl¡lllar to

tlre above nay be happening. The preferentlal d.ec¡ease of the sIo¡r plrase
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d.urlng such st¿tes agaln goes to support the conclusl-o¡ that the loosely

bor¡nd. calclum pool 1s more d.epend.ent upon electrlcal phenonena ir¡ the

membrane ttran the tlghtly bound. calclun pool.

Seve:¡a1 ad.d.itlonaI pofuits arlse fron this lnvestlgatlon of the

sod.iun pump in the spleen,

a) The sod.lìrr punp ls eleetrogenlc only ¡rhen the internal sorliun

concentr:atlon of the nuscle ls high or the potassiun concent¡ation is low

or both.

b) Substitutlon of external chlorlde by the ¡1o¿-penetrating large

anlon lsethlonate d.ld not affect the relaxatlon produced. þ potassiun in
the sod.lu¡n load.ed. ¡nuscLe. Thls nrles out the posslbillty of a¡i inwarùLy

d'lrected. chlorlde pwrp co.ntrlbutlng to the l¡htbltlon or the shortclrcuit-
lng effect of chlorlde lons novlng out of the cell thereby reduclng the

lnh1bitlon. rn pnevious stud.les by Taylor et al. (rgZo) removar of
chlorld.e ions resulted. ût an lncrease ln hype4rolarisatlon. This effect
of isethlonate ls contlngent upon ad.equate depletion of Í¡tracellular
chl-orld.e (n"ttg and. R:Ltchie, 1968). I{hether such a state ¡vas achleved. 1n

the spleen l¡ the present stud.y ls not Isronn although lt should. be noted.

tÌ¡at incubatlon of the strlps ln the lsethlonate-contal¡rlng chlorlde-free

med.iun was longer than 1n the above stud.les.

c) TÞ'ylor et a1. (lgZO) obse:r¡ed. ln the :rat uterus that hlgh con-

centratlons of external potassiun (up to 120 nM) dtd not shortcircuit
the pump and. h¡tegllolarlsatlon ¡ras always seen. 0n the other hand, in
the present stud.y rel-a:<atlon wlth increaslng a.nounts of pota,sslum of
spleen strlps nad.e to cont:ract by norad.renallne f¡ a potasslun-free med.lun

lncreased. up to a co:rcentratlon of l0 ¡rM. Fr¡rbher incre¡nent ln potasslun
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concentration led. to a d.ecrease l¡r the peak anplltud.e of rel"a:<atlon a¡rd.

a second¿ry lncr'ease ln tenslon (presunably due to the well lono¡rn d.epolar-

lsing actlon o! potasslu¡n). laylor and. co-wor:Irers proposed. a¡r effect of

sod.iun pumptxg on potassluo pe:meablllty to e:çIaln the absence of a short-

cj.rcult.lng effect of pot:,sslum on the el-ectiogenlc sod.iu¡r prrmF. If thls

j-s tnre, 1t woufd. appear that thls nechanlsn d.oes not exist 1n the spleen.

The d.ata obtalned from th1s stu(y ca¡¡not verlfy this assumptlon conc1uslvely.

d) Unllke no¡:nal spleen strlps stl¡nulated. i¡ a potasslun-free

med.iun, the sod.lun loaded. strlps stl¡nulated- 1n a potasslr:m-f:ree ned.lu¡n

wlth norad.nenallne :respond.ed. poorly to norad.renallne. Er¡rosure to Kæbs-

llenselelt solutlon d.lmlnlshed the responses further as ¡relL as red.uclng

the restlng tenslon of the nuscle. A sf.nllar reductlon ln restlng tenslon

was found. by Barr et al. (tg6Z) 1n cold. stored. carotld. artery strlps, but

this was acconpanled. by an lnc¡eased. responslveness to norad.renallne or

electrleal stimulatlon durlng exposure to potassium. In the present stud.y

rhen the sod.lun load.ed. spleen strlps were kept 1n Krebs-llenselelt solutlon

lor a prolonged. perlod., the fnltlal llhLbltlon of norad.renallne æsponses

was reversed and eventr¡alLy responses beca¡re larger than control responses

ln the potasslurn-free ned.lu¡r. However, when tle preparatlon lras agaiJr

¡¡eturned to a potasslum-free ned.lum, the contractlons becane even larger.

Thls suggests that two proceases weæ occurrl.ng slnult¿neous1y, one being

a shortlastlng lnhlbltlon of æsponse to agonlst due to the sod.lun pwnp

and- the other being a recoveqr of the sensltlvity of the nuscle to

agonlsts by a d.lffe¡ent ¡nechanls¡n (probably recoverîr of intracellular

potasslun). The lnabillty of Barr and. co-norlçers to obsen¡e any lnhlbLtlon

of norad.¡enallne responses nay have been because the inhlbltory conponent
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of the sod.lun punp was less than the restorati-on of responses d.ue to

recoverî¡ of lnternal pota.sslurn. It may be lrnporta^nt to note that in the

stud.y d-one by Barr and. co-workers the strlps were stored. in a potasslum-

contalnlng ¡ned.ium 1n the cold.. Thls rnight have resulted. in a Lesser d.egree

of socllum enrlch¡uent tl¡an in the spleen strips which were stored. tn a

potassiun-free ned.lum ln the cold.. These rorkers d.ld. not consider the

posslblllty that the sod.ium purnp rnight med.Íate a d.ecrease ln tenslon of

cold. stored. carotld. strlps when exposed. to potassiun, Instead. they ex-

plalned. it on the basis of an lncrease 1n lnternal potassiun. It may be

necessalXr to reilte4ret thelr concl-uslons on the basis of a pump medlated

phenomenon.

e) In tlssues where h¡qper¡lolarlsatlon ls observed- as a result of

any proced.uæ, seve::a1 other mechanlsms besLd.es actlvation of an electro-

genlc sod.lu¡n pump have to be consld.ered. i{hlle Taylor et al. (fgZO)

proposed. ttrat the hy¡rer¡rolarlsatlon ln the mt utenrs recoverf-ng from

eclC storage ls d.ue to an electrogenic sod.lun pmpr l(ao and. Nlshlyama

(tg6l) argued tbaL a slmilar phenornenon ln tte rabblt utenrs is not due

to this ¡nect¡ar¡lsn. Among other thlngs a¡r lncrease ln potassluur permeabll-

ity can also glve rise to an fncrease in ¡nenbrane potentlal. 0n the basls

of the findlng of Hod.gkln and. Ilorowtcz (t95Ð tfrat potasslun permeabillty

of frog semltend.lnosus nuscle was d.fuectly relatetl- to the external potas-

siu¡n eoncent::atlon we argued whether the rela:<atlon d.ue to potassiu¡n of

spleen strlps prevlously stlnulatecl ¡¡lth noradrenalj¡e i¡ a potasslun-

free ned.lun could. not be e:çIalned. by a slnllar lncrease in potasslun

permeablllty. thls argument was weakened. very nuch at the outset ¡rhen

we falled. to ellcit any lncrease ln restlng tenslon when the spleen strips
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were firctt exposed. to potassium-free ned.l-un. Tlrts was expected. to d,ec:rease

permeabÌ-Iity to pota'sslumr cause d.epolarlsatlon of the ¡nenbra¡re a¡rd. result
in shorteniag of the nuscle. The latter occurs 1n d.og carotld. artery (Barr et

11., 1962) and 1n srow avlan strlated- nuscle (sonIyo.and. sonryo, Lg6g) urid.er

stnllar cond'1tlons. It can be concluded. fron thls that any effeet of external
potaselun on potassiun perrneablllty, wlthln the range of 0 to 5.4 nI4,1s not
pronlnent enough' 0n tle other hand.r substantlal rela¡cation ¡¡as prod.uced.

und.er approprlate cond.ltlons by potassil.un i-n concentratlons 1ess ttran

5 m'Þ{. Barlun lons have been reported. by sever:aI workers to lnhibit the

peroeability of the ¡nenbrane to potassÍun (sperelakis a¡d lh.r-r, 19651

SpereÌakls et a1. t 196?). Also, barlu¡n suppæsses ¡el-a:cation lnduced by

relaxants ln the d.eporarf-sed. ¡at ute:rrs (scrrua, Lg6?). ït was therefore
consldered- of interest to see lf the relaxar¡t effect of pota,sslum cou1d.

be artered Ín spleen strlps stfunulated. wlth barlum ln a potasslum-f¡ee

¡nedlun. lhe obse:r¡atlon of a¡ lnc:nease ln cont¡actlon of spleen strlps
due to bariun when exteznal potassiun 1s ¡ed.uced., is unlque. In earLler
studies done on muscr-es other than spleen, the opposlte was found. to be

the case¡ ê.gr in the gulnea-plg taeni-a coll (I(.rakl et ar.r r)6i4). How_

everr fn every case the tissue enployed. was one whlch did. not also :respond.

to other agonlsts fuI the absence of external potasslurn. llence any nutqal
antagonlsn betlreen barlum and. potassiun could. be easltry masked. by a nore

dlstal effect of low potassiu.ur ln ttre sequence of events causlng muscle

contractlon. The lnteractLon between barlun and. potasslum was rea¿ily
obse:¡¡ed' ln the spleen, slnce lt contl¡rues to respond. ln the absence of
external- potasslun, The relaxant effect of potasslum ¡yas g:neater ln
cont::actlons d.ue to barlun ln potassiu¡n-f¡ee med.lun tha¡r 1n contrractions



- zlg

d.ue to norad.renallne' ftrrthermore, elevatlon of extarn¿Ll potasslun rllci

not rrel-ax spleen strlps mad-e to contract wlth nor¿rcì"ronallne ln ilr.r

presence of Krebs-Henselelt sol-utlon. Thus lt seems that t¡+o d.ifferent

mechanlsns exlst by whlch potasslum can relax splenlc srnooth nuscle.

However, the relaxation of muscle by potassiu¡n..in the presence of bariu¡n

was partly due to stlrnulatlon of the sodiun punp since it cou]d. be par-

tlally blocked by ouabaln. A sfuriLar concentratlon of ouabain conpletely

abollshed' pota,sslurn-lnduced. relaxatlon in the presence of norad.renallne.

Our caleulatlons lnd.lcated. that the cornponent of relaxatlon of the strlps
due to potassiurn t¡ the plesence of barlu¡n that could. be attrlbuted. to
stlmulatlon of the sod.lum pu¡ttp was less tt¡an the conespond.ing conponent

ln the strips stlnul-ated. wlth norad.¡ena1l¡re. The above results suggest

that the pred.onlnant mechanls¡n of lnhlbltlon of spleen strlps d.ue to

potasslum ln the presence of noradrenallne is due to stlmulatlon of the

sodiun punp slnce thls could. be completeJ-y blocked wlth or:abaln, In the

presence of barlu¡n, however, an ad.dltlonal ¡nechanLsm exÍ-sts, the nat¡re

of whlch ls not resolved. It nay be lnterestlng to flnd out lf conpetltlon

occurs bet¡reen barlun and. potasslum for access to sltes of calclum stora6e

or to the contractlle protelns, since both nechanlsns have been proposed.

as ¿Ln explanatlon for the abll1ty of barlu¡n to cause contractlon of snooth

muscl-es (Oantet, J964).

f) The sod.lum pr:rnp ln nonnal ¡nuscles ls not erectrogenlc as

evld'enced. by thé lack of change 1n restlng tenslon of unstlmulated. ¡nuscles

when exposed. to potasslun-free ned.lun. Thls 1n turn nay suggest that the

nenbrane potentlal d.id not d.ecrease" A contractlon lrould. have been ex-
pected. on rer¡ovlng external potasslum 1f an electrogenlc sod.lu¡n punp were
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contrlbutlng to the restlng nenbrane potentlal.

g) 0n a few occasi-ons (r.eonar",ù, r95?; Dod.d and Danier, 1960),

i¡creased. responslveness to agonlsts has been reported. to occur when the

¡nuscles are exposed. to a potassiun-free ned.lurn. It is possible that d.ue

to some factors of experÍ-urental hand.ling of the tissue a¡¡ initial accunu-

lation of sodlum mlght have nade the sod.iu¡n-Burnp electrogenic an¿ the

tissue less sensitive to agonlsts. On ¡e¡noval of potasslu¡r fron the

¡ned'lum the lnhlbltlon due to the punp rnlght have been re¡noved rresultlng
in enhance¡nent of lesponses,

Rore of agonlst d.lsposiü-on in ¡nod.lfylng contractions

It was ¡nentloned. earller that two nechanlsms for prod.uctlon of
the two ptrases of contractlon d.ue to norad¡enallne were consld.eæd.. The

flrst was concerned. wlth the utilisatlon of d.ifferent sources of calclu¡r
and thls expectatlon was supported. ¡r the experlnentaL :¡esults. A second.

factor that coulcl lnfluence the magnltude of the two phases cou]d be the
rate of lncæase of agonlst concentratlon j¡ the vlclnlty of the alpha-
ad.renocepto::s. severaL of our experlments bear on thls posslb1I1ty, The

tlne t¿ken for a response d.ue to norad¡enallne to reach a plateau 1eve1

was longer ln a muscle incubated. 1¡r lkebs-Ilenseleit solutlon tha.n r¡hen

the calcluru d'epleted. ¡ruscle was flrst exposed. to norad.renaline an¿ then

a response was lnd.uced. by :restoratlon of ealciun cþncentratlon ln the

bathing ¡ned.iun. Fbo¡n thls lt ¡vas lnferred. that the rate at which the

agonist concentratlon attalned. a stead.y state ln the blophase and not the

rate of avallabllity of calciun fron lts varlous stores ¡+as the lünltl31g
st'ep in the entl¡e sequence of events whlch led. to muscl-e contractlon.
ïsoprenaline and. no¡ad¡enaline, both fulr agonlsts acting on the same
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alpha-adrenoceptors ln the spleen, produced. d.:Lffeænt proportlons of fast

and. slow phases for cont¡ractlons of slmllar nagnitud.es. This ls une:çIaln-

able on the basls of the prevalllng concepts of dnrg-receptor fuiteractlons

wlrere lt is gene::ally belleved. that the sequence of events following

activation of the sane receptor by fuJ.l agonlsts ls sinilar, However, ì-t

ls Inrorm that dlfferent fulI sympatho¡nimetlc agonists for the alpha-

ad.renoceptor^s in the spleen nay possess d.lfferent afflnltles and. d.iffe:¡ent

rates of lnactLvatlon. For e:<anple, lsoprenallne has a lower affi-nlty
ttlan norad-renall-ne, based on a hlgher varue of ED5o (Davld.son, ]9?o).

A¡rother dlfference between noriad.renallne and. lsopnenaline 1s the rate of
their d.lsposal from the blophase by æ-uptake lnto syrnpathetlc nerr¡e end.-

i¡rgs. In the rat heart the afflnlty of noradrenallne for the 'Uptake f'
process 1n nen¡e end.Íags ls greater tha¡¡ tbat of lsoprenaline (Iversen,

\?6?). rf the sa¡ne cha:ncterlstlcs of the uptake process appry to the

spÌeen, then for any glven concentration of ttre tno agonlsts 1n the bath, the

stea{y state concentratlon of f.soprenallne 1n t}re blophase w111 be l¡fluenced

less þ the uptake ¡rechanlsn, the followf-ng results supported. the concept

that the proportlons of the two phases of responses d.ue to s¡rnpathoml¡retlc

agonlsts depend.ed. upon the rnagnltude of thelr inactivation by the uptake

process

a) The ratlo of slo¡r to fast phase lncæased with nora.d.renalLne

concentrations. If the events that follow receptor actj-vatlon renaln

const¿.nt then the pmpor*,lon of the tr+o phases should. not change no ¡natter

how rnany receptors are actlvated.. Therefore an alternatj-ve explanatlon

has to be found.. Slnce the catechol"anine uptake ¡nechani.sn is saturable

(fversenr']196?) lt should be less effective 1n lfuniting the anounts of
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norad.renallne ln the blophase when the concont::atlon of thl.s agonlet ln

the bath ls hlgh. Brodle et al. (tgSÐ observed sLmllar changes ln the

ratlo of slow to fast phases 1n the rabblt aorta wlth lncreaslng d.oses

of ad.renaline.

b) wlth lsoprenallne, the proportion of slow to fast phase sas

tnuch hlgher than wlth noradrenallne for an equl-valent ùcrease in active

tensi-on. The low afflnlty of tsop:renaline fu the spleen d.oes not appear

to be responsi-b1e for the smaller fast phase because in spleen strlps in
r¡hich neuronal uptake of noradrenali¡e was Í-npaired. elther wlth cocafuie

(navlason and rnnes, 19691 l4arlhot, rg?o) or by degeneratlon of s}rnpa-

thetlc ner"ve endlngs with 6-hyd.rorydopa.nt-ne (Mailhot, I9?0) trr. responses

to noradrenallne resembled. the responses to lsoprenallne l¡ no¡maI spleen

strlps. Cocalne has been shornr by Mallhot (tgZO) not to alter tbe affln-
ity of alpha-adrenoceptors ln the spleen to the non-equiribrlun

blocklng agent, phenox¡þenzamlne, If thls can be extrapolated. to assr¡ne

that the afflnlty of the agonlst, nor:ad¡enaLine 1s also not altered. by

the above agent,then the nechanis¡n for alteratlon f¡ the raü-o of slow

to fast phases after cocaj¡e or 6-hyd.rorytLopa,rnÍrre eannot be ex¡rlal¡1ed on

the basls of dlfferent afflnltles. 0n the other hand, slnce both these

proced-ures d.lmlnish the lnactlvatÍon of norad¡enallne by uptalre, it can

be conclud.ed. that ln the normal tlssue uptake constitutes a nore effectlve
nechanlsn for lnactlvatlon of norad.renallne at a tfune when the slow phase

is occurrlng than durlng the fast phase. Thls llnplies that the uptake

process shows a lag ln lts onset or ln lts actlvation above a basal level

consequent to the entry of norad.renallne lnto the biophase, I{hi1e lso-
prenallne ls generally belleved- not to be inactlvated. appreclably by

.t.; ; l
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Upta'ke I mechanlsn l¡ the ¡:at heart (ïversen, tg6ù, Davldson a¡rd fnnes

(rgZo) measuned the uptake of lsoprenallne ln reserplne treated spleen

strips that we¡e thlcker ttra¡r those enployed. ln the present stu{r an¿

found- that the content of this anlne was appreci¿ble. The uptake of nor-
adrenal-ine tested- sfurilar-Ly was greater tlran th¿t of isop:nenaline. lfhj-Le

no j¡fo:mation 1s avallab1e about the nature a¡rd. ki¡etÍcs of uptake of
isopr^enarlne lrr the spleen it appears fron the present study that upfu.ke

certainly d.oes not constitute an frportant nec¡anisn for j¡activ¿tion of
isoprenalÍ¡e as it d.oes for norad.renall¡¡e,

Cocaine and- 6-trydroxydopa.rnine, both caused. supersensitivlty of
the spreen strlps to no:ad¡enarlne. Another agent, reserplne, arso

causes supererensltlvity 1n a varlety of snooth nuscles (rnnes, rg60;
Flenrlng and r¡end.erenburg, r96L). H¡d€lns and Flernlng egaq suggested.

that thls was probably as a result of the actlon of r.eserpine at a slte
between the :receptor ar¡d. contractlle nechanlsn, The :results of Davldson
(r9?0) showing the ability of reser¡rlne to cause supersensltlvtty in
spleen to a vari-ety of un¡elated. agonlsts such as norad.renallne, acetyl--
chollne, anglotensih and. hlstanlne tend. to suggest the above t54pothesls.

Resery1-ne caused- supeÌsensltivity of spleen strlps to norad.¡enarine in
the present stu(1r. However¡ the ¡eLatlonshlp of ¡atlo of slo¡r to fast
phase of the response to the concentratlon of no¡ad.renaline was not slg-
niflcantly d.ifferent fro¡n that obtalned i¡ tissues not treated. with
reserplne. Thls ls clearly a pattern d:Lfferent fro¡n that obtained. aftér
cocalne or 6-hydro:ryd.opan1ne. rt is lnterestl¡g to note that unlike
these two agentsr reser?1ne does not lnhlblt the uptake of no¡adrenallne
by the synpathetf-c postganglionic neuronal membrane (rversen, Lg?o).
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Several_ workers (Canrter a¡rd. Shlba+a., I)677 Garrett and Carrler, l)lL)
have suggested' that alteratlon 1n the ¡nod.e of utillsation of caLclun for
contractlon nay be the nechanÍsn of supersensitlvity d.ue to æserpine.
rn the present stud¡i the potentiation of norad.¡enal1ne by :reserlplne
appeared to be ned.lated- þ the sane proportl0n of 100se1y and tightly
bound' calcium stores as the responses ln untre¿ted. tissues. rf the
theory of increased' utillsation of cal-c1u¡a sto¡es in .:reserpi¡e treated.
tlssues ls comect then both stores are probabry equarly involved..

Just as sone potentlatlng agents such as cocalne an. 6_hyd_roxy_
dopanlne ar-tered. the ¡at1o of sro¡r to fast phases of norad:cenarlne
responses' blockade of alptra-ad':renoceptors also had. une:içected. effects.
itgai¡, as st¿ted. earller, it was expeeted. ttrat responses to norad.:¡enaline
which r+ere i¡hlbited. due to the presence of a non-equilibriun bl0cklng
a€entr phenorybenzannine, would. have the sane proporti-on of sro¡v to fast
phase as contror tlssues 1f occr-usion of :neceptors was the only process
lnvolved'' Instead-, conpa::able lesponses of spleen strlps to norad_renal_l¡e
after treaünent wlth phenorybenzamlne had a larger slow phase ttrari cont¡ol
tissues' rt ls possible that thls was partry due to the fact that pheno:<y-
&nzamLne, besldes brocking the arpha-ad:renoceptors also mlght have
inhlblted the uptake nechanismo This r¡rhlbltion is now quite wld.ely
knor¡n to occur 1n rnany tissues (rversen, lf96?). unrike cocaÍne and 6-
hydroxyd.opanine, the d-lfference of s10w to fast phase ratlos between
phenorybenzamlne treated' ar¡d. control tlssues was hlghest at hlgher concen-
trations of the agonlst, I,Ilth cocaine a¡rd. 6-þdro:çydopanine, the opposlte
was the case' I'Ihether the ablllty of phenorybenzani¡e to
atlon of caLclu¡n for contr¡actlon (Sontyo and Sorn1yo, I)6)3

funpair nobllis-
Somlyo g! d.,
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responslble for a d.epresslon of the fast

ln release of tightly bound. calciun) and

d-lfferent categories of d.rugs cannot be

available.

phase ( ind.icatlve of a

the difference between

a¡rswered fro¡n the d.ata

enr-c srnooth - nultiunlt or s e unit?

All three treafunents nentloned above ¡esuIted. in rhythnic con-

t¡actlons on adòltlon elther of norad.renall¡e or a¡rother alpha-ad.renoeeptor

stimul-ant, phenylephrlne. One of the corunon features of the three treat-
nents is their ab1l1ty to interfere wlth the functlons of the s¡nnpathetlc

postganglionlc nerve end.ings. this, however, d.oes not seen to be respon-

sible for the production of rþthmlcity because tetrodotoxin, when used.

1n concentrations high enough to block nerve cond-uctlon, d.1d. not abol-ish

establ-ished, rhythmlc cont::actlons. It is the¡efore ¡nost 1lkely that
elther a di¡ect effect of these proced.ures on so¡ne postsynaptic event or
an i-nd-irect effeet as a result of presynaptie changes nay result ln the

lnitiation of rhythrniclty and. lts propagatlon along the ¡nuscle cells.
The normal spleen strips showed. nelther sponta^neous rhythmlclty

nor could. thls be evoked. by stfunulati-on wlth pota,ssiu¡n or norâd.renallne.

These obse:¡¡atlons, along wlth a r-ack of 'a,fter stretch contractlon.,
suggested that the rnuscre cerrs i¡ this tissue nay be functloning in
nultiunlt fashion tutder the prevalling experlnental cond.ttlons. The

critlcal pmof for th.ls can only come fro¡n electrophysiological- stu¿les.

Multiunlt muscl-es are cha¡acterlsed. by an abunda¡¡ce of ne:r¡e

endlngs and. lack of close contacts between ad.jacent nuscle ceL1s. 0n

the other hand., single unlt nuscles whlch show the property of
rhythmic contractlols¡ êogr smarl arterioles, show a larger number of
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tight junctlons or nexuses anong adjacent ceLrs (nrroain, 196?). Hlsto-

logicaJ. examlnatlon of the spleen strÍ-ps reveal-ed. that, although they

behaved. llke nultlunlt muscles, ad.jacent nuscle cel-ls: i¡ then showed. sorne

lnterlocking of rnemb::aÍres with seve::ar areas of ¡nembra^ne fuslon. A

sl¡nlIar observation has arso been made by Flll_enz (rgZo). Thus the

lnductlon of rhythrnicity in spleen strlps treated wlth cocalne, 6-nyaro:ry-

dopanine or reser?íne d.id. not appear as startling as it would. othe::wlse

have been. In the absence of electrophyslologlcal evid.ence to support

the concluslon that after treat¡nent wlth reserpine, 6-hyaroryd.opanfne or

cocaine the splenlc capsular snooth ¡nuscle behaved. in a single unit
fashion, the following ind.lrect evidences weræ consid.e¡ed.,

a) RÌlyttunic contractlon of rnuscle lnd.lcates s¡mchronous contrac-

tions of many cells of the preparatlon. Electrophysiological stud.les

cond-ucted. in vlsceral smooth muscre (aürurrng, 1955¡ 1962) have shorm

that thls involves gener"ation of actlon potentlals by a pacenaker region

and- propagation of a wave of actlvity along the entire strlp of tlssue.
It is not un¡easonable to conclud.e that a slmll-ar nectnnis¡n nay also be

operating in the spleen capsule.

b) Buznstock anri. Prosser (f960) reported. on the abllity of stretch

to induce contraction and. electrlcal changes j¡r a variety of vlsceral
smooth muscle preparatlons, nanely rabbft bladd-er, gulnea-plg taenÍ.a coli,
cat small- lntestlne and gulnea-pig vas d.eferens. Some other preparatlons,

for example, pig renal vej¡ and. earotid. artery a¡rd. cat ni-ctltating nen-

braner dld not respond to stretch. The nuscle i¡ the forrner group of
preparatlons ls known to be sÍ-rrgle r¡nit ln t¡pe. The absence of stretch

induced contraction i¡ the nozrnal spleen and lts appearance ln the presence

-it ;: t
¡:"ln!
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of cocalne suggests that singÌe unlt propertles can be ind.uced. by d.mgs.

The or:currence of cond-uction of actlvlty ln the rhythmicaJ-ly actlve spleen

preparatlons was also demonstrated. fldirectly by flrst lnd.uclng rhythmic

cont::action of spleen strlps wlth cocai¡e and. norad.renaline. The l-eveI

of the bathiag mediun was then lor¡ered so that half of the strip stayed.

out in contact wlth warm moist air. It has been seen earlier in the

spleen (unpublished. obserr¡ation) a¡¡d. in the rabblt aorta (Italsner and.

ìiickerson , ]968) that on removal of the trathing ned.j-unr the a.nount of
agonist remalnlng in the extracellular space and. biophase of the snooth

nuscl-e d,ecr¡eases d-ue to the various lnactlvation mechanis¡ns. Thls ¡esults
in grarLual rel-axatlon of the nuscle. As a workilg hrcothesis we proposed.

that lf rhythnlc contractlons were ildeed due to synchronous actlvation
of the entfue muscle then red.ucing the area of contact of the tissue wlth

the bathing ned.ium wou1d. red.uce the basal tenslon sustained. by the muscle

(d-ue to progressive d.ecrease in the agonist concentration of the part of
the inuscle erposed. to a1r). However, the muscre exposed. to air courd.

still be activated. electrlcalJ-y by the remalnlng portion of the ¡nusc1e.

If so, the nagnJ-tud.e of the rhythmlc contraction shoul-d. not change. For

reasons nenti-oned. earlier i¡ the RESULTS section, d.lsappearance of rhyth-

nic contr:actlons does not rul-e out the posslblllty of cond_ucted. actlvlty
buL a terslstence of contractions supports it strongly. Thls was fo¡nd.

Ln some cf our experlments, where exposure of half the strlp to alr
resu]-tæd- Ln an approxirnahely jOft d.ecrease i¡ basa] tension but no change

ln the anplituôe of the rhythrnlc cont:ractlons.

the need' for a critical Level of d.epolarisatj-on Ín response to
an agonlst 1n ord.er to trlgger the rhythnic contractions: wês suggested. þ
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the d-ose-response relatlonship seen fui our experlnents. A sma11 concen-

tration of the agonlst j¡rduced. only a stead.¡r rlse in tension, whereas

hlgher concentr:ations prod.uced. rhythnlclty in add.ition. However, still
larger concentraùions of the agonist prod.uced- a progressive i¡crease in

basal tension and frequency of rhythmic contractions a¡d eventually the

rhythnic cont::actions fused- i¡to a snooth nechanical, :response to the

stl¡nulant. 'dhether this lncrease ln frequency represents a fractionatlon

of the exci.tatory nave front or i¡duction of pacenaker activity at nultiple
sites cannot be st¿.ted.. üIe were puzzled. at the lnabllity of potasslun

to j¡duce rþthnicity" In thJ-s respect the behavlour of the spleen was

in sharp contrast with the vascular preparatlons stuùied. by Joha¡sson a¡¡d

nohr (f966) and. Biami¡o and- Kmckenberg (tg6g) and. suggests that d.epotar-

isation alone perhaps ls not sufficient to induce rhythmicity irt the spleen.

fui i¡terestiag effect of potassiun was seen by Johansson and. Boh¡ Ogeø)

in the d.og suo-cuta¡reous artery strips. rn strlps that had. alread.y con-

tr^acted. in :response to noradrenaline or plasna, they found. that ad.d.ltion

of IJ - 30 mM of potassium chlorid.e caused. a d.ecrease in tenslon ar¡d. also

a slowing of the frequency of rhythnlc contractlons. Ttris ¡¡as e:çlalned.

by the authors on the basis of a possible negatlve 'chronotropict and-

'd-ronotropic' effect of the lons on the pacemaker activity and. Íntercel-

lu1ar conductionr respectlvely. The prinary cause for thêse two effects

was believed. to be the d.epolarlsi:rg actlon of potassium chl-orld.e. It is

known in the heart (Vassale, f96Ð that an lncrease ln extracellul-ar

potassium concent:ration lead.s to an lncrease in potassiun pe::rneablIlty

which i¡t tuzn red.uces the steepness of the prepotentials and. consequently

the rate of flring of the autonatlc tlssue. The effects of potasslun on
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the rhythmlc contractlons ln thre spleen appear to be nore complex a¡¡d

varled. Increaslng the exteznal concent::atlon of potasslun abolished.

rhythmlc aonLfr,cLIons whenever present. In strlps where the rtrythmlc

contr:actlons had. fused., potassium caused. a sllght d.ec:¡ease ln tension

and. unnasked. slower rþthnic contractlons. Ttrese responses ¡esembled.

those obtained. jrr tlæ study of Johansson a¡rd Bohr (1966). However¡ after

potåsslun Lrad. abollshed. establlshed. rhythrnic contractions in the spleen

when the agonlst concentratlon was f¡c:¡eased., rhythrnicity was restored..

When the alternate ad.ditlon of potassiun ancl agonist was contfnued., a

stc,ge cane when further add.ltlon of potasslum no longer decreased- tension

but lnstead. caused. an lncæase. The nost llkely e:çlanation can be tl¡at

the lnltlal tl.ecrease ln rhythnlctty d.ue to pota.sslu¡n resulted. fron hyper-

polarlsatlon of the muscle (cf. the ex¡rlanatlon glven by Johansson a¡¡d

Bohr). Ad.d.ltton of the agonlst restored. rhythnlcity by lowering the

¡ne¡nbrano potentlàl to a crltlcal level for fklng of action potentlals.

Hlgher concentratlon of potassium caused. further contraction as a result

of its d.epolarlslng action on the nembrane, This effect is re¡niniscent

of the observatlons in the e:çerlnents on thê effect of potasslum on the

electrogentc sodluÍr PunP. A posslble role of the sodlun punp ln the

ne¿latlon of rtrythniclty in the spleen ¡{as su€gested. by t}¡e abolltlon of

rhythnlclty and an lncrease 1n tenslon of the spleen strlp when potasslum

was wlthd.ram from the nedlum. This flnd.lng is compatible wlth a¡l ln-

creasecL osclllatory actlvlty of an electrogenlc sod.ium pulnp ln the rhyth-

rnlcally contractlng spleen which nould. tend. to keep the rne¡nbrane potentlal

hlgher than usual, Removaf of potasslum, by d.ecreaslng the actlvity of

the pump, wouLd.,then cause d.epolarisatlon and. a consequent lncrease ln
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tension. l'Ihile this kj¡d- of explanatj-on has prevlously been glven for
the mechanis¡n of the slow wave ln the lntestine (Danlel and. Chapnan,

1963¡ Liu et a]l,", I)6)), 1t is also necessarTr to nrle out the posslbility
that the effects of potasslun seen i¡ the spleen rnight be d.ue to chianges

j-n ionic permeablllties rather than a¡r effect on pru¡rp activity.
Ie.stly, the source of calclum responsible for rhythmlc contrac-

tlons v¡as examlned.. ilhytluolclty was always superlnposed- on the slo¡+

phase. Si¡ee the Latter 1s d.epend.ent upon loosely bound. calciurn it fs
likely that the saJne source may contribute to the rhythmic contractlons.

0n the other hand.r this association between the two tytrres of cont::action

nay be a mere coincld.ence due to the brevity of the fast phase. Ad.d,itlon

of 1 ¡nII EGTA to the bath-lng rned-lum of a rtrythmically cont::acting spleen

strip resulted. in nearly conrplete suppresslon of the phaslc changes .r_n*

tension whereas the basat active tension d.ld. not show any d.evlati-on from

lts nozmal appearance. The above proced.ure was eJq)ected. to red.uce the

free calcium concentration ln the bathing ned.lum by approxinately I mM -
a change which was earller shown to have very little effect on the compo-

nent of contraction produced. by tightly bound. calcium. Restoratlon of
rhythmicity on ad.d.f¡g 1 ¡nM calcium chf-orid.e reinforced. our conclusion

that the rLrythrrrlc contractlons weæ d.epend-ent on looseLy bound. cal-cium.

Aclditiorrar support was obtalned- by the greater abllity of manganese

ehl-orirle to d-ecrease rhythmic contractions conpared. Lo zinc chl-orld.e.

These experirnents on the rhythmlc contractions in spleen strlps
support the contenti-on of Sonlyo and Somlyo (f968t) that smooth nuscles

are ntt" :-nherently multiu¡tit or single unit as was proposed. by Bozl_er

(l'7+?1 rore tharr two åecari.es ago. Instead. an entlre spectnrm of behaviour

.:ì i1;,::r:;.: '
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can be seen among d.lffe:rent rnuscles and- 1n the sanne nuscle d.ependlng

upon environnental a¡rd- lnbo¡n facto::s. Nevertheless, the ability to

ind.uce si¡gle qnit behaviour in a muscle that pred.oni¡antly fr-rnctions j¡
a nrultlunit fashion rnakes the spleen a verxr attractlve e-rperìmental mod.el

for stucying the rnechanism of automaticlty in s¡rooth nuscl-e.
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