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SUBCELLULAR BASIS OF THE CARDIOTOXIC EFFECTS

oF.coBALT, NICKEL AND MANGANESE

ABSTRACT

The effecfs of Co#, Ni++ ond Mn#on the contrqctile force of the

isoloted robbit heqrt ond ihe octivîfìes of the rqbbit heort myofibrils, mîfochondrio,

frogments of sorcoplosmic reticutum (microsomes) ond sqrcolemmo were exomined in

order to esfqblish the sites of oction of these divqlent cotions. Co*, Ni# cnd
-l-L

Mn" in concentrotions from 0.1 to I mM were fiound to depress the mogniÌude ond

the rote of chonge of controctile force developement to vorying degrees; however,
-l-L Å1- .l-L -lJ- -l-.!-

Ni- wos found to be more effective thqn Co-' or Mn' ' . Boih Co' ' ond Ni ' ' ,

but nof Mn*, increosed the resting tension of these heqrts. Electron microscopÎc

exominqtion of the Co*, Ní++ ond Mn# treoted heorts reveoled no ultrostructural

chonges due to perfusion with thése divolent cotions.
. 

Although Co*, N¡++ qnd Mn# were found to increose ATP hydrolysis

by myofibrTls, these cotions were less octïve lhon Co# o, Mg#. Myofibrillor

ATP hydro lyzingqctivities due fo Mg* ATPose ond Co# - stimulqted ATPose were

0.032 qnd 0.18ó p moles Pi/mgprotein/min respectively. Both myofibrillor Mg*
-!.L

ATPose ond Cq' ' - stimulqÌed ATPose octivities were inhibited to vorying degrees

by 0.05 io I mM Co*, N¡++ ond Mn#,except Mg* ATPose octivity wos nof

offected by 0.05 mM Ni# significontly. The order of potency for inhibiting Mg#

ATPose *o, Mn# > Co# > N¡++ whereos thot for Co# - stimuloted ATPose wos

N¡++ > Co# ) Mn#. In controst to the depressont effect of Co# ond Ni#, the

inhibitory ocfionç of Mn# were not opporent qt 0.25 to 1 mM concentrqtions of

Mg ATP

ATP hydrolysis by mitochondriq wqs stimulqfed by Co#, Mg*, Co*,
Ni# ond Mn# in 0.05 to 4 mM concenfrotïons. The mitochondriol ATPqse octïvity

(l p mole Pi/mgprofein/min) ïn the presence of Mg#wos significontly depressed

by 0,25 - 4 mM Ni++ qnd I - 4 mM Co# ol. Mn#. Mitochondriol colcium binding

(52 nmolesr/mg proteinr/S min) ond uptoke (131 - 1Bó n moles,/mg profein/5 min,

under different experimentql conditions) octivities were depressed to vorying degrees
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by 0.01 - I mM Co*, N¡J+ ond Mn#. The order of potency for inhibiting

mitochondriol colcìum occumulotion wqs Ni++ ) Co# ond Mn#. Mitochondriol

ADP : O rotio ond RCI were decreosed by 0.05 - 0.10 mM Co*, N¡++ ond Mn#.

Co*, Ni++ ond Mn#, like Co# ond Mg#, were found fo stimulote

microsomol ATP hydrolysis. Both Mg* ATPose (t .41 ¡r moles Pi/mg profein,/min)
J-r-

ond Co* - stimuloted ATPose (0,44 ¡r moles Pi/mg protein/min) octivities were

decreosed in the presence of 0.25 - 4 mM Co*, Ni#, Mn# ond the order of

pofency wqs Ni# > Co# ) Mn#. Microsomql colcium binding (43 n moles/rng

protein/5 min) wos noi offected by 0 .1 - 2*M Co#, Ni++ or. Mn#. On the

other hond, microsomql colcium uptoke (10ó4 n moles/tng protein/S min) octivity

. wcrs decreosed fo o vorying degree by 0.25 - 2 mM Co*, Ni++ ond Mn# ond the

order of potency wos Nï# ) Mn# > Co#. The inhibitory effects of these divolent

cqtions on colcium uptoke octivity were observed qt I0 - 100 p M concentrotions of

colcium

The qbility of sorcolemmo fo hydrolyze ATP wqs stimuloted by 0.1 to

4 mM concentrotions of Co*, Mg*, Co1 Ni++ ond Mn#. The sorcolemmol
_:__:_ .*

. Co* ATpose (22.g ¡r moles pi/mg protein,/hr) ond Mg- ATPqse (21.6 ¡: moles Pí,/

mg protein,/hr) octivities were depressed by 0.25 fo 4 mM Co*, Ni++ ond Mn#

ond the order of their potency wos Ni# ) Co# ond Mn#. The sorcolemmol No+ -

K+ ATPor" ocrivity (g.4 V tn"H Pi/ng proteÌn,/hr) wos olso decreosed by 0.10

to 4 mM concentrqtions of Co*, N¡++ ond Mn#. The sorcolemmql colcium

binding in the presence of 0.1 rM Co# (98 n moles,,/mg proiein/5 min) wos depressed

by 0.25 mM or higher concentrotions of Co*, N¡++ ond Mn# whereos thqt in fhe

Presence of I.25 mM Co# (772 n moles,/mg proieÏnþ min) wos decreosed by 2 - 4
-l+ I.L

mM Co-, Ni- ond Mn' '. The sqrcolemmql odenylote cyclose ocf ivities ín The

obsence (124 p moles cyclic AMPr/mg protein,/min) ond presence of 2 mM NoF

(517 p moles cyclic AMP/mg protein/min) were decreosed by 0.1 to 4 tM co#
r-L +

or Ni' ' ond stimuloted by 0.1 to 4 mM, Mn . '

Tlæse results cleorly indicote thqt Co#, Ni# ond Mn# ore copoble

of oltering the functionol qctivities of cordioc myofibrils, mitochondrio, sorcoplosmic

reficulum ond sorcolemmd. Chonges in the functions of subcellulor components in

!i.



oddition to sorcolemmol olterqfions moy porticipofe in eliciting cordÌodepressonf

qcfions depending upon the concentrotions of fhese divoleni cqtions. Displocemenf

of colcium from some sqrcolemmol sites by these divolent cotions moy moke less

cqlcium qvoiloble for controction. In oddition these colions moy enfer ihe cell

ond oct os o "folse - coupler" of fhe events leoding from excitotion to contrqctïon. ,: :::::

On the bosis of sensitivïties of different subcellulor components fo divolent cofions, :: :"

ii is concluded thct chonges in mitochondriol colcium tronsporf octivitîes moy plcy

o predomïnont role in modïfying the controctile octivity due toCo#ond Ni#
whereos chonges in mitochondriql oxidqf ive phosphorylotion ond myofibrillqr ATPose ,,,, ,,

qctivities moy be of primory imporfonce for the cordiodepressont effect of Mn# . t:::':::

, 
t.,.,t.,tr'
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I. INTRODUCTION AND STATEMENT OF THE PROBLEM

Vqrious cellulor components such os sorcolemmo, mitochondrio,

sorcoplosmic reficulum ond myofibrils ore generqlly considered to be infimotely

involved in heort functïon ond metobolism. The porticipofion of these orgonelles

in controctile events is bosed on fheir obility fo regulole fhe introcellulor concen -
lrotion of colcium which hos been recognized to ploy o centrol role in the cordioc

excitqfion - controctïon coupling ond reloxofion processes. For exomple, vqrious

enzyme sysfems such qs odenylote cyclose, No* - K+ATPose ond Co#¡Mg#
ATPose in sorcolemmo ore belïeved to be ínvolved ín the regulotion of cqlcium

movements ocross the cell membrone. Furthermore, sorcoplosmic reticulum ond

possibly mitochondrio ore known fo occumulqte colcium by energy dependent

mechonism qnd in oddition mitochondrio generotes the moior portion of ATP,

ihrough fhe process'of oxidotive phosphorylotion. On the ofher hond, myofibrils

by virtue of their colcium binding ond ATP hydrólyzîng obilities provide energy

for controctile work. Thus ony olterotion in the functïons of these cellulor

components con be conceived to modify the qbility of myocordium to generofe

contrqctï le force .

Over the post two decodes, fhe octions of vqrious intervenfions on

myocordiol controctílïty hove been exploined on the bosis of fheir effects on one

or more of the cellulor orgonelles. Becouse of the lock of technïques ovoïloble

for monitoring the effects of different interventions on these cellulor components

in vivo ,it is essentiql fo sfudy their interoction under in vitro condifions offer

seporoting these orgonelles into vorious frocfions. In spite of the limitqtions of

this'opprooch, useful informotíon on the mechonisms of oction of differenf ogents

con be obtoined by exomining their dose - response relotionshïps under o wide

voriety of experimentql conditions.

Although vqrious divqlent cqfions such qs Co*, N¡++ ond Mnf ore

known to depress myocordiol controcfility, their mode of oction is for from cleor.

Electrophysiologicol, mechonicql qnd cqlcium flux studies hove indicoted on

impoirment of the excitotion - confroction coupling process by these heovy metols;

',':,:, ¡r:, ¡r.:,¡.',:ì':.:',:,::::

l'.:::::.

.
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however, the exoct site of theîr oction is poorly undersfood. We believe thot these

cotions qct on myocordÎum ihrough their interocfion with differenf orgonelles,

depending upon their concentrotïonrond offect vqrious sites involved in the

regulofion of colcium. Since no reporfs concerning fhe intersction of these

divolent cotions with myocordiol orgonelles os o bqsis for their cordiopressont

oction hos yet oppeored in the literoiurq ii wos the purpose of this study to provide

some informotion in this regord. It wos designed to estqblish the subcellulor bosis

of the cordiodepressont effect of Co#, Ni++ ond Mn#.
In one series of experiments, ihe effects of different concentrqfions of

++ {+ -¡-L
Co", Ni" ond Mn" on fhe controctïle force developement by the isoloted

perfused rqbbit heqrf were Ìnvesfigoted. An electron microscopic exominotion of

fhese heorts wos corried out to determíne ony chonges in the myocordíol ultro-

structure due to these divolent cotions. In onother set of experiments, myofibrillor,

mitochondriol, sorcoplosmîc ,eticrlor. ond sorcolemmql frqctions were isoloted from

unperfused robbit heorts ond the effects of different concentrotions of Co*, Ni++

qnd Mn# on vorious biochemicol porometers of ihese froctions were sfudied. The

ATP hydrolyzingobilities of these cellulor froctions in fhe presence-of Co# ond
#

Mg' ' were meosured. Furthermore, sorcolemmol colcium binding, odenylote

cyclose ond No* - K+ATPose octivities were exomined. The effects of these

cofions were olso tested on the colcium occumuloting obilities of mitochondriql

ond sorcoplqsmic reticulor frqctions. In qddition, mitochondriol oxidqtive phos-

phorylotion octivifies were meqsured in the qbsence ond presence of Co*, N¡++
l-r.

ond Mn' ' .
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il. REVIEW OF THE LITERATURE

A. Regulotion of Colcium Movements in Heort:

The importqnce of colcium in heort function hos been recognÎzed

sïnce Ringer (l) mode the observotion thot heort wos unoble to controct when

' perfused with o medium locking in colcïum. Subsequenfly, it wos shown fhot

cessotion of the mechonicql octivity of the heorf on perfusion with o colcium -
free medium wos not qssocioted with ony chonge in the surfoce electricol octiv{ty

,' (2r 3). By demonstroting thot on introcellulor iniection of colcíum is copoble of

¡nitìofing controction, Heïlbrunn qnd Wiercinski (4) further suggested thqt colcium

: ts qn esseniiol link between excitotion qnd confrocfion. Niedergerke (5, ó)

showed thqr the colcium cousing controction exists in the ionized form ond the

force of contrqction is reloted dîrectly io the qmount of ionized colcium !n the cell.

Since increosing the extrocellulqr concentrqtion of colcium during depolorizof ion

enhonced the mechqnicql qctivity of heort, it wos cloimed lhot colcium is the only

ion preseni in body fluids which is copoble of coupling exciiotion of the cell

membrone fo fhe controctile response of the cordioc muscle (7 -9). These eorly

electro-mechonicol observqtions in oddition Ìo morphologicol ond ùochemÌcol

evidence (10 - l5) hove estoblïshed the focf thot colcium is the finol mediotor in

the excitqtion - contrqction coupling process of the heort muscle. According to

the current concept of cordioc excitqtion - contrqction snd reloxotion Processes

(ló - t9) four cefiulor orgonelles nomely sqrcolemmo, sorcotlbulqr system,

mitochondrio ond myofibrils ore moïnly involved in reguloting colcium movements.

Electricol depolo.rizotion initioted by the pocemoker is propogoted olong the

sqrcolemmo ond is believed to enter the cell through o tronsverse tubulqr system

This process is ossocioted with on ìnflux of colcium from fhe extrocellulor spoce

ond q releqse of colcium from superficiql sites in the sorcolemmq. In oddition,

there is o releqse of colcium from introcellulor stores such os sorcoplosmic reticulum

ond possibly mitochondrio through direcf ond indirect mechonîsms. All these sources

of colcíum contribute in roising fhe concentrotion of free introcellulor colcium from

opproximo tely 1O-7 M to t0-ó - lO-5 M. This calcium binds to troponin ond
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relieves the ïnhibition exerled by troponin - Ìropomyosin system upon octín ond

myosin whereos hydrolysïs of ATP due lo stimulqtion of ocfomyosin ATPqse provides

energy for controction of the myofibrils. The cytoplosmic concentrotion of free

colcium is then lowered by o vorîefy of mechonisms Ïnvolving the sorcoplosmic

retïculum, sorcolemmo ond possibly mïtochondrïo ond ihis process is belíeved to be

ossociofed with reloxotïon of myofibrils. Thus the cordioc controction ond

reloxofïon cycle is generotly viewed os the reflectïon of roising ond lowering the

introcellulor concenfrotion of free colcium. Furthermore, the moleculor mechonisms

of controction ond reloxotion con be reodily understood in terms of the functions

of vorious membrone systems ond controctite opporqtus which ïnfïmqtely porticipoie

ïn regulofing the movemenfs of cqlcium in heort muscle. Although it is recognÎzed

thqf other cellulor components such os the nucleus moy olso be involved in the

regutoîïon of introcellulor cqtcium (20), no definitive informotÏon on this ospect

is qvoíloble in the literofure of the present time.

Recently, extrocettulqr colcium hos been împlicqted in coupling

excifotion wifh contrqctîon in cordioc muscle. Electrophysiologicol sfudies hqve

provided evidence for o slow inword currenr of the cordioc octíon potenfiol to be

due to cotcium ( - 2n. The mognÌfude of this current during the ploteou phose

of the ocfion potentïol wos relotively unoffected by externql sodïum ion concentrq-

tion or tetrodotoxin, o specific ontogonist of sodium ïnflux. However, it wos

dependenf upon externol colcium concentrotion ond wos sensÎtÏve to cqtcium

ontogonisfs such os veropomil ond its methoxy-derivotive, Dó00 (28). Various

cot îons such os Ni#, Co*, Mn# ond Lo# were found to depress contrqctïte

force by inhibiting the stow inword cclcium current (2g, 3O). The threshold of

the colcÌum current (obouf - 40 mV) musf be reoched before octivotion of the

controctile opporotus tqkes ploce. Other voltoge - clomp studies hove foÎled to

demonslrote o cleor relotionship between chonges in the slow inword colcÍum current

qnd controctile octîvïty during fhe'ltqircose phenonemon" (23, 31, 32) or Not -
free perfusion (23, 31).

On the bosïs of totol chorge due to the colcÎum current if hos been

colcutoted thot only 5 to 10 p moles colcium influ>y'kg of heort weÍght occurs
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during depotorizotion (24, 25). However, biochemicol studies concerning

meosurements of myofibrillor cqlcium binding, ATPose octivity ond isometric

tension qt different concentrotions of colcium reveoled thot qbout 85 ¡.r moles of

colciumr/kg heorf weight were necessory for fulltension developement by fhe

myocordium (33). From such experiments, it is cleor thof fhe colcium influx os

meosured by voltoge - clomp technïques is nof sufficient to fully octivote the

confroctïle opporotus upon depolorizqtion. Thïs point hqs been emphosized by

Bossïngthwoighte ond Reuter (34) who presented evidence to support the view thqt

qddïtionol colcium must be releosed from intrqcellulqr sites for full cordioc

controcfîon. Thîs, however, does not undermine the essentiol role ployed by

exlrqcellulor colcium becouse Lo*, which does not penetrote the myocordiol

cell membrone, wos found to uncouple excÌtqtion from controction (35, 3ó).

The possibitïty thot o smoll quontity of extrocellulqr colcium enTering during

depolorizotion, os meosured by Voltoge - clomp studies, could irigger the releose

of colcium from introcellulor sites wqs suggested by some investigofors (37, 38).

This concept of "trigger colcium" wqs substontiqted by Fqbioto qnd Fobiofo (39 -

4l) when they showed thqt concentrotions of cqlcium lower thon thqt required for

octivoting contrqction of myofïlqmenfs directly were oble fo produce fronsïent

contrqctions in the cordÌoc cells with disrupted sqrcolemmo. The dotq from

homogenized rot heqrts (42) ond chemicolly treoted frog ventricles (43) hove olso

been înterpreled io support the hypothesis of regenerotive colcium releqse from

irátrocellulqr sites. However, it should be noied thot colcium - induced colcium

releose con only be demonstroted cleorly in preporotions wh.ich ore heovily looded

with cqtcium or t.reoted with coffeine. Therefore, interpretotion of results obtqined

from these unphysiologicol prepqrotions should be token wÏth some coution.

Although releose of colcium from the loterol cisternoe of the sorcoplosmic

reticulum direcfly by fhe wc¡ve of depolorïzotion, trqvelling olong the sorcolemmo

inTo the tronsverse fubulor system, (44) con be conceived to occur in cordíoc

muscle, it should be noted thol the sorcoplosmic reticulum in heort ís not well

developed (45,46). Although Lee "t. q!,. (47) demonstroted o releqse of colcium

from the sorcoplosmic reticulum under the in vifro conditions, Ït is not cleor
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whether this effect wqs due to electrolysis or heot produced by the electric current.

On the bosis of the observotïon thot chonges in pH ore ossocioied with chonges in

colcium releose from the sorcoplosmîc reticulum (a8) ond the oscillotion of intro-

musculor pH during confrocfion - reloxotion cycle of cordioc muscle (49) ¡t con be

conceived thot depolorizotion leods to chonges in pH of the myoplosm ond thereby

couses o releose of cqlcìum from introcellulor slores. Some ïnvestigotors (50, 5l)

lrove suggested thot releose of colcium from introcellulor stores is medioted by o

rise in the intrqcellulor sodium concentrofion whereqs otl'rers (52) hove ottributed

this event to qn increqse Ìn the level of cyclic AMP. Irrespective of The mechqnism

of the releqse of cotcium from the intrqcellulor sites upon depolorizotion, the centrol

role ployed by extrocellulor colcium in cqrdioc controction con he reodily oppre-

cioted by o ropid declÌne in controctile force upon perfusing heorts with colcium -

free medium without ony chonges in ihe electricol octÏviiy (53).

Since myocordiol cells such os the otriol ond Purkinie cells (54), os well qs

the ventriculor cells of embryonic or neonotql chickens hove no tronsverse lubules

(55), it oppeors thqt this membronous system is not essentiol for the ropïd propogo-

tion of excitqtïon throughout the cell or for fhe coupling of excitqtion to confrqction.

It should be noted thot the time between excitotion ond the onset ãi controction

of cordiqc muscle îs obout 20 m sec. Thus it is not essentiol thot the wove of

excitotion releqse colcium from fhe sorcoplosmic reficulum olmost simultoneously

ot the level of eqch sqrcomere. On the other hond, current evÏdence points to the

sqrcotemmol bosement membrqne os the source of coupling colcium in the cordioc

fiber (5ó). AccordinOly, the colcium which is presented to the oreo of the

controctile filoment is releosed from the superficiol cell membrone qnd trovels

inword to the oreo of the sqrcomeres by o sîmple process of diffusíon. Colcium ion

diffuses in ihe myoplosm ot o rote of I ¡1,/msec 
qnd would toke 5 msec to reoch

the contrqctil'e unit of the cqrdioc cell with <:n overoge diometer of l0 p.

Although ïf is recognized thot ihe superficiol sifes in heort sorcolemmo qre

in equilibrium with colcium in fhe inferstitiol spoce, it is difficult to determine

the omounts of colcium releosed from the superficiql sites qnd enfering from the

extrocellulor spoce durìng depolorizofion. In this regord it should be noted thot
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the voltoge - clomp sfudies do nof detecf fhe non - electrogenic movement of

cqlcium into the myocordium os well qs fhot releosed from fhe superficiol sites in

sorcolemmq upon depolorizotion. Niedergerke (57) hos olreody cloimed thot

externol cqlcium enters the myocordiol cell through q corrier system. The exist-

ence of such o non - electrogenic corrier system, which moves colcium inword

ond sodium outword, hos been shown by some investigotors (58 - ó0). A colcium -
potossium exchonge cqrrier hos olso been proposed for the myocordium (ól). Thus,

it oppeors thoi colcium enfers the myocordiol cell from the extrocellulor spoces ond

superficiol sites in sorcolemmq upon depolorizotion vio electrogenic qnd non -

electrogenic (corrier) mechonïsms .

From the foregoing discussion, if is cleor thof different sources such os

extrocellulor, sorcolemmol ond introcellulor sifes porticipote in roising the myo-

plosmic level of free cqlcium upon depolorizotion of fhe cqrdioc cell. Doto from

colcium flux studies (13, 15,62'- ó8) hove provided evÌdence regording the

existence of colcium in severol comportments in cordioc muscle. It is generolly

believed thqt one comportment, which probobly represenfs extrocellulqr ond

sorcolemmol sources of colcium, ïs essentiol to the coupling proces-s. in cqrdioc

muscle whereos fhe other comportmenf , which probobly represents introcellulor

sources (sorcoplosmic reticulum ond mitochondrio), is intimotely involved in fhe

mqïntenonce of controctite force (ó8, ó9). Although these compoÉments hqve not

been morphologicolly defined, some reports (70 -72) indicofe thot certoin inter-

ventions moy modify the myocordiol controctile force by influencing one or more

of these colcium comportments. Becouse ovqilqble techniques do not permìt the

exqct locolizotion of cqlcium comportments offected by vorious ogents in the intoct

cordïoc muscle, it is necessory to seporote different cellulqr components into

frqctions qnd exomine the effecis of different interventions on their functions

under in vîtro conditions.'-
B. Interoction of Colcium with Cell Componenfs: ¿

Although consideroble informotion is qvoiloble on the electricql

behoviour of the heort cell membrone, very little is known obout its moleculor

composition ond structure becquse of the difficultÌes involved in obtoining
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sufficieni moteriol unconfominoted by introcellulor orgonelles for biochemicol

onolysis. The sqrcolemmo hos two components, o thin electron dense plosmo.

membrone ond o much thicker, omorphous loyer, bosement membrone which coqts

fhe plosmo membrone (73). The sorcolemmo with its bosement membrqne invoginotes

of regulor intervols into fhe myocordiol cells forming the tronsverse tubulor sysfem 
¡::,,,,-

whichcomesintocloseoppositionwiththeloterqlsocsofthesorcoplosmicreticulum,

ferminol cisternoe. The bosement membrone hqs been sfudïed histochemicolly ond

hos shown sioining chqrocferistics indicotive of mucopolysocchoride or mucopoly-

socchoride - protein complex (74) with o high density of negotively chorged sites, 
,,,: ,,r

which ore believed to selectively bind cotions, notobly colcium (75). There is q 
. ."

growing oworeness fhot mony cellulor functions ore directly controlled by mccro- .,,.,,r,,

molecules outside fhe cell, either os componenfs of the plosmo membrone or qs

cell - surfoce ossociofed moferíol (7ó). If is therefore possible thot'the bosement

membrone ploys o cruciol role in'regulofing myocordiol function ond mefobolism. 
,

Theimportonceoffhisloyerincordiqccolciummovementshosbeenrecognized

recently (15,7n qnd it moy well be fhqt this site moy be the source of "frigger"

colcium. Whether or not this site is fhe some os the superficiol colcium binding 
,

sites in sorcolemmq is on open question qt present. It olso remoins to be determined l

if the bosement membrqne ploys ony role os q cqlcium qccumuloting system out - :

side the myocordiol cell os proposed by Hoidu qnd Leonord (78) for mointoining o ì

3 -  fold higher colcium concenfrqtion in the microdomqin of the cell in comporison 
.,,,t:,i,,

fo the extrocellulor spoce. Although it is conceivoble thqt fhe bosement membrone 'ì'.'i,'
,i 

:- ,'.,-,

moy be intimotely involved in lïmiting colcium permeobility ocross the plosmo ,,,,,,'',i

membrone, extensive reseorch is required to goin insight into fhe functionql ospecf

of this loyer.

In controst to fhe bqsemenf membrone, plosmo membrone is considered to 
:

l:; l; . ]:

contoin vorious enzyme systems which moy be involved in the regulotion of ionic i',:,;|'.,

permeobility ond modulotion of myocordiol controctility. Cytochemicol evidence

suggeststhelocqlizotionofbothNo+-K+ATPo,"ondodenylotecycloseinheort

cell membrone (79, 80). The cordioc membrqne froctions enriched in sorcolemmo,

obtoined by employing different procedures, olso showed high specific octivities of
'::::.
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both No' - K' ATPqse ond odenylote cyclose (81 - 8ó). The odenylote cyclose

cofolyzes the tronsformqtion of ATP info cyclic AMP which hos been recognized

qs qn imporfont regulotor of heo¡f functîon ond metobolism (87). On the ofher

hond, No+ - K+ ATPor" hos been shown to corrtrol myocordiol function through

the movements of sodium ond potossium ocross the cell membrone (88). Although

both enzymes ore lipoprofeins ond iequire Mg ATP os o subsfrote, they differ in

fheir responses towqrds cordiooctïve ogents such os ouoboìn ond epinephrine (89).

For exomple, ouoboin inhibited the sqrcolerrol No* - K+ ATPose octivity while

epinephrine stimulqfed fhe sorcolemmol odenylafe cyclose ociivify. The inhibitíon
-L .L

of No' - K' ATPose by cordïoc glycosides through o wide vorîety of mechonisms

hqs been considered to ougment colcium influx (18,26r 88, 90). On the other

hond, octivotion of odenylote cyclose is believed fo be qssocioted wiih on increcse

in cqlcium influx through the cyclic -AMP - proteïn kinose system (24r 91r 92).

The role of No+ - K+ ATPose in ieguloting colcium movements in heort under

different experimentol condifions hos been emphosized (93), ond dïbutyryl cyclic

AMP hos been shown to enhonce the upfoke of colcium info the myocordium (91,

92). At ony rote, boih No+ - K+ ATPor" ond odenylote cyclose in heqrf sqrcolemmo

hqve been shown To be inhÌbited by cqlcium (89, 90, 94) but fhe exoct signifìconce

of this effect is nof cleor ot present

The exisfonce of on ATP - dependent I'colcium 
PUmP, " involved in

lowering the intrqcellulqr concentrofion of free colcium in the myocordiol cell during

fhe reloxof ion phose, hos been postuloted in the heorf sorcolemmo (95). Although

some investigotors were qble to show Co# - stimuloted MS* dependent ATPose

in heort sorcolemmo (8ó, 9ó), the low enzyme ocfivify reported by these invesfigo-

fors con be eosily token to be due to some technicol orfifoct or confominotion by

the scrcoplosmic reticulum. The heort sorcolemmol preporotion obtoined by

hypotonic shock - Li Br treotment wqs found not to exhibit Co# - stimuloted Mg*
dependent ATPose (94. Furthermore, heort sorcolemmo did not show ATP'- depend-

ent cqlcium bïnding (97, 9B). It should be menfioned here thot fhe inobility to

demonsfrote o "cqlcium pump" in heort sorcolemmo mqy be due to predominontly

right - sided out orientotion of fhe sorcolemmql membrone vesicles. Thus further

t.::: .:,ì
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exper¡ments ore needed to provïde convincing biochemicol evidence concerning

the presence or obsence of o "colcíum pump" mechonîsm ïn the heort sorcolemmol

preporotions. Electrophysïologicol ond colcium efflux studies hqve indïcoted thot

extrusíon of colcium from myocordïum occurs through o corrier învolvïng the No+ -
-Lr

Co'- exchonge mechonism (26, 99). Although ATP dependent colcîum bîndïng by

heort sorcolemmo hos been descrïbed recently (Bó), the volues reported ore rqfher

low. The heort sorcolemmol preporotíons, however, hove been shown to contoin
-!--l- l-r

Co" - ATPose ond Mg " - ATPose octívïties (81, U, 85, 98, 100). Alfhough

both fhese enzymes hqve been suggested to be involved in the movements of divolent

cqfïons ocross the cell membrqne (97, 100), the exqct mqnner of their porficipotion

in the movements of cqtions is for from cleor. In oddifion, it is nof known whether

ihe ATP hydrolysis in the presence of Co# ol. Mg# is due to the Presence of the

some or different enzyme complex Ìn heort sorcolemmo.

The identificofion of o "colcium pump" mechonism ïn the sorcoplosmìc

retîculqr system os the couse of reloxotion oppeors lo hove been well documented

qnd thïs orgonelle isenvîsioned to releose colcium upon excitotion of fhe cordioc

cell (l'l,72r l0l - 105). Vorious Ïnvesfigotors hove ottempted to ïmprove the

colcium occumulofîng ocfivity of heort sorcoplosmic reticulum by ïsoloting ond

incubofing fhese frogmenfed vesicles under different experimentol conditions (10ó -
t t4). ATP - dependent colcïum occumulof ion by fhe frogments of sorcoplosmic

reticulum (microsomol froction) is generolly studied in the presence of o permeonf

onion, oxolote, ond this process is termed os colcium uptoke. On the other hond,

ATP - dependent colcium occumulqtion in the obsence of permeqnt onion is colled

colcium binding. Although it is recognized thot colcium bïnding represents on

orbîtrory meoning of the term becouse some cqlcium upfoke moy occur within the

reticutor vesìcles under the experimentql conditions usuolly employed for studying

thïs process, ít should be noted thof in controst fo colcÎum upfoke octivity, the

mqximot colcïum binding octivity is observed wïthin 2 to 5 minufes. Furfhermore,

the ronge of moximol colcium binding ocfivities for the cordioc microsomol froctions

from dïffereni species is 25 to ó0 n motes Co#/^gprotein whereos the vqlues for

cqlcium uptoke octivities vory between 700 - 3,000 n moles Co#/^g profein.

r'' -:: ::::
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Species dependent differences, both in colcium bïndîng ond upfoke ocfivities of

the heorf microsomol frqcf ions hove recently been emphosized (l l5' I ló).

Although there is some controversy concerning the usuoge of the terms

colcium bínCing ond colcíum uptoke, there îs evidence thot these moy be two

different processes. In this regord it hos been shown thot the microsomol cqlcium

upfoke, but nof colcium binding, wos increosed by cyclic AMP - profein kinqse

(117,118). Differenf ogenfs such qs ontibiofic ionophore, X 537A, ond orsenqte

were reported to be mo¡e potent inhibitors of colcium upfoke thon of colcium

binding by heort microsomes (t l9). Furthermore, depression of colcium uptoke

ond stimulqtion or no effect on colcium binding by heort microsomes were shown to

occur in the presence of quinidine (120r 121). Cqlcium binding by ihe frogments

of sorcoplosmic refîculum from different types of fqilìng heoris wos observed to be

depressed under experimentql conditions, showing no qlterotíon in colcium upfoke

(122 - 125). It is possible ïhqt both colcium bindìng ond uptoke processes mqy

shore fhe some sites, ot leqst during the inifiol phose, but convincing evïdence in

support of this view is locking. Furthermore, the exoct role ployed by these two

processes in myocordiql function is for from cleor

Scqttered qnd conflïcting informotìon regording fhe ìnfluence of differenf

ions on colcium uptoke by fhe microsomol froction is ovoiloble in the lïteroture.

For exomple, Corsten (12ó) hos reported thot fhe rote of colcium uptoke in ihe

sorcoplosmic reticulum of the dog heorf is neither offected by chonges in K* or

No* 
"on""ntrof 

ions nor by substitution of isosmolqr qmounts of sucros e for 70"/o oî
I

the Nq' . On the other hond, Kotz r:nd Repke (127) hove demonstrqted thot

concentrofions of'KCl or Nq Cl below 0.1 M increosed colcïum uptoke by the dog

heort sorcoplosmic reticulum. Furthermore, replocement of KCI by equimolqr omounts

of No Cl decreosed both the rqte ond extenf of colcium uptoke by the microsomol

frqction. Polmer ond Posey (128) hove provided evidence thot the reduction of

colcium uptoke by No+ is due to o ropid releose of cqlcium bound to the microsotql

membrone. These studíes hove not been cqrried out in detoil under identicol

experïmentol condïtions nor do these reports provide enough experimentql bosis for

the locqlizotion of the site for infrocellulor ionic competition which oppeors to be

l.''r
lìr:
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rqfher criticql for determining the regulotion of myocordiol contrqctility. Although

some doto concerning colcium releqse from fhe microsomol frqction is olso ovoiloble

in the literoture (48, 119, '129), fhe resulls ore too preliminory to worront further

commenfs.

It is pertinent to mention thqf heqrt mitochondrïo, like ihe frogments of

sorcoplosmic reficulum, hove been shown to qccumulqte colcium (130 - 134).

From tïme to time, vorious investigofors hqve expressed their concern thqt miio-

chondrio ore involved in ihe regulotion of introcellulqr concentrqfion of cqlcium

(135 - 140). It wqs interesting to observe fhot these orgonelles confoined the

highest specific ocfÌviiy upon exposure of the whole heort, both under in vitro

qnd ín vivo conditions, to rodioqctive colcium (20, 140, 141). The energy

dependent colcium occumulofion in mitochondrio hos been shown fo occur in vitro_

by either respirotion supported or ATP - dependent processes. However, under

in vivo conditions, mitochondriq con be conceived to occumulqfe cqlcÏum by bofh

ATP ond respirotion dependent mechonisms but the extent of their contribuf íon ín

this process is nof known. It should be pointed ouf fhof colcium in high concentrq-

tion' hos been shown to depress the mìtochondriol respÏrofory ond oxidotive phos-

phorylotion octivities (133). At ony rofe, respirqfion - linked colcium transport

by mitochondriq hos been reported to occur in preference to ATP formotion (142).

Energy dependent colcium binding by heort mitochondrìq is usuolly studied

in the qbsence of o permeonf onion such os phosphote; however the occurronce of

some colcium qccumulotion within mitochondrio under fhis condïtion con not be

ruled ouf . On the other hond, colcium uptoke by mitochondrio is meosured in the

ptesence of inorgonic phosphote. The ronges for heorl mitochondriol colcÎum

bindîng ond colcium uptoke octïvifies in different species hove been observed to

be 30 - 70 qnd 200 - 500 n moles Co#/^g protein/5 min respectively. While the

process of colcium fronsport in mitochondrio hos been recognized to be of o complex

noture (t43 - 147), Schvster ond Olson (148) hove suggested it to consist of of leost

3 phoses: (o) on energy - independent binding of colcium to the surfoce of the

membrqne, (b) on energy - dependent movement of colcium in oron the membrone,

ond (c) on onion - dependent frqnsfer of cqlcium from fhe membrone into the

ì1 r':j..:: .-r. :'
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motrix spoce.

In spite of the foct thqi both sorcoplosmic reticulum qnd mitochondrio con

qccumulote colcium in qn energy dependenf monner, o greot mony differences

between these cellulor strucfures hove been observed with respect to theír colcium

tronsporf sysfems. For exomple, Co* - stimuloted MS# dependent ATPose, the

enzyme whîch îs iniimotely involved in colcium tronsport, con be eosily demonstroted

by employing ihe frogments of sorcoplosmic reficulum buf not with mitochondriq.

The uptoke of colcium by heort mitochondrio îs inhibited by oligomycin, ozide,

dicumorol ond dinitrophenol whereqs these ogents do not hove signifïcqnt effects

on fhe microsomol cqlcium uptoke (1'l ,20r 149,150). Unlike the cordioc

microsomol froction, ihe colcium binding by mitochondrio is decreosed in fhe

presence of 5' -AMP, 3' -AMP ond 5' - IMP. Furthermore, both 3' - AMP ond

qdenosine hove been found to inhibit the ATPqse ocf ivify of mitochondrîq wiihouf

offecting the microsomol enzyme (15'l). Quinidine wqs olso found to hove different

octions on colcium binding by heort mitochondriol ond mîcrosomol frociions ('l20).

Although the cordioc microsomql frociion hos been shown to contoin more neutrol

lipids ond phospholipids in comporïson to the mitochondriql froction (152, 153),

q sofisfqctóry explonotion for differences in fhe mechonism of colcium tronsport by

mitochondrio qnd sorcoplosmic retîculum must owoit further investigofions. At ony

rote, o similor structurol role of phospholipids in mitochondriol ond sorcoplosmic

reticulqr membrones hos been cleorly demonstroted (154).

The porticipotion of mitochondrío in excitotion - confrqction coupling Ìs

generolly quesfioned on the bosis of lock of confinuity of fhese orgonelles with the

cell membrone or'trqnsverse tubulor system. However, such o problem does not orise

if one ossumes thot colcium releqse from mïtochondriq is medioted by o chemicol

stimulus rother thqn viq on electricol event. In this regord it should be noted thot

efflux of colcium from mitochondrio hos been shown io be occomponied by uptoke
++

of H' from the suspending medium iust os cqlcium uptoke is occomponied by H

eiection (155). Hougoord et. ol . (13ó) hove considered thot the relotive concen-

trqtions of ATP, Pi ond Mg* ore imporfont in determining the direction of cqlcium

movements in mitochondrio. Furthermore, glycolytic intermediotes, such os phos-
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phoenol - pyruvote, hove been shown to íncreose fhe rote of efflux of mitochondriol

colcium (t5ó). Severol ogents such os uncouplers of oxidotive phosphorylotion ond

respirotory inhibiiors cqn induce colcium releose from mitochondrio buf fhe ïnter-

pretofion of these results in terms of myocordïol function is rother difficult. No+

hqs olso been shown to releose mitochondriol colcium (50, .l57) 
but whefher ihis

occurs under physiologïcol conditïons is o mqtter of speculoiion. It should be

nofed thot mítochondrio hove been observed io inhibit myofibrillor syneresis ond

ATPose octïvity (158, 159), ond remove bound colcium from troponÎn (ló0).

Although Corqfoli (lól) hos emphosïzed the role of mitochondriol colcium durïng

the cqrdioc controcfion - reloxotion cycle, other workers (162, ló3, 164) ore

strongly opposed to this view. From the foregoing discussîon if is cleor ihof bofh

sorcoplosmic ref iculum ond mifochondrio ore copoble of regulofing the inirocellulqr

concenfrotion of colcium. If should, be noted thoi the role ond exfenf of colcium

upfoke by heorf mitochondriq ore considered to be slower thon those by the micro-

somol frocfion (20,106,135, 1ó5), however, none of the învestîgoiors hqve employed

identicol conditions for such sfudïes with subcellulor frqctions. The Km volues for

colcium tronsport by microsomol qnd mitochondriql frqctïons were reported to be

1.ó ond 12.1 prM respectively(64). On the other hond, Scorpo ond Grozioifi

(tó3) hove found the Km volues for heort mitochondriol colcium tronsport in

different species to vory befween 30 -92 ¡.rM whereos Corofoli (lól) hos orrived

ot o volue in fhe vicinity of I ¡rM. Such differences in results qre most lïkely due

to the experimentol conditions employed for the isolqfion of subcellulor membrones

os well os the fechnîques used for evoluoting the colcium tronsport obility. Thus

the contribution of mitochondrio ond sorcoplosmic reticulum in reguloting intro-

cellulor concenfrotion of colcium during controction - reloxotion processes in the

heorf remoins controversiol, fhough most of the investîgotors ogree thof mìiochondrio

ore ìnvolved in reguloling introcellulor colcium qnd moy serve os q "cqlcium sink."

The interocfion of colcium with cordioc confrocïile proteins hos recently

been revîewed (19, 166, 164. It is becoming cleor thot the contrqctile opporofus

is mode up of thïck (myosïn) ond thin (octin) filoments whîch slide over eoch other

durïng controction ond proteins such os froponin ond tropomyosin regulote their
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movements. Myosin possesses ATPqse octivïty ond froponin serves qs o receptor for

colcium. The level of colcium whïch produces hqlf moximol myofibrillor ATPqse

octivïty hos been found to be the some for ihot producing holf moximol tensîon

developement (43). However, o cleor relotionship befween myofibrillqr ATPqse

ond colcium bindîng wos not observed, due to the presence of more thon one

colcium binding site (ló5).

Troponin hos been shown to bind colcïum ot two different sifes qnd the Km

for lhe hïgh offinity site is qbouf 2 pM (12, 168). Likewise, fhe Km for oclomyosin

ATPose wos olso found to be 2 pM of Co# (tó5). While it is believed rhot colcium

by binding to troponin relieves the inhibïtory effecf of troponin - tropomyosin on the

octin ond myosin filoments, it is not cleor whether the octivotion of myofibrillor

ATPose by colcium occurs through q similor mechonism or ís o result of q direct

oction of colcium on myosin ATPose. It should qlso be menf ioned thot ïn oddition

io the presence of Co# - stimuloted Mg** dependent ATPose octiviiy, myofibrils

qre known to possess Mg*ATPose (bosol ATPose) ocfïvîfy. The role of Mg+

ATPose, however, hos nof been defined wïth respect to fhe funcfionol ospect of the

controctile proteins. It is now well estoblished thqt ATP is the most immediote

source of energy utilizotion by myofibrils for contrqcfion qnd the binding of

colclum to troponin regulofes tension developement.

C. Phqrmocologic Inierventions ond Cellulqr ComPonents

A number of phormocologicolly octïve ogents hqve.been considered to

influence myocordiol function through their effects on one or more celluiq, orgonelles

such qs sorcolemmo, mitochondrio, sorcoplosmic reticulum ond myofibrils. Such

mechonïsms of drug oction ore usuolly bqsed on observotions obtoined from in vîfro

experiments by studying the octîvities of vorious cellulor froctïons in the presence

of different doses of o given drug. Although it is possible thoi the sensitîvities of

the cellulqr froctíons moy chonge during Ìhe experimentol conditions employed for

isolotion ond incubotion, most invesiigotors qgree fhqt some voluqble informotion

con be derived from such on opprooch. For exomple, drugs moy produce positive

or negotive inotropic effects by increosing or decreosing the myofibrillor ATPose

octivity respectively. Different ogents moy impoir myocordiql controctility by
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decreosing colcium tronsporf by mitochondrio and/or sorcoplosmic reticulum.

Furthermore, some ogents moy influence myocqrdiol function by oltering colcium

movements through fheir octions on sorcolemmol cqlcium binding, No+ - K*
.|l++

ATPose, Ca" /Mg" ATPose ond odenyloie cyclose. In generol, differenf ogents

moy be consïdered to hqve one or more sites of oction on cellulor components.

It hos been known for o long time thot cordioc glycosïdes produce o

positive inotropïc effect in heorf; however, conflicting reports concerning their

mode of octîon hove oppeored in the literoture (88, 90, 169). Mony invesfigotors

hove reported thot ouoboin ond strophonihidîn depress colcïum uptoke by mito-

chondrio ond sorcoplosmìc reticulum (126,159r 170,171) whereos others hqve

denied such ocfions (117, 135, 172,173)" Cordïoc Alycosides do not influence

myofibrils but they hove been shown to inhibit sorcolemmol Nq+ - K+ ATPoru

(85, 89, 90). The inhibition of heort sorcolemmol No* - K+ATPor" by cordïoc

glycosides is considered to increose ihe contrqctile force by direct or indirect

mechonisms, ihough, it should be poinfed out thot the inhibition of No* - K+

ATPose does nof oppeqr to be q universol requîrement for the production of o positive
1

inotropic effect by other ogents 
f

The mechonism of oction of cotecholominès, glucogon or cyclic AMP on

cqlcium tronsporf by the microsomol froction hos received much ottention in

order to exploin the positive inotropic qction of these ogents. Some investïgotors

reported q direct oction of cotecholomines, glucogon or cyclíc AMP on microsomol 
',..,

colcium uptoke (174 - 177) whereos others hove foiled fo confirm such o finding ..,

(1'17, '172, 't78 - 183). These conflict,ing reports moy be due to the presence of i,.",

vorying qmounts óf protein kïnose ond odenylote cyclose qctivities (184 - IBó) in

the microsomol preporotions. Stimulotion of heort microsomol colcium uptoke by

cyclic AMP - dependent protein kinose hos now been reported from different :.:

loborotories (l87 - 189). This enhqncement of mïcrosomol cqlciurn uptoke ond Co# - ' '

stimuloted ATPose octívities by cyclic AMP - dependenf protein kïnose seems to be

due to phosphorylotion of the microsomol membrones (190 - 192). The signifÍconce

of this mechonism under in vivo situotion hos now been cleqrly demonstroted (193).

i,! .,

In oddition to increosing colcium uptoke by the microsomol froction,
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cycl¡cAMP - dependent protein kinose hos olso been shown to increqse ATP -

dependent colcium binding by heorf sqrcolemma (86, 194). Although increqse in

colcium upioke by mïcrosomol froction hos been suggested to shorten the reloxotion

phose of myocordÍum, it moy well be fhoi cyclic AMP - dependent proteÏn kinose

increqses the colcium content of the sorcoplosmic reticulum qnd allows more

cqlcium to be ovqiloble for the controctile opporqtus during depolorizotion. An

increqse in the sorcolemmol "colcium pump" ocfivity due to cyclìc AMP - dependent

protein kinose will olso contribute in reducing the time for reloxqtion. Cyclic

AMP - dependent protein kinose hos olso been reported fo phosphorylote troponín

qnd thïs qction hos been suggested to modulofe cordioc controcfion ond relqxotion

(195). However, it should be noted thoi microsomql colcium binding ond mito-

chondrïol colcium fronsport octivities were not qffected by cyclic AMP - dependent

profein kinose (117r 118). Thus.it oppeors thof ogents which ïncreose cyclic AMP

levels moy influence myocordiol controctïlity ot leost in port through protein

kinqse dependenf phosphorylotion of sorcolemmo, sorcoplosmic reticulum ond

troponin - tropomyosin system. Although these ogents ore qlso known to increose

colcium influx through myocordiol sorcolemmo, ït ìs nof cleor wheiher this effect

is mediqfed through ihe cyclic AMP - protein kinqse system or ís ossocioted with

some seporqte mechonism.

Vorious invesfigofors hove reported the effects of some well known p -

odrenergic blocking drugs on heort membrones. For exomple, propronolol wos

shown to inhibit colcÍum uptoke ond ATPose ocf ivities of the microsomol froction

(t9ó - 201). This inhibitory effect of propronolol wos reversed by cotecholomines

(197,198) while'other investigotors (200, 201) hove fqiled to confirm this finding.

Propronolol wos qlso found to inhibit colcium uptoke by mitochondrÌo (201 - 203)

qnd this effect wqs not ontcAonized by cotecholomines (20'l). Other ogents such

os ocebutolol ond proctolol, which ore more cqrdio-selective with respect to their

p - odrenergic recepfor blocking octiviry in comporison îo propronolol, were morkedly

less pofent in depressing colcium uptoke by subcellulor froctions os well qs in

producing cordïodepressont effects (201). The inhibitory effect of propronolol on

the microsomql membrones wqs found to be ossocioted with o depression of the
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sorcotubulor - f - lf32p reoction (204). No convincing evidence concerning

fhe effects.of propronolol on heort sqrcolemmo ond myofibrils hos yet oppeored in

fhe literoture. Therefore, we believe thot the inhibition of sorcoplosmic ref iculor

ond mitochondriol cqlcium tronsport represents ihe biochemicol mechonism of the

cordiodepressent effect of propronolol which does not oppeor to be ossocioted wiih

its p - odrenergic blocking octivify.

Quinidine ond other ontiorrhythmic ogents, in hïgh doses, ore known

to depress the obility of heort to generote controctile force. This phormocologicol

effecf of quinidine hos been exploined on the bosis of its Tnhibitory effect on fhe

colcium uptoke ocfivity of the microsomol froction (120r 205' 208). It should be

nofed fhot quinidîne wos reported fo decreose microsomol colcïum uptoke due to

its inh¡bitory effect on the sorcolubulor - { . At32Y reoctÎon (209). Heorf

mitochondriol colcium uptoke wos olso decreqsed by quinidine but oiher ontiorrhyth-

mic drugs such os procoine omÌde ond lidocoine hod no effect on microsomol or

mitochondriol cqlcium upfoke (120r 208). Myofibrillor ATPose octivities were nof

qltered by fhese ontiorrhythmïc ogents which were found to chonge some of fhe

sqrcolemmql bound enzyme qctivif ies (208). Quinidine, but nof procoine omide

or lidocqine, wos observed to depress mitochondriol oxidofive phosphorylofion

octiviiies. In oddïtion quinidine ond lidocoine were reported to decreose the rqte

of trqnsmembrone Co# exchonge during excitqtion of myocordium (210). It seems

likely fhot quinidine moy exert its cordiodepressonf effect by octïng on severol

sites such qs sorcotemmo, mífochondriq ond sorcoplosmic reticulum whereos both

procoine omide qnd lidocoine moy produce negotive inotropic effects by ocfing on .

sorcolemmo.

The bqrbÌturotes hove been found to depress cqlcium uptoke by sorcoplos-

mic reticulum ond mitochondrio. Loin et. g!. tZll) ond Noyler qnd Szeto (212)

hove reported thqi millimolor concenfrqtions of sodium pentoborbitol decreosed the

obïlity of the cordioc microsomql froction to occumulqte colcium. Briggs ef . ol .

(213) olso found thot omytol inhibited colcium uptoke by the microsomes ond this

qction wos found fo be due to on interference with cqlcium binding to the microsomol

phospholipids (2t4). On the other hond, Drqnsfield et. ol . (215) foÏled to detect
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ony effect of I - ó mM pentoborbifql on colcium uptoke by microsomql froction

but hove reported its inhibïtory ocfion on mitochondriol colcium uptoke. Atthough

other onesthelic ogents such os chloroform ond hqlothone depressed microsomol

colcium tronsport, ether wqs found to show no such effect (2tl). Both cqlcium

binding ond colcium uptoke by cordioc microsomes were qlso inhibÌted by ethonol

(216) whereos hexoborhitone hos been shown to decreqse tronsmembrone colcium

exchonge during excïtqtion of the myocordiun (214. If is iherefore likely thot

different onesthetic ogents moy depress cqlcium movements of sorcolemmol,

miiochondriol ond/or microsomol membrqne otrd thus produce cqrdioc depression.

Il is, howeu"r, ,""ognized thqt q greot deol of work concerning ihe subcellulor

effecïs of onesfhetic ogents remqins to be done before ony defïnitive conclusion

con be reoched regording their exoct sites of oction.

Severol colcium ontogonistic ogents such os veropomil ond its methoxy

derÌvotive, Dó00, ore believed io produce negoTive ïnotropic effects by blocking

specific cqlcium chonnels in ihe cell membrone (28, 218r 219), However, verq-

pomil hqs recently been reported to be ineffecfive in reducing colcium influx during

excitotion of myocordiun (220). On the other hond, Noyler ond Szeto (21) hove

found thot'veropomil impoired the copocity of the sqrcolemmol binding sites to

occumulote colcium while hoving no oction on the obility of the microsomol frqction

to occumulote, bind ond exchonge colcium. Entmqn et. ol . (129) ond Wotqnqbe

qnd Besch (222) hove observed thot veropomil in high concentrotions wos copoble

of decreosing microsomql cqlcium binding ond uptoke octivities. In controst to

these ogents, ryonodine, hos been suggested to decreose myocordiol controctility

by decreosing the microsomql cqlcium upfoke octivíty (223,224). On the other

hond, pyridine oldoxine methochloride hqs been reporied to decreose colcium

uptoke by th.e microsomol froction which oction hos been suggested to be responsible

for its positive inotropic effect (225). It should be nofed thof some ogents such qs

cqffeine ond onlibiotic ionophores hove been found to produce positive inotropic

effecf by releosing colcium from mitochondrio ond sorcoplqsmic reticulum respect-

ively (226 - 228). These studies cleorly reflect the complexities involved in deter-

mining the site of drug ocÌion os well os interpretqtion of the doto obtoined from

' .':

.. ..j
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in vitro experiments.

From fhe foregoing discussion it oppeors thqt vqrious cqrdÎooctive ogents

moy modify the confroctility of the heort Through their effects on colcium movements

by sorcolemmo, sorcoplosmic reticulum qnd mitochondriq whereos myofibrils seem to

be more resistont lo the drug oction. The Ïnformqtion concernÌng the qctions of

different phormocologicol ogents on heorf sorcolemmo ond mitochondrio is sporse in

comporison to thot qvoiloble for fhe sorcoplosmic reticulum. Most of fhe studies

with sorcoplosmic reficulor colcÌum uptoke hove been corried oÙt in the presence

of oxolqfe which mokes the results difficult to interpret becouse of its unphysiologicol

nqture wherecs, very little ottention hos been poid to studying the drug oction on

cqlcïum bïnding, colcium releqse ond colcium uptoke ìn the Presence of phosphoie.

In spite of the lock of such informotion, ït is currenfly believed thot drugs decreose

cqlcium upioke by sorcoplosmic ref iculum ond/or mitochondrio reducing the infro-

cellulor colcium stores ond thus, less colcium is qvoilqble for releqse upon excito-

tion of the myocordium. In oddition, phormocologic ogenis moy olso produce o

negotive inof ropic oction by decreosing colcium bound to superficiol sites on

sorcolemmq or reducing tronsmembrone colcium influx. On the other hond, drugs

moy rncreose myocordiol controctility by moking more colcium qvoiloble for

releose from fhe introcellulor ond sorcolemmol sïtes or by increosing colcium influx

from the extrocellulor spoce. No conclusive evidence concerning chonges in

cqlcium releose from the externot or internol cotcium stores is ovoiloble in fhe

liferoture becquse of the dïfficulties in studying this phenomenon under in vitro

condif ions. The exqct monner by which chonges in sorcolemmol enzymes due to

different ogents offect cqlcium movements ocross the cell membrone is olso not cleqr

ot present. Thus o greot deql of work needs to be corried out to understond the

subcellutqr qnd moleculqr bqsis of drug oction.

D. Effects of Some Divolent Cot¡ons on Myocordiol Funcfion 
, ,++-

In controst to Co-, vorious divolenl cotions such qs CoT, Ni' ' ond

-t--l-

Mn* ore known to depress myocordïol controctility by inierfering wifh the excitotion-

controction coupling mechqnism (24, 28, 29). Both Co# qnd Ni# were reported

to decreqse controctile force without offecting fhe height qnd the shope of the qction
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potentiol (229\. Furthermore, these divolent cafions were found to selectively

depress tronsmembrqne colcium current which wos restored to o vorying degree by

increosing the extrocellulqr concenfrotion of colcium (230r 231). From these

studies it oppeors thqt Co#, Ni*ond Mn#qct on the cell membrone ond prevent

colcium influx by some competitive mechonism. However, other investÌgotors hove

s.hown thot Mn# produced o morked decreose in the ploteou of the oction potehliol

(232, 233) , Complex effects of Mn# on cordioc membrqne pofenf iols hove qlso

been described ond ihis ion under certoin condifions hqs been shown to generote

o colcium - like tronsmembrone current in myocordiol cells (234 -236).

In oddition to depressing myocordiol controctility, Mn# hos been shown

to produce contrqcture ond occumulote within the cordiqc cell (234). From ihese

observqtions it wos suggested thot Mn# interferes with excitotion - controction

coupling not only ot the sorcolenmol level bui olso ot some introcellulor sites.

Cqlcium exchonge studies hove reveoled thot Mn# moy reduce cqlcïum ínflux þ
JJ.

displocing Co'- from superfïciol sites on the sqrcolemmo (237, 238). On fhe other

hond, the qbility of Mn# to ontogonize the oction of digiiolis glycosides on

controctile force (239) ond qufomoticity QaT) hqs been interpreted to be due to its

effects ot fhe membrone ond cellulor storoge sites qnd therefore influence colcium

movements (239). Ni++ hqs been suggested to compete for some introcellulqr sites

ofter the releose of cqlcium from the pool required for the moinfenqnce of contrqctile

force (241). Thus it cppeors thot the exoct mechonism by which these divqlent

cotions impoir the excitolion - controction coupling process is for from cleor.

Unlike cotcium, both Nï# ond Co# foiled to restore the obilîty of

heort to develop controctile force ofter perfusion with Co# - free medium (242).

Furthermore, these divolent cotions did not releose íntrocellulorly bound Co#

from the cordioc cells but insteod were shown to releqse colcium from the super-

ficiolly locoted pool (242\. Thus it is possible thot different divolent cotions moy

decreose the colcïum content qf fhe superficiol sites of sorcolemmo ond moke less

colcium ovoiloble upon excitotion. The depressqnt effect of Co#, N¡++ qnd Mn#

hos olso been exploined on the bosis of their interference wìth the releqse of colcium

from the sloroge sites (243)
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The toxic ocf ion of heovy metols including Co* , N¡++ ond Mn# on

myocordium hos been known for q long iime (244). Cobolt hos been shown to

produce myocordiol cell domoge în different experimentol models (245 - 250).

Diverse clinicol ospects of cobolt induced cordiomyopothy hove been described

in detoil (251 - 255). Dromotic hemodynomîc, electrocordiogrophic, pothologicol

ond bíochemicol chonges hove been shown fo be ossociqted wïth coboit-induced

cordiomyopothy (256 - 261). Chronic doses of cobolt given to onimols hove olso

been reported fo produce qlterofïons în myocordiol energy metqbolism (262, 263).

However, it is poînfed out fhot very little is known obout obility of bofh Mn#ond ",:,'':,'.
'J* .^-.^*t -t, ;^;": ^^n .u^...c in mvoco.¿i.,| *"r.ro 'ì""'"

Nî-' to produce myocordiol cell domoge ond chonges in myocordiol metobolÎsml-

however, such effects ore conceivoble in view of their similoritíes with Co# ïn ,.:,''-,.':.,
''.1 ;'..'.

their rnode of octÎon

From the foregoing discussion it is opporent thot different divolent cofions
l-+ lJ- +-L

notobly Co-, Ni'- qnd Mn'-, ore copoble of offectìng myocordîum; however the 
l

exoct mechonism of their cordiodepressonf oction is poorly understood. Electro-

physiologicol ond mechqnicot studies hqve indicoted qn ïmpoirment of the excÌfotion t'

contrqction coup'ling mechqnism. In this regord, selecfive inhibition of cqlcium i

influx, displocement of superficirlly - bound colcium, impoirment of colcium 
l

releqse from sforoge sites ond inferference with processes ofter fhe releose of 
I

colcium from storoge sites hqve been suggested os possible mechonisms for theïr

cordiodepressqnt effects. On the bosis of their inferqction with some cqrdiooctive 
,,,;,,,,,:,;,.

ogents os well os colcium ftux studies the possibility thot these cotïons moy compete 
,,,1,,,'

with cqlcium qt troponin (264) ond myosin (2ó5) con not be ruled ouf ot present. '.,',j"i,'.

Furthermore, if con not be stoted with certoinïty whether or not the cordiodepressrnt

effect of these divqlenf lons ore ossociqted with different enzyme sysfems involved

in metobolic regulotion (266 - 270). It should be noTed thot virtuqlly nothïng is 
ì:,::::::.,,*, Ni* qnd Mn# on functions of vqrious 1'..,r,."'.'¡known concerning the effects of Co'

myocordiol cell components such os sorcolemmo mitochondrio, sorcoplosmic

reticulum ond myofibrils.
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III. METHODS
:

Heolihy, mole New Zeolond White robbïts (3 to 5 kg eoch) were used

in this study. All the onimols were kept in environmentolly conirolled rooms,

mointqined on o stondord rqbbit dief fed od libitum ond hod free occess fo wofer.

A. Isolofed Heort Preporotion

Rqbbits were socrificed by cervicol dislocotion, the heorfs quickly

removed ond chilled in ice - cold perfusion medium. The otrio, fotty moteriol

ond connective tissue were trimmed qnd the heorts were orronged for coronory

perfusion by fhe Longendorff technique os described previously (271). Heorts were

equilibrofed for 15 min wïth Krebs - Henseleït solution of the following composition

(mM): Nq Cl , 120; No HCO, , 25; KCl, 4.8¡ KH2PO 4, 1 .25¡ Ms SOr' 1 .25;

Co Clr, | ,25; ond glucose, B.ó. The perfusion medium , pH7.4, wos oxygenqted

with o gos mixture of 95o/" O, ond 5o/oCOrond mointoîned of o temperoture of

37"C. The heqrts were sfimulqted ot 240beots/min wifh o squore-wove pulse iusf

obove the fhreshold qnd the coronory flow rote wos mointoined qt 25 ml/min. A

resting tension of 5 gm wos opplied to ihe heorf ot the beginning of the experiment.

The contro.cfile force (developed tension) ond ihe rote of chbnge of force develope-

ment (df/dt) were monitored on q Gross polygroph recorder with q force disploce-

ment trqnsducer (FT.03). For studying the effects of dïfferent divqlent cotions, the

heorfs were switched to perfusion medio contoining differenf concentrotÌons of Co*,
-t--l- Jr

Ni " ondMn".
B. ElectronMicroscopicExominotion

At the end of perfusion of the heorts with medium in the qbsence or
J-L {+

presence of Co' ', Ni' ' ond Mn' ', the heorfs were obruptly switched to perfusion

with q sotution of l% glutoroldehyde in 0.1 M phosphoie buffer, pH7.4, for 3 min.

Portions of popillory muscles ond biopsies of ihe left ventricle tissue were furÌher

fixed in l7o glutoroldehyde solutîon for I to 2 hr. The iisìue specimens were woshed

overnight in 0.1 M phosphofe buffer, fixed for I hr with l7o osmium tetroxide,

dehydroted in o groded ethonol series, ond embedded in Epon 812 qccording to fhe

method of Luft (272). The sections obfqined with the use of o Blum MT - II ultrq-

microtome ond gloss knives, were stoined with uronyl ocetote ond leod citrote ond
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exomined wifh q Zeiss electron microscope (EM 95).

C. Isolqtion of Cellulor Components

Robbits were socrïficed by cervicql dislocotion, fhe heorts were quickly

removed ond the ventrïcles dissected out ond employed for îsolotion of vqrious

cellulqr components. All isolotion procedures were done in o cold room ot 0 fo 40

c.
(l) Isolotion of the myofibrillor frocfion

Procedure A for isolotìng myofibrils is the some os described by Muir

et. ql . (273). Heorts were woshed ond homogenïzed in 5 volumes of 0.1 M KCI'

5 mM Tris - HCl, pH 7.0 ond cenfrifuged ot 51000 x g for l0 min. ThÌs procedure

wos repeoted twice ond the pellet wos suspended in 5 volumes of 40o/o sucrose, 0.1

M KCl, 5 mM Tris - HCl, pH 7.0 qnd centrifuged ot 15,000 * g for I0 min. The

residue qfter two woshings wos cenfrifuged ot 51000 x g for I0 min ond suspended

in 0.1 M KCl, 5 mMTris - HCl, pH 7.0. This preporotion wos employed only in

some,experïmenfs for the purPose of comporison.

Procedure B for the isolqtîon of myofibrils îs the some os thot described

by Soloro ef . ol . (274). Heorts were woshed with Îce - cold 0.9% NoCl. Fot

ond connecfîve tissue were irimmed owoy ond the ventricles were homogenized in

4volumes of 0.3 M sucrose contoining l0 mM imidozole, pH 7.0 for I mÌn. The

homogenote wos centrifuged ot 171300 * g for 20 mîn ond ihe pellet wos suspended

to the originol homogenote volume in ó0 mÀ¿l KCl, 30 mM imidozole,2 mM MO C17

pH 7.0. The suspension wos centrifuged ot 750 x g for l5 min ond this sequence of

centrifugotion qnd resuspension wos repeoted'4 times. The pellet obtoÏned ofter

fhese woshes wos suspended ín ó0 mM KCl, 30 mM imidozoler 2 mM Mg Clr, PH

7.0, contoining 2 mM EGTA (ethyleneglycol-bis ( P - ominoeihylether) - N, N'-
tetroqcetic ocid) ond centrifuged ot 750 x g for 15 min. Further purificotion of the

myofibrils wos qchieved by resuspending the EGTA ireoted, wqshed myofibrils in

8 peller volumes of ó0 mM KCl, 30 mM imidqzole ,2 mM Mg Cl' pH 7.0 contoining

l7o Triton X - 100 ond centrifuged ot 750 x g for 15 min. The Triton X - 100 treot-

ment wqs repeoted once. The resulting pellet wos woshed 4 times to remwe the

Triton X - 100 qnd suspended in ó0 mM KCl, 30 mM imidozole, pH 7.0.
i:i
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(2) Isolqtïon of heovy microsomol frocf ion

Heorts were thoroughly woshed with 0 .25 M sucrose contoining 1 mM

FDTA (ethylenediominetetroocetote) , pH7.0. The tissue wos homogenized in l0

volumes of l0 mM sodium bicqrbonoïe, 5 mM sodium qzide ond l5 mM Tris - HCl,

pH ó.8 in o Woring blendor for45 sec. The homogenqte wos filtered through four

loyers of gouze qnd centrifuged ot 10,000 x g for 20 min fo remove cell debris,

nuclei, myofibrils ond mifochondrio. The residue wos discorded ond the super-

nofont wqs centrÌfuged ot 40r000 x g for 45 min. The sedimenf ofier this centri-

fugoiion wqs woshed thoroughly, suspended in 0.ó M KCI conioining 20 mM Tris -
HCl, pH ó.8 ond cenfrifuged of 40,000 x g for 45 min. This procedure wos repeoted

twice ond the finol pellet wos suspended in 50 mM KCl, 20 mM Tris - HCl, pH ó.8.

This method of isolotion of the heovy microsomes is essentiolly similor to thot

describ"d by Horigoyo qnd Schwortz (J0ó).

(3) Isolotìon of mitochondriql frqction

Heqrts were fhoroughly woshed in 0.25 M sucrose, confoining I mM

EDTA, pH 7.0. The tissue wos homogenized in l0volumes of 0.18 M KCl, 10 mM

EDTA, 0 .5o/o olbumin (fotty ocid free) , pH 7 .4 in q Wqring blendor for 20 sec . The

homogenofe ofter filtering through two loyers of gouze wqs centrifuged ot 11000 x

g for 20 min fo remove cell debris, nuclei ond myofibrils. The supernotont wos

cenfrifuged ot .l0r000 * g for 20 min ond the resulting pellet wos suspended in fhe

homogenizing medium qnd centrifuged ot 1r000 x g for l0 min. The supernotanf

wqs further centrifuged of 8r000 x g for l0 min. This woshing procedure wos

repeoted twice ond the finol pellet wos suspended in 50 mM KCl, 20 mM Tris - HCl,

pH ó.8. This procedure for isoloting the miiochondriol frocfion îs similor to thot

described by Sordohl ond Schwo*z (275),

(4) Isolotion of sorcolemmol froction

Heorts were woshed in ice - cold l0 mM Tris - HCl, pH 7.4 ond

homogenized with l0 volumes of t0 mM Tris - HCl, I mM EDTA, I mM diïhîothreïtol

(DTT), pH7.4 in o Wqríng blendor for I min (30 sec x 2, with on intervql of I min).

The homogenote wos filtered through 2løyers of gouze ond cenfrifuged ot 11000 x g

for l0 min. The sedïment wos suspended in the obove buffer, sfirred in q cold room
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for 15 min ond centrifuged ot 1r000 x g for l0 mïn. The sediment wos suspended

in 10 mM Tris - HCl, I mM DTT, pH 8.0, stïrred for 15 min ond centrifuged of

l1000x g for l0 min. The sediment wqs suspended in l0 mM Trïs - HCl, I mM
t'
DTT, pH 7.4, stirred for 15 mïn ond cenfrifuged of l1000x g for l0 min; fhis step

wos then repeoted ogoin. The sediment wos suspended in 10 mM Tris - HCl, I mM

DTT, pH 7.4 and extrocted with 0.4 M Lï Br for 30 mïn ond centrïfuged of 1,000 x

g for 10 min. The sediment ofter woshïng with fhe qbove Tris - buffer wos further

extrocted with 0.ó M KCl, I mM DTT for 15 min, ond centrifuged ot 1,000 x g for

I0 min. The sedimeni wos wqshed wïth 10 mM Tris - HCl, pH 7.4 ond suspended

in I mM Tris - HCl, pH 7,4 andemployed for bïochemicol sfudies. This procedure

is essenf iolly similor to thqt descrîbed by McNomoro et . ol . (85).

D. Biochemïcol Studies

All the cellulqr froctions employed in this study were used wïthin 1 -

2 hr of fheïr isolotion. These cellulor froctions were routinely checked for purity

by meosurïng morker enzyme ocfivities ond electron microscopic exominotion (85,

124) ond only minimol (4 - ó7o) cross contominqiion wos noted.

(l) Determinotion of colcium qccumuloting octivïties

Colcium binding by mitochondriol, mîcrosomol ond sorcolemmql froctions

wos determÌned by enrploying the millipore filtrqiion technique (124) " For micro-

somol qnd mîtochondriql cqlcîum binding, the frqctions (0.2 to 0.3 mg/ml) were

preïncubofed in medium confoining 100 mM KCl, l0 mM MSj C12,20 mMTris - HCl,

pH ó.8, 4 mM ATP in o totol volume of 1 ml. The reoction ot 25oC wos storted by

fhe qddition of 0.1 mM 
45CoCl' ollowed io proceed for o further 5 min qnd

stopped by millipore filtrotÌon (pcre síze 0.45 IJ). Colcïtrm bïnding by the sorcole-

mmol froction wos determined in o medíum contqining 50 mM Tris - HCl, pH 7.0 ot

37oC with o protein concenf rotion of 0. l5 to 0 .20 mg/ml . The reoction wos iniliofed

by the oddition of either 0.1 mM of I .25 rM 45Co Cl, ond terminoted by millipore

filtrotion. All the frocfions were preïncuboted for 3 min in the obsence or presence

of different concentrotions of Co#, N¡++ ond MnÏ. The rqdioqcf ivity in the

protein - free filtroies were estimqted in o Pqckord Liquid Scíntillqtïon Spectrometer

using Broy's solution.
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Colcium uptoke by the microsomol froction (0.02 to 0.04 mg/ml) wos

determined in o medium contoining t00 mM KCl, l0 mM Mg Cl2r 20 mM TrÏs - HCl,

pH ó.8, 5 mM potossium oxolote, 4 mM ATP in o fotol volume of I to 3 ml.

Mitochondriol froction (0.1 to 0.2 ng/ml) wos incubqted in o medium contoining

100 mM KCl, l0 mM Mg Cl2,20 mM Tris - HCl, PH ó.8, 4 mM KH, PO4, 4 mM

sodium succinote, ond 4 mM ATP in o toiol volume of I io 3 ml. In some experiments

colcium uptoke by mitochondrio wos determined in the presence of pyruvote (.|.5

mM) - molote (0.5 mM) or 4 mM ATP. The froctions were preincuboted for 3 min

in the qbsence or presence of Co#, Ni# ond Mn# ond the reoctions ot 37oC were

sforted by fhe oddïtion of 0. I tM 45Co 
Cl r, ollowed to proceed for 5 mín ond

terminofed by millipore filtroríon.

(2) Deferminqiion of ATP hydrolyzing qbilities

The ATPose octîvity of the mitochondrÌol froction wos defermined ot

37"C in q medium contoining 100 mM KCl, 20 mM Tris - HCl, PH ó.8, l0 mM

Mg Clr, ond 4 mM ATP whereos thqt of the microsomql froction wos meqsured ot 37o

C in o medium confoining 100 mM KCl, 20 mM TrÍs - HC¡, 10 mM MOCI,, RH

6.8,4 mMATP, 5 mM potossium oxolote ondeilher0.l mM CoClror I mM

EGTA. Forfhe microsomot froctïon the vqlue in the presence of EGTA is tqken qs

bqsql octivify whereos fhe difference between the bosol ond totol (in the Presence

of 0. I mM Cq Clr) octivif ies wos considered due fo Co# - stimuloted ATPose .

The concenfrotions of the mitochondriol ond microsomql proieins employed here

were the some qs those for lhe cqlcïum upioke studies

The ATPose ocf ivity of myofibrils obtoined by Procedure A wos determined

in the obsence ond presence of 5 mM sodium ozïde by incuboting ihe froction in

medium contoining ó0 mM KCl, l0 mM Tris - HCI , PH7.0, 4 mM EGTA, ond

-
3 mM Mg Cl' ot o protein concentrotion of 0.8 to 1.0 mg/ml. The reoclion ot

37oC wos initioted by the oddîiion of 2 mM ATP. The totol ATPose ociivity of the

myofibrillqr froction wos determined in the qbove medium without EGTA ih the
-s-t-

presence of 0.1 mM Co Clr. The bosol ond Co" - sfimulqted ATPose octivities

were colculoted. The ATPqse octivity of myofibrils obtoined by Procedure B wos

determined in the obsence ond presence of t0 mM sodium qzide by incubofîng the
l':.:
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froction in medium contoining 50 mM KCl, 20 mM Tris - HCI , pH7,0r 2 mM Mg
:

Cl2, 1.ó mM EGTA ot o protein concenf rotion of 'l to 2 ng/nl.
Sqrcolemmol No+ - K+ ATPose octivity wos determined in I ml of o

medium contoining 50 mM Tris - HCl, pH 7.4, 4 mM Mg C12, I00 mM No Cl ond

l0 mM KCI in the obsence or presence of 2 mM ouoboin. Sqrcolemmol proteïn

(0.02 to 0.05 ng/nl) wos preincubqted for 3 minutes ot 37oC ond the reqcfion wos

initioted by the qddîtion of 4 mM ATP . The reoction wos ollowed to proceed o

further l0 min. The difference of the ocfivÌties in lhe obsence ond presence of

ouqbqin is referred to os No* - K* siimuloied, Mg* dependent, ouoboin sensitive

ATPose.

The Co# ATPose ond Mg# ATPose qctivities were ossoyed in o totql

volume of 1 ml contoining 50 mM Tris - HCl, pH 7,4, 4 mM Co Cl, or MO Cl, ond

4 mM ATP. Membrone protein (0.02 to 0.05 ng/ml) wos preincuboied ot 37oC for

3 min ond the reoction wos inif iqted by the oddîtion of ATP. The reoction wqs

ollowed to proceed for o further l0 minutes. The ATP hydrolysis thot occurred in

the obsenc" of Cq# or. Mg# wos substrocted in order to colculote the octivity due
J-+ J+

to Co' '-stimulofed or Mg' ' sïimuloted ATPqse

All frqctions were preincuboted for 3 min in fhe obsence or presence of

dïfferent concentrotions of Co*, NiJi- qnd Mn# ond the reocfions for ATP

hydrolysis were sforted by the oddition of ATP ond stopped by the oddìtion of l2o/"

cold trichloroqcetic ocid ond centrifugof ion. The inorgonic phosphqte releosed in

the cleor supernotont wos meosured by the method of Toussky qnd Shorr (276): The

protein concentrqtion wos determined by rhe method of Lowry et . ql . Q7n.
, (3) Determïnotion of odenylote cyclose octivity

The odenylote cyclose octivity wos ossoyed by the method of Drummond

ond Duncon (278). The sorcolemmql froction (50 gg proteinr/0.15 ml) wos pre-

incuboted in o medium contqining 50 mM Tris - HCl, pH 8.5, I mM coffeine, 5 mM

KCl,20 mM phosphoenol pyruvole, 15 mM Mg Clr, 2 mM cyclic AMP onå 
.ßO ¡tg/

ml pyruvote kinose fo¡'3 min ot 37oC followed by the qddition of 0.4 rM l4C 
-,ATP.

The reoction wos terminoted by boiling ond core wos tqken fo qvoid evoporotion.

Protein wqs removed by centrifugofion ot 1000 x g for l0 min ond 50 ¡rl of the cleor
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zupernotont wos spotted on Whotmon No. 3 MM poper for d.escending chromofo-

grophy, using 1 M ommonium ocetqte -95o/o ethonol (15 :35 v/v) os o solvent.

The chromotogroms were developed for 1B hours qnd ofter dryÌng, the cyclíc

AMP oreo wqs visuolizedby ultroviolet light, cut out qnd counted in 20 ml of

Broy's solution în o Pockord Liquid Scintillof ion Spectrometer. Different concentrotÎons
{+#jl

of Co", Ni" ond Mn" were odded during the preincubqfion period.

(4) Determinotion of mitoclrondriol respirotion qnd oxidoiive phosphorylotion

sctivities

The mìtochondriql oxygen consumption ond oxidqtive phosphorylotïon

(ADP:O rotio) were meqsured polorogrophicolly ot 28oC using o Gilson oxygroph

ond Clorke electrode in o medium contoining 0.25 M sucrose, l0 mM Tris - HCl,

pH7.4, 10 mM K2HPO4, 1.5 mMpyruvote ond 0.5 mM molote. Sfote 3 respirotÏon

wqs initioted by the oddition of 250 n moles ADP whereos stote 4 respirofion ensued

when oll the ADP wqs phosphoryloted. The respirotory control index (RCI) wqs

cqlculqted qs fhe rotio of oxygen uptoke rqtes in stqtes 3 ond 4 whereqs rhe phos-

phorylofion rofe wos colculoted by multiplying the oxygen upioke rqte in stote 3

(aOZ (3)) by the ADP:O rqtio. This method ïs essenfiolly the sqme os thot described

by Sordohl qnd Schworlz(275). These qctivities were meqsured in fhe qbsence or

presence of different concentrotions of Co#, Ni++ ond Mn#.

E. Anolysis of Dqto

Eoch observotion wos mqde with 4 to ó different preporotions. The

meon * S.E. for eoch point wqs colculoted ond ihe level of significonce of fhe

difference between control ond experimentol observotions wqs determined by the

Students poired "t" fest. The P volues < 0.05 were token to reflect o significont

difference befween control ond experÎmentol results.

! -..':.' i."
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ry. RESULTS

A. Conlroctile Force Developement ond Myocordiol Ultrostructure

The effects of different concentrotions (0.1 - 1 mM) of Co#, N¡++
-Jl

ond Mn " were studied on The controcfile force ond ihe rote of chonge of contrqct-

ile force developement (df/dt) of iscloted perFused robbit heorfs. All these dîvolenf

cofions were found to depress myocordiol contrqctilTty to vorying degrees depending

upon theïr concentrotÏon in the perfusion medium. In 0.'l, 0.5, ond I mM con-

centrotïons the controctile force wos decreosed by obout 25r 44ond 95olo byCo#,
40, 75 ond 100% by Nï#, ond 28, óó ond 84"/o by Mn# respectively. The effects

of 0.5 qnd I mM concentrofions of these divolent cotions on dî/dt ond confrocfile

force qre shown ïn Fïgures I - 3. It con be seen thoi ihe onset of cordiodepressenf
J-J +-L -l-!-

effects of Co' ', Ni '' ond Mn' ' *o, quiie ropid. Furthermore, qn increose in

resfing fension wîfh 0.t_ï, 1 mM concentrotions of Co#ond N¡#*o, seen in oll

experiments whereos Mn" in 0.5 mM, but not in I mM, produced only o trqnsient

Íncreose in resting tensíon

When sections of the heorts perfused with I mM Co#, Ni* o, Mn#
for 3 min were exqmined under the electron microscope, fheir ultrostructure

(Figure 4) wos found not to be different from the control.

B. Myofibrillor ATPose Activities

Myofibrils from the rqbbit heqrts were isolofed by two different pro-

cedures ond their ATPose qctivities were exomined in the obsence or presence of

sodium ozide for determining the extenf of mìtochondriql contqminotion. The doto

given in Toble I indicqte thot fhe Mg* ATPose octivity of the preporotion (Procedure

A) obtoined by the method of Muir er. ol . (273), unlike the preporofion (Procedure '':ri

B) obtoìned by the mefhod of Solqro et . ol . (274), wos sensif ive fo 5 mM sodium

ozide. Although Co# - stimuloted ATPose octivity in both preporofions wos not

offected by sodium ozide, the octivify of this enzyme in preporotion B wos,signifi-
-rr- l-+ .l+

contly higher thon thqt of preporotion A. The octions of Co", Ni" ond Mn"

on these preporotions were similor; however, ollthe subsequent experimenis described

in this sfudy were performed by employing preporotion B qnd sodium ozide, o well

i.'.1::.:
l':: :'. ..

i .:t::
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dfldr I zro omTsec

f .so *M .co*"

CONTRACT!LE FORCE Itos*

df/dt lzso o-¡t""

coNTRAcr!!-E FoRcE lro o-

Representotive trocings of force developement by the isoloted
perfused heorf in the presence of differenf concenfrotions of
Co-. Ponels A ond B show the effects of 0.5 mM and 1.0
mM Co# respecfively. The upper portion of eoch ponel
shows the rofe of change of contrqctile force developement
(df/dÐ whereos the lower portion shows contrqctíte force.
These figures ore typicol of 3 experiments corried out for
eoch concentrotion.
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I zlo ot/ t""

10 sec

N¡**

CONTRACTILE FORCE

df ,dr I zso orn¡r""

:#;,:,, ,,

I
I
ll.omM N¡**

coNTRAcTTLE FoRcE f ro on.

Representotive trocings of force developement by the isoloted
perfvsed heort in fhe presence of differenf concentrotions of
N¡''. Pqnels A ond B show the effects of 0.5 mM ond 1.0

-l--t
mM Ni- respecfively. The upper portion of eoch ponel shows
the rote of chonge of controctile force developement (df/dt)
whereos the lower portion: shows controctile force. These
figures ore typicol of 3 experiments cqrried out for eoch
concentrolion.
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d,dt I zlo sm/sec

Lilt,t t;:ì :;.;]

10 sec

| .so,nm Mn**

CONüTRACT¡LE FORCE lro otn

df /dt I zoo srn / sec

10 sec

FIGURE 3

f t.o,nvt Mn

cohüTRACT¡LE FORCE 
lro srn

Representotive lrocings of force developement by the isolqted
perfused heort in the presence of different concentrotions of
Mn-. Ponels A ond B show the effects of 0.5 mM ond 1.0
mM Mn+ respectively. The upper poriion of eoch ponel
shows the rofe of chonge of controcf ile force developement
(df^Ð whereos the lower portion shows contrqctile force.
These figures ore typicol of 3 experiments corried out for eoch
concentrotion.
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Electron photom.ïcrogroph of biopsies of lefi venÌricte of Co#
(ponel A), N¡++ (ponel B), ond Mn# (ponel C) treoÌed heorts.
x2ó,500"

FIGURE 4
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known inhibitor of mitochondriql ATPose, wos used in the incubotion medium.

In one series of experiments, the obility of myofibrils to hydrolyze

ATP ïn the presence of Co*, Mg*, Co*, Ni# or Mn#wos tested ond the

resutts ore given in Tqble 2. Alihough C:+, N¡++ond Mn#were oble to

stimulqte ATP hydrolysis by myofibrils, fhe extent of their oction wqs less fhon fhqf

of either Co# o, Mg+. The myofibrillor Mg* ATPqse octivify wqs olso deter-

mîned in fhe presence of dïfferent concentrqtions of Co#, Ni# ond Mn# qnd the

results ore shown in Fïgure 5. It con be seen thot Mg#ATPose octivitywos

ïnhibïted by Mn#, Co# qnd Ni# (0.05 - 1 mM) ïn this order of potency except
-l-L

thot Ni '' hod no significont (P >0"05) effect ql o concentrotion of 0.05 mM.

If should be pointed ouî here îhqt in controst to Co#, Ni++ ond Mn#, 0.1 mM

colcium produced o 5 - ó fold increose ìn ihe myofibriltoI. Mg#ATPose octivity.

The effects of dïfferenf concenf rotions of Co#, Nïl-+ ond Mn# *"re

olso studied on the myofibrillqr Co "-stimuloted ATPose octiviiy. The results in

Figure ó indicote thot fhese divolent cotions produced significont (P < 0.05)

depressions in the Cq#-stimuloted ATPqse octivity in concentrqlions ronging from

0.05 to I mM. The order of potency for fhis inhibition wos NÌ# > Co# ) Mn#.

When the effects of 1 mM Co*, N¡++ o, Mn# on Co# - stimuloted ATPose were

exomined qi differenÌ concentrotions of Mg ATP, which serves os its subsfrote, it

wos found fhqt in controst lo Co# or Ni#, the inhibitory effecf of Mn# wqs not

opporenf ot 0.25 to 1 mM concentrotions of Mg ATP (Toble 3).

The obility of mitochondrio to hydrolyze ATP in the presence of 0.05 -
4 mM concenfrotions of Co*, Mg*, Co*, N¡++ ond Mn# wos studied qnd the

results ore shown in Toble 4. All these divolent cotions were found to stimulote

ATP hydrolysis ond fheir order of polency *o, Mn# = Mg* > Co# ) Cq# > N¡++.

In onother set of experiments fhe effect of dîfferent concentrotions (0.25 tb 4 mM)
#+.LL

of Co" , Ni " ond Mn'' were exomined on mitochondriol ATPose octivity in ihe
l-_L

presence of Mg' '. From the results in Figure 7, it con be seen thoi the mitochondriql
-l-L

Mg" ATPose octivity wqs slightly depressed (P < 0.0Ð by I - 4 mM concentrotions

C. Mitochondriol ATPose, Colcium Accumulotion qnd Oxidoiive

Activilies
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FIGURE 5
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Myofibrillor. Mg* ATPqse octivity in the presence of different
concenfrotions of Co#, Ni# and Mn#. The incubotion
medium wos the some os fhot described in the Methods section.
The control volue for myofibrillor ATPose octivity wos .032 +
.003 ¡r moles Pi/mg protein/min. Eoch volue is o meon + S.:E.
of 4 experiments.
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Myofibrillqr Co-' - stimuloted ATPose octivity in ihe presence

of different concentrotions of CoH, Ni++ oni Mn*. Th"
incubotion medium wos the some os thot described in the Methods
section. The control vqlue for myofibrillqr Co# - sfimuloted
ATPqse octiviiy wos .lBó + .014 ¡r moles Pi/mg protein,/min.
Eoch volue is o meon + S.E. of 4 experiments.
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) 1.0 2.0 3.0 4.0
t- -I
LcArloN I mM

Mitochondriol ATPqse.octivþ in ihe presence of differeni
concentrotions of Co#, N¡++ qnd Mn#. The incubqtion
medium wos the seme os thqt described in the Mefhods section.
The control volue for mitochondrïol ATPose octivity wos 1.0 +
.0ó p moles Pi/ng protein,/min. Eoch volue is o meqn + S.E:
of 4 experiments.
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of Mn# ond co# whereos o morked reduction wos observed by 0.25 to 4 mM
' -l-J
concentrotions of N¡-. It should be mentioned thot mitochondriol Mg# ATpose

octivity wos not increosed by low concentrotions (0.05 - 0.1 mM) of colcium

indicoting the obsence of Cq# - stìmulqted ATPose octivity in this frocf ion.

The energy - linked obility of mitochondrio io occumulqte colcium
in the obsence (colcium binding) ond presence (colcium uptoke) of phosphote wos

exqmined under different experimentol conditions. The colcium binding octivity
of mitochondriq in the presence of ATp wos found to be 52 :| 3.g n moles/mg

protein/5 min; B0 -90o/o of this octivity wos inhibited by 5 mM sodium ozide.
The ATP - dependent colcium uptoke qctivities of mitochondrio in the obsence ond

presence of succinote were l3'l + 7.4 ond 176 + ó.5 n moles/mg proiein/5 min

respectively. The substrote - linked (pyruvote - molote) cqlcium upioke octiviiy
of mitochondrio wos found to be l8ó + 12.9 nmoles/mg proteín/5 min. Ii should

be pointed out thqt colcium binding ond uptoke by mitochondrio represent orbritory
meonings of these terms qnd ore empfoyed here for the purpose of clority.

Figure B shows fhe effect of dÌfferent concentrotions of divolent cotions
on mitochondriol colcium binding. Bofh Co** qnd N¡# *"ru found to decreose
(P <0.05) colcium binding octivify of mifochondriq qt 0.01 to I mM concentrotions
whereqs o significonf (P < 0.05) depression by Mn#wos opporenf ot 0.1 mM

concentrotion. Símilor: depressont effects of these dÌvolent cotions were seen on

the ATP - dependent, ATP - subsfrote supported, ond subsfrote - supported colcium
uptoke octívitïes of mitochondrio (Figures 9 - II) with some minor differences with
respecf to the effective concentrotions of cotions ond the mognitude of depression.

In this regord it should be noted ihot colcium upfoke under different experimentol
conditions wqs decreosed by Mn# of 0.25 mM concentrqtion whereos depressonf

-lJ-
effect of Co" on the substrote - supporfed colcium uptoke wos opporeni qt 0.1 mM
concentrotion. The order of their potency in decreosing mitochondriol colcium
binding ond uptoke ocfivities wos Ni#) co# > Mn#. Furfhermore, the'mognitudes
of depressont effects of both Nï++ ond co# on cqlcium binding qnd ATp - substrqfe
supported colcium uptoke were greoter thon those on the ATp or substrote - supported
colcium uptoke. On the ofher hond, the depressonf effect of Mn# on colcium binding
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0.50

[cnrronr] -n

MITOCHONDRIAL
CALCIUM BIND¡NG

FIGURE 8 Mitochondriol colcium binding in ihe prpsence of different
concentrqïïons of Co#, Ni* ond Mn". The time of incubo-
fion of the mitochondriql frqction w¡th 0.1 mM 45ço++ ot 25"
C wqs 5 min. The control volue for colcium binding wos 52 +
3.8 n moles/mg protein. Eoch volue is q meqn +S.E. of 4 -
experimenfs.
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FIGURE 9

-{*'..

0.50

[carror.r] mM

ATP - supported mitochondriol colcium upfoke in the presence
of different concentrqtions of Co#, Ni# ond Mn#. The
time qf incuboiion of the mitochondriol froction with 0.1 mM
45Co* ot 37oC wos 5 min. The control volue for colcium
uptoke wos 13l +7.4 n moles,/mg protein. Eoch volue is o
meqn *S.E. of 4experiments.
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0 0.25 0.50 0.75 1.0

Icnrroru ] mM

ATP - succïnqte - supported mitochondriql colcium uptoke in
the,presence of different concentrotions of Co#, Ni# ond
Mn-. The time of incubotion of the mitochondriol frqciion
with O.l mM 45Co*ot 37oC wqs 5 min. The control vqlue
for colcium uptoke wos 176 + ó.5 n moles,/mg protein. Eqch
volue is o meon + S.E. of 4axperiments.

FIGURE IO

MITOCHONDRIAL
CALCIUM UPTAKE
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FIGURE I I Pyruvote - mqlote - supported mitochondriol colc.ium upfoke
iÁ the presence of different concentrotiohs of Co#, Ni+ ond
Mn#. The time of incubotion of the mitochondriol froction
with 0.1 mM 45ao++ot 37oC wos 5 min. The control volue
for colcium uptoke wos l8ó + 12.9 n moles/mg protein. Eoch
volue is o meon + S.E. of 4-experiments.
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wqs greoter thon thot on colcium uptoke ocfivities under different experïmentol

conditions.

A time - course concerning the effects of Co#, N¡++ ond Mnt on

fhe ATP - substrofe supported mitochondriol cqlcium uptoke reveqled thot the

depressent effects of these divolent cotions were oppqrenf of different intervols

(30 sec - l0 min) of incubotion (Toble 5). When the effects of these divolent

cotions (0.1 mM) were studied by employing different concentrotions of colcium

(lO - 75 ¡rM), it wos found thqt both Co# ond Nï#, unlike Mn+,produced

depressont effects ot oll concentrotions of colcium employed in the incubotion

medium (Toble ó). Mn#ot 0.25 mM concentrotions wos found to hove inhibitory

effects on colcium upfoke ot oll concentrotions of Co# in the incubofion medium.

The effecfs of different concentrotions of divolent cotionson the

mitochondriol respirotion ond oxidotive phosphorylotion ocfivities were qlso studied.

It con be seen from Tobles 7 - 9 thot the effect of these cotions were opporent ot

50 - 100 ¡rM concentrqtïons. Co*, N¡{--11- ond Mn# increosed stoie 4 respirotion

ond decreosed RCI ond ADP:O rotio. The stqte 3 respirotion wqs decreosed by
-r-r- #

Co" buf increosed by Ni ' ' ond Mn' ' whereos the phosphorylotion rote wos decreosed

by Co# ond wos not offected by Ni# o, Mn#. It wos interesting to observe thot

concentrotions of Co*, Ni++ond Mn# greoter thon 0.1 mM uncoupled the mito-

chondriol respírotory octivities completely.

D. M¡"r"r"r"l ATP"t.

: Microsomol froction is known to possess bosol (Mg-ATPose) ond Co "-

stimuloted ATPose octivitíes. In the firsf serÍes of experiments, ihe obilities of
-t-L : l-L JJ- l-L -l-L

Co", Mg", Co", Ni " ond Mn" to stimulote ATP hydrolysis by this froction

were compored. The results shown in Toble l0 indicote thot oll these divolent

cotions were copoble of stimulotïng ATP hydrolysis in 0.1 - 4 mM concentrotions
ì+

except Ni ' ' which wqs effective ot I - 4 mM concenfrofions. The order of their
i{*{-}+J-t#{-**r

potency wos Mg ) Mn ) Co ) Co > N¡ The Mg ATPose octivify

(1.41 þ moles Pi/ng protein/min) of the microsomol froction wos inhíbi1sd (Figure l2)

significontly (p < 0.05) by 0.25 - 4 mM N¡r+ or" Co# ond by 0.5 - 4 mM

Mn#. The order of potency for inhibîting Mg# ATPose octivity wos Ni# > Co+ >
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TABLE V

Time Course of Mitochondriol Cqlcium Upioke in the Absence ond Presence of 0.25
-lJ -Lr- l-!

mMCo", Ni" ondMn"

Mitochondriql cqlcium

(nmolesr/mg protein)*

lncubotion time

30 sec

I min

2 min

5 min

l0 min

28 + 1.5

51 + 2.5

85 + 2.4

lóB + 4.8

254+7.3

18 + l.l
2l + 1.3

27 + 1.5

49 + 2.5

75 + 4.2

15 + l.ó
16 + 0.9

19 + 1.0

32+1.2

44 + l.B

2l + l.g
38 + 2.3

74 + 3.3

133 + 4.8

208 + 3.7

* The incubotion medium wqs fhe some os thot described for mitochondriol cqlcium

upfoke in fhe presence of 4 mM ATP ond 5 mM sodium succinote in the Mefhods

section. Mitochondrio were incuboted in the presence of 0.t mM 
45Co* 

for.

vqrious fime intervols. Eoch volue is q meon 1S.E , of  experiments. All vqlues

in the presence of divolent cofions were significontly differenf (P < 0.05) from the

control.
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TABLE VI

Effecf of 0.t mM Co+, N¡++ ond Mn# on Mitochondriol Colcium Uptoke in the

Presence of Different Concenfrotions of Colcium

Mitochondriol colcium

(nmoles,/mg protein) * *

Colcium (¡rM) Control Co# N¡++ Mn#

l0 8+0.ó 5+0.5* 5+0.7* 8+0.7
25 27+1.4 15+l.l* 9+0.6* 28+1.3

50 66+2.1 45+2.2* 27+1.2* 66+3,2

75 tOg + 4.ó 78 + 3.7* 58 + 2.7* l0ó + 5.8

* Sígnificonily different from control (P < 0.05).
** The încubofion medium wos the sc¡me os thot described for mitochondriql colcium l

uptoke in the presence of 4 mM ATP ond 5 mM sodium succÍnote in the Methods 
i

sectíon except thot vqrious concentrotions of Co# were employed. Eoch volue is 
i

omeon+S.E. of 4experiments. 
i
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HEAVY MICROSOMAL

Mg*'ATPase ACTIVITY
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FTGURE I2 Heovy microsomol Mg# ATPose (.bosol) octivity in the presence

of different concenfrofions of Co#, Ni# ond Mn#. The
incubotion medíum wqs the sqme os fhot described in the Methods
section. The reoction wos initíoled by the oddition of 4 mM
ATP ond corried out for 5 min. The control volue for heovy
microsomql .Mg* ATPose octivity wos l [l !.05 p moles Pi/
mg protein/min. Eoch volue is o meon + S.E. of 4 - ó experi-
ments.
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J-t-

Mn' '

The Mg+ ATPqse octivify of the microsomol froction wos stimuloted

by 0.1 mM Co# ond this octivity due to Co# - stimuloted ATPose wos found to

be 0.44 p moles Pi/mg protein/mÍn. The octivity of Co# - stimulqfed ATPose

wos significontly decreosed (P < 0.05) by 0.25 mM concentrotions of Ni#, Co#

.rnd Mn# ond the order of their potency wos Nî# > co# ) Mn# (Figure 13).

Heort microsomes occumulote colcium by on energy - dependent

mechonism in the obsence (colcium binding) ond presence (colcium uptoke) of

permeont onions such os oxolqte. The volues for colcium binding ond uptoke

qctivities for the rqbbit heqrt microsomol froction were found to be 45 ond t0ó4

n moles,/mg proteînr/S min respecfively. When cqlcium binding by microsomes

wos determined in the presence of dïfferenf concentrotions (0.1 - 2 mM) of Co#,

Ni++ond Mn#, these divolent cotions were found to hove no significont (P > 0.05)

effect (Toble 1l). On the other hond, these cotions hod mqrked depressont ocfion

on the microsomol colcium uptoke octivity. Significont (P < 0.05) depression by
# .. ++ .- #

Ni'' wos seen of 0.t mM concentrqtion whereqs thot by Mn'' ond Co'' wos

observed ot 0.25 ond 0.50 mM respectively. The order of theír pofency wqs Ni#>
.!-L .I-L

Mn' ' ) Co' ' (Figure l4). 
J_L

The fime - course of the inhibitory effects of I mM Co' ', Ni' ' qnd
-¡J-

Mn" wos olso exomined by incuboting the microsomes for different intervols. It

cqn be seen from Toble l2 thot these divolent cotions produced significont (P < 0.05)

depression in colcium uptoke ot I to l0 min buf were ineffective ot 30 sec of

incubotion. These divolentcqtionsolso decreosed microsomol cqlcium uptoke

octivÍties significonily (P < 0.0Ð when determined by employing different concen-

trotions of colcium (10 - 75 FM) in the incubotion medium (Toble 13).

E. Sorcolemmol ATPose, Colcium Bïndïng ond Adenylqte Cyclcise Activities

The effects of different concentrotions of Co#, Mg*, Co*, N¡++
.LL ¿

ond Mn' ' on fhe obility of the sorcolemmol froction to hydrolyze ATP were compored

ond the results qre shown in Toble 14. All these cotions were copoble of stimuloting

ATP hydrolysîs by heort sorcolemmo; Ni++ wos found to be leosf effective. The
lJ- l-l-

moximol Co" ATPqse ond Mg'' ATPose octivifies were found tobe22.8 ond 21 .ó
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HEAVY MICROSOMAL

Ca.* STIMULATED
ATPase ACTIVITY

\. 1' '.1I

o
É,
t-z
o
C'

o
ñ

t-
I
Þo

o
at
ctÀ
Þ

"-I*n**

---- :[ ++
]IN¡

FIGURE I3 Heovy microsomol Co# - stimuloted ATPose octivity in the
presence of different concentrotions of Co#, Ni'# ond Mn#.
The incubotion medium wos the sqme os thqt described in the
Methods section. The control volue for heovy microsomol Co# -
sfimuloted ATPose octivity wos 0 .44 + .03 p moles Pi/ng
protein/min. Eoch vqlue is o meon i¡.f . oî 4 - ó experiments.
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'-.[Mn*'

Heovy mícrosomol cqlcium uptoke in the presence of differenf
concentrotions of Co#, N¡++ ond Mn#. The time of incubq-
tÍon of the microsomes wifh 0.1 mM 45ço+t ot 37oC wos 5
min. The control volue for colcium uptoke wos l0ó4 + 64 n
moles/mg protein. Eoch volue is o meon + S.E. of 5 ãxperiments.

FIGURE 14

HEAVY MICROSOMAL
CALCIUM UPTAKE

flcarloru] mM
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p moles Pi/mg protein/.hr respecfively.

In one series of experiments, the effects of differenf concenlrotions

of Co#, N¡++ ond Mn# were studied in fhe presence of I .25 ond 4 mM Cq ATP

ond the results ore shown in Figures 15 ond ló respectively. The sorcolemmol
-l--l-

Co#ATPose octivïty in the presence of 1.25 mM Co# wos sfimulofed by 0.IO - ,, , ,

JJ- J-f II ".:

0.25 mM Ni-, 0.10 - 0.50 mMCo--ond 0.10 - I mM Mn" ond depressed by
' JJ-. l-l- -¡l-

| -4mMNi-, 2-4 mMCo'-ond4mMMn". Onthe otherhond, the
J-:- JJ-

Co- ATPose octïvity in fhe presence of 4 mM Co' ' wos depressed significontly

(P < 0.05) by 0.25 - 4 mM Ni++ o, Co# ond I - 4 mM Mn#. These divolenf ',', .

cotions olso produced similor effects on the sorcolemmol Mg# ATPose octivity :: '

(Figure lÐ. The order of potency in decreqsing Co#r/Mg* ATPore octivities were .'t'.r','.;'.

N¡++)coff)Mn#.
Sorcolemmol froction employed in this study wos found to cohtoin

ouobqin sensitive Mg* dependeÅt No+ - K+ ATPor" octivity (g.4 V moles Pi/ng

profeinr/hr); 80 - 9}o/o of the No+ - K+ATPose ocfivity wos sensitive to 2 mM i

###^
ouoboin. Co", Ni" ond Mn" in 0.1 - 4 mM concentrotions were found to 

:

significontly (p < 0.05) decreqse No* - K+ATPor" octivity (Figure l8).

In fhe presence of 0.1 ond 1.25 mM colcium fhe sorcolemmol froctÏon

wos found to bind 98 ond 772 n moles Co*/ mg protein within 5 min respecfively.

The effects of dífferent concentrotions of Co#, Ni+ ond Mn# on colcium bïnding

in the presence of 0.t ond 1.25 mM colcium were exomined ond the results ore ,,...

giveninTobles 15ond lórespectively. At0.t mMCo*, 0.25-4mMCo*, ".

N¡++ ond Mn# decreosed (P < O.O5) colcium binding whereos ot I .25 mM Co#, 
""';,."':::'-Lr- -ll- -lJ-

4 mM Co- or Ni- ond 2 - 4 mM Mn' ' were effective in significontly decreosing

colcium bindíng by sorcolemmo.

The sorcolemmol odenylote cyclose octivities in the obsence (bosol) :.: .

ond presen ce of ZmM NoF were l2lond 517 p moles cyclic AMP/mg protein/ 
":"'""

-L.l- ll-

min. Both Co'- ond Nï' ' of 0.1 - 4 mM concentrofions were found to decreose
_u_

(P < 0.05) whereos Mn ' ' ot 0 .'l - 4 mM concentrotions wqs observed to increose

(P < 0.05) the sorcolemmql bosol ond NoF stimuloted odenylote cyclose octivif ies

(Tobles l T ond I8) .
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SARCOLEMMAL
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F IGURE 15

fcarroru ] mM

-¡-L

Sorcolemmol Cq' ' ATPose octîvity in the presence of differenf
concentrofïons of Co#, Nij+ ond Mnff. The incubotion
medium wos the some os thot described ïn the Methods section
except thot 1.25 mM CoATP wos used. The control volue for
Co# ATPose wos l2.l + 0.8 p moles Pi/ng protein,/hr. Eoch
volue is o meon 1 S .E .7¡ I experiments.
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FIGURE Ió

2.0

fcarroru] mm

Sorcolemmol Co# ATPose octivíty in the presence of different
concentrotions of Co*, Ni++ oná Mn#. The incubotion
medium wqs the some os thot described in the Methods section
except thot 4 mM Co ATP wos used. The control volue for
Co# ATPose octivity wos 23.3 + 1 .ó ¡r moles Pi/mg protein/

. hr. Eoch volue is o meon + S.E; of 4 experiments.
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Ca**ATPase
ACTIVITY
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SARCOLEMMAL
Mg** ATPase
ACTIVlTY

FIGURE 17

2.0

fcarroru ] m M

sorcolemmol Mg# ATpose oc.tivÍty in the.presence of different
concenfrqf íons of co*, N¡11- ond Mn#. The incubotion medium
wqs fhe some os thot described in the Methods section. The
control volue for Mg# ATpose octivity was 22.0 + 2.5 ¡r moles

. Pi/\s protein/hr. Eoch vqlue is q *eån + S.E. oF4"*p"ri-
ments
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SARCOLEMMAL

Na*-K*ATPase
ACTIVITY

2.0

[carron ] *m

Sqrcotemmol No+ - K* ATPose octivity in the Þresence of
different concentrotions of Co#, Ni* ond Mn#. The
incubotion medium wos the some os thqf described in the
Methods section. The confrol volue for No* - K+ATPose
octivity wos 9.4 + 0.46 V moles Pi/mg protein/hr. Eqch
volue is q meon +J.E. of 4 experiments.
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TABTE XV

Sorcolemmql Colcium Binding in the Absence qnd Presence of Different Concentrofions
l-L l-L l-L

of Co' ', Ni ' ' ond Mn' '

Sorcolemmol colcium

(nmoles/mg protein)**i'':í

ConcenÌrotion of
cotion (mM) co# N¡++

#
Mn

0

.10

"25

.50

1.0

2.0

4.0

98 + 3.2

96 + 2.4*

83 + 3.4

73 + 2.8

68 + 2.9

63 + 2.0

52 + 1.7

95 + 3.7

90 + 2.6*

8l + 2.0

72 + 3.1

67 + 3.3

63 + 2.6

5l + 2.0

l0l + ó.2

95 + 3.4*

80 + 3.3

73 + 2.9

62 + 2,5

53 + 2.9

49 + 2.4

* Not significontly different from control (P > 0.05).
** The incubotion medium wos the some os thot described for sorcolemmol cqlcium

binding in the Methods section. Sorcolemmol froctions were incubqted in the

presence of 0.1 .M 45Co* 
for 5 minutes ot 37oC. Eqch voiue is o meqn + S.E. of

4 experiments.
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r

:

TABLE XVI

Sqrcolemmol Colcium Binding in the Absence ond Presence of Different Concentro-
JJ- l-t- lJ-

fions of Co' ', Ni' ' ond Mn' '

Sorcolemmol colcium:..
Ê (nm oles/mg protein) **

Concentrofion of
cotion (tM) Ni++

#
Mnco#

0

.50

1.0

2.0

4.0

772 + 31 780 +27 776 +23

zati zz zas + zt zosl zç

776+25 793 + l8 756 +34

76j+ß 758+20 729 +23*

717 + 18* 712 + 23* 706 + 21*

* Significontly different from control (P < 0.05).
** The incubotion medium wos the some os thot described for sorcolemmol colcium

binding in the Methods secf ion. Sorcolemmol frqctions were incuboted in f he

presence oî 1.25.M 45Co* for 5 minutes ot 37oC. Eoch vqlue is o meon + S.E.

of 4 experiments. :

il

ì
i,

i
ì

a'

i.

i
t, ¿
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TABLE XVII

Sorcolemmol Bosol Adenylote Cyclose Activity in the Presence of Different

Concentrotions of Co*, N¡++ ond Mn#

Adenylote cyclose octivity*
í :" 

P/o or control)

Concentrotion of
cotion (mM) Co# N¡++ Mn#

.10 85 + 5.8 77 + 4.0 l4g +7.3

.25 77 + 4.3 72 + 3.7 252 + 12.3

.50 7l + 3 .6 53 + 3.0 278 + 14.6

l.o ól+3.d 4g+2.7 283+15.1

2.0 56 + 2.7 34 + 2.3 286 + 17.3

4.0 42 + 2.2 2l + 1 .7 308 + 19.2

* The incubotion medíum wos the some os thqt described for sorcolemmol odenylote

cyclose octivity in the Methods section. The confrol volue for bosol odenylote

cyclose octivity wos 724 !4.7 pmoles cyclic AMPr/mg protein/min. Eoch volue

is o meon 1S.E. of 3 experiments. All volues in the presence of divolent cotions

were significontly different from the control (P < 0.05).
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TABLE XVIII

Sorcolemmol NoF Stimuloted Adenylofe Cyclose Activify in fhe Presence of

Different Concentrofions of Co*, N¡++ ond Mn#

Adenylote cyclose octivity*

(o/" of control)

Concentrotion of r_¡_ rJ_ **
cotion (mM) Co' ' N¡' ' Mn

':::: :..1..'

.10 85 + 4.3 81 + 4.6 I 15 + 5.1

.25 74 + 4.0 64 + 3.2 135 + ó.4

.50 66 + 3.2 5l + 2.7 144 + 6.8

1.0 52 + 2.9 46 + 2.6 178 +7.3

2.O 43 + 2.5 30 + 1.8 l9l r 8.ó

4.0 34 + 2.0 12 + 1.0 197 + 8.3

* The incubofion medium wqs the sdme os thot described for sorcolemmol odenylote

cyclose octivity in the Methods section excepf fhct 2 mM NoF wos employed. The

confrol volue for odenylote cyclose octivity wqs 517 + 3l pmoles cyclic AMPr/mg

protein/min. Eqch volue is o meqn + S;E. of 3 experiments. All volues in the 
:::

presence of divolent cofions were significontly different fromthe control (P <0.05). 'i'¡"""""'¡''¡'
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V. DISCUSSION

A. Myofibrils

Myofibrils hydrolyze ATP which provides the immediote source of energy

for cqrdioc confroction, due to the presence of Mg# ATPose ond Cq# - stimuloted

ATPose qctivities. Although the role.of myofibrillor Mg#ATPose in the generofion

of controctile force is not cleor, myofíbrillor Co# - stimuloted ATPose hos been

considered to be intimotely involved in the. process of myocordiol conrrocf íon

(ló5, lóó). In fhis regord it should be noted thot the level of ionized colcium,

which produces holf moxïmol myofíbrïllqr ATPose octivity hqs been shown to be

indenticol to thot producing holf moximol tension developement (43). In the

presentstudywe hove demonsfrqted thqt Co*, N¡-l+ond Mn#, in 0.05 mM or

higher concentrotions, decreose myofibrillor Co# - stimuloted ATPose octivity.

Depression of Co# - stimuloted ATPqse octiviiy con be conceîved to decreose

the supply of energy for the sliding of octîon ond myosin filqments ond thereby

result in q decline of myocordiol controctility. PerFusing the heorts with o medium

confoining 0..l to I mM concentrotion of Co*, Ni++ond Mn#wqs found to

decreqse controctile force developement to vorying degrees. Since cordioc muscle

hos been shown to occumulote these divolent cotions (231, 234, 241 , 255), ir is

possible thot the cordiodepressont effects of Co+, N¡++ ond Mn# ore portly due to

their inhibítory oction on the myofibrillo, CqH - sfimuloted ATPose ocfivity.

The depressont effect of Co#, Ni# ond Mn# on myofibrillqr Co+ -
stimuloted ATPose moy be due to their oction on the octomyosin ond troponin -
fropomyosin systems. In this regord it should be noted thot these divolent cotions

hove been reported fo bind with myosi n (26$. Furthermore, the inhibitory effect

of Co#, N¡++ ond Mn# on Co# - stimuloted ATPose is not specific becouse

these divolent cotions in 0.05 to 0.10 mM or higher concentrotions were found to

inhibit myofibrillo. Mg# ATPose octivity. These cofions qre olso copoble of

stimuloting myofibrìllorATP hydrolysis like thot of Co# o, Mg#. On the other

hond, troponin bound Co# wos f ound to be portìolly exchongeoble wíth Mn#
l:L JJ- ll.

but not with Co' ' or Ni ' ' (279). It wos interesting to observe thot Mn-, unlike
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Co# or Ni#, did not produce depressont effects on myofibrillor Co# - stimuloted

ATPose octivity of 0.25 - I mM concenfrotíons of MgATP. It thus oppeors thof

Mn# moy offect both the cqlcium binding ond ATP hydrolyzing sites of the myofibrils,
#

whereos Co. ond Ni' moy influence the ATPqse sites only. This view, however,

remoins.to be confirmed by further studies deoling with the effects of these divolent

àotions on myofibrillor colcÍum bindirig. It should be pointed out here fhot

increoses in the free Mg# concenfrotîons from I to 5 mM, in the incubofion medium,

hos been shown to depress myofibrïllor. Coü.- stimuloted ATPose octivity without

significontly depressïng myofibrillor colcium binding (280). At ony rote, the
l-L l-L l-!

depressent effects of Co' ' , Ni ' ' ond Mn' ' do not oppeor to be due to simple

competition for colcium sites responsible for myofibrillor ATPose octivity.

The order of poîency in depressing myofibrilt.ãr Cq# - sf imuloted
-¡--l- l-L -t-L -l-L . -t-l_ _LJ-

ATPose ond Mg" ATPose qctivities wos Ni" )Co" )Mn" qndMn" )Co" )
+Ni-- respectìvely. On fhe other hond, the obilìtyof these divolent cotions to

sfimulofe myofibrillor ATP hydrolysís, in the obsence of Mg+ o, Co#, wos not

different from one onother. These resulfs indicote thot Co#, N¡++ ond Mn#
offect myofibrils in some complex monner. Such octions could-possibly be

due to differences in the obilities of these cotions to form complexes with ATP os

well os in their offinities for sites on myofibrils responsible forATP hydrolysis.

It should be poinfed out ihot the porticipotion of the controctile profeins

Ín the mechonisms responsible for oltering myocordiol controctility become opporent

when Sonnenblick (281) estoblished thot chonges in the controctÍle sfote of the

heort is ossocioted with chonges in the octivity of the contrqctile elements. It wos

proposed thot the functionol effects of positive ond negotive inotropïc interventions

ore due to chonges of the controcfile sites resulting in either on increose or q

decreqse in the moximum rofe of mechonico - chemicol reoctions occurring during

controcfion. Although the velocity of muscle shortening wos correloted with myosin

ATPose octivity, in voríous types of muscle including heort (282), extensiJe studies

of luchi ond Kritchner (283) foiled fo indicote ony direct effect of vorious cordio-

ocfive ogents on fhe cqrdiqc myosin ATPose octivity. Both negotive ond positive

results concerning the effects of different intervenfions such os cor.dioc glycosides,
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cotecholomines ond vqrious cordîodepressont ogents on myosin or octomyosin

ATPose ocfivifies ore ovqíloble in the literoture (116, 208). Likewise, some

investigotors'hove reporled depression of myofibrillor ATPose ocfivity in different

types of foiling heorts while ofhers hove foiled to demonstrote such results (1éó,

284), Thus, direct influences of phormocologicol ond potholôgicol interventions

on myofibrillor ATPqse octivity hove not been demonstroted unequivocolly under

in vitro conditíons. This moy be due to the fqcf thot myofibrils ore either resis-

tont fo these interventions or do nof possess sites upon which phormocologicol ogenfs

con oct directly. On the other hond, different cotions, including Co*, Mg*,
Nqf ond K+, or" known to modify the octivity of isoloted controctile proteins

(166r 2B',), ond it is possible thof the observed effects of Co#, Ni++ond Mn#
moy be due to o direcf interqcfion of these dívolent cotions with myofibrils. How-

ever, the exoct siie of their oction remoins to be estoblished by employïng purified

preporofions ond o wide voriety of physiochemicol techniques. Whether or nof

the observed effects of these heovy mefols on myofibrillor ATPose octivities ore due

to their qction on sulfhydryl groups (2ó9) con nof be sfoted on fhe bosis of the

informqtíon ot hond

B. Mitochondrio

In this study we hove demonstrofed thot mitochondriol colcium binding

ond uptoke octivities were decreosed by Co*, N¡++ ond Mn#. These divolent

cqtions were olso copoble of stimuloting mitochondriol ATP hydrolysis like Co# ol.

Mg* ond were observed to depress mítochondriol Mg+ ATPose octivity. In oddition,

mitochondriol respirofory ond oxidotive phosphorylotion ociivities were depressed

by Co#, Ni* ond Mn#. These results indicote thot these divolent cqtions qre

copoble of oltering heort mitochondriol function through some direct mechonism.

It is now widely occepted fhqt the moior portïon of ATP in myocordiol

cell is generoted in mitochondrio through the process of oxidotive phosphorytofion.

A depression in ihe mitochondriot respirotory ond oxidotive phosphorylotion octivities

con be conceived to resulf in o reduction of the high energy phosphote stores ond

therefore less energy will be ovoíloble for the controcfil'e process. In this study

Ít wos observed thot 0.05 - 0.10 mM concentrotions of Co*, Ni++ ond Mn#
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decreosed the mitochondriol ADP:O rotio ond the RCI ond increqsed stote 4

respirotion, whereos higher concentrqtions produced complete uncoupling of the

mitochondriol respirotion octivities. Since 0.5 to I mM concenfrotions of fhese

divolent cqtions produced o morked depressonf effect upon myocordiol controcf ílity,

it is likely thqt qn impoirmenÌ Ín the process of mitochondriol energy production t ,t,

. du.e !o Co*, Ni++ ond Mn# t mdy contribute fo some extent in their negotive

inotropic effects. However, it should be recognized thot the effects of these

divolent cqtions on myocordiol controctility ore ropid in their onset ond the 
,., ,

myocordiol cell is known to contoin sufficienf high energy phosphote stores to :, 
.

mointointhedevelopementofcontroctileforceforsomeperiodoftimeofter

inhibiting the process of energy production. Thus it is difficult to reqdily oppre- ',',,',','

ciote the role of impoired mifochondriol respirotory ond oxidofive phosphorylqtion

octivities due to Co*, Ni++ ond Mn# in the monifestotion of ocute contrqcfile

foilure.Atonyrote,itisessentioltodeterminethehighenergyphosphotestores

of different deþrees of depression of controctile force, due to these divolenf cotions, 
:

before o definitive conclusion con be drown.

Cobqlthqsbeenreportedtoinhibittheoxidotionofdifferentsubstrotes

ofthetricorboxylicocidcycleinliverondsketetolmusclehomogenotesond

mitochondrio due to the formotion of o complex with the dithiol form of lipoic ocid, o

coenzyme of keto ocid dehydrogenotion (2ó8). This inhibition wos considered to be

the key-poini in the oction of different divolent cofions including Co*, Ni# ond ,,,,-. 
.,.

-u-
Mn" on cell metobolism (269). It is possible thot the observed depression in heort , t.,

mitochondriol ADP:O rotio os well os RCI ond increose in stote 4 respirotion, by ' .:

Co*, Ni++ ond Mnl qre due to their effect on this coenzyme. However it

should be nofed thot Co# decreosed fhe phosphorylotion rote qnd stqte 3 respirotion

whereos N¡++ond Mn# increosed stote 3 respirofion without offecîing the phos- 
r,:,,.,

phorylotion rote. Therefore, it is difficult to exploin oll the effects of these divqlent 1''."

cotÍons on the bosis of o single site of octíon in mitochondrio. An extensiVe invest-

igotion on the octions of divqlent cotions on mitochondriol oxidotive phosphorylotion

is obviously worronted in order to determine the exqct sites of their oction

Ni" in 0.01 mM, or higher concentrotions wos found to depress ,:.:
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mitochondriol colcîum binding ond upfoke octivifies whereos 0.10 - 0.25 mM or

high concentrofions of Mn# were required to produce on inhibitory effect. On

fhe other hond, 0.01 mM, or higher concentrotions of Co# decreosed colcium

binding ond ATP - linked or ATP - succinote supported colcium uptoke whereos

0.10 mM, or higher concentrqtions were required to inhibit pyruvote - molote

supported colcium uptoke by mitochondrio. The reosons for these differences in

concentrqfions of divqlenf coÌions for inhibiting mitochondriol cqlcium binding ond

uptoke octivities ore for from cleor; however, the dose response relotionships

reveol thof the order of polency wos Ni# > Co# ) Mn#. It is possible thot

such differences in fhe effects of these divolent cotions ore due to differences in

their offinities for sites involved in mïtochondriol cqlcium trqnsport. The inhibitory

effects of these cotions moy be independent of their effecfs on mifochondrïol

oxidotion phosphorylotion octivify beci:use energy - linked colcium occumulqtion

by mitochondrio hqs been shown to occur in preference to ATP formotion (142).

Furthermore, these divolenf cqtions not only inhibÍted substrote - linked colcium

uptoke buf theîr effects were olso observedon fhe ATP - linked colcium binding

ond ATP - !inked colcium uptoke. Although these divqlent cofions inhibited

mitochondriol Mg' ' ATPose octivity, this effect wos observed ot concentrotions

higher thqn those required for inhibiting colcium fronsport. Since the relotion of

this mitochondriol ATPqse with cqlcium trorsport ond the mechonisms responsible

for mitochondriol colcium binding.ond uptoke ore fqr from understood, the exoct

site of oction of these divolent cqtions is o motter of speculotion.

Although the contribufion of mitochondriol colcium tronsport during

cordioc controction ond reloxotion cycle is controversiol (157, 162), the inhÌbitory
JJ- I-L -LI-

effects of Co", Ni' ' ond Mn" were observed of different intervols of incuborion

ond ot vorious concentrotions of cqlcium in the incubotion medium. It is of greot

significonce thot these divolent cotions, porticulorly Ni# ond Co#, were copoble

of Ínhibiting colcium binding ond uptoke octivities of mitochondriq of concenfrotions

which could be eosily otfoined introcellulorly upon perfusing the isoloted heort

preporotions. Therefore, if is p-ossible thot the cordiodepressont effects of N¡++

ond Co# in porticulor, ore medioted by their oction on mitochondriol colcium
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fronsport. It should be noted thot the cordiodepressont effects of borbiturotes (215)

ond quinidine (120, 208) hove been portiolly exploined previously on fhe bosis

of their obility to inhibit mitochondriol colcium uptoke. Furthermore, depressed

mitochondriol colcium occumuloting'obility hos been reported to be qssociqted

with controctile fqilure in certqin types of foiling heorts ('16r 28Ð.

i:. SqrcoplosmicReticulum

Sorcoplosmic reficulum is considered to ploy o moior role in the

regulotion of colcium movements in the cordiqc cell by virtue of its remorkoble

obility to bind ond occumulofe cqlcium. Vorious phormocologicol intervenfions

hqve been suggested to modífy myocordiol controctility due to their direct or

indirect inhibitory or stimulotory effects on colcium tronsport by the frogments

(microsomot froctíon) of this orgonelle (118, 120, 201 , 211). Furthermore, o

decreose in the colcium occumuloting obility of the microsomol froction hos been

reported for different types of foiling heoris (t0ó, 123,124,150,284). Thus

sorcoplosmic ref iculum qppeors to be one of the most susceptoble sites of oction of

Co#, Ni# qnd Mn# which ore known to produce q mqrked cordiodepressqnt

effecf . The results presented in this study indicote thot the colciurùi uptoke octiviiy

of the microÊomol frqction wos decreosed by 0.25 - 0.5 mM concentrqtions of

Ni*, Mn# ond Co#, while their cordiodepressent effecËwere opporent even

qt 0.1 mM concentrotion. Thus ít is unlikely thol the negotive inotropic effect

of low concentrotions of these divolent cotions ore medioted through their effect

on the sorcoplosmic reticulum.

It should be noted thot the inhíbitory effects oT Co#, Ni# ond Mn#
were oppqrent ot differenf intervols of incubotion ond ot dîfferenf concentrotions

of colcium in the incubotion medium. On the other hond, these divolent cotions

were unqble to offect microsomol colcium binding. This is not surprizing in view

of the foct thot microsomol colcium upfoke, but not colcium binding, wos increosed

ond decreosed or stimulqfed by cyclic AMP - protein kinose ('a17 r l tB) oni

quinidine (120, l2l) respectively. Furthermore, qn ontibiotic ionophore, X 537A,

ond orsenote were reported to be more potent inhibitors of colcium upioke fhon

colcium binding by heort t¡".oror"s (lt9). If it is ossumed thot colcium bindíng
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ond colcium uptoke ore two seporote processes, then it con be concluded thqt fhe

observed reduction in cqlcium uptoke coused by Co#, N¡++ ond Mn# is not due

fo their ìnterference ot the colcium binding sites in the microaomol membrone.

Since these divolenf cotíons were found ro decreose the ocf ivity of Co# - stimuloted

ATPose, which Ís intimotely involved in the tronsport of cqlcium ocross the sorco-

plosmic reticulor membrqne (101; 103),ït is likely thot rheir inhibitory effects on

colcium uptoke ore due to this mechonism.

The depressqnt effect of Co#r.N¡{+ ond Mn# on the microsomol

ttcqlcium pumpt'mechonism does not seem to be of o specific noture. This view is

bosed on our finding thof the microsomol Mg* ATPose octivity wos olso decreosed

by these divolent cotions. FuÈhermore, these cofions, tike thot of Co# ond Mg+,
were copqble of stimuloting microsomol ATP hydrolysis. Thus it oppeors thot the

ocf ions of Co#, N¡++ ond Mn# on sorcoplqsmic reticulor membrones ore of o

complex noture ond their inhibitory effects on colcium uploke ond ATPose octivities

con not be exploined on the bosis of simple competition with sites responsible for

colcium tronsport. Their possible obilities to form complexes with ATP ond to
lJ-

compete with Mg' ' con not be overlooked while exploining the besis of their

octÍon on the microsomol colcium tronsport process.

D. Sqrcolemmo

Heort sorcolemmo hos been shown to contoin some importont enzymes

such os No+ - K+ATPor", odenytote cyclose, Mg*ATPose qnd Co# ATpose

(85, 8ó, 89, l0O). No+ - K+ATPor", which is consídered to mointoin the intro-

cellulor concenf rotions of No* ond K+ in the myocordium under certoin liinits, is

inhibited by ouoboin, o well known positive inotropic ogent. On the other hond,

odenylote cyclose which cotolyzes the formotion of cyclic AMP ond fhereby increoses

myocordiol metobolîsm, is stimuloted by cotecholomines whïch ore known to

increose cordioc confroctile force. Although the functionol role of Mg#ATPose
J-L

ond Co' ' ATPose octivities in heort sorcolemmo con not be stqted with certointy,

these enzymes ore cloimed to be ínvolved ïn fhe movements of divqlent cqtions

ocross the cell membrone (82, 100). Furthermore, heort sorcolemmo hos been

shown to possess o remorkoble obility to bind o consideroble omount of colcium

(g7r 285') ond it is likely thof this moy serve os on importont source of colcium
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during the excitotion - controcf ion process. Thus it is obvious thot vorious ogents

could modify myocordiol function by oliering different enzymes ond colcium

binding octivities of heqrt sqrcolemmo.

In this study we hove demonstroted thqt Ni#, Co# ond Mn#
l-L -l-!

decreosed Co' ' ATPose ond Mg' ' ATPqse octivities, when ihese enzymes were

ossoyed under optimol conditions by employïng 4 mM Co ATP or Mg ATP qs

substrqtes. The minímum concentrotïon required for the these cofions to produce

o significont decreose in the enzymeoctivities were 0.25 - 0.5 mM forCo#ond
l-L -t-l-

N¡' ' ond 0.5 - I mM for Mn' ' . It wos olso interesting to observe thot colcium

bÍnding by sorcolemmo, when studied ïn the presence of 0.1 mM Co#, wos

signifiêontly decreosed by 0.25 mM Mn*, Co# or Ní#. These results suggest

thqt divqlent cotions ínterfere with certqin cqlcium binding sites, decreose the

sorcolemmol colcium sfores qnd reduce the omount of cqlcium entering ihe myo-

cqrdiol cell during excitotion. In this regord it should be noted thqt these divqlent

cotions hove been demonstroted to decreqse colcium currents ond hove been suggested

to depress myocordiol controctility due tosome impoirment of excitotion - contrqction

coupling þrocess (229, 230).

In order lo estoblish the functionol significonce of chonges in sorcolemmol

colcium binding ond Co#/Mg# ATPose qctivities due to Co#, Ni++ ond Mn#,

the effects of these divolent cotions on fhese porometers were studied ïn the presence

of 1.25 mM concentrofion of colcium, which is known to exist infte extrocellulor

fluid. It wqs observed thot the cqlcium binding by heort sqrcolemmo in fhe presence
#

of I .25 mM Co' ' *o, slightly but significontly inhibited by 2 mM Mn# ond 4 mM

Co# or Ni#. Furthermore, low concentrotion of these divolent cotions increosed
-tl

fhe Co' ' ATPor. ocfivity while concentrqtionsrl - 2 mM or higherrwere required

to inhibit the enzyme octivity. It should be noted here thot Co*, Nil+ ond Mn#
of 0.1 to I mM concentrotions produced voryïng degrees of depression in controctile

force of the isoloted heqrts perfused with o medium confoining 1.25 mM Co*. It

is therefore difficult to reodilyexploin the depression in controctîlityby 0.1 to 0.5

mM Col, N¡++ ond Mn# on the bosis of their effects on sorcolemmol colcium

binding ond Co# ATPose qctiviiies becouse qt these concentrotions the divotent
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cotions hod no effect on these porometers.

The resulfs concerning the interqction of divolent cqfions with heo*

sqrcolemmo with respect to Co# ATPose ond cqlcium binding octivities cqn olso

be înterpreted to suggesf thot Co#, Ni# ond Mn# do not offect the low offinity

sites for cqlcium on sorcolemmq. They moy depress colcium currents through their

'oction on the high offinity sites. This view is supported by our observotion thoi

colcium binding, in the presence of 0.1 mM Co#, is decreosed by 0 .25 - 0.5

mM concentrotions of these divolent cotions. The effects of these cotions on Co#
ATPqse octivity, by employing low concentrqtions of Co*, could not be studied

becouse these divqlent cotions were copoble of stimuloting ATP hydrolysis by

fhemselves. At present it is tempting to suggest thot these divolent cotions moy

disploce cqlcium from the high offinity sites on sqrcolemmo qnd moy enter the

myocordiol cell upon depolorizotion ond lhereby octing os "folse couplers" in the

ploce of colcium in the excitotion - controction coupling mechonism. In fhis

regord it should be noted thot o Mn# oction potenfiol hos been reported fo occur

in cordioc muscle (235). Furthermore, colcium - exchonge studies hove indicoted

fhot these divolent cqtions releqse colcium from o smoll membrqne: locoted

component (242). In oddition, increosing the concenfrotion of extrqcellulor cqlcium

hos been shown fo overcome the cordiodepressont effect of MnH (23g).

Inhibitíon of the sorcolemmol No+ - K+ ATPose octivity by Co#,
N¡ qnd Mn 

' ' would lend to inc.reose myocordiol contrqctility by moking more

cqlcium ovoiloble, through direct or indirect mechonisms similor to those proposed

for cordioc glycosides (90). On the controryr concentrotions of these divqlent

cotions, which inhibited No* - K+ ATPor" octivity, were found to depress

myocordiol confroctility. If it is ossumed thot these divqlent cotions disploce

membrone bound colcium, then less colcium would be ovoiloble from sources osso-

cioted with No+ - K+ATPose inhibition. The inhibítion of No+ - K+ATPor"

would increose fhe movements of Co*, Ni+i- ond Mn# into the cell in ploce

of colcium. Since these divolent cotions con not substitute for colcium ín

initioting events leoding lo controction, no positive inotropic ocfion like thqt

observed with the cqrdioc glycoSÍdes would be opporenl. This víew is supported by
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fhe observofion thot Mn# ontogonizes the positive inotropic effect of ouqboin

ond its obility fo increose colcium exchonge (239). Furthermore, ouoboin hos qlso

been reporfed to porfiolly ontogonize the effect of Ní#. A detoited study on the
l- l-

interoction of No' - K' ATPose ond these divolent cqtions is wqrronfed to goin

insight info this mechonism'.

The bosql ond NoF - stirnuloted octivifïes of sorcolemmol odenylote

cyclose, which is known to regulote cellulqr permeobility, were found to be

inhibited by Co# ond Ni#, whereos MnÏ wqs observed to hqve o stimutotory

effect. Depression in the odenylote cyclose octivity by Co# ond Ni# would leod 
',,'t

fo less formotion of.cyclic AMP ond decreose colcium movements into the myocordium 
:,- since cyclicAMP hos been implicoted in the regulotion of colcium influx (89). ','

On the other hond, stimulotÌon of odenylote cyclose by Mn# would increose the

movements of colcium in the myocordiól cell ond thereby o positive inotropic

' :response should be evoked but this mechonism moy not be effective if Mn#
disploced Cotof the sorcolemmol sÌtes. Ai ony rote, fhe opposÍng effecfs of Mn#

.É l-L

ond Co' ' or Ni ' ' on fhe sorcolemmol odenylofe cyclose moy contribute in

cousing some differences in the degree of controctíle foilure. The-results reported

here indicote thot both Co# ond Ni# ot I mM concentrotions ropidlygbolished

the obility of the heqrt to generote controctile force whereqs 1 mM'Mn' ' coused

only o groduol but morked depression in controctility.

E. Intergroted Mechqnism of Action of Co#, Ni++ ond Mn# ,,,

From fhe foregoing discussion of the results presenfed in thís study, it

is cleor thot divolent cotions such os Co*, Ni++ ond Mn# moy exerf their cordio-

depressont oction through complex mechonisms involving sqrcolemmo, sorcoplosmic

reticulum, mifochondrio ond myofibrils. Electron micioscopic exsminotion of heorts

perfused with these divolent cotions reveqled.thot their negotive inofropic effect

wos not due to ony olterotion in the uhrostructure of myocordium. However, dose- i

response re lotionsh ip meosuring different poromete rs reveqled thqt rnitochondriol

oxidotive phosphorylotion ond myofibrillor ATPqse octivities were depressed by

concenfrotions (0.05 mM) of Co#, Ni* ond Mn# which could be eosily ottqined

introcellulorty upon perfusing ihe myocordium w¡th 0;5 to I mM concentrotions of
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fhese divolent cotiorr. We believe thot on impoÍrmenf in the process of energy

utilizotion moy ploy on importont role in eliciting ocute contrqctile foilure

whereos o defect in the energy production moy be of importonce in the long lerm

effecfs of these divolent cotions.

In this study, it wos observed thot mitochondriol cqlcium tronsport

WoS depressed by relof ively low concenfrof ions (O.Ol mM) of Co*, Ni# ond

Mn#, whereos microsomql cqlcium occumulotion wos offected oI 0.25 - 0.5 mM

concentrqtÍons. Although these results indicqte thot chonges in mitochondriol

cqlcium tronsport moy ploy o predominent role in qcute controctile foilure due to

low doses of divolent cotions, chonges in microsomol cqlcium uptoke moy be of

some relevence for long ferm myocordiol effects w¡th high doses of Co*, N¡{+
. J-¡.

ond Mn". At ony rote, depression in the colcium occumuloting obilities of

subcellulqr orgonelles con be consideréd to result in decreosed colcium content

fhereby moking less colcium ovoiloble for releose upon excitofion of rnyocordium.

This mechonisrn could exploin the cordiodepressont effect of divolent cofions

depending upon their concentrqtions in the perfusion medium. Decreosed obílities

of the subcellulor orgonelles to qccumulote colcium could roise the-cytoplosmic

level of colcium ond this moy be responsible for the increosed resting tension seen

in certoin experimentql conditions .

Stimulotion of odenylote cyclose by Mn# would fovour increosing the
IJ- J-J. -[ É

omount of Co- or Mn'-entering fhe cell; but Co" qnd Ni" were found to

inhibit this system. If wqs most significont to observe thot concentrotiorcof Co*,
N¡++ qnd Mn# which decreosed contrqctile force qlso inhïbited the No+ - K+

ATPose octivity. Since inhibition of sorcolemmol Nor - K+ATPose is considered

fo increose the movements of colcium into ihe myocordiol cell, it is likely thot

the movements of Co*, N¡++ ond Mn# qre olso qcelerqted due to this mechonism.

These cqtions upon entering the cell moy serve os "fqlse - couplers" due to their

inobîlity to substitute for colcium in the events leoding from excitotion to'contrqction.

At ony rote, sufficient colcium would not be qvoiloble for entronce ínto the

myocordiol cell becouse these divolent cqf ions moy disploce colcium from the

sorcolemmol sites. Decreosed cblcium binding in the presence of Co+, Ni# qnd
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lJ-

Mn' ' would reduce the sqrcolemmol colcium confents ond thus moke less ovoil-

oble for releose upon excitotion. Inhibition of Co#/Mn*ATPore, which moy

regulofe colcium chonnels in some unknown monner, moy olso contribute in

reducing the omount of colcium enfering the myocordïol cell depending upon the

, concentrotion of Co#, N¡J+ ond Mn# in the medium. Therefore, fhe octions of

these divolent cqtions on sorcolemmo .moy ploy o crucíql role in the monifestqtion

of their depressont effects on myocordiol controctility.

It should be recognized thot the sensitivities of vorious systems, to Co#,
l:L -l-l-.

Ni ' ' or Mn' ', were different from eoch other ond these divolent cqtions exerfed

vorying degrees of sction on eoch porometer exomined in this study. This could be

inteçieted to meqn Thot the confribution of eoch component to the overqll-effecf

of one cotion moy differ from thof of the other, depending upon the concentrotion

employed for eliciting the effect. In spite of mony similqrities omong the

mechonisms of rrctions of Co#, N¡++ ond Mn#, some differences ore quite obvious.

On the bosis of informqfion of hond, it con be concluded thot the cqrdiodepressont

effects of these divolent cotions ore elicited through complex mechonisms

involving different cellulor components, ond if is highly proboble thot these cofions

couse introcellulor cqlcium deficiency in oddïtion to serving os "fqlse couplers"

in fhe excitotion - contrqction coupling mechonism.
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