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ABSTRACT The obj ect i ve of t hese exper i ment s was t o t est t he hypot hesi s

t hat t he " cr eep cur r ent s" i nduced by Na l oadi ng of si ngl e f r og at r i al cel l s

( Hume, J . R. , and A. Uehar a . 1986 . Jour nal of Gener al Physi ol ogy. 87 : 833) may

be gener at ed by an el ect r ogeni c Na/ Ca exchanger . Cr eep cur r ent s i nduced by

Na l oadi ng wer e exami ned over a wi de r ange of membr ane pot ent i al s . Dur i ng

depol ar i zi ng vol t age- cl amp pul ses, out war d cr eep cur r ent s wer e obser ved, f ol -

l owed by i nwar d cr eep cur r ent s upon t he r et ur n t o t he hol di ng pot ent i al .

Dur i ng hyper pol ar i zi ng vol t age- cl amp pul ses, cr eep cur r ent s of t he opposi t e

pol ar i t y wer e obser ved : i nwar d cr eep cur r ent s wer e obser ved dur i ng t he pul ses,

f ol l owed by out war d cr eep cur r ent s upon t he r et ur n t o t he hol di ng pot ent i al .

The cur r ent - vol t age r el at i ons f or i nwar d and out war d cr eep cur r ent s i n r e-

sponse t o depol ar i zi ng or hyper pol ar i zi ng vol t age di spl acement s away f r om t he

hol di ng pot ent i al al l i nt er sect t he vol t age axi s at a common pot ent i al , whi ch

i ndi cat es t hat i nwar d and out war d cr eep cur r ent s may have a common r ever sal

pot ent i al under equi l i br i um condi t i ons and may t her ef or e be gener at ed by a

common mechani sm. Measur ement s of i nwar d cr eep cur r ent s conf i r m t hat

vol t age di spl acement s away f r omt he hol di ng pot ent i al r api dl y al t er equi l i br i um

condi t i ons . Cur r ent - vol t age r el at i onshi ps of i nwar d cr eep cur r ent s af t er depo-

l ar i zi ng vol t age- cl amp pul ses ar e ext r emel y l abi l e and depend cr i t i cal l y upon

t he ampl i t ude and dur at i on of out war d cr eep cur r ent s el i ci t ed dur i ng pr ecedi ng

vol t age- cl amp pul ses . An opt i cal moni t or of mechani cal act i vi t y i n si ngl e cel l s

r eveal ed ( a) a si mi l ar vol t age dependence f or t he out war d cr eep cur r ent s

i nduced by Na l oadi ng and t oni c cont r act i on, and ( b) a cl ose cor r el at i on bet ween

t he t i me cour se of t he decay of t he i nwar d cr eep cur r ent and t he t i me cour se

of mechani cal r el axat i on . A mat hemat i cal model of el ect r ogeni c Na/ Ca ex-

change ( Mul l i ns, L . J . 1979 . Feder at i on Pr oceedi ngs . 35 : 2583 ; Nobl e, D. 1986 .

Car di ac Muscl e . 171- 200) can adequat el y account f or many of t he pr oper t i es

of cr eep cur r ent s . I t i s concl uded t hat cr eep cur r ent s i n si ngl e f r og at r i al cel l s

may be at t r i but ed t o t he oper at i on of an el ect r ogeni c Na/ Ca exchange mecha-

ni sm.
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I NTRODUCTI ON

I n t he pr ecedi ng paper ( Hume and Uehar a, 19866) , i t was shown t hat Na l oadi ng

of si ngl e f r og at r i al cel l s pr oduced changes i n membr ane cur r ent s t hat cl osel y

r esembl ed t he " cr eep cur r ent s" or i gi nal l y descr i bed i n some mammal i an pr epa-

r at i ons af t er exposur e t o st r ophant hi di n ( Leder er and Tsi en, 1976) or l ow- K

sol ut i ons ( Ei sner and Leder er , 1979) . I n t hi s paper , t he pr oper t i es of t hese cr eep

cur r ent s ar e f ur t her char act er i zed i n an at t empt t o t est t he hypot hesi s t hat t hese

changes i n membr ane cur r ent may be gener at ed by an el ect r ogeni c Na/ Ca

exchanger . Our r esul t s i ndi cat e t hat : ( a) r ever sal pot ent i al measur ement s of

cr eep cur r ent s pr ovi de dat a t hat ar e consi st ent wi t h t he Na/ Ca exchange hy-

pot hesi s ; ( b) cr eep cur r ent s may be i mpor t ant i n t he cont r ol of t oni c t ensi on i n

amphi bi an hear t ; and ( c) t he behavi or of cr eep cur r ent s i n Na- l oaded f r og at r i a]

cel l s can be si mul at ed usi ng a r ecent l y devel oped mat hemat i cal model of el ect r o-

geni c Na/ Ca exchange i n t he hear t ( Mul l i ns, 1979, 1981 ; Nobl e, 1986) . Pr el i m-

i nar y r epor t s of t hese r esul t s have been pr esent ed ( Uehar a and Hume, 1985 ;

Hume and Uehar a, 1986a) .

METHODS

The t echni que f or enzymat i c di sper si on of si ngl e f r og at r i al cel l s and t he vol t age- cl amp

t echni que have been pr evi ousl y descr i bed ( Hume and Gi l es, 1981, 1983) . Dat a acqui si t i on

and anal ysi s and t he composi t i on of sol ut i ons wer e t he same as i n t he pr ecedi ng ar t i cl e

( Hume and Uehar a, 19866) . Unl ess ot her wi se not ed, al l sol ut i ons cont ai ned t et r odot oxi n

( TTX; 3 x 10 - s M) and exper i ment s wer e car r i ed out at 22 ° C.

I n some exper i ment s, mechani cal act i vi t y was moni t or ed by measur i ng changes i n l i ght

i nt ensi t y ( Pur ves et al . , 1974 ; Kass, 1981) usi ng a phot odi ode ( BPX 63, Si emens Compo-

nent s, I nc . , Sant a Cl ar a, CA) pl aced di r ect l y over par t of t he i mage of t he cel l , whi ch was

di spl ayed on t he scr een of a t el evi si on moni t or .

RESULTS

An exampl e of t he changes i n membr ane cur r ent s t hat ar e pr oduced by Na

l oadi ng of si ngl e at r i al cel l s by exposur e t o t he Na i onophor e monensi n ( 10- 5 M)

i s shown i n Fi g . 1 A. The t op t r aces ar e super i mposed membr ane cur r ent s el i ci t ed

by 200- ms vol t age- cl amp pul ses t o - 150, - 40, and +20 mV bef or e and af t er 15

mi n exposur e t o monensi n ( 10- 5 M) ; t he mi ddl e t r aces ar e vol t age; t he bot t om

t r aces ar e t he subt r act ed di f f er ence cur r ent ( Di ) i nduced by Na l oadi ng . As

shown i n t he pr ecedi ng ar t i cl e ( Hume and Uehar a, 19866) , an out war d cr eep

cur r ent ( Di ) i s i nduced by Na l oadi ng dur i ng depol ar i zi ng pul ses ( t o - 40 and

+20 mV) , f ol l owed by an i nwar d cr eep ( t ai l ) cur r ent upon t he r et ur n t o t he

hol di ng pot ent i al . I n t hi s exper i ment , hyper pol ar i zi ng vol t age- cl amp pul ses wer e

al so appl i ed bef or e and af t er exposur e t o monensi n, whi ch r eveal ed addi t i onal

changes i n membr ane cur r ent pr oduced by Na l oadi ng t hat wer e not st udi ed

pr evi ousl y . I n r esponse t o hyper pol ar i zi ng vol t age- cl amp pul ses, Na l oadi ng

appear s t o pr oduce changes i n membr ane cur r ent s ( Di ) of t he opposi t e pol ar i t y

t o t hose obser ved i n r esponse t o depol ar i zi ng vol t age- cl amp pul ses . Dur i ng t he

pul se t o - 150 mV, an i nwar d cr eep cur r ent was obser ved, f ol l owed by a sl owl y

r el axi ng out war d cr eep ( t ai l ) cur r ent on t he r et ur n t o t he hol di ng pot ent i al . The

changes i n peak cur r ent ( open ci r cl es) and i n cur r ent at 200 ms ( X' s) dur i ng bot h
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depol ar i zi ng and hyper pol ar i zi ng vol t age- cl amp pul ses ar e pl ot t ed as a f unct i on

of vol t age i n panel B. Al so pl ot t ed i s t he peak ampl i t ude of t he i nwar d and

out war d ( t ai l ) cur r ent s ( sol i d ci r cl es) obser ved on t he r et ur n t o t he hol di ng

pot ent i al ( - 90 mV) .

Al l t hr ee cur ves i nt er sect t he vol t age axi s at t he hol di ng pot ent i al , and vol t age-

cl amp pul ses i n ei t her di r ect i on away f r om t he hol di ng pot ent i al r esul t i n t i me-

dependent changes i n membr ane cur r ent bot h dur i ng and af t er t he pul ses . The

dat a i n panel B mi ght be i nt er pr et ed i n t he cont ext t hat any di spl acement i n

A

B ( x 10
- 12

A)

+500

- a0

pk di f f

200 ms

di f f

760
( mV)

t ai l amp
at - 90 my

FI GURE 1 .

	

Changes i n membr ane cur r ent i nduced by Na l oadi ng of si ngl e f r og

at r i al cel l s . ( A) Super i mposed membr ane cur r ent s el i ci t ed by vol t age- cl amp pul ses

t o - 150, - 40, and +20 mV bef or e and af t er 15 mi n exposur e t o 1 x 10- 5 M

monensi n ; t he mi ddl e t r aces ar e membr ane vol t age ; t he bot t om t r aces ar e t he

subt r act ed di f f er ence cur r ent s ( Ai ; monensi n - cont r ol ) i nduced by Na l oadi ng. ( B)

Cur r ent - vol t age r el at i onshi ps f or t he di f f er ence cur r ent i nduced by Na l oadi ng

( peak di f f er ence cur r ent : open ci r cl es; di f f er ence cur r ent measur ed at 200 ms : X' s)

ar e pl ot t ed . The peak ampl i t ude of t he i nwar d ( t ai l ) cur r ent af t er depol ar i zi ng

vol t age- cl amp pul ses or of t he out war d ( t ai l ) cur r ent af t er hyper pol ar i zi ng vol t age-

cl amp pul ses ar e pl ot t ed as sol i d ci r cl es . The hol di ng pot ent i al was - 90 mV.

pot ent i al away f r om t he hol di ng pot ent i al r epr esent s a shi f t away f r om some

equi l i br i um condi t i on, and i t i s onl y af t er t he r et ur n t o t he hol di ng pot ent i al

t hat t he same equi l i br i umcondi t i ons ar e r e- est abl i shed ( see Di scussi on) . The f act

t hat al l t hr ee cur ves i nt er sect t he vol t age axi s at t he same pot ent i al may i ndi cat e

a common r ever sal pot ent i al f or bot h i nwar d and out war d cur r ent s ( at equi l i b-

r i um) whet her t hey occur dur i ng or af t er vol t age di spl acement s . Fur t her mor e,

a common r ever sal pot ent i al may i ndi cat e t hat al l of t hese cur r ent changes ar e

medi at ed by a common mechani sm.
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The dat a i n Fi g . 1 r ai se t he quest i on of whet her t he cr eep cur r ent equi l i br i um

pot ent i al happens t o coi nci de wi t h t he hol di ng pot ent i al by chance or whet her

t he hol di ng pot ent i al di r ect l y i nf l uences t he cr eep cur r ent equi l i br i um pot ent i al .

To det er mi ne whet her t he equi l i br i um pot ent i al f or t he cr eep cur r ent s i s

dependent upon t he membr ane hol di ng pot ent i al , cr eep cur r ent s i nduced by Na

l oadi ng of at r i al cel l s wer e compar ed at t wo di f f er ent hol di ng pot ent i al s i n t he

same cel l . Cur r ent - vol t age r el at i onshi ps wer e f i r st det er mi ned under cont r ol

condi t i ons at V, , = - 110 and - 50 mV; cel l s wer e t hen exposed t o monensi n ( 3

x 10 - 5 M) f or 10 mi n at V, , = - 80 mV, and cur r ent - vol t age r el at i onshi ps wer e

det er mi ned agai n wi t h V, , = - 110 and - 50 mV i n t he cont i nued pr esence of

monensi n . Di f f er ence cur r ent - vol t age r el at i onshi ps at each hol di ng pot ent i al ar e

pl ot t ed i n Fi g . 2. I t can be seen t hat t he equi l i br i umpot ent i al f or t he monensi n-

O X

X
X

0

X

0

M

( x 10
- 12

A)

r +500

0

x

0

0

- 500

Rever sal Measur ement s of I nwar d Cr eep Cur r ent s

0 Vh=- 110mV

x Vh = - 50 mV

60( mV
)

FI GURE 2 . Dependence of cr eep cur r ent equi l i br i um pot ent i al on membr ane

hol di ng pot ent i al . 200- ms vol t age- cl amp pul ses wer e appl i ed t o vol t ages f r om- 130

t o +50 mV ( i n 20- mV i ncr ement s) f r omt wo hol di ng pot ent i al s ( V, , = - 110 and - 50

mV) under cont r ol condi t i ons and t hen af t er Na l oadi ng by exposur e t o monensi n

( 3 x 10 - 5 M) f or 10 mi n. The cur r ent - vol t age r el at i onshi p obt ai ned i n cont r ol was

subt r act ed f r om t hat obt ai ned af t er Na l oadi ng at ei t her V, , = - 110 mV ( open

ci r cl es) or V, , = - 50 mV ( x' s) t o gi ve di f f er ence cur r ent - vol t age r el at i onshi ps . Same

pr ocedur e as descr i bed i n Fi g . 1 .

i nduced cr eep cur r ent s i s di r ect l y det er mi ned by t he membr ane hol di ng pot en-

t i al . Thi s exper i ment ver i f i es t hat changes i n membr ane pot ent i al i n Na- l oaded

at r i a] cel l s di r ect l y i nf l uence t he equi l i br i umcondi t i ons associ at ed wi t h t he cr eep

cur r ent s . ( These r esul t s al so ar gue agai nst t he possi bi l i t y t hat cr eep cur r ent s may

be gener at ed by a [ Cal i act i vat ed, nonspeci f i c membr ane channel ; see Di scussi on . )

We now wi l l consi der whet her exper i ment s ai med at exami ni ng t he st abi l i t y

of i nwar d cr eep cur r ent s i nduced by Na l oadi ng of si ngl e at r i al cel l s pr ovi de

r esul t s t hat ar e al so consi st ent wi t h t he pr edi ct ed nonequi l i br i um condi t i ons af t er

vol t age di spl acement s away f r om t he hol di ng pot ent i al .

Fi g . 3 shows t ypi cal r esul t s f r om an exper i ment i n whi ch we at t empt ed t o

det er mi ne t he r ever sal pot ent i al of t he i nwar d cr eep cur r ent i n an Na- l oaded



HUME AND UEHARA

	

Cr eep Cur r ent s i n Si ngl e Fr og At r i al Cel l s . 11.

	

86 1

at r i a] cel l . The t op r ow of cur r ent t r aces was obt ai ned under cont r ol ( C)

condi t i ons . A 200- ms vol t age- cl amp st ep was appl i ed f r om a hol di ng pot ent i al t o

+20 mV and f ol l owed by ei t her a r et ur n t o t he hol di ng pot ent i al ( - 80 mV) or a

second vol t age- cl amp st ep t o - 50, - 10, or +50 mV. An i nwar d Ca cur r ent was

act i vat ed by t he i ni t i al depol ar i zat i on t o +20 mV; ver y l i t t l e change i n t he t i me-

dependent cur r ent occur r ed dur i ng t he second vol t age- cl amp st ep, except at

+50 mV, wher e act i vat i on of t he del ayed r ect i f yi ng out war d K+ cur r ent occur r ed .

Af t er 15 mi n exposur e t o monensi n ( 10- 5 M) , an i dent i cal vol t age- cl amp pr ot ocol

was appl i ed ( M) . The di f f er ence cur r ent ( Di ) i nduced by Na l oadi ng i s shown i n

t he t hi r d r ow of t r aces . Na l oadi ng i nduced an out war d cr eep cur r ent dur i ng

t he st ep depol ar i zat i on t o +20 mV, f ol l owed by an i nwar d cr eep cur r ent ( ar r ow)

5x10- t 0AL
200 ms

FI GURE 3.

	

Det er mi nat i on of t he r ever sal pot ent i al of i nwar d cr eep cur r ent af t er

a pr i or depol ar i zat i on . The t op r ow of cur r ent t r aces was r ecor ded under cont r ol

condi t i ons ( C) . 200- ms vol t age- cl amp st eps wer e appl i ed f r om t he hol di ng pot ent i al

( - 80 mV) t o +20 mV and f ol l owed ei t her by a r et ur n t o t he hol di ng pot ent i al or

by a second cl amp st ep t o - 50, - 10, or +50 mV. The mi ddl e r ow of cur r ent t r aces

was r ecor ded i n r esponse t o t he same pr ot ocol af t er 15 mi n exposur e t o monensi n

( 10- 5 M) . The t hi r d r ow of t r aces shows t he di gi t al l y subt r act ed di f f er ence cur r ent s

( Ai ) i nduced by Na l oadi ng . The bot t om r ow of t r aces i s t he membr ane vol t age

r ecor ds. Al l sol ut i ons cont ai ned TTX ( 3 x 10 - 6 M) .

when t he pot ent i al was r et ur ned t o - 80 mV. The ampl i t ude of t he i nwar d cr eep

cur r ent was r educed when t he membr ane was r epol ar i zed t o - 50 mV. Repol ar -

i zat i on t o - 10 mV caused t he i nwar d cr eep cur r ent t o di sappear ( f l at cur r ent

t r ace) , whi ch suggest s t hat - 10 mV r epr esent s t he r ever sal pot ent i al f or t he

i nwar d cr eep cur r ent . When t he pot ent i al was changed t o +50 mV, t he cr eep

cur r ent r ever sed di r ect i on ( see ar r ow) and r esembl ed t he out war d cr eep cur r ent

act i vat ed dur i ng t he pr ecedi ng depol ar i zat i on t o +20 mV. Thi s cur r ent r ecor d,

however , i s compl i cat ed by t he act i vat i on of t he t i me- dependent K+ cur r ent at

+50 mV t hat over l aps wi t h' t he cr eep cur r ent . Despi t e t hi s compl i cat i on, t he

concl usi on t hat a genui ne r ever sal of t he cr eep cur r ent occur s i s j ust i f i ed, si nce
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a genui ne r ever sal i n cur r ent di r ect i on was pr evi ousl y obser ved at pot ent i al s

negat i ve t o t he r ange of act i vat i on of i K ( e . g . , Fi gs . 1 and 2) .

The dat a i n Fi gs . 1 and 2 show t hat t he cr eep cur r ent equi l i br i um pot ent i al

was st r ongl y i nf l uenced by t he membr ane hol di ng pot ent i al . I t i s somewhat

sur pr i si ng t hat af t er t he depol ar i zi ng vol t age- cl amp pul se t o +20 mV, t he cr eep

cur r ent equi l i br i um pot ent i al seemed t o shi f t f r om t he hol di ng pot ent i al ( - 80

mV) t o a l evel cl ose t o - 10 mV. Thi s r esul t suggest s t hat t he cr eep cur r ent

equi l i br i um pot ent i al i s r at her unst abl e and can be modi f i ed dur i ng t he exper i -

20 ms

500 ms

- 40

- 20

v

eo

FI GURE 4.

	

Dependence of i nwar d cr eep cur r ent s on t he dur at i on of pr ecedi ng

vol t age- cl amp pul ses . The t op t r aces ar e super i mposed cur r ent s el i ci t ed bef or e and

af t er exposur e t o 1 x 10- 5 Mmonensi n ; t he mi ddl e t r aces ar e membr ane vol t age ;

t he bot t om t r aces ar e t he di f f er ence cur r ent s ( Di ) i nduced by Na l oadi ng . I n t he l ef t

col umn, vol t age- cl amp pul ses t o +10 mV wer e appl i ed f or dur at i ons of 20, 200,

and 500 ms . Af t er t hese pul ses, t he pot ent i al was st epped back t o t he hol di ng

pot ent i al ( - 90 mV) . I nwar d cr eep cur r ent s ( Ai ) i nduced by Na l oadi ng ar e hi gh-

l i ght ed by ar r ows . I n t he r i ght col umn, i dent i cal vol t age- cl amp pul ses t o +10 mV

wer e f ol l owed i mmedi at el y by a 1- s pul se t o t he pot ent i al s i ndi cat ed ( - 40, - 20, and

0 mV) . These wer e t he exper i ment al l y det er mi ned r ever sal pot ent i al s f or i nwar d

cr eep cur r ent s af t er pul ses of 20, 200, and 500 ms dur at i on . See t ext f or f ur t her

det ai l s .

ment al pr ot ocol . A di f f er ent pr ot ocol was used i n t he exper i ment shown i n Fi g .

4 t o exami ne t he st abi l i t y of t he i nwar d cr eep cur r ent equi l i br i um pot ent i al .

Super i mposed cur r ent t r aces obt ai ned bef or e and af t er exposur e t o monensi n

( 10- 5 M) ar e shown al ong wi t h t he cor r espondi ng vol t age t r aces ( mi ddl e t r aces ;

cont r ol s and monensi n ar e al ways compar ed wi t h si mi l ar cl amp pr ot ocol s) and

t he di f f er ence cur r ent ( Di ) i nduced by Na l oadi ng ( bot t om t r aces) . The r ecor ds

shown i n t he l ef t col umn show t he subt r act ed i nwar d cr eep cur r ent s ( ar r ows)

measur ed af t er r epol ar i zat i on of t he membr ane pot ent i al t o - 90 mV f ol l owi ng
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a depol ar i zi ng vol t age- cl amp pul se t o +10 mV of 20, 200, or 500 ms dur at i on .

The ampl i t ude of t he i nwar d cr eep cur r ent became l ar ger as t he dur at i on of t he

pr ecedi ng depol ar i zat i on was pr ol onged ( si mi l ar t o t he r esul t s shown i n Fi g . 5 i n

t he pr ecedi ng ar t i cl e) . The r ecor ds shown i n t he r i ght col umn show t he exper i -

ment al l y det er mi ned r ever sal pot ent i al s f or t he i nwar d cr eep cur r ent s ( Di t r aces

f l at ; see ar r ows) af t er t he depol ar i zi ng vol t age- cl amp pul se t o +10 mV f or

dur at i ons of 20, 200, or 500 ms. Ther e was a pr ogr essi ve posi t i ve shi f t of t he

r ever sal pot ent i al of t he i nwar d cr eep cur r ent as t he dur at i on of t he pr ecedi ng

pul se was i ncr eased . The r ever sal pot ent i al af t er t he 20- ms pul se occur r ed at
- 40 mV; t he r ever sal pot ent i al shi f t ed t o - 20 and t hen t o 0 mV af t er t he 200-
and 500- ms pul ses, r espect i vel y .

- 130 oo o ° x eu
0 cc

	

xn
20 ms

	

xxe

e
n n

x
200 ms x x

n

500 ms

( x 10- 1 2A )

r +500

- 500

+60
( MY)

FI GURE 5 .

	

Cur r ent - vol t age r el at i onshi p of i nwar d cr eep cur r ent s as a f unct i on of
t he dur at i on of pr ecedi ng vol t age- cl amp pul ses . Dat a ar e f r om same exper i ment as
i n Fi g . 4, usi ng a si mi l ar pr ot ocol . The pr epul ses t o +10 mV wer e appl i ed f or
dur at i ons of 20, 200, or 500 ms. These wer e f ol l owed i mmedi at el y by 1- s pul ses t o
pot ent i al s r angi ng f r om - 120 t o 0 mV, appl i ed i n 10- mV i ncr ement s . The peak
ampl i t ude of t he i nwar d cr eep cur r ent i s pl ot t ed as a f unct i on of t he pot ent i al of
t he second vol t age- cl amp pul se . Not i ce t hat as t he dur at i on of t he pr epul se was
pr ol onged, t he cur r ent - vol t age r el at i onshi p of t he i nwar d cr eep cur r ent shi f t ed i n
t he depol ar i zi ng di r ect i on al ong t he vol t age axi s .

I n t hi s par t i cul ar exper i ment , i n addi t i on t o det er mi ni ng t he r ever sal pot ent i al s

f or t he i nwar d cr eep cur r ent s, we measur ed t he peak ampl i t ude of t he i nwar d

cr eep cur r ent as a f unct i on of pot ent i al ( a second set of vol t age- cl amp pul ses
af t er t he depol ar i zat i ons t o +10 mV was appl i ed over t he r ange of - 110 t o 0
mV i n 10- mV i ncr ement s) . The peak ampl i t ude of t he i nwar d cr eep cur r ent as
a f unct i on of membr ane pot ent i al i s pl ot t ed i n Fi g . 5 . The dur at i on of t he
pr epul se t o +10 mV was ei t her 20 ( squar es) or 200 ( X' s) or 500 ( t r i angl es) ms .
Thi s f i gur e shows t hat t he vol t age dependence of t he i nwar d cr eep cur r ent s
i nduced by Na l oadi ng shi f t ed i n a posi t i ve di r ect i on al ong t he vol t age axi s as a
f unct i on of t he dur at i on of pr ecedi ng depol ar i zi ng vol t age- cl amp pul ses t o a
const ant pot ent i al . Thi s r esul t st r ongl y suggest s t hat t he dr i vi ng f or ce f or t he
i nwar d cr eep cur r ent s i s si gni f i cant l y modi f i ed dur i ng t he t i me cour se of t he
pr ecedi ng vol t age- cl amp pul se .
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The exper i ment al r esul t s shown i n Fi gs . 4 and 5 cl ear l y i ndi cat e a consi der abl e

degr ee of t i me- dependent i nst abi l i t y of t he r ever sal pot ent i al f or t he i nwar d

cr eep cur r ent s . The exper i ment descr i bed i n Fi g . 6 t est ed whet her t he r ever sal

pot ent i al of t he i nwar d cr eep cur r ent al so depends upon t he vol t age of t he
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Dependence of i nwar d cr eep cur r ent s on t he pot ent i al of t he pr ecedi ng

vol t age- cl amp pul ses . The exper i ment al pr ot ocol was si mi l ar t o t hat used i n Fi gs. 4

and 5 ; r ever sal pot ent i al s and cur r ent - vol t age r el at i ons f or i nwar d cr eep cur r ent s

wer e det er mi ned af t er pr epul ses, i n t hi s case, of const ant dur at i on but of var i abl e

ampl i t ude. Cel l wer e pr el oaded wi t h Na by pr i or exposur e t o 1 x 10' Mmonensi n .

( A) Membr ane cur r ent s el i ci t ed by a 200- ms pul se t o - 20 mV, f ol l owed by ei t her a

r epol ar i zat i on t o - 90 or a 1- s pul se t o - 40 mV ( r ever sal pot ent i al ) . ( B) Membr ane

cur r ent s el i ci t ed by a 200- ms pul se t o +50 ms, f ol l owed by ei t her a r epol ar i zat i on

t o - 90 mV or a 1- s pul se t o ei t her - 40 or 0 mV. ( C) Cur r ent - vol t age r el at i onshi p

of i nwar d cr eep cur r ent s as a f unct i on of t he pot ent i al of t he pr ecedi ng vol t age-

cl amp pul ses of const ant dur at i on ( sol i d ci r cl es) . The ampl i t ude of out war d cur r ent ,

measur ed at 200 ms, dur i ng t he pr epul ses i s al so pl ot t ed ( open ci r cl es) .

pr epul se . I n t hi s exper i ment , r epet i t i ve 200- ms pul ses t o a const ant pot ent i al

wer e appl i ed t o a cel l af t er exposur e t o monensi n ( 10" 5 M) f or 15 mi n . I mme-

di at el y af t er each of t hese pr epul ses, a second 500- ms pul se t o pot ent i al s r angi ng

f r om - 80 t o +20 mV was appl i ed, and t he peak ampl i t ude of t he i nwar d cr eep
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cur r ent s was measur ed . The ampl i t ude of t he pr epul se was t hen changed and

t he pr ot ocol was r epeat ed . I n t hi s par t i cul ar cel l , f ami l i es of i nwar d cr eep cur r ent s

wer e obt ai ned af t er 200- ms pr epul ses t o - 60, - 20, +20, and +50 mV. Fi g . 6A

shows t wo super i mposed cur r ent t r aces el i ci t ed by t wo pr epul se st eps t o - 20

mV, f ol l owed by a r epol ar i zat i on ei t her t o t he hol di ng pot ent i al ( - 90 mV) or t o

- 40 mV f or 500 ms . When t he cel l was r epol ar i zed t o - 90 mV, an i nwar d cr eep

cur r ent was obser ved ; r epol ar i zat i on t o - 40 mV, however , was accompani ed by

a f l at cur r ent r ecor d ( r ever sal pot ent i al ) . Fi g . 6B shows r esul t s obt ai ned af t er

200- ms pr epul ses appl i ed t o +50 mV. Al ar ge i nwar d cr eep cur r ent was obser ved

on r epol ar i zat i on t o - 90 mV and, i n cont r ast t o t he r esul t s obt ai ned when t he

pr epul se was t o - 20 mV ( A) , when t he pot ent i al was st epped t o - 40 mV af t er

t he pr epul se t o +50, an i nwar d cr eep cur r ent was el i ci t ed . The r ever sal pot ent i al

f or t he i nwar d cr eep cur r ent was +10 mV i n compar i son wi t h - 40 i nV af t er t he

depol ar i zat i on t o - 20 mV. Ther ef or e, t her e appear s t o be a posi t i ve shi f t of t he

r ever sal pot ent i al f or t he i nwar d cr eep cur r ent as t he pr epul se pot ent i al i s made

mor e posi t i ve .

The peak ampl i t ude of t he i nwar d cr eep cur r ent s ( sol i d symbol s) as a f unct i on

of pot ent i al ( of t he second vol t age- cl amp pul ses) i s pl ot t ed i n Fi g. 6 C. Pr epul ses

of a const ant dur at i on of 200 ms wer e appl i ed t o - 60, - 20, +20, and +50 mV.

The cur r ent - vol t age r el at i onshi p of t he i nwar d cr eep cur r ent s shi f t ed i n a posi t i ve

di r ect i on al ong t he vol t age axi s as t he vol t age of t he pr epul se was made mor e

posi t i ve . The ampl i t ude of t he out war d cr eep cur r ent i nduced by monensi n
( di f f er ence cur r ent obt ai ned by subt r act i on f r omcont r ol ) measur ed at 200 ms i s

al so pl ot t ed ( open symbol s) . As obser ved i n ear l i er exper i ment s, t her e was an
i ncr ease i n t he magni t ude of t he out war d cr eep cur r ent i nduced by Na l oadi ng
as t he vol t age of t he pr epul se was appl i ed t o pr ogr essi vel y mor e posi t i ve pot ent i al s
( compar e wi t h Fi g . 1 B) . I t appear s t hat t he l ar ger t he magni t ude of t he out war d
cr eep cur r ent el i ci t ed dur i ng depol ar i zi ng vol t age- cl amp st eps, t he gr eat er t he
posi t i ve shi f t of t he cur r ent - vol t age r el at i onshi p of t he i nwar d cr eep cur r ent t hat
f ol l ows t he depol ar i zat i on . The dat a i n Fi gs . 4 and 5 i ndi cat e t hat as t he dur at i on
of t he pr ecedi ng out war d cr eep cur r ent was pr ol onged, t her e al so was a posi t i ve
shi f t of t he cur r ent - vol t age r el at i onshi p f or t he f ol l owi ng i nwar d cr eep cur r ent s .
These r esul t s i ndi cat e t hat t he dr i vi ng f or ce f or t he i nwar d cr eep cur r ent s i s
si gni f i cant l y modi f i ed by t he out war d cr eep cur r ent i nduced by Na l oadi ng.

The exper i ment al dat a pr esent ed i n Fi gs . 4- 6 demonst r at e t hat bot h t he
cur r ent - vol t age r el at i ons and t he r ever sal pot ent i al s of t he i nwar d cr eep cur r ent s
i nduced by Na l oadi ng of at r i al cel l s ar e ver y unst abl e and ar e cr i t i cal l y dependent
upon bot h t he pot ent i al and dur at i on of t he pr ecedi ng cl amp st eps . These
exper i ment s t end t o subst ant i at e our ear l i er i nt er pr et at i on of t he cur r ent - vol t age

r el at i ons i n Fi g . 1 : t hat di spl acement s i n pot ent i al away f r omt he hol di ng pot ent i al

pr oduce a shi f t f r om one set of equi l i br i um condi t i ons t o anot her . The t i me-

and vol t age- dependent changes i n cur r ent , whi ch we have cal l ed cr eep cur r ent s,

seem t o be i nt i mat el y r el at ed t o changes i n i on concent r at i on gr adi ent s and
mi ght t her ef or e be r esponsi bl e f or t he est abl i shment of new equi l i br i a af t er
di spl acement s i n pot ent i al .

I n t he pr ecedi ng ar t i cl e ( Hume and Uehar a, 1986b) , i t was shown t hat a
r educt i on of [ Na] , pr oduced di f f er ent i al changes i n t he out war d and i nwar d



866

	

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 " 1986

cr eep cur r ent s i nduced by Na l oadi ng . The out war d cr eep cur r ent s wer e i n-
cr eased and i nwar d cr eep cur r ent s ( measur ed at t he hol di ng pot ent i al ) wer e
si gni f i cant l y r educed . We deci ded t o st udy t he sensi t i vi t y of t he cr eep cur r ent s
t o changes i n [ Na] . f ur t her by exami ni ng t he i nf l uence of a r educt i on of [ Na] .
on t he r ever sal pot ent i al of t he i nwar d cr eep cur r ent . Fi g . 7 shows r esul t s f r om
an exper i ment i n whi ch t he cel l was exami ned under cont r ol condi t i ons and
exposed t o monensi n ( 10- 5 M) f or 15 mi n i n nor mal Ri nger ' s sol ut i on . Then t he
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Re- exami nat i on of t he i nf l uence of [ Na] , on out war d and i nwar d cr eep
cur r ent s i nduced by Na l oadi ng . The cel l was pr el oaded wi t h Na by pr i or exposur e
t o monensi n ( 1 X 10 - 5 M) . ( A) Cur r ent - vol t age r el at i onshi p of t he di f f er ence cur r ent
and t he peak ampl i t ude of i nwar d cr eep cur r ent i nduced by monensi n i n nor mal
Ri nger ' s sol ut i on ( M) and af t er changi ng t o 50%Na Ri nger ' s sol ut i on ( M + 1/ s Na) .
The pr ot ocol was si mi l ar t o t hat used i n Fi g . 1 . ( B) Cur r ent - vol t age r el at i onshi p of
i nwar d cr eep cur r ent af t er a 200- ms pr epul se bef or e ( open ci r cl es) and af t er ( sol i d
ci r cl es) addi t i on of 50% Na Ri nger ' s sol ut i on. The vol t age- cl amp pr ot ocol was
si mi l ar t o t hat used i n Fi gs . 4- 6 ; however , t he pr epul se dur at i on and vol t age wer e
const ant bef or e and af t er changi ng t o 50%Na Ri nger ' s sol ut i on .

sol ut i on was changed t o a 50%Na Ri nger ' s t hat al so cont ai ned monensi n ( 10- 5

M) . As i n Fi g . 8A of t he pr ecedi ng ar t i cl e, 50%r educt i on of [ Na] . i ncr eased t he

ampl i t ude of t he out war d cr eep cur r ent s at al l pot ent i al s and r educed t he

ampl i t ude of t he i nwar d cr eep cur r ent s r ecor ded on r epol ar i zat i on back t o t he

hol di ng pot ent i al . I n t hi s exper i ment , we al so measur ed t he cur r ent - vol t age

r el at i onshi p f or t he i nwar d cr eep cur r ent at bot h concent r at i ons of [ Na] . usi ng

t he same pr ot ocol t hat was used i n Fi g . 6 . That i s, 200- ms pul ses t o 0 mV wer e
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i mmedi at el y f ol l owed by 500- ms pul ses t o pot ent i al s r angi ng f r om - 120 t o - 10

mV. The cur r ent - vol t age r el at i on f or t he i nwar d cr eep cur r ent obt ai ned i n 50%

Na Ri nger ' s ( M+ 1/ 2 Na) was si gni f i cant l y shi f t ed i n t he hyper pol ar i zi ng di r ect i on

al ong t he vol t age axi s i n compar i son wi t h t hat obt ai ned i n nor mal Ri nger ' s

sol ut i on ( M) . Thi s negat i ve shi f t of t he r ever sal pot ent i al by - 20 mV expl ai ns

t he r educed ampl i t ude of t he i nwar d cr eep cur r ent t hat was r ecor ded at - 90

mV ( ar r ow) af t er t he depol ar i zi ng pul ses shown i n Fi g . 7A .

Rel at i onshi p Bet ween Cr eep Cur r ent s and Mechani cal Act i vi t y

Sever al t echni ques have been devi sed f or di r ect l y measur i ng t ensi on changes i n

smal l , i sol at ed cel l pr epar at i ons ( Br ady et al . , 1979 ; Tar r et al . , 1979 ; War shaw

and Fay, 1983) . However , t her e ar e sever al pr act i cal l i mi t at i ons t hat pr ecl ude

t he r out i ne measur ement of t ensi on f r om si ngl e myocyt es . These i ncl ude t he

accur at e measur ement of ext r emel y smal l ( mi cr ogr ams) changes i n t ensi on, t he

separ at i on of smal l changes i n t ensi on f r ombackgr ound mechani cal i nt er f er ence,

and t he at t achment of a t r ansducer t o t he ends of a si ngl e cel l wi t hout damagi ng

i t . For t hese r easons, opt i cal met hods have r ecent l y been used t o assess changes

i n mechani cal act i vi t y i n smal l car di ac pr epar at i ons ( Kr ueger et al . , 1980 ; Kass,
1981 ; Roos and Br ady, 1982 ; Mi t chel l et al . , 1983) . Our i nt er est i n compar i ng

changes i n membr ane cur r ent wi t h changes i n mechani cal act i vi t y i n si ngl e at r i al
cel l s r el at es t o : ( a) t he dr amat i c changes i n cont r act i l e act i vi t y pr oduced by Na
l oadi ng of at r i al cel l s as assessed by vi sual exami nat i on, ( b) t he si mi l ar i t y bet ween
t he vol t age dependence of t he out war d cr eep cur r ent i nduced by Na l oadi ng
and t he known vol t age dependence of t oni c t ensi on i n f r og myocar di um ( Got o
et al . , 1971 ; Mor ad and Or kand, 1971 ; Vassor t and Rougi er , 1972) , and ( c) t he
possi bl e r el at i onshi p bet ween mechani cal r el axat i on and t he i nwar d cr eep cur r ent
i nduced by Na l oadi ng, bot h of whi ch occur af t er depol ar i zi ng vol t age- cl amp

pul ses back t o t he hol di ng pot ent i al .

We used a phot odi ode pl aced di r ect l y over par t of t he i mage of an at r i al cel l

di spl ayed on t he scr een of a t el evi si on moni t or t o assess t he changes i n l i ght

i nt ensi t y t hat accompany changes i n mechani cal act i vi t y . I t was our hope t hat

wi t h t hi s t echni que, i t woul d be possi bl e t o make qual i t at i ve compar i sons bet ween

changes i n membr ane cur r ent and changes i n mechani cal act i vi t y si mul t aneousl y

dur i ng vol t age- cl amp exper i ment s . Fi g . 8 shows t he r esul t s of an exper i ment i n

whi ch t he t i me cour se of t he cont r act i on accompanyi ng an at r i al act i on pot ent i al

was moni t or ed opt i cal l y . I n A, t he phot odi ode was pl aced over a por t i on of t he

cel l t hat appear ed t o adher e t o t he bot t om of t he r ecor di ng chamber . Al t hough

i nver t ed, t he si gnal f r om t he phot odi ode i s si mi l ar i n bot h shape and t i me cour se

t o t wi t ches t hat have r out i nel y been measur ed f r om f r og myocar di um ( f or

compar i son, see Hor ackova and Vassor t , 1979b ; Kl i t zner and Mor ad, 1983) . A
r ecent compar i son bet ween t ensi on measur ement s and opt i cal moni t or i ng of

cont r act i on under i somet r i c condi t i ons i n car di ac Pur ki nj e f i ber s has shown t hat
t he l at t er met hod gi ves a r el at i vel y accur at e measur e of t he t i me cour se of
cont r act i on ( Kass, 1981) . The r ecor d shown i n B was obt ai ned f r om t he same

cel l . I n t hi s case, however , t he phot odi ode was pl aced over a di f f er ent por t i on
of t he cel l , whi ch di d not adher e t o t he bot t om of t he chamber . I n t hi s case, t he
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out put of t he phot odi ode i s obvi ousl y di f f er ent f r omt he wavef or m shown i n A.
The t i me cour se of t he cont r act i on i n t hi s case may be cont ami nat ed by move-
ment ar t i f act s or may r ef l ect condi t i ons t hat ar e noni somet r i c . I n subsequent
exper i ment s, we r est r i ct ed our measur ement s t o ar eas of cel l s t hat appear ed t o
adher e t o t he bot t om of t he chamber . Any exper i ment s i n whi ch opt i cal si gnal s
di spl ayed obvi ous movement ar t i f act s ( such as t hose i n B) wer e r ej ect ed . Fur -

t her mor e, we assumed t hat t he adher ence of t he cel l t o t he bot t om of t he
chamber i ncr eased t he l i kel i hood of appr oachi ng i somet r i c condi t i ons .

To assess f ur t her t he usef ul ness of t hi s t echni que, we exami ned whet her t hi s

opt i cal moni t or of cont r act i on accur at el y r ef l ect ed t he known vol t age depend-

ence of t ensi on dur i ng vol t age- cl amp exper i ment s . I t i s wel l est abl i shed t hat t wo

A

L

FI GURE 8 .

	

Act i on pot ent i al s and opt i cal si gnal s accompanyi ng mechani cal act i vi t y
i n si ngl e f r og at r i al cel l s . The t op t r aces i n bot h A and Bar e act i on pot ent i al s el i ci t ed
f r om t he same at r i al cel l i n r esponse t o i nt r acel l ul ar l y appl i ed st i mul i of 1 . 0 ms
dur at i on usi ng a br i dge ci r cui t ( not shown) . The bot t om t r aces ar e opt i cal si gnal s

( i n ar bi t r ar y uni t s) f r om a phot odi ode ( f i l t er ed at 50 Hz) t hat moni t or ed t he changes
i n l i ght i nt ensi t y t hat accompani ed mechani cal act i vi t y at t wo di f f er ent r egi ons ( A
and B) of t he same cel l . The ver t i cal cal i br at i on i s 50 mV; t he hor i zont al cal i br at i on
i s 100 ms. TTX was absent i n t hi s exper i ment .

t ypes of t ensi on r esponses can be el i ci t ed i n f r og at r i um: phasi c cont r act i ons t hat

accompany act i on pot ent i al s or shor t - dur at i on vol t age- cl amp st eps, and t oni c

cont r act i ons t hat ar e el i ci t ed by l ong- dur at i on vol t age- cl amp depol ar i zat i ons ( see

Chapman, 1983, f or r evi ew) . The t wo t ypes of t ensi on have di f f er ent vol t age
dependences and ar e bel i eved t o be gener at ed by di f f er ent mechar f i sms . Phasi c

t ensi on appear s t o be cl osel y r el at ed t o t he magni t ude of i ca and shows a vol t age

dependence si mi l ar t o t hat of i ca ( Ei nwacht er et al . , 1972 ; Leot y and Raymond,

1972 ; Vassor t and Rougi er , 1972) , wher eas t oni c t ensi on appear s t o cont i nue t o

i ncr ease at ver y posi t i ve pot ent i al s wher e i ca becomes smal l , and has been

post ul at ed t o be i mpor t ant l y cont r ol l ed by an Na/ Ca exchange mechani sm
( Hor ackova and Vassor t , 1979a ; Chapman and Tunst al l , 1980) .
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Fi g. 9 shows r epr esent at i ve r esul t s obt ai ned f r om f i ve exper i ment s i n whi ch

t he vol t age dependence of phasi c cont r act i ons was moni t or ed opt i cal l y, under

cont r ol condi t i ons and af t er exposur e t o monensi n . Fi g . 9A shows super i mposed

cur r ent t r aces el i ci t ed by i dent i cal 200- ms vol t age pul ses f r oma hol di ng pot ent i al

of - 90 t o +10 mV under cont r ol condi t i ons and af t er 10 mi n exposur e t o t he

Na i onophor e monensi n ( 5 x 10 - 6 M) . Typi cal changes i n membr ane cur r ent
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Ef f ect of Na l oadi ng on membr ane cur r ent s and mechani cal act i vi t y

moni t or ed opt i cal l y . ( A) The t op t r aces ar e super i mposed membr ane cur r ent s

el i ci t ed by 200- ms vol t age- cl amp st eps f r om - 90 t o +10 mV bef or e and af t er

exposur e t o monensi n ( 5 x 10- 6 M) ; t he mi ddl e t r aces ar e opt i cal si gnal s accompa-

nyi ng mechani cal act i vi t y ( t op : cont r ol ; bot t om: af t er exposur e t o monensi n) ; t he

bot t omt r ace i s membr ane vol t age . ( B) Rel at i ve changes i n l i ght i nt ensi t y pl ot t ed as

a f unct i on of membr ane pot ent i al under cont r ol condi t i ons ( C) and af t er exposur e

t o monensi n ( M) . Al so pl ot t ed i s t he vol t age dependence of t he peak ampl i t ude of

i ca r ecor ded under cont r ol condi t i ons ( x' s) .

wer e pr oduced by monensi n : an i ncr ease i n out war d cur r ent dur i ng t he depol ar -

i zi ng pul se, f ol l owed by an i nwar d cr eep cur r ent upon r epol ar i zat i on back t o t he

hol di ng pot ent i al . Bel ow t he cur r ent t r aces ar e t he changes i n l i ght i nt ensi t y t hat

accompani ed t he cont r act i ons el i ci t ed by t hese vol t age- cl amp st eps. Af t er mo-

nensi n exposur e, t her e appear ed t o be a gr eat er change i n l i ght i nt ensi t y

compar ed wi t h cont r ol . Fi g . 9 B i s a pl ot of t he magni t ude of t he change i n l i ght

i nt ensi t y ( i n ar bi t r ar y uni t s) as a f unct i on of t he vol t age of t he cl amp st eps under
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cont r ol condi t i ons ( open ci r cl es) and af t er exposur e t o monensi n ( sol i d ci r cl es) .

Bef or e monensi n exposur e, t he vol t age dependence of t he change i n t he mag-

ni t ude of l i ght i nt ensi t y had t he same vol t age dependence as t hat of t he peak

ampl i t ude of i c, , , ( X' s) . Thi s i s si mi l ar t o t he known r el at i onshi p bet ween phasi c

t ensi on and vol t age . Thi s r esul t pr ovi des evi dence t hat t hi s t echni que f or opt i cal l y

moni t or i ng cont r act i ons i n si ngl e myocyt es can pr ovi de r el i abl e i nf or mat i on wi t h

r egar d t o t he vol t age dependence of phasi c t ensi on, al t hough quant i t at i ve

changes i n t he f or ce of cont r act i on cannot be assessed accur at el y . I nt er est i ngl y,

af t er Na l oadi ng t her e appear s t o be an i ncr ease i n t he r ecor ded magni t ude of

l i ght i nt ensi t y over t he ent i r e r ange of pot ent i al s exami ned . The gr eat est change

i n l i ght i nt ensi t y af t er Na l oadi ng seems t o be at ver y posi t i ve pot ent i al s, wher e

t he peak magni t ude of i ca has become ver y smal l . Over al l , t he changes pr oduced
by Na l oadi ng ar e st r i ki ngl y si mi l ar t o t he changes i n t he peak t ensi on- vol t age

r el at i onshi p ( gener at ed wi t h 300- ms pul ses) pr evi ousl y obser ved i n i nt act f r og

at r i al t r abecul ae af t er exposur e t o ouabai n ( Vassor t , 1973) . These changes wer e

at t r i but ed t o an i ncr ease i n t he t oni c component of t ensi on i n r esponse t o an

el evat i on of [ Na] ; . A si mi l ar mechani smmay al so expl ai n t he dat a i n Fi g. 9 .

To exami ne i n mor e det ai l t he possi bl e r el at i onshi ps bet ween t he cr eep

cur r ent s i nduced by Na l oadi ng of at r i al cel l s and mechani cal act i vi t y, changes

i n l i ght i nt ensi t y wer e moni t or ed dur i ng l onger - dur at i on vol t age- cl amp pul ses,

whi ch woul d be expect ed t o el i ci t st r ong t oni c cont r act i ons . The dat a i n Fi g . 10

wer e r ecor ded f r om an at r i al cel l t hat had been Na- l oaded by 15 mi n exposur e

t o monensi n ( 5 X 10 - s M) . I n t hi s exper i ment , 1- s vol t age- cl amp pul ses wer e

appl i ed i n 10- mV i ncr ement s t o pot ent i al s r angi ng f r om - 80 t o +50 mV. Si nce

t hese l ong- dur at i on pul ses i nevi t abl y pr oduce si gni f i cant act i vat i on of t he del ayed

K cur r ent ( Hume and Gi l es, 1983) , t he hol di ng pot ent i al was set t o - 100 mV

( near EK ) t o pr event cont ami nat i on of i nwar d cr eep cur r ent s by out war d t ai l

cur r ent s associ at ed wi t h i K . The t op t r aces i n Fi g . I OA ar e super i mposed cur r ent s

t hat wer e r ecor ded i n r esponse t o 1- s vol t age- cl amp st eps t o - 10, +10, +30, and

+50 mV. The mi ddl e t r aces ar e t he accompanyi ng changes i n l i ght i nt ensi t y t hat

wer e moni t or ed opt i cal l y ; t he bot t om t r aces ar e super i mposed vol t age r ecor ds .

I ni t i al l y, a t r ansi ent i nwar d i ca was act i vat ed ; t hi s was f ol l owed by t he sl ower

act i vat i on of t he del ayed out war d Kcur r ent by each of t he depol ar i zi ng vol t age-

cl amp pul ses . As t he pul ses wer e appl i ed t o pr ogr essi vel y mor e posi t i ve pot ent i al s,

t he peak ampl i t ude of i ca di mi ni shed and t he ampl i t ude of i K i ncr eased ( out war d

cr eep cur r ent s, al t hough pr esent , wer e not so appar ent si nce t he cur r ent s had

not been subt r act ed f r om t he cont r ol s) . Not e t hat af t er t he depol ar i zi ng pul ses,

i nwar d cr eep cur r ent s can be obser ved, and t hei r ampl i t ude i ncr eases as t he

pr epul se pot ent i al i s made mor e posi t i ve . The accompanyi ng changes i n l i ght

i nt ensi t y dur i ng t hese vol t age- cl amp pul ses become l ar ger as t he pul se pot ent i al

i s made mor e posi t i ve . Upon t he r et ur n t o t he hol di ng pot ent i al , t her e i s a r api d

decay of t he opt i cal si gnal t hat occur s shor t l y af t er t he i nwar d cr eep cur r ent s .

The decay of t he opt i cal si gnal can be at t r i but ed t o a r el axat i on of t he pr ecedi ng

cont r act i on .

Fi g. I OB i s a pl ot of t he peak ampl i t ude of t he change i n l i ght i nt ensi t y ( i n

ar bi t r ar y uni t s) as a f unct i on of membr ane pot ent i al . I n t he pr esence of monensi n,
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t he r el at i onshi p bet ween t he peak ampl i t ude of t he change i n l i ght i nt ensi t y and

t he membr ane pot ent i al i s ver y si mi l ar t o t he known vol t age dependence of t oni c

t ensi on i n f r og at r i um ( Vassor t and Rougi er , 1972 ; Mor ad and Gol dman, 1973) .

Fur t her mor e, t he vol t age dependence of t he t oni c cont r act i on, as moni t or ed

opt i cal l y, i s near l y i dent i cal t o t he vol t age dependence of t he out war d cr eep

cur r ent s i nduced by Na l oadi ng ( see Fi g . 1 B) . I t can pr obabl y be concl uded t hat

dur i ng t he t i me cour se of t he out war d cr eep cur r ent s, t her e i s a si gni f i cant

A

500 ms

B c ~,
o .
- o ;
V F
OzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"-

~" C

c v
0

0

0

°

	

( mV)
- 80 0 +60

FI GURE 10 . Membr ane cur r ent s and associ at ed mechani cal act i vi t y moni t or ed
opt i cal l y f r om an Na- l oaded at r i al cel l . I n t hi s exper i ment , a ser i es of 1 . 0- s vol t age-
cl amp st eps was appl i ed f r om - 100 mV ( hol di ng pot ent i al ) t o pot ent i al s r angi ng

f r om - 80 t o +50 mV i n 10- mV i ncr ement s . ( A) The t op t r aces ar e super i mposed

membr ane cur r ent s el i ci t ed i n r esponse t o depol ar i zi ng pul ses t o - 10, +10, +30,
and +50 mV; t he mi ddl e t r aces ar e t he super i mposed opt i cal si gnal s t hat accom-
pani ed t he changes i n membr ane cur r ent ; t he bot t om t r aces ar e super i mposed

membr ane vol t ages . ( B) Rel at i ve changes i n l i ght i nt ensi t y ( i n ar bi t r ar y uni t s) pl ot t ed

as a f unct i on of t he vol t age- cl amp pul se pot ent i al .

i ncr ease i n [ Cal i , and t hat as t he pot ent i al i s made mor e posi t i ve, coi nci dent wi t h

a pr ogr essi vel y i ncr easi ng magni t ude of out war d cr eep cur r ent , t her e i s a

pr ogr essi vel y el evat ed [ Cal i . Dur i ng t he t i me cour se of t he i nwar d cr eep cur r ent ,

t her e may be a si gni f i cant r educt i on of [ Cal i . These exper i ment s r ai se an

i mpor t ant quest i on : what i s t he r el at i onshi p bet ween t he r el axat i on of mechani cal

act i vi t y and t he i nwar d cr eep cur r ent
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We have compar ed t he r at e of decay of t he i nwar d cr eep cur r ent wi t h t he r at e

of mechani cal r el axat i on ( r at e of decay of t he opt i cal si gnal ) at t he hol di ng
pot ent i al af t er depol ar i zi ng vol t age- cl amp pul ses . Fi g . 11 A shows a pl ot of t he

decay of t he i nwar d cr eep cur r ent ( l ef t ) and a semi l ogar i t hmi c pl ot of t he decay
of t he opt i cal si gnal ( mechani cal r el axat i on ; r i ght ) , bot h r ecor ded af t er t he 1- s

vol t age- cl amp st ep t o +50 mV, shown pr evi ousl y i n Fi g . 10 . The i nwar d cr eep
cur r ent decay i s wel l f i t by a si ngl e exponent i al wi t h a t i me const ant of 98 ms .

Two exponent i al component s ar e evi dent i n t he decay of t he opt i cal si gnal . The

sl ow component , wi t h a t i me const ant of 610 ms, was subt r act ed f r om t he t ot al

A
1 - A,

T =98 ms

0 . 01 mar _, - , . _

0 800
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Compar i son of t he t i me cour se of decay of t he i nwar d cr eep cur r ent

wi t h t he t i me cour se of decay of t he opt i cal si gnal . ( A) Semi l ogar i t hmi c pl ot of t he
t i me cour se of decay of t he i nwar d cr eep cur r ent r ecor ded af t er a vol t age- cl amp
st ep t o +50 mV ( same exper i ment s as i n Fi g . 10) . ( B) Semi l ogar i t hmi c pl ot of t he
t i me cour se of decay of t he opt i cal si gnal ( ar bi t r ar y uni t s) r ecor ded af t er t he vol t age-

cl amp st ep t o +50 mV. ( C) Compar i son of t he t i me const ant of decay of t he i nwar d

cr eep cur r ent ( open ci r cl es) wi t h t he f ast t i me const ant of decay of t he opt i cal si gnal

( sol i d ci r cl es) af t er vol t age- cl amp st eps t o +10, +20, +30, +40, and +50 mV ( bot h

decay r at es measur ed at t he hol di ng pot ent i al , - 100 mV) . See t ext f or f ur t her

det ai l s .

cur r ent r ecor d t o yi el d t he f ast er component , wi t h a t i me const ant of 88 ms . I n

t hi s exampl e, t he t i me const ant of t he f ast component of decay of t he opt i cal

si gnal i s si mi l ar t o t he t i me const ant of decay of t he i nwar d cr eep cur r ent . The

di r ect measur ement of t ensi on i n bul l f r og at r i a) muscl e has pr ovi ded evi dence

t hat mechani cal r el axat i on af t er depol ar i zat i on i s a bi exponent i al pr ocess ( Got o

et al . , 1972) . A compar i son of t he t i me const ant of decay of t he i nwar d cr eep

cur r ent s and t he t i me const ant of t he f ast component of decay of t he opt i cal

si gnal af t er vol t age- cl amp pul ses t o a r ange of pot ent i al s i s pl ot t ed i n Fi g . 11 B.

These dat a show t hat af t er vol t age- cl amp pul ses t o pot ent i al s r angi ng f r om +10
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t o +60 mV, t he t i me cour se of t he decay of t he i nwar d cr eep cur r ent s i s

r emar kabl y si mi l ar t o t he t i me cour se of t he f ast component of decay of t he

opt i cal si gnal , whi ch r ef l ect s t he r at e of mechani cal r el axat i on . Such a si mi l ar i t y

bet ween t he t i me cour ses of t he el ect r i cal and mechani cal event s suggest s ei t her

t hat t he event s ar e medi at ed by some common under l yi ng event , or t hat t he

el ect r i cal event i s t he di r ect cause of t he mechani cal event .

DI SCUSSI ON

Fl ux exper i ment s i n squi d axon have est abl i shed t hat t he Na/ Ca exchange

mechani sm i s el ect r ogeni c ( Baker et al . , 1969 ; Bl aust ei n, 1977) . Al t hough an

Na/ Ca exchange has been i mpl i cat ed i n hear t as a pr i mar y mechani smf or t he

r egul at i on of [ Ca] ; ( Reut er and Sei t z, 1968 ; Jundt et al . , 1975) , unt i l r ecent l y i t

was not possi bl e t o deci de whet her such a mechani sm was el ect r ogeni c or

el ect r oneut r al . Convi nci ng evi dence r ecent l y obt ai ned f r om f l ux st udi es i n i so-

l at ed car di ac sar col emmal vesi cl es i ndi cat es t hat mor e t han t wo Na i ons ar e

t r anspor t ed f or each Ca and t hat t he exchanger i s vol t age dependent ( Pi t t s,

1979 ; Ber s et al . , 1980 ; Car oni et al . , 1980 ; Reeves and Sut ko, 1980) . St udi es

usi ng measur ement s of i nt r acel l ul ar i on act i vi t i es al so have pr ovi ded evi dence

t hat t he Na/ Ca exchange mechani sm i n t he hear t i s el ect r ogeni c ( Ber s and El l i s,

1982 ; Sheu and Fozzar d, 1982 ; Chapman et al . , 1983a ; Ei sner et al . , 1983) .

I n r ecent year s, sever al at t empt s have been made t o measur e a t r ansmembr ane

i oni c cur r ent associ at ed wi t h t he oper at i on of t he Na/ Ca exchange mechani sm

i n t he hear t . At t empt s i n f r og at r i um have r el i ed upon exami nat i on of i oni c

cur r ent s bef or e and af t er changes i n [ Na] , , or [ Ca] o . Benni nger et al . ( 1976)

f ai l ed t o det ect any measur abl e change i n cur r ent i n r esponse t o a r educt i on i n

[ Na] o, but t he r ecent dat a of Ment r ar d et al . ( 1984) , usi ng a si mi l ar exper i ment al

pr ocedur e, r eveal ed smal l changes i n membr ane cur r ent t hat wer e consi der ed

t o be consi st ent wi t h t he t her modynami c model of el ect r ogeni c Na/ Ca exchange

pr oposed by Mul l i ns ( 1979) . However , any change i n t he Na/ Ca exchange

cur r ent under t hese condi t i ons must be qui t e t r ansi ent i n nat ur e, and woul d

have t o be measur ed qui ckl y, bef or e subsequent changes i n [ Na] ; coul d occur

( El l i s and Dei t mer , 1978) . I n mammal i an hear t , t he abi l i t y t o measur e i oni c

cur r ent s associ at ed wi t h t he oper at i on of an el ect r ogeni c Na/ Ca exchanger may

be mor e di f f i cul t si nce ot her mechani sms may al so be i mpor t ant f or t he r egul at i on

of [ Ca] ; ( Chapman, 1979) .

A var i et y of exper i ment al mani pul at i ons and agent s t hat pr oduce an i ncr ease

i n [ Na] ; i n mammal i an hear t i nevi t abl y r esul t i n t he appear ance of t r ansi ent

i nwar d cur r ent s ( TI ' s) and af t er cont r act i ons . Al t hough cr eep cur r ent s wer e

obser ved under si mi l ar exper i ment al condi t i ons ( Ei sner and Leder er , 1979) ,

most subsequent el ect r ophysi ol ogi cal st udi es have f ocused on t he pr oper t i es and

i oni c basi s of t he TI ' s, and l i t t l e at t ent i on has been devot ed t o t he st udy of cr eep

cur r ent s . I n r ecent year s, some cont r over sy has devel oped over t he i oni c basi s of

TI ' s . Bot h a Ca- act i vat ed channel sel ect i ve t o Na and Kand an el ect r ogeni c Na/

Ca exchange mechani smhave been pr oposed ( Kass et al . , 1978b ; Br own et al . ,

1984 ; Ar l ock and Kat zung, 1985) as possi bl e mechani sms . However , t he mag-

ni t ude and t i me cour se of bot h t he out war d and i nwar d cr eep cur r ent s as
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or i gi nal l y shown i n Ei sner and Leder er ( 1979, see Fi g . 10) , as wel l as t hose
st udi ed i n t he pr esent exper i ment s i n si ngl e f r og at r i a] cel l s, bear a st r i ki ng
r esembl ance t o t he changes i n membr ane cur r ent t hat have been pr edi ct ed t o
r esul t f r om t he oper at i on of an el ect r ogeni c Na/ Ca exchanger ( see Fi g . 7. 3 i n
Mul l i ns, 1981) . I n f act , i n a r ecent r evi ew, Chapman ( 1983) has specul at ed t hat
out war d cur r ent s associ at ed wi t h an i ncr ease i n t oni c t ensi on and i nwar d cur r ent s
associ at ed wi t h a r el axat i on of t oni c t ensi on i n ear l i er st udi es ( Leot y and Ray-
mond, 1972 ; Ei sner and Leder er , 1979) wer e due t o t he oper at i on of an
el ect r ogeni c exchange mechani sm. I t i s al so not ewor t hy t hat r ecent st udi es of
caf f ei ne act i ons i n mammal i an hear t ( Cl usi n et al . , 1983 ; Vassal l e and Gennar o,
1985) have descr i bed a t r ansi ent i nwar d cur r ent ( t ai l cur r ent ) i nduced by caf f ei ne
t hat may be r el at ed t o t he i nwar d cr eep cur r ent i nduced by Na l oadi ng. I f cr eep
cur r ent s ar e medi at ed by el ect r ogeni c Na/ Ca exchange, t hen t hey may be
expect ed t o be i nduced by a var i et y of condi t i ons and agent s t hat act t o el evat e

[ Ca] ; .
I n t he pr ecedi ng ar t i cl e ( Hume and Uehar a, 1986b) , evi dence was pr esent ed

whi ch i ndi cat ed t hat cr eep cur r ent s i n f r og at r i al cel l s ar e not l i kel y t o be di r ect l y
medi at ed by vol t age- gat ed Na, Ca, or K channel s or by an el ect r ogeni c Na, K
pump, but ar e i nduced by condi t i ons t hat el evat e [ Ca] ; . The sensi t i vi t y of i nwar d
cr eep cur r ent s t o Ca channel ant agoni st s was f ound t o depend upon t he r out e
of Ca ent r y : el evat i on of [ Ca] ; vi a t he Ca channel pr oduced i nwar d cr eep cur r ent s
t hat wer e sensi t i ve t o Ca channel ant agoni st s, wher eas el evat i on of [ Ca] ; vi a ot her
r out es of Ca ent r y i nduced i nwar d cr eep cur r ent s t hat wer e i nsensi t i ve t o Ca
channel ant agoni st s . I t was concl uded t hat cr eep cur r ent s coul d be at t r i but ed
ei t her t o an el ect r ogeni c Na/ Ca exchange mechani smor t o a nonsel ect i ve channel
act i vat ed by [ Ca] ; . I n t hi s ar t i cl e, addi t i onal pr oper t i es of cr eep cur r ent s have
been exami ned t o di st i ngui sh bet ween t hese t wo al t er nat i ve mechani sms .

An exami nat i on of t he vol t age and t i me dependence of t he changes i n mem-
br ane cur r ent i nduced by Na l oadi ng of at r i al cel l s r eveal s t hat depol ar i zi ng
vol t age- cl amp pul ses away f r omt he hol di ng pot ent i al ( - 90 mV) pr oduce out war d
cr eep cur r ent s, f ol l owed by i nwar d cr eep cur r ent s upon t he r et ur n t o t he hol di ng

pot ent i al . Hyper pol ar i zi ng vol t age- cl amp pul ses away f r om t he hol di ng pot ent i al

pr oduce i nwar d cr eep cur r ent s f ol l owed by out war d cr eep cur r ent s upon t he

r et ur n t o t he hol di ng pot ent i al . The symmet r y i n t er ms of t he di r ect i on of

cur r ent change and t he magni t ude and t i me cour se of cur r ent change ( Fi g . 1)

st r ongl y suggest t hat any vol t age di spl acement away f r om t he hol di ng pot ent i al

r epr esent s a shi f t away f r om one set of equi l i br i um condi t i ons exi st i ng at t he

hol di ng pot ent i al t o some newequi l i br i um t hat i s dependent upon t he membr ane

vol t age . A new equi l i br i um can onl y be achi eved af t er t i me- dependent changes
i n cur r ent subsi de . Thi s i nt er pr et at i on i s suppor t ed by exper i ment s i n whi ch t he
st abi l i t y of t he i nwar d cr eep cur r ent r ever sal pot ent i al af t er depol ar i zi ng vol t age-
cl amp pul ses was exami ned . Cur r ent - vol t age r el at i ons of cr eep cur r ent s wer e
f ound t o be ext r emel y l abi l e and dependent on bot h t he t i me and vol t age of t he

pr ecedi ng cl amp st eps . Si mi l ar l y, t he magni t ude of t he out war d cr eep cur r ent s

dur i ng depol ar i zi ng cl amp st eps i s al so a uni que f unct i on of t i me and vol t age,
becomi ng l ar ger at mor e posi t i ve pot ent i al s, but decayi ng i n ampl i t ude as t he
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dur at i on of t he pul se t o any gi ven pot ent i al i s pr ol onged . These obser vat i ons
suggest t hat t he r ever sal pot ent i al of i nwar d cr eep cur r ent s i s modi f i ed by t he
magni t ude of t he out war d cr eep cur r ent s t hat occur dur i ng t he pr ecedi ng
vol t age- cl amp st eps . Fur t her mor e, t he obser vat i ons t hat exact l y r eci pr ocal cur -
r ent changes ar e obser ved i n r esponse t o hyper pol ar i zi ng pul ses away f r om t he
hol di ng pot ent i al , and t hat t he cur r ent - vol t age r el at i ons of bot h i nwar d and
out war d cr eep cur r ent s dur i ng bot h depol ar i zi ng and hyper pol ar i zi ng vol t age-
cl amp st eps i nt er sect t he vol t age axi s at t he same vol t age, i ndi cat e t hat bot h
i nwar d and out war d cr eep cur r ent s may be gener at ed by t he same mechani sm.
Thi s mechani smappear s t o have t he uni que capabi l i t y of r egul at i ng i t s equi l i b-
r i um pot ent i al as a f unct i on of i t s own act i vi t y . A l i kel y candi dat e f or such a
mechani smi s t he Na/ Ca exchanger ( Mul l i ns, 1979 ; Nobl e, 1986) .

Toni c t ensi on i n bot h amphi bi an and mammal i an myocar di al pr epar at i ons has
been post ul at ed t o r esul t f r om t he oper at i on of an Na/ Ca exchange mechani sm
( Hor ackova and Vassor t , 1979a, b ; Chapman and Tunst al l , 1980 ; Cor aboeuf et
al . , 1981 ; Ei sner et al . , 1983) . I n t he pr ecedi ng ar t i cl e ( Hume and Uehar a,
1986b) , i t was shown t hat i nwar d cr eep cur r ent s ar e i nduced by condi t i ons t hat
el evat e ei t her [ Na] ; or [ Ca] ; ( i sopr ot er enol ) . I t was hypot hesi zed, based upon t he
sensi t i vi t y of t he i nwar d cr eep cur r ent s t o a var i et y of Ca channel ant agoni st s
and t o a r educt i on i n [ Ca] o, t hat t he i nwar d cr eep cur r ent i n Na- l oaded cel l s was
t r i gger ed by an el evat i on of [ Ca] ; . The possi bi l i t y t hat t he out war d cr eep cur r ent
i s i nvol ved i n medi at i ng t hi s i ncr ease i n [ Ca] ; i s suggest ed by t he si mi l ar i t y
bet ween t he vol t age dependence of t he out war d cr eep cur r ent ( Fi g . 1) and t he
vol t age dependence of t oni c t ensi on ( Mor ad and Gol dman, 1973 ; Hor ackova
and Vassor t , 1979 ; Chapman and Tunst al l , 1980) . Our exper i ment s, usi ng an
opt i cal moni t or of cont r act i on, ver i f y t hat Na l oadi ng i ncr eases t oni c cont r act i ons
i n si ngl e f r og at r i al cel l s . Mor eover , t he vol t age dependence of t hi s t oni c
component of cont r act i on i s si mi l ar t o t he known vol t age dependence of t oni c
t ensi on i n f r og myocar di umand t o t he vol t age dependence of t he out war d cr eep
cur r ent i nduced by Na l oadi ng ( compar e Fi gs . 1 and 10) . These r esul t s, al ong
wi t h t he obser vat i on t hat out war d cr eep cur r ent s ar e al so abol i shed when [ Cal ,
i s r emoved, st r ongl y suggest t hat t he out war d cr eep cur r ent i s i nvol ved i n
t r anspor t of Ca acr oss t he sar col emma .

Rel axat i on of t ensi on i n car di ac muscl e may i nvol ve a r educt i on of [ Ca] ; by
t hr ee pot ent i al l y i mpor t ant pr ocesses: ( a) ext r usi on of Ca i nt o t he ext r acel l ul ar
space by an Na/ Ca exchanger oper at i ng i n r ever se ( Langer , 1982) , ( b) an ATP-
dependent Ca pump ( Car oni et al . , 1980) , and ( c) sequest r at i on of Ca i nt o t he
sar copl asmi c r et i cul um ( SR) . I t has been post ul at ed t hat , i n amphi bi an hear t ,
Na/ Ca exchange al one cont r ol s t he r el axat i on of t oni c t ensi on ( Got o et al . , 1972 ;
Chapman, 1979 ; Roul et et al . , 1979) , si nce t he sar copl asmi c r et i cul um i s much
l ess ext ensi ve i n t hi s t i ssue . The r ecent dat a of Chapman and Rodr i go ( 1985)
al so st r ongl y suggest t hat Na/ Ca exchange medi at es t he r el axat i on of t oni c
t ensi on i n f r og at r i al t r abecul ae . I n our exper i ment s, an i nvol vement of t he
i nwar d cr eep cur r ent i n Ca ext r usi on f r om t he cel l i s i mpl i ed by t he t empor al
r el at i onshi p bet ween t he vi sual l y obser ved r el axat i on of t ensi on af t er depol ar i z-
i ng vol t age- cl amp pul ses and t he occur r ence of t he i nwar d cr eep cur r ent . We
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at t empt ed t o exami ne t he r el at i onshi p bet ween t ensi on r el axat i on and i nwar d

cr eep cur r ent s by compar i ng t he ki net i cs of t he decay of t he i nwar d cr eep cur r ent

wi t h t he decay of an opt i cal si gnal t hat moni t or s cont r act i on . Our r esul t s i ndi cat e

t hat t he ki net i cs of bot h pr ocesses ar e ver y si mi l ar , whi ch suggest s t hat t he i nwar d

cr eep cur r ent may be i mpor t ant i n t he r el axat i on of t oni c t ensi on i n amphi bi an

hear t . A second, sl ower phase of decay of t he opt i cal si gnal was obser ved i n our

exper i ment s, whi ch mi ght i ndi cat e t hat t ensi on r el axat i on i s al so medi at ed by a

second pr ocess t hat i s i ndependent of t he i nwar d cr eep cur r ent s . Thi s pr ocess

may be t he el ect r i cal l y neut r al ATP- dependent Ca pump ( Car oni et al . , 1980) ,
whi ch has r ecent l y been hi st ochemi cal l y i dent i f i ed i n f r og at r i al myocar di um

( Meyer et al . , 1982) . The act ual r el at i onshi p bet ween i nwar d cr eep cur r ent s and

mechani cal r el axat i on needs t o be assessed car ef ul l y under condi t i ons i n whi ch

t he t i me cour se of t he i nwar d cr eep cur r ent can be compar ed wi t h t he t i me

cour se of mechani cal r el axat i on as assessed by di r ect t ensi on measur ement s .

Mat hemat i cal Si mul at i on of Cr eep Cur r ent s

I f t he cr eep cur r ent s pr oduced by Na l oadi ng or Ca l oadi ng of f r og at r i al cel l s

ar e medi at ed by an Na/ Ca exchange mechani sm, t hen an i mpor t ant quest i on

must be consi der ed . I n t he Mul l i ns ( 1979, 1981) model of Na/ Ca exchange, an

i ncr ease i n [ Na] ; shoul d pr oduce a par al l el shi f t of t he equi l i br i umpot ent i al ( E, , )
and t he cur r ent - vol t age r el at i onshi p f or t he exchanger i n t he hyper pol ar i zi ng

di r ect i on si mi l ar t o t hat whi ch woul d occur i n r esponse t o a decr ease i n [ Na] o .

Bot h an el evat i on of [ Na] ; and a r educt i on of [ Na] . shoul d yi el d a di f f er ence

cur ve t hat i s al ways posi t i ve and i s a U- shaped f unct i on of membr ane pot ent i al

( e . g . , Ment r ar d et al . , 1984) . Why does an el evat i on of [ Na] i i n si ngl e at r i al cel l s
yi el d a di f f er ence cur ve t hat i nt er sect s t he vol t age axi s? To addr ess t hi s quest i on,
a mat hemat i cal si mul at i on of Mul l i ns' ( 1976, 1977) model as r ecent l y modi f i ed

by Nobl e ( 1986) has been used t o pr edi ct changes i n el ect r ogeni c cur r ent t hat

mi ght be expect ed i n r esponse t o an el evat i on of [ Na] ; .

Accor di ng t o Mul l i ns ( 1981) , t he si nh expr essi on f or t he exchange cur r ent

may onl y be val i d f or ver y smal l vol t age di spl acement s, and Nobl e ( 1986) has

der i ved an al t er nat i ve expr essi on f or t he exchange cur r ent t hat may be mor e

consi st ent wi t h t he r at her l ar ge var i at i ons of [ Ca] ; t hat may occur i n r esponse t o

l ar ger vol t age di spl acement s :

I e. = K1( aNa) " ( aca) exp( E~- F- y/ RT)

	

( I )

- ( a Na) n ( a ca) exp[ - Em.
F( I - y) / RT] } .

I n t hi s expr essi on, I ex i s t he cur r ent gener at ed by t he Na/ Ca exchanger , K i s a
scal i ng f act or , y i s t he par t i t i on par amet er ( 0 . 5 assumed) , n i s t he coupl i ng

coef f i ci ent ( 3) , and R, T, and F have t hei r usual meani ngs . I f est i mat ed i on

act i vi t i es ar e subst i t ut ed i nt o t hi s expr essi on, cur r ent - vol t age r el at i ons f or t he

exchange cur r ent l i ke t hose shown i n Fi g . 12A ar e obt ai ned . The cur ve l abel ed

a cor r esponds t o equi l i br i um condi t i ons at r est wi t h aNa = 15 mM( Chapman,

1979) and a c. = 0 . 3 AM ( Fabi at o and Fabi at o, 1975 ; Mar ban et al . , 1980) . The

equi l i br i um pot ent i al f or t he exchanger ( EeX) occur s at appr oxi mat el y - 50 ni V.

The cur ve l abel ed b i s obt ai ned af t er an el evat i on of aNa t o 23 mM, whi ch can
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be r easonabl y assumed t o occur af t er exposur e t o monensi n or i nt r acel l ul ar Na
di al ysi s . An el evat i on of aNa does not mer el y pr oduce a par al l el shi f t of t he
cur r ent - vol t age r el at i on f or l ex, but pr oduces a l ar ger shi f t i n t he posi t i ve por t i on
of t he cur ve . As a r esul t , t he di f f er ence cur r ent obt ai ned ( dot t ed l i nes) i s a

A

B

FI GURE 12 . Si mul at ed cur r ent - vol t age r el at i onshi ps f or Na/ Ca exchange cal cu-
l at ed f r om Eq . 1 . Cur r ent i s pl ot t ed i n ar bi t r ar y uni t s . ( A) The cur r ent - vol t age
r el at i onshi p f or Na/ Ca exchange under cont r ol condi t i ons i s l abel ed a ( i on act i vi t i es :
110 mMNa. , 15 mMNa ; , 750 AM Ca. , 0 . 3 AMCa ; ) ; t hat af t er exposur e t o monensi n
i s l abel ed b ( 110 mMNa. , 23 mmNa; , 750 AMCa. , 0 . 3 AMCa ; ) . The dot t ed l i ne i s
t he di f f er ence cur r ent - vol t age r el at i onshi p obt ai ned f r om b - a. ( B) Monensi n
exposur e i s assumed t o pr oduce an el evat i on of bot h Na ; and Ca ; . The cur r ent -
vol t age r el at i onshi p f or cont r ol condi t i ons i s l abel ed a ( i on act i vi t i es : 110 mMNa . ,
15 mM Na; , 750 AMCa. , 0 . 3 AMCa o) ; t hat af t er monensi n exposur e i s l abel ed b
( 110 mM Na. , 23 mM Na ; , 750 AM Ca. , 0 . 5 AM Ca; ) . The dot t ed l i ne i s t he
di f f er ence cur r ent - vol t age r el at i onshi p obt ai ned f r om b - a . ( C) The i nf l uence of
el evat ed Ca; on si mul at ed cur r ent - vol t age r el at i onshi ps f or Na/ Ca exchange . The
cur ve l abel ed a cor r esponds t o Na/ Ca exchange cur r ent - vol t age r el at i onshi p af t er
monensi n exposur e ( i on act i vi t i es : 110 mMNa . , 23 mMNa; , 750 AMCa. , 0 . 5 AM
Ca; ) . Cur ves b- g wer e cal cul at ed based upon pr ogr essi ve el evat i on of Ca ; t o 0 . 75 ( b) ,
1 . 0 ( c) , 1 . 5 ( d) , 2 . 0 ( e) , 3 . 0 ( f ) , and 5 . 0 ( g) AM. For t hese cal cul at i ons, y, t he
par t i t i on par amet er , was assumed t o be 0 . 5, n = 3, T = 25 ° C; F and R have t hei r
usual val ues .
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monot oni cal l y i ncr easi ng f unct i on of membr ane vol t age . I nspect i on of cur ve a

r eveal s t hat , at r est , I , , may pr oduce net i nwar d cur r ent near t he r est i ng

membr ane pot ent i al of t he cel l ( - 90 mV) . Thi s i nwar d cur r ent , whi ch pr esum-

abl y r epr esent s el ect r ogeni c ext r usi on of Ca, may be an i mpor t ant f act or i n Ca
homeost asi s at r est , si nce i t may act t o bal ance any i nwar d l eak of Ca ( Ni eder -
ger ke, 1963) . I n r esponse t o an el evat i on of aNa , t he abi l i t y of t he exchanger t o
bal ance t hi s r est i ng l eak of Ca wi l l be compr omi sed because of t he negat i ve shi f t

of Ee, . Thi s may be especi al l y t r ue i n a vol t age- cl amp exper i ment ; t he i mposed

hol di ng pot ent i al may be expect ed t o si gni f i cant l y i nf l uence equi l i br i um condi -

t i ons . Over al l , t he shi f t f r om cur ve a t o cur ve b i n r esponse t o an el evat i on of

a Na i s pr obabl y accompani ed by a smal l el evat i on of a c. . I n Fi g . 12B, i t i s assumed

t hat t he same el evat i on of aNa i s accompani ed by a smal l el evat i on of aCa t o 0 . 5

AM( cur ve b) . I n t hi s case, cur ves a and b i nt er sect , wi t h t he r esul t i ng di f f er ence

cur ve i t sel f i nt er sect i ng t he vol t age axi s near - 90 mV. Thi s di f f er ence cur r ent -

vol t age r el at i onshi p i s ver y si mi l ar t o t hat obser ved exper i ment al l y af t er Na

l oadi ng of at r i a] cel l s ( Fi g . 1) . The supposi t i on t hat an el evat i on of [ Na] ; i s

accompani ed by a smal l i ncr ease i n [ Ca] ; at r est i s consi st ent wi t h r esul t s obt ai ned

f r om i on- sensi t i ve el ect r ode measur ement s ( Sheu and Fozzar d, 1982 ; Lee, 1981 ;

Ber s and El l i s, 1982) .

Fi nal l y, we exami ned t he sensi t i vi t y of t he si mul at ed I P, t o l ar ger changes i n

aCa ( Fi g . 12C) . The r esponse of t he si mul at ed I , , t o an el evat i on of aCa i s ver y

si mi l ar t o t he exper i ment al l y obser ved posi t i ve shi f t of t he vol t age dependence

of t he i nwar d cr eep cur r ent s i n r esponse t o al t er at i ons i n t he vol t age and dur at i on

of t he pr ecedi ng vol t age- cl amp depol ar i zat i ons ( Fi g . 4- 6) . These cur ves ar e al so

consi st ent wi t h t he exper i ment al obser vat i on t hat agent s t hat el evat e aca vi a

enhancement of i ca wi l l l ead t o t he appear ance of an i nwar d cr eep cur r ent ( Fi g .

9, Hume and Uehar a, 1986b) . These si mul at i ons ar e consi st ent , t her ef or e, wi t h

t he hypot hesi s t hat out war d cr eep cur r ent s may be associ at ed wi t h Ca i nf l ux

dur i ng depol ar i zi ng cl amp pul ses ; t he Ca i nf l ux pr oduces an el evat i on of aca,
whi ch i n t ur n r esul t s i n a posi t i ve shi f t of Ee, . I nwar d cr eep cur r ent s may be

associ at ed wi t h Ca ef f l ux, a subsequent decl i ne i n aca, and a negat i ve shi f t of E, , .

Our sel ect i on of t hi s par t i cul ar mat hemat i cal model of Na/ Ca exchange ( Nobl e,

1986) i s, however , somewhat ar bi t r ar y, and our dat a cer t ai nl y do not pr ove t he

val i di t y of t hi s par t i cul ar model or excl ude t he val i di t y of ot her model s ( e . g . ,

Ei sner and Leder er , 1985) .

Our exper i ment al r esul t s and si mul at i ons descr i be t he behavi or of cr eep

cur r ent s under condi t i ons i n whi ch [ Na] ; has been el evat ed t o l evel s consi der abl y

i n excess of t hat expect ed under nor mal physi ol ogi cal condi t i ons . What r ol e, i f

any, mi ght cr eep cur r ent s pl ay under condi t i ons i n whi ch [ Na] ; l evel s ar e mor e

physi ol ogi cal ? The cont r ol cur r ent - vol t age r el at i onshi p f or t he exchanger shown

i n Fi g . 12 assumes aNa = 15 mMand aCa = 0. 3 yM. Under t hese condi t i ons, t he

exchanger woul d be i nvol ved i n Ca homeost asi s at r est and woul d bal ance any

i nwar d l eak of Ca . I f aCa i s hi gher t han est i mat ed or i f a Na i s l ower t han est i mat ed,

t hen t he cur r ent - vol t age r el at i onshi p f or t he exchanger may be di spl aced i n t he

posi t i ve di r ect i on on t he vol t age axi s under nor mal condi t i ons . The r ecent

f i ndi ng t hat t he t oni c t ensi on- vol t age r el at i onshi p i n si ngl e f r og at r i al cel l s under
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nor mal condi t i ons may occur at si gni f i cant l y mor e depol ar i zed pot ent i al s t han

i ndi cat ed by pr evi ous det er mi nat i ons i n mul t i cel l ul ar pr epar at i ons may be con-

si st ent wi t h t hi s ( Tar r et al . , 1985) . We mi ght specul at e t hat under t hese

condi t i ons, i nwar d cr eep cur r ent s may cont r i but e mor e si gni f i cant l y t o t he

el ect r i cal act i vi t y of t he cel l dur i ng membr ane depol ar i zat i ons up t o 0 mV or

even mor e posi t i ve . Fi g . 1 i l l ust r at es t he occur r ence of an i nwar d cr eep cur r ent

dur i ng hyper pol ar i zi ng vol t age- cl amp pul ses i n Na- l oaded cel l s t hat cl osel y r esem-

bl es bot h i cz , and t he per si st ent i nwar d cur r ent pr evi ousl y descr i bed i n si ngl e

f r og at r i al cel l s dur i ng depol ar i zi ng vol t age- cl amp pul ses ( Hume and Gi l es, 1983) .

The possi bi l i t y exi st s t hat , under nor mal condi t i ons, i nwar d cr eep cur r ent s,

because of oper at i on of t he exchanger , may over l ap wi t h and cont r i but e si gni f i -

cant l y t o wavef or ms t hat have been assumed sol el y t o r epr esent t he second

i nwar d cur r ent , i c , , ( Nobl e, 1984) .

Cr eep Cur r ent s : Medi at i on by Na/ Ca Exchange or [ Ca] ; act i vat ed Channel s?

The di f f i cul t y i n di st i ngui shi ng exper i ment al l y bet ween t he t r ansmembr ane

cur r ent gener at ed by an el ect r ogeni c Na/ Ca exchange mechani sm or by a

nonsel ect i ve cat i on channel act i vat ed by [ Ca] ; i s exempl i f i ed by t he r ecent

cont r over sy sur r oundi ng t he i oni c basi s of t r ansi ent i nwar d cur r ent s ( see Nobl e,

1984 ; Ei sner and Leder er , 1985) . As or i gi nal l y poi nt ed by Kass et al . ( 1978b) ,

r ever sal pot ent i al measur ement s may pr ovi de i nf or mat i on t hat al l ows a def i ni t i ve

di st i nct i on bet ween t hese t wo mechani sms t o be made . A genui ne r ever sal of

cur r ent woul d be expect ed i n t he case of a [ Ca] ; act i vat ed, nonspeci f i c channel ,

wher eas i n t he case of an el ect r ogeni c Na/ Ca exchanger , i ncr eases i n [ Ca] ; may

pr oduce onl y i nwar d cur r ent s and not a genui ne r ever sal of t he cur r ent di r ect i on .

However , t he demonst r at i on of a genui ne r ever sal pot ent i al may not be a val i d

cr i t er i on f or di st i ngui shi ng bet ween t he t wo possi bl e mechani sms, si nce i t has
r ecent l y been poi nt ed out t hat r ever sal pot ent i al pr edi ct i ons f or an el ect r ogeni c

Na/ Ca exchange cr i t i cal l y depend upon speci f i c model s ( Ei sner and Leder er ,

1985) .

Rever sal pot ent i al measur ement s of cr eep cur r ent s i n Na- l oaded f r og at r i al

cel l s pr ovi de a number of r esul t s t hat seem mor e consi st ent wi t h pr oper t i es

expect ed of an el ect r ogeni c Na/ Ca exchange mechani smt han wi t h a nonspeci f i c

channel act i vat ed by [ Ca] ; . Cur r ent - vol t age r el at i onshi ps f or i nwar d cr eep cur -

r ent s ar e ext r emel y l abi l e and shi f t t owar d mor e posi t i ve vol t ages, as pr ecedi ng

vol t age- cl amp pul ses ar e ei t her pr ol onged i n dur at i on or appl i ed t o mor e posi t i ve

pot ent i al s ( bot h condi t i ons ar e expect ed t o r esul t i n i ncr eases i n [ Ca] ; ) . I n t he

case of ei t her a [ Ca] i - act i vat ed, nonspeci f i c channel or a [ Ca] ; act i vat ed K channel ,

l ar ge var i at i ons i n [ Ca] ; woul d be expect ed t o pr oduce cor r espondi ng changes i n
cur r ent ampl i t ude wi t hout pr oduci ng changes i n t he equi l i br i um pot ent i al ( Ei sner

and Leder er , 1985) . The obser ved dependence of t he cr eep cur r ent equi l i br i um

pot ent i al on t he hol di ng pot ent i al ( e . g . , Fi g . 2) i s al so mor e consi st ent wi t h an

exchange syst emt han wi t h a [ Ca] i - act i vat ed channel . Changes i n hol di ng pot ent i al

can be expect ed t o r esul t i n changes i n [ Ca] ; , but not t o pr oduce changes i n t he

equi l i br i um pot ent i al f or a [ Ca] ; act i vat ed membr ane channel .

When vol t age- cl amp pul ses ar e appl i ed t o pot ent i al s negat i ve t o t he cr eep



88 0

	

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 " 1986

cur r ent equi l i br i um pot ent i al ( e . g . , hol di ng pot ent i al ) , a genui ne r ever sal of
cr eep cur r ent s i s obser ved ( Fi g . 1) . Thi s mi ght be pr edi ct ed f or an el ect r ogeni c

Na/ Ca exchange cur r ent : negat i ve di spl acement s away f r om equi l i br i um woul d

i ncr ease el ect r ogeni c Ca ef f l ux dur i ng t he vol t age pul se, f ol l owed by an i ncr eased

el ect r ogeni c Ca i nf l ux as t he or i gi nal equi l i br i um i s r e- est abl i shed when t he

vol t age i s r et ur ned t o t he hol di ng pot ent i al . Mor eover , i t i s di f f i cul t t o expl ai n

why an i nwar d cr eep cur r ent , i f medi at ed by a nonspeci f i c channel and act i vat ed

by [ Ca] i , woul d be obser ved dur i ng vol t age- cl amp pul ses t o - 150 mV, whi ch

woul d be expect ed t o decr ease [ Ca] ; . A nonspeci f i c channel act i vat ed by [ Ca] ;

mi ght be obser ved at such negat i ve membr ane pot ent i al s onl y i f i t wer e pr eceded

by a posi t i ve vol t age- cl amp depol ar i zat i on, whi ch woul d si gni f i cant l y el evat e

[ Ca] i ( cf . Kass et al . , 1978b) .

Fi nal l y, t he i nsensi t i vi t y of cr eep cur r ent s i nduced by Na l oadi ng of at r i a] cel l s

t o Ca channel ant agoni st s, whi ch was demonst r at ed i n t he pr ecedi ng ar t i cl e

( Hume and Uehar a, 1986b) , i s i n mar ked cont r ast t o t he sensi t i vi t y of t r ansi ent

i nwar d cur r ent s t o t hese agent s ( Fer r i er and Moe, 1973 ; Kass et al . , 1978a) . I f

cr eep cur r ent s ar e gener at ed by a nonsel ect i ve channel act i vat ed by [ Ca] i , t hen

t hey shoul d be gr eat l y at t enuat ed by Ca channel ant agoni st s because of t hei r

abi l i t y t o event ual l y depl et e i nt r acel l ul ar Ca st or es ( cf . Kass et al . , 1978a) . Cr eep

cur r ent s i nduced by Na l oadi ng of at r i a] cel l s, however , ar e qui t e i nsensi t i ve t o

Ca channel ant agoni st s and r emai n r obust even af t er l ong per i ods of exposur e .

I n summar y, we bel i eve t hat many of t he pr oper t i es of cr eep cur r ent s i n si ngl e

f r og at r i al cel l s ar e mor e consi st ent wi t h an el ect r ogeni c Na/ Ca exchange

mechani sm compar ed wi t h [ Ca] ; act i vat ed membr ane cat i on channel s . Recent

exper i ment s t hat have exami ned t he phar macol ogi cal pr oper t i es of cr eep cur -

r ent s al so suppor t t hi s concl usi on : sever al di f f er ent compounds t hat bl ock Na/

Ca exchange f l ux act i vi t y i n i sol at ed car di ac vesi cl e pr epar at i ons ar e al so pot ent

i nhi bi t or s of cr eep cur r ent s i n si ngl e f r og at r i a] cel l s ( Hadl ey et al . , 1985) ;

however , t he speci f i ci t y of t hese compounds needs t o be exami ned car ef ul l y . I n

f ut ur e st udi es, i t may be usef ul t o di r ect l y compar e t he pr oper t i es of cr eep

cur r ent s wi t h t he pr oper t i es of t r ansi ent i nwar d cur r ent s i n t he same pr epar at i on

under si mi l ar exper i ment al condi t i ons .

We t hank W. J . Leder er , B. G. Kat zung, and R. Hadl ey f or hel pf ul di scussi ons . We ar e gr at ef ul

t o Ms . D. Per net t i f or exper t t echni cal assi st ance, Mr . S. Cr ocker f or comput er assi st ance, and

Ms . D. Hummel f or pr epar at i on of t he manuscr i pt .

Thi s st udy was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant HL30143, by a gr ant f r om

t he Amer i can Hear t Associ at i on, Mi chi gan Af f i l i at e, and by a gr ant - i n- ai d f r om t he Amer i can

Hear t Associ at i on .

Or i gi nal ver si on r ecei ved 11 Mar ch 1985 and accept ed ver si on r ecei ved 30 Januar y 1986 .

REFERENCES

Ar l ock, P. , and G. B. Kat zung . 1985 . Ef f ect s of sodi um subst i t ut es on t r ansi ent i nwar d cur r ent

and t ensi on i n gui nea- pi g and f er r et papi l l ar y muscl e . Jour nal of Physi ol ogy . 36 : 105- 120 .

Baker , P. F. , M. P. Bl aust ei n, A. L. Hodgki n, and R. A. St ei nhar dt . 1969 . Th e i nf l uence of

cal ci umon sodi um ef f l ux i n squi d axons . Jour nal of Physi ol ogy . 200: 431- 458 .



HUME AND UEHARA

	

Cr eep Cur r ent s i n Si ngl e Fr og At r i al Cel l s . 11.

	

88 1

Benni nger , C. , H. M. Ei nwacht er , H. G. Haas, and R. Ker n . 1976 . Cal ci um- sodi umant agoni sm

on t he f r og' s hear t : a vol t age- cl amp st udy . Jour nal of Physi ol ogy. 259 : 617- 645 .

Ber s, D. M. , and D. El l i s . 1982 . I nt r acel l ul ar cal ci um and sodi um act i vi t y i n sheep hear t

Pur ki nj e f i br es : ef f ect of changes i n ext er nal sodi um and i nt r acel l ul ar pH. Pf l uger s Ar chi v

Eur opean Jour nal of Physi ol ogy. 393 : 171- 178 .

Ber s, D. M. , K. D. Phi l l i pson, and A. Y. Ni shi mot o . 1980 . Sodi um- cal ci umexchange and

si dedness of i sol at ed car di ac sar col emmal vesi cl es . Bi ochi mi ca et Bi ophysi ca Act a. 601 : 358-

371 .

Bl aust ei n, M. P. 1977 . Ef f ect s of i nt er nal and ext er nal cat i ons and of ATP on sodi um- cal ci um

and cal ci um- cal ci um exchange i n squi d axons . Bi ophysi cal j our nal . 20 : 79- 111 .

Br ady, A. J . , S. T. Tan, and N. V. Ri cchi ut i . 1979 . Cont r act i l e f or ce measur ed i n unski nned

i sol at ed adul t hear t f i br es . Nat ur e . 282: 1012- 1014 .

Br own, H. F . , D. Nobl e, S. Nobl e, and A. Taupi gnon. 1984 . Tr ansi ent i nwar d cur r ent and i t s

r el at i on t o t he ver y sl ow i nwar d cur r ent i n t he r abbi t SA node . Jour nal of Physi ol ogy. 349 : 47P.

( Abst r . )

Car oni , P. , L. Rei nl i b, and E. Car af ol i . 1980 . Char ge movement s dur i ng t he Na' - Ca" ' exchange

i n hear t sar col emmal vesi cl es . Pr oceedi ngs of t he Nat i onal Academy of Sci ences . 77 : 6354- 6358 .

Chapman, R. A. 1979 . Exci t at i on- cont r act i on coupl i ng i n car di ac muscl e . Pr ogr ess i n Bi ophysi cal

and Mol ecul ar Bi ol ogy . 35 : 1- 52 .

Chapman, R. A. 1983 . Cont r ol of car di ac cont r act i l i t y at t he cel l ul ar l evel . Amer i can Jour nal of

Physi ol ogy . 245 : H535- H552 .

Chapman, R. A. , A. Cor ay, and J . A. S. McGui gan . 1983a . Sodi um/ cal ci u m exchange i n

mammal i an vent r i cul ar muscl e : a st udy wi t h sodi um- sensi t i ve mi cr o- el ect r odes . Jour nal of

Physi ol ogy . 343 : 253- 276 .

Chapman, R. A. , A. Cor ay, and J . A. S. McGui gan . 19836 . Sodi um- cal ci um exchange i n

mammal i an hear t : t he mai nt enance of l ow i nt r acel l ul ar cal ci um. concent r at i on . 1n Car di ac

Met abol i sm. A. J . Dr ake- Hol l and and M. 1 . M. Nobl e, edi t or s . John Wi l ey & Sons, New

Yor k . 117- 149 .

Chapman, R. A. , and G. C. Rodr i go . 1985 . The dependence of t he r el axat i on of t ensi on of

f r og at r i al t r abecul ae on t he sodi um- cal ci um exchange : a vol t age- cl amp st udy . Quar t er l y

Jour nal of Exper i ment al Physi ol ogy . 70 : 447- 459.

Chapman, R. A. , and J . Tunst al l . 1980 . The i nt er act i ons of Na and Ca i ons at t he cel l

membr ane and t he cont r ol of cont r act i l e st r engt h i n f r og at r i al muscl e . Jour nal of Physi ol ogy.

305 : 109- 123 .

Cl usi n, W. T. , R. Fi schmei st er , and R. L . DeHaan . 1983 . Caf f ei ne- i nduce d cur r ent i n embr yoni c

hear t cel l s : t i me cour se and vol t age dependence . Amer i can Jour nal of Physi ol ogy . 245 : H528-

H532 .

Cor aboeuf , E. , P. Gaut i er , and P. Gui r audou . 1981 . Pot ent i al and t ensi on changes i nduced by

sodi um r emoval i n dog Pur ki nj e f i br es : r ol e of an el ect r ogeni c sodi um- cal ci um exchange.

Jour nal of Physi ol ogy . 311 : 605- 622 .

Ei nwacht er , H. M. , H. G. Haas, and R. Ker n . 1972. Membr ane cur r ent and cont r act i on i n

f r og at r i al f i br es . Jour nal of Physi ol ogy. 227 : 141- 171 .

Ei sner , D. A. , and W. J . Leder er . 1979 . I not r opi c and ar r hyt hmogeni c ef f ect s of pot assi um-

depl et ed sol ut i ons on mammal i an car di ac muscl e . Jour nal of Physi ol ogy. 294 : 255- 277 .

Ei sner , D. A. , and W. J . Leder er . 1985 . Na- Ca exchange : st oi chi omet r y and el ect r ogeni ci t y .

Amer i can Jour nal of Physi ol ogy. 248 : C189- C202 .

Ei sner , D. A. , W. J . Leder er , and R . D. VaughanJones . 1983 . The cont r ol of t oni c t ensi on by



88 2

	

THEJOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 - 1986

membr ane pot ent i al and i nt r acel l ul ar Na act i vi t y i n sheep car di ac Pur ki nj e f i ber s . Jour nal of

Physi ol ogy. 335: 723- 743 .

El l i s, D. , and J . W. Dei t mer . 1978 . The r el at i onshi p bet ween t he i nt r a- and ext r acel l ul ar

sodi um act i vi t y of sheep hear t Pur ki nj e f i br es dur i ng i nhi bi t i on of t he Na- K pump . Pl l i i ger s

Ar chi v Eur opean Jour nal of Physi ol ogy. 377: 209- 215 .

Fabi at o, A. , and F. Fabi at o . 1975 . Cont r act i ons i nduced by a cal ci um- t r i gger ed r el ease of

cal ci umf r om t he sar copl asmi c r et i cul umof si ngl e ski nned car di ac cel l s. Jour nal of Physi ol ogy.

249: 469- 495 .

Fer r i er , G. R. , and G. K. Moe. 1973 . Ef f ect of cal ci um on acet yl st r ophant hi di n- i nduced

t r ansi ent depol ar i zat i ons i n cani ne Pur ki nj e t i ssue . Ci r cul at i on Resear ch . 33 : 508- 515 .

Got o, M. , Y. Ki mot o, and Y. Kat o . 1971 . A st udy on t he exci t at i on- cont r act i on coupl i ng of

t he bul l f r og vent r i cl e wi t h vol t age cl amp t echni que . Japanese Jour nal of Physi ol ogy . 21 : 159-

173 .

Got o, M. , Y. Ki mot o, M. Sai t o, and Y. Wada . 1972 . Tensi on f al l af t er cont r act i on of bul l f r og

at r i a] muscl e exami ned wi t h a vol t age cl amp t echni que . Japanesej our nal of Physi ol ogy . 22 : 637-

650.

Hadl ey, R. W. , J . R. Hume, G. J . Kaczor owski , P. K. S. Si egl , and P. M. Vassi l ev . 1985 . Bl ock

of " cr eep cur r ent s" i n si ngl e f r og at r i al cel l s by vesi cul ar Na/ Ca- exchange i nhi bi t or s . Jour nal

of Physi ol ogy. 369: 89P. ( Abst r . )

Hor ackova, M. , and G. Vassor t . 1979x . Sodi um- cal ci um exchange i n r egul at i on of car di ac

cont r act i l i t y . Jour nal of Gener al Physi ol ogy. 73 : 403- 424 .

Hor ackova, M. , and G. Vassor t . 19796 . Sl ow i nwar d cur r ent and cont r act i on i n f r og at r i al

muscl e at var i ous ext r acel l ul ar concent r at i ons of Na and Ca i ons . Jour nal of Mol ecul ar and

Cel l ul ar Car di ol ogy. 11 : 733- 753 .

Hume, J . R. , and W. Gi l es . 1981 . Act i ve and passi ve el ect r i cal pr oper t i es of si ngl e bul l f r og

at r i al cel l s . Jour nal of Gener al Physi ol ogy . 78 : 18- 43 .

Hume, J . R. , and W. Gi l es . 1983 . I oni c cur r ent s i n si ngl e i sol at ed bul l f r og at r i al cel l s . Jour nal

of Gener al Physi ol ogy. 81 : 153- 194 .

Hume, J . R. , and A. Uehar a. 1986x . " Cr eep cur r ent " r ever sal pot ent i al measur ement s ar e

consi st ent wi t h a Na/ Ca- exchange mechani sm. Bi ophysi cal j our nal . 49 : 345x . ( Abst r . )

Hume, J . R. , and A. Uehar a . 19866 . Pr oper t i es of " cr eep cur r ent s" i n si ngl e f r og at r i al cel l s .

Jour nal of Gener al Physi ol ogy. 87 : 833- 855 .

Jundt , H. , H. Por zi g, H. Reut er , and J . W. St ucki . 1975 . The ef f ect of subst ances r el easi ng

i nt r acel l ul ar cal ci um on sodi um- dependent cal ci umef f l ux f r om gui nea- pi g aur i cl es . Jour nal

of Physi ol ogy. 246: 229- 253 .

Kass, R. S. 1981 . An opt i cal moni t or of t ensi on f or smal l car di ac pr epar at i ons. Bi ophysi cal

j our nal . 34 : 165- 170 .

Kass, R. S. , W. J . Leder er , R. W. Tsi en, and R. Wei ngar t . 1978x . Rol e of cal ci um i ons t r ansi ent

i nwar d cur r ent s and af t er cont r act i ons i nduced by st r ophant hi di n i n car di ac Pur ki nj e f i br es .

Jour nal of Physi ol ogy . 281 : 187- 208 .

Kass, R. S. , R. W. Tsi en, and R. Wei ngar t . 19786 . I oni c basi s of t r ansi ent i nwar d cur r ent

i nduced by st r ophant hi di n i n car di ac Pur ki nj e f i br es . Jour nal of Physi ol ogy. 281 : 209- 226 .

Kl i t zner , T. , and M. Mor ad . 1983 . Exci t at i on- cont r act i on coupl i ng i n f r og vent r i cl e possi bl e

Ca 21 t r anspor t mechani sms . Pf uger s Ar chi v Eur opean Jour nal of Physi ol ogy . 398: 274- 283 .

Kr ueger , J . W. , D. For l et t i , and B. A. Wi t t enber g. 1980 . Uni f or m sar comer e shor t eni ng

behavi or i n i sol at ed car di ac muscl e cel l s . Jour nal of Gener al Physi ol ogy. 76 : 587- 607 .

Langer , G. A. 1982 . Sodi um- cal ci um exchange i n t he hear t . Annual Revi ew of Physi ol ogy.

44 : 435- 449 .



HUME AND UEHARA

	

Cr eep Cur r ent s i n Si ngl e Fr og At r i al Cel l s . I I .

	

88 3

Leder er , W. J . , and R. W. Tsi en . 1976 . Tr ansi en t i nwar d cur r ent under l yi ng ar r hyt hmogeni c

ef f ect s of car di ot oni c st er oi ds i n Pur ki nj e f i br es . Jour nal of Physi ol ogy . 263 : 73- 100 .

Lee, C. O. 1981 . I oni c act i vi t i es i n car di ac muscl e cel l s and appl i cat i on of i on- sel ect i ve

mi cr oel ect r odes . Amer i can Jour nal of Physi ol ogy. 241 : H459- H478 .

Leot y, C. L, and G. Raymond . 1972 . Mechani cal act i vi t y and i oni c cur r ent s i n f r og at r i ai

t r abecul ae. Pf l uger s Ar chi v Eur opean Jour nal of Physi ol ogy. 334 : 114- 128 .

Mar ban, E. , T . J . Ri nk, R. W. Tsi en, and R. Y. Tsi en. 1980 . Fr ee cal ci um i n hear t muscl e at

r est and dur i ng cont r act i on measur ed wi t h Ca" - sensi t i ve mi cr oel ect r odes . Nat ur e. 286: 845-

850 .

Ment r ar d, D. , G. Vassor t , and R. Fi schmei st er . 1984 . Changes i n ext er nal sodi um i nduce a

membr ane cur r ent r el at ed t o t he Na- Ca exchange i n cesi um- l oaded f r og hear t cel l s . Jour nal

of Gener al Physi ol ogy . 84 : 201- 220 .

Meyer , R. , W. St ockem, and M. Schmi t z . 1982 . Hi st ochemi cal demonst r at i on of an ATP-

dependent Ca" - pump i n bul l f r og myocar di al cel l s . Zei t schr i f t f ur Nat ur f or schung Ted C

Bi ochemi e Bi ophysi k Bi ol ogi e Vi r ol ogi e . 37 : 489- 501 .

Mi t chel l , M. R. , T. Powel l , D. A. Ter r ar , and V. W. Twi st . 1983 . Char act er i st i c s of t he second

i nwar d cur r ent i n cel l s i sol at ed f r om r at vent r i cul ar muscl e . Pr oceedi ngs of t he Royal Soci et y of

London B Bi ol ogi cal Sci ences . 219 : 447- 469 .

Mor ad, M. , and Y. Gol dman . 1973 . Exci t at i on- cont r act i on coupl i ng i n hear t muscl e: membr ane

cont r ol of devel opment of t ensi on . Pr ogr ess i n Bi ophysi cs . 27 : 257- 313 .

Mor ad, M. , and R. K. Or kand . 1971 . Exci t at i on- cont r act i o n coupl i ng i n f r og vent r i cl e : evi dence

f r om vol t age cl amp st udi es . Jour nal of Physi ol ogy . 219: 167- 180 .

Mul l i ns, L . J . 1976 . St eady- st at e cal ci um f l uxes : membr ane ver sus mi t ochondr i a) cont r ol of

i oni zed cal ci um i n axopl asm. Feder at i on Pr oceedi ngs . 35 : 2583- 2588 .

Mul l i ns, L . J . 1977 . A mechani sm f or Na/ Ca t r anspor t . Jour nal of Gener al Physi ol ogy. 70: 681-

695 .

Mul l i ns, L . 1979 . The gener at i on of el ect r i c cur r ent s i n car di ac f i ber s by Na/ Ca exchange .

Amer i can Jour nal of Physi ol ogy . 236 : C103- C110 .

Mul l i ns, L. J . 1981 . I on Tr anspor t i n Hear t . Raven Pr ess, New Yor k . 136 pp.

Ni eder ger ke, R. 1963 . Movement s of Ca i n beat i ng vent r i cl e of t he f r og. Jour nal of Physi ol ogy .

167 : 551- 580 .

Nobl e, D. 1984 . The sur pr i si ng hear t : a r evi ew of r ecent pr ogr ess i n car di ac el ect r ophysi ol ogy .

Jour nal of Physi ol ogy. 353 : 1- 50.

Nobl e, D. 1986 . Sodi um- cal ci um exchange and i t s r ol e i n gener at i ng el ect r i c cur r ent . I n

Car di ac Muscl e : The Regul at i on of Exci t at i on and Cont r act i on . R. D. Nat han, edi t or .

Academi c Pr ess, I nc. , New Yor k . 171- 200 .

Pi t t s, B. J . R. 1979 . St oi chi omet r y of sodi um- cal ci um exchange i n car di ac sar col emmal vesi cl es .

Jour nal of Bi ol ogi cal Chemi st r y . 254 : 6232- 6235 .

Pur ves, R. D. , C. E. Hi l l , J. H. Chaml ey, C. E. Mar k, D. M. Fr y, and C. Bur nst ock . 1974 .

Funct i on aut onomi c neur omuscul ar j unct i ons i n t i ssue cul t ur e . Pf l uger s Ar chi v Eur opean

Jour nal of Physi ol ogy. 350: 1- 7 .

Reeves, J . P. , and J . L . Sut ko . 1980. Sodi um- cal ci u mexchange act i vi t y gener at es a cur r ent i n

car di ac membr ane vesi cl es . Sci ence . 208 : 1461- 1464 .

Reut er , H. , and N. Sei t z . 1968 . The dependence of cal ci um ef f l ux f r om car di ac muscl e on

t emper at ur e and ext er nal i on composi t i on . Jour nal of Physi ol ogy. 195 : 451- 470 .

Roos, K. P. , and A. J . Br ady. 1982 . I ndi vi dual sar comer e l engt h det er mi nat i on f r om i sol at ed

car di ac cel l s usi ng hi gh- r esol ut i on opt i cal mi cr oscopy and di gi t al i mage pr ocessi ng . Bi ophysi cal

j our nal . 40 : 233- 244 .



88 4

	

THEJOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 - 1986

Roul et , M. J . , K. G. Mar go, G. Vassor t , and R. Vent ur a- Cl api er . 1979 . The dependence of

t wi t ch r el axat i on on sodi um i ons and on i nt er nal Ca st or es i n vol t age- cl amped f r og at r i al

f i br es . Pf l f eger s Ar chi v Eur opean Jour nal of Physi ol ogy. 379 : 259- 268 .

Sheu, S. S. , and H. A. Fozzar d . 1982 . Tr ansmembr ane Na' and Ca' el ect r ochemi cal gr adi ent s

i n car di ac muscl e and t hei r r el at i onshi p t o f or ce gener at i on . Jour nal of Gener al Physi ol ogy.

80 : 325- 351 .

Tar r , M. , J . W. Fr ank, and K. K. Goer t z . 1985 . Tensi on- vol t age r el at i onshi ps of si ngl e f r og

car di ac cel l s. Bi ophysi cal j our nal . 47 : 376a . ( Abst r . )

Tar r , M. , J . W. Fr ank, P. Lei f f er , and N. Shepar d . 1979 . Sar comer e l engt h- r est i ng t ensi on

r el at i on i n si ngl e f r og at r i al car di ac cel l s . Ci r cul at i on Resear ch. 45 : 554- 559 .

Uehar a, A. , and J . R. Hume . 1985 . Does Na' l oadi ng r eveal a Na/ Ca- exchange cur r ent i n

si ngl e f r og at r i al cel l s? Bi ophysi cal j our nal . 47 : 460a . ( Abst r . )

Vassal l e, M. , and M. Di Gennar o . 1985 . Caf f ei ne act i ons on cur r ent s i nduced by cal ci um-

over l oad i n Pur ki nj e f i ber s . Eur opean j our nal of Phar macol ogy. 106 : 121- 131 .

Vassor t , G. 1973 . I nf l uence of sodi um i ons on t he r egul at i on of f r og myocar di al cont r act i l i t y .

Pf l 4ger s Ar chi v Eur opean Jour nal of Physi ol ogy. 339: 225- 240 .

Vassor t , G. , and O. Rougi er . 1972 . Membr ane pot ent i al and sl ow i nwar d cur r ent dependence

of f r og car di ac mechani cal act i vi t y . Pf l uger s Ar chi v Eur opean Jour nal of Physi ol ogy. 331 : 191-

203 .

War shaw, D. M. , and F . S. Fay . 1983 . Cr oss- br i dge el ast i ci t y i n si ngl e smoot h muscl e cel l s .

j our nal of Gener al Physi ol ogy. 82 : 157- 200 .


