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ABSTRACT

	

Sl ow i oni c cur r ent s wer e measur ed i n t he r at omohyoi d muscl e

wi t h t he t hr ee- mi cr oel ect r ode vol t age- cl amp t echni que . Sodi um and del ayed

r ect i f i er pot assi um cur r ent s wer e bl ocked phar macol ogi cal l y . Under t hese con-

di t i ons, depol ar i zi ng t est pul ses el i ci t ed an ear l y out war d cur r ent , f ol l owed by

a t r ansi ent sl ow i nwar d cur r ent , f ol l owed i n t ur n by a l at e out war d cur r ent .

The ear l y out war d cur r ent appear ed t o be a r esi dual del ayed r ect i f i er cur r ent .

The sl ow i nwar d cur r ent was i dent i f i ed as a cal ci um cur r ent on t he basi s t hat

( a) i t s magni t ude depended on ext r acel l ul ar cal ci um concent r at i on, ( b) i t was

bl ocked by t he addi t i on of t he di val ent cat i ons cadi um or ni ckel , and r educed

i n magni t ude by t he addi t i on of manganese or cobal t , and ( c) bar i um was abl e

t o r epl ace cal ci um as an i nwar d cur r ent car r i er . The t hr eshol d pot ent i al f or

i nwar d cal ci um cur r ent was ar ound - 20 mV i n 10 mMext r acel l ul ar cal ci um

and about - 35 mV i n 2 mMcal ci um. Cur r ent s wer e net i nwar d over par t of

t hei r t i me cour se f or pot ent i al s up t o at l east +30 mV. At t emper at ur es of 20-

26° C, t he peak i nwar d cur r ent ( at ^ - 0 mV) was 139 ± 14 AA/ cm2 ( mean ±

SD) , i ncr easi ng t o 226 ± 28 uA/ cm2 at t emper at ur es of 27- 37° C. The l at e

out war d cur r ent exhi bi t ed consi der abl e f i ber - t o- f i ber var i abi l i t y . I n some f i ber s

i t was pr i mar i l y a t i me- i ndependent , nonl i near l eakage cur r ent . I n ot her f i ber s

i t appear ed t o be t he sum of bot h l eak and a sl owl y act i vat ed out war d cur r ent .

The r at e of act i vat i on of i nwar d cal ci um cur r ent was st r ongl y t emper at ur e

dependent . For exampl e, i n a r epr esent at i ve f i ber , t he t i me- t o- peak i nwar d

cur r ent f or a +10- mV t est pul se decr eased f r om ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 250 ms at 20° C t o 100 ms

at 30° C . At 37° C, t he t i me- t o- peak cur r ent was t ypi cal l y ^ - 25 ms . The ear l i est

phase of act i vat i on was di f f i cul t t o quant i f y because t he i oni c cur r ent was

par t i al l y obscur ed by nonl i near char ge movement . Nonet hel ess, at physi ol ogi cal

t emper at ur es, t he r at e of cal ci um channel act i vat i on i n r at skel et al muscl e i s

about f i ve t i mes f ast er t han act i vat i on of cal ci um channel s i n f r og muscl e . Thi s

pat hway may be an i mpor t ant sour ce of cal ci um ent r y i n mammal i an muscl e .

I NTRODUCTI ON

Cal ci umcur r ent s have been descr i bed i n a gr eat var i et y of t i ssues, i ncl udi ng
i nver t ebr at e muscl e, egg cel l s, neur ons, secr et or y cel l s, and f r og skel et al
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muscl e ( see Hagi war a and Byer l y, 1981, f or a r ecent r evi ew) . The pr esence

of cal ci um channel s i n f r og skel et al muscl e was f i r st i nf er r ed f r om t et r odo-

t oxi n ( TTX) - i nsensi t i ve, cal ci um- dependent r egener at i ve r esponses ( Beat y

and St ef ani , 1976) . Subsequent l y, t he behavi or of cal ci um channel s i n f r og

muscl e was anal yzed wi t h vol t age- cl amp met hods ( St anf i el d, 1977 ; Sanchez

and St ef ani , 1978 ; Al mer s and Pal ade, 1981 ; Al mer s et al . , 1981) . Recent l y,

Chi ar andi ni and St ef ani ( 1983) descr i bed cal ci um- dependent r egener at i ve

r esponses i n r at l eg muscl es . The pur pose of t he pr esent exper i ment s was t o

document t he pr oper t i es of cal ci um cur r ent s i n r at muscl e under vol t age-

cl amp condi t i ons . One mot i ve f or t he st udy was t o compar e cal ci umchannel s

i n r at skel et al muscl e wi t h cal ci um channel s i n skel et al muscl e of f r ogs, i n

ot her muscl e cel l s ( smoot h and car di ac) , and i n unr el at ed cel l t ypes ( e . g . ,

neur ons, Par ameci um) . I n addi t i on, a var i et y of evi dence i ndi cat es t hat cal ci um

channel s and cal ci um- act i vat ed pot assi um channel s have a pr omi nent r ol e i n

t he physi ol ogy of devel opi ng skel et al muscl e ( Land et al . , 1973 ; Bar r et t et

al . , 1981, 1982) . Thus, i t i s i mpor t ant t o know whet her t he pr oper t i es and

r el at i ve number s of cal ci um channel s and cal ci um- act i vat ed pot assi um chan-

nel s i n muscl e f i ber s r emai n const ant or change dur i ng devel opment .

We have measur ed sl ow i oni c cur r ent s i n t he r at omohyoi d muscl e, a f ast -

t wi t ch muscl e ( Münt ener et al . , 1980) wi t h a cent r al l y l ocat ed t endon t hat

makes t he muscl e wel l sui t ed f or t he t hr ee- mi cr oel ect r ode met hod of Adr i an

et al . ( 1970) . Af t er t he l ar ger and f ast er cur r ent s car r i ed by sodi um and

pot assi um ar e bl ocked, t he l ar gest component of t he r esi dual cur r ent was a

sl ow, i nwar d cur r ent car r i ed by cal ci um. Based on t he i oni c sel ect i vi t y of t he

cur r ent and t he agent s t hat bl ocked i t , cal ci um channel s i n r at muscl e ar e

si mi l ar t o t hose descr i bed pr evi ousl y i n f r og muscl e .

Al t hough t he pr esence of cal ci um cur r ent s i n f r og muscl e has been docu-

ment ed, t he f unct i on of t hese cur r ent s r emai ns unknown . For exampl e,

Gonzal ez- Ser r at os et al . ( 1982) demonst r at ed t hat concent r at i ons of di l t i azem

suf f i ci ent t o bl ock cal ci um cur r ent s i n f r og muscl e do not si gni f i cant l y af f ect

t he magni t ude of t he t wi t ch, t et anus, or pot assi umcont r act ur e, and t her ef or e

concl uded t hat t he cal ci um cur r ent s have no obvi ous r ol e i n exci t at i on-

cont r act i on coupl i ng . Mor eover , Sanchez and St ef ani ( 1978) concl uded t hat

t he ki net i cs of cal ci um cur r ent s i n f r og muscl e ar e so sl ow t hat i t i s unl i kel y

t hat an act i on pot ent i al act i vat es enough channel s t o cause si gni f i cant cal ci um

ent r y . I n cont r ast t o f r og muscl e, we f i nd t hat t he act i vat i on of cal ci um

cur r ent s i s suf f i ci ent l y f ast at physi ol ogi cal t emper at ur es i n r at skel et al muscl e

t o suggest t hat t hi s pat hway may r epr esent an ent r y mechani sm f or cal ci um

dur i ng one or mor e act i on pot ent i al s .

A pr el i mi nar y account of t hi s wor k has appear ed ( Donal dson and Beam,

1982) .

METHODS

Omohyoi d muscl es wer e r emoved f r om mal e Spr ague- Dawl ey r at s ( 400- 500 g) and

t he sur f ace connect i ve t i ssue was car ef ul l y di ssect ed away f r om t he r egi on of t he
cent r al l y l ocat ed t endon t hat par t i al l y t r aver ses t he muscl e. Dur i ng t he di ssect i on,



DONALDSON AND BEAM

	

Cal ci umCur r ent s i n Rat Muscl e

	

45 1

t he muscl e was cont i nuousl y super f used wi t h oxygenat ed sol ut i on cont ai ni ng ( i n mM) :

146 NaCl , 5 KCI , 2 CaC12, 1 MgC1 2 , 11 gl ucose, 10 Hepes, pH adj ust ed t o 7. 4 wi t h

NaOH. The muscl e was t hen t r ansf er r ed t o an exper i ment al chamber ( vol ume =5

ml ) on t he st age of a compound mi cr oscope . Dur i ng t he measur ement of i oni c

cur r ent s t hi s chamber was per f used wi t h oxygenat ed t est sol ut i on . ( The composi t i ons

of t he st andar d sol ut i ons used ar e gi ven i n Tabl e I . ) Or di nar i l y t he muscl e was

mai nt ai ned i n 10 mMCa sol ut i on and onl y t r ansi ent l y exposed t o t he ot her sol ut i ons

because an el evat ed cal ci um concent r at i on i mpr oved f i ber sur vi val . I n ear l i er exper -

i ment s ( muscl e number s <_88) , t he sol ut i on f l ow r at e was 5 ml / mi n, and a compl et e

change of sol ut i on, i ncl udi ng t he f l ushi ng of - 5 ml of dead space, t ook ^- 2 mi n. I n

l at er exper i ment s ( muscl e number s >- 89) , t he f l ow r at e was i ncr eased t o 25 ml / mi n

and t he bat hi ng sol ut i on coul d be changed i n - 30 s . The t i mes ci t ed i n t he t ext and

f i gur e l egends have been cor r ect ed f or f l ushi ng of t he dead space .

I oni c cur r ent s wer e measur ed by t he t hr ee- mi cr oel ect r ode t echni que of Adr i an et

al . ( 1970) . Two vol t age- measur i ng el ect r odes, desi gnat ed V, and V2, wer e i nser t ed

Test Sol ut i ons

TABLE I

I n addi t i on t o t hese di val ent cat i ons, sol ut i ons cont ai ned ( mM) : 146 TEA- Br , 5

CsBr , 400 sucr ose, 11 gl ucose, 10 Hepes, ( sol ut i on pH adj ust ed t o 7. 4 wi t h

NaOH) , and i n most exper i ment s 1 uMTTX. I n some exper i ment s, t he t est

sol ut i on cont ai ned 5 mM 3, 4- di ami nopyr i di ne ( 3, 4- DAP) or 4- ami nopyr i di ne.

Di val ent i ons wer e pr esent as t he acet at e sal t .

i nt o t he f i ber at di st ances l and 21 f r om t he cent r al t endon, and a cur r ent - passi ng

el ect r ode was i nser t ed a di st ance l ' f r om t he V2 el ect r ode ; t he cont r ol l ed pot ent i al

was t hat at V, . I n t he exper i ment s descr i bed her e, l was 240- 280 / Amand l ' was 70-

140 j , m. I n t he t hr ee- mi cr oel ect r ode met hod, membr ane cur r ent densi t y i s measur ed

as pr opor t i onal t o V2 - V, ( Adr i an et al . , 1970) , wi t h a pr opor t i onal i t y const ant t hat

depends on a f i ber ' s l i near cabl e pr oper t i es . The measur ement of cabl e pr oper t i es

has been pr evi ousl y descr i bed ( Beamand Donal dson, 1983) . Test cur r ent s wer e

el i ci t ed by depol ar i zi ng pul ses, usual l y 0. 5- 2 . 0 s i n dur at i on and separ at ed by an

i nt er pul se i nt er val of 5- 10 s . Dat a wer e acqui r ed and anal yzed wi t h t he ai d of a PDP

11/ 03 l abor at or y comput er ( Di gi t al Equi pment Cor p . , Maynar d, MA) . The t est

cur r ent s wer e cor r ect ed f or l i near component s of capaci t i ve and i oni c l eakage

cur r ent s by di gi t al scal i ng and subt r act i on of a cont r ol cur r ent t hat was el i ci t ed by a

30- mV depol ar i zat i on f r om t he hol di ng pot ent i al . Unl ess ot her wi se st at ed, t he

hol di ng pot ent i al was - 90 mV.

Mi cr oel ect r odes f or vol t age measur ement wer e pul l ed f r om ei t her t hi n- wal l ed

al umi nosi l i cat e capi l l ar y t ubi ng ( F . Haer & Co. , Br unswi ck, ME) or t hi ck- wal l ed

bor osi l i cat e capi l l ar y gl ass ( A- MSyst ems I nc . , Ever et t , WA) . The pi pet t es wer e f i l l ed

wi t h 3 MKCI and had r esi st ances of 8- 15 M12 ( t hi n- wal l ed) or 10- 40 M9 ( t hi ck-

wal l ed) . The hi gher - r esi st ance, t hi ck- wal l ed el ect r odes wer e gener al l y l ess damagi ng

Di val ent i ons

r nM

Desi gnat i on

10 Ca 1 Mg 10 Ca

2 Ca 1 Mg 2 Ca

10 Ba 1 Mg 10 Ba

0 Ca 1 l Mg 0 Ca
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t o t he muscl e f i ber s . Cur r ent - passi ng el ect r odes wer e f abr i cat ed f r om t hi n- wal l ed

gl ass and f i l l ed wi t h 2 MK- ci t r at e, and had r esi st ances of 8- 20 MQ.

RESULTS

Fi g. 1 i l l ust r at es sl ow i oni c cur r ent s measur ed i n f i ber s of r at omohyoi d

muscl es af t er phar macol ogi cal bl ock of sodi umand del ayed r ect i f i er cur r ent s .

For smal l depol ar i zat i ons, at ear l y t i mes af t er t he onset of t he t est pul se, an

A

B

+10

250 ms

250 ms

0. 1

mA/ cm2

50

NA/ cm2

FI GURE 1 .

	

Sl ow i oni c cur r ent s i n r at omohyoi d muscl e . Fi ber s wer e bat hed i n

10 Ca sol ut i on ( Tabl e I ) , whi ch cont ai ns 146 mMTEA+ t o bl ock K cur r ent s ;

f or t he r ecor ds shown i n B, Kcur r ent s wer e f ur t her bl ocked by t he addi t i on of

5 mM 3, 4- DAP. ( A) Muscl e 95- 3, T = 21 . 9° C. ( B) Muscl e 101- 2, T = 22 . 0° C,

En = - 80 mV.

" ear l y out war d cur r ent " i s pr esent ; f or st r onger depol ar i zat i ons, a " sl ow

i nwar d cur r ent " appear s ; and f or t he st r ongest depol ar i zat i ons, at l at e t i mes

af t er onset of t he t est pul se, a " l at e out war d cur r ent " i s seen . The ear l y

out war d cur r ent i s pr omi nent i n t he r ecor ds shown i n Fi g . I A: a depol ar i za-

t i on t o - 20 mV pr oduced a cur r ent t hat was out war d f or t he dur at i on of t he

t est pul se, wher eas a depol ar i zat i on t o - 15 or - 10 mV r esul t ed i n cur r ent s

t hat wer e out war d at ear l y t i mes and i nwar d at l at er t i mes . Such ear l y

out war d cur r ent s wer e pr esent t o a var i abl e ext ent i n most f i ber s bat hed i n
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10 mMCa sol ut i on . The ampl i t ude and ki net i cs of t he ear l y out war d cur r ent

suggest t hat i t i s car r i ed by del ayed r ect i f i er channel s t hat ar e not bl ocked

by t he 146 mMt et r aet hyl ammoni um i on ( TEA' ) pr esent i n t he bat h . I n t he

absence of TEA' , gK i n omohyoi d muscl e f i ber s at ^ - 20° C aver ages ^- 21

mS/ cm2 , VK aver ages about - 80 mV, and a depol ar i zat i on t o - 10 mV

act i vat es a conduct ance of - 0 . 7kK ( Beamand Donal dson, 1983) . Thus, at

- 10 mV i n t he absence of TEA' , del ayed r ect i f i er channel s woul d be

expect ed t o pr oduce a cur r ent of 1 . 03 mA/ cm2 . I n Fi g . I A t he peak ear l y

out war d cur r ent at - 10 mV i s ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 75 , . A/ cm2 , or 7. 3%of t he cur r ent expect ed

i n t he absence of bl ock . Thi s cor r esponds t o a Kd Of 11 . 5 mM, whi ch i s cl ose

t o t he val ue of 8 mMt hat has been det er mi ned i n f r og sar t or i us muscl e

( St anf i el d, 1970) .

I n l at er exper i ment s, 5 mM3, 4- di ami nopyr i di ne ( 3, 4- DAP) l ar gel y el i mi -

nat ed t he ear l y out war d cur r ent ( Fi g. 1B) . For depol ar i zat i ons beyond - 5

mV, t he ki net i cs of t he cur r ent s i n Fi g. 1, Aand B, ar e si mi l ar , whi ch suggest s

t hat even wi t hout 3, 4- DAP, cont ami nat i on by del ayed r ect i f i er cur r ent i s

sl i ght . Two f act or s pr obabl y account f or t he r el at i ve absence of cont ami nat i on

f or moder at el y st r ong depol ar i zat i ons . Fi r st , t he del ayed r ect i f i er cur r ent i n

t he omohyoi d i nact i vat es dur i ng a mai nt ai ned depol ar i zat i on and t he r at e of

i nact i vat i on i s f ast er f or l ar ger depol ar i zat i ons ( K. G. Beam -and P. L.

Donal dson, unpubl i shed obser vat i ons) . Second, t he del ayed r ect i f i er i n t he

omohyoi d shows cumul at i ve i nact i vat i on, whi ch i ncr eases wi t h successi ve t est

pul ses ( Beam and Donal dson, 1983) , and t he l ar ger depol ar i zat i ons wer e

del i ver ed l at er i n t he t est - pul se sequence .

A sl ow i nwar d cur r ent was el i ci t ed when f i ber s wer e depol ar i zed beyond a

t hr eshol d l evel ( - 15 mV f or t he f i ber i n Fi g . I A and - 10 mV f or t he f i ber

i n Fi g. 1 B) . For a t est pul se j ust above t hr eshol d, t he i nwar d cur r ent r ose

ver y sl owl y t o i t s peak ( t aki ng - 750 ms f or cur r ent s l i ke t hose i n Fi g . 1,

whi ch wer e measur ed at ^ - 20° C) . The t i me- t o- peak cur r ent decr eased wi t h

i ncr easi ng depol ar i zat i on, but even f or st r ong depol ar i zat i ons t he act i vat i on

of cur r ent was qui t e sl ow ( ^- 150 ms f or t he cur r ent s i n Fi g . 1) . I n addi t i on

t o i ncr easi ng t he speed of act i vat i on, i ncr easi ng depol ar i zat i on caused t he

i nwar d cur r ent t o become l ar ger . For f i ber s bat hed i n 10 mMCa, as i n Fi g .

1, bot h t he ampl i t ude and r at e of act i vat i on r eached a maxi mum f or t est

pul ses ar ound +10 mV. For depol ar i zat i ons beyond t hi s l evel , t he r at e of

act i vat i on r emai ned r oughl y const ant , wher eas t he peak i nwar d cur r ent

became smal l er . The t i me cour se and maxi mum ampl i t ude of t he i nwar d

cur r ent showed consi der abl e var i abi l i t y f r om f i ber t o f i ber . The maj or i t y of

measur ement s wer e made on f i ber s bat hed i n 10 mMCa at t emper at ur es of

20- 26° C. I n t hese f i ber s, t he maxi mum i nwar d cur r ent was 139 ± 14 UA/

cm2 ( mean ± SD, N= 32, r ange 46- 376 j A/ cm2
) . At t emper at ur es cl oser t o

37° C, t he maxi mum i nwar d cur r ent was l ar ger . The aver age maxi mum

i nwar d cur r ent measur ed i n 16 f i ber s at t emper at ur es of 26- 37° C was 226
± 28 uA/ cm2 ( r ange 57- 388 uA/ cm2

) . A par t of t he var i abi l i t y i n t he
magni t ude of t he i nwar d cur r ent may der i ve f r om var i abi l i t y i n t he measur e-

ment of l i near cabl e pr oper t i es si nce t hese measur ement s ar e used t o cal cul at e
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t he cur r ent densi t y f r om t he V2 - V1 si gnal ( see Di scussi on i n Beam and

Donal dson, 1983) . Nonet hel ess, much of t he var i abi l i t y i n peak i nwar d
cur r ent pr obabl y r ef l ect s t r ue di f f er ences i n t he physi ol ogi cal st at e of i ndi vi d-

ual f i ber s at t he t i me of measur ement .

I n r esponse t o a pr ol onged depol ar i zat i on, t he i nwar d cur r ent was not
mai nt ai ned but r at her decl i ned i n a t i me- dependent f ashi on . The t er m
" decay" wi l l be used t o descr i be t hi s decl i ne of i nwar d cur r ent because i t i s

mechani st i cal l y neut r al and sever al pr ocesses may cont r i but e t o t hi s decl i ne,

i ncl udi ng vol t age- dependent ( Sanchez and St ef ani , 1978) or cal ci um- depend-

ent i nact i vat i on ( Br ehm and Ecker t , 1978) , depl et i on of cal ci um f r om a

r est r i ct ed ext r acel l ul ar space ( Al mer s et al . , 1981) , and t he act i vat i on of t i me-

dependent out war d cur r ent s ( Connor , 1979) . The cont r i but i on of a t i me-

dependent out war d cur r ent was suggest ed i n some f i ber s by t he pr esence of

a l at e out war d cur r ent ( e . g . , t r aces at +10 and +20 mV i n Fi g . 1B) . I n some

f i ber s, t he l at e out war d cur r ent appear ed t o be pr i mar i l y a nonl i near ( t i me-

i ndependent ) l eak cur r ent t empor ar i l y masked by t he sl ow i nwar d cur r ent ,

but i n ot her f i ber s i t may have been, i n par t , a t i me- dependent cur r ent

act i vat ed by cal ci um and/ or vol t age . The l at e out war d cur r ent di d not seem

t o be r el at ed t o t he ear l y out war d cur r ent because t he f or mer was f r equent l y

seen i n f i ber s t hat l acked t he l at t er ( e . g . , Fi g . 1B) . The sour ce of t he l at e

out war d cur r ent wi l l be consi der ed i n mor e det ai l l at er .

The I nwar d Cur r ent I s Car r i ed by Cal ci um

I t i s unl i kel y t hat t he sl ow i nwar d cur r ent ar i ses f r om sodi um channel s

because i t was t ypi cal l y measur ed i n medi a cont ai ni ng 1 AM TTX and i n

whi ch t he bul k of ext r acel l ul ar sodi umhad been r epl aced by TEAi on . Based

on i t s ki net i c si mi l ar i t y t o t he sl ow i nwar d cur r ent i n f r og skel et al muscl e

( Sanchez and St ef ani , 1978 ; Al mer s and Pal ade, 1981) , an obvi ous hypot hesi s

f or t he cur r ent i n r at muscl e i s t hat i t i s a cal ci um cur r ent . As one t est of t hi s

hypot hesi s, t he ext r acel l ul ar cal ci um concent r at i on was r educed f r om 10 t o

2 mM( Fi g . 2) . For a t est pul se of 0 mV, t he cur r ent r ecor ded i n 2 Ca ( Fi g .

2, t r ace 2) was about hal f t he si ze of t he cur r ent i n 10 Ca ( t r ace 1) . The

cur r ent measur ed af t er t he r et ur n t o 10 Ca sol ut i on ( Fi g . 2, t r ace 3) was ver y

si mi l ar t o t he cont r ol . Reduci ng ext r acel l ul ar cal ci um f r om 10 t o 2 mMshi f t s

t he peak I - V r el at i onshi p of t he sl ow i nwar d cur r ent 10- 20 mV i n t he

hyper pol ar i zi ng di r ect i on ( see bel ow) , but t hi s shi f t does not account f or t he

r educt i on i n i nwar d cur r ent ampl i t ude i l l ust r at ed i n Fi g . 2 . Mor eover , r esul t s

si mi l ar t o t hose shown i n Fi g . 2 wer e obt ai ned when t he r educt i on of

ext r acel l ul ar cal ci umconcent r at i on was compensat ed by an i ncr ease i n ext r a-

cel l ul ar Mg .

As anot her t est of t he hypot hesi s t hat t he sl ow i nwar d cur r ent i s a cal ci um

cur r ent , we measur ed cur r ent s bef or e and af t er t he t ot al r epl acement of

ext r acel l ul ar cal ci um by magnesi um. These exper i ment s wer e di f f i cul t be-

cause t he compl et e r emoval of cal ci um caused f i ber s t o devel op l ar ge l eaks .

Fi g . 3 pr esent s r esul t s f r om one exper i ment i n whi ch t he f i ber sur vi ved f or

sever al mi nut es af t er t he sol ut i on change . The i l l ust r at ed cur r ent s wer e

el i ci t ed by a t est pul se t o - 10 mV appl i ed t o t he f i ber bef or e ( t r ace 1) and at
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Peak Cur r ent - Vol t age Rel at i onshi p

10 MV

FI GURE 2.

	

Peak i nwar d cur r ent var i es wi t h ext er nal Ca . Cur r ent t r ace I was

obt ai ned i n 10 Ca sol ut i on, cur r ent t r ace 2 af t er changi ng t he sol ut i on t o 2 Ca

( t ot al dur at i on of exposur e t o 2 mMcal ci um was 5 mi n) , and cur r ent t r ace 3

^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 1 mi n af t er r et ur ni ng t o 10 Ca . 5 mM 3, 4- DAP was pr esent t hr oughout .

Cabl e pr oper t i es wer e not measur ed i n t hi s f i ber so t hat cur r ent s ar e expr essed

i n uni t s of V2 - V, . Muscl e 98- 3, t est pul se = 0 mV, T= 26 . 6° C.

t wo t i mes af t er changi ng t he bat hi ng sol ut i on f r om 10 Ca : I Mg t o 11 Mg

( t r aces 2 and 3) . As expect ed f or a cal ci um cur r ent , t he i nwar d cur r ent s af t er
t he sol ut i on change ar e smal l er t han t he cont r ol cur r ent . I n addi t i on, t he
pr esence of an i nwar d cur r ent 4 mi n af t er t he sol ut i on change ( Fi g. 3, t r ace
3) , when ext r acel l ul ar cal ci um shoul d have been r educed t o a l ow l evel ,
suggest s t hat Mg can car r y i nwar d cur r ent .

The peak cur r ent - vol t age r el at i onshi p of t he sl ow i nwar d cur r ent i s i l l ust r at ed
i n Fi g . 4 f or a f i ber under condi t i ons t hat appr oxi mat el y mi mi c t hose i n vi vo
( 2 mMCa, t emper at ur e of ^- 33° C) . I n t hi s f i ber , t est pul ses t o - 45 and - 40
mV el i ci t ed smal l cur r ent s t hat wer e out war d f or t he dur at i on of t he t est
pul se . The maxi mumval ue of t hese out war d cur r ent s has been pl ot t ed . Test
pul ses t o - 35 mV and above r esul t ed i n cur r ent s t hat wer e i nwar d over at
l east par t of t hei r t i me cour se and f or t hese pot ent i al s t he peak ampl i t ude of
t he i nwar d cur r ent i s pl ot t ed . The peak I - V r el at i onshi p i l l ust r at ed i n Fi g. 4
demonst r at es t hat i n 2 mMCa bot h t he t hr eshol d f or i nwar d cur r ent and
t he pot ent i al at whi ch t he maxi mum i nwar d cur r ent i s act i vat ed ar e shi f t ed

500 me

FI GURE 3 .

	

Ampl i t ude of i nwar d cur r ent i s r educed by subst i t ut i on of Mg f or
Ca . The t r ace l abel ed 1 i s a cont r ol cur r ent i n 10 Car l Mg sol ut i on . Tr aces
l abel ed 2 and 3 wer e obt ai ned 2 and 4 mi n af t er changi ng t o 11 Mg : O Ca .
Muscl e 88- 3, t est pul se = - 10 mV, T = 24 . 4° C.
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^- 20 mV i n t he hyper pol ar i zi ng di r ect i on compar ed wi t h 10 mMCa ( cf . Fi g .

1 and i nset i n Fi g . 8) .

Sever al f act or s compl i cat e t he i nt er pr et at i on of peak I - V cur ves f or Ca

cur r ent s i n t he omohyoi d muscl e . Fi r st , i n many f i ber s, t he sl ow i nwar d

cur r ent became r egener at i ve over t he negat i ve sl ope r egi on of t he cur r ent -

vol t age r el at i on . I n t hese f i ber s, a j ust - supr at hr eshol d t est pul se pr oduced a

smal l , sl ow i nwar d cur r ent , wher eas a sl i ght l y l ar ger t est pul se pr oduced a

cur r ent t hat f ol l owed a si mi l ar i ni t i al t r aj ect or y, but af t er a l at ency t hat coul d

be sever al hundr ed mi l l i seconds, i t devel oped a spi ke- l i ke t r ansi ent of i nwar d

cur r ent . Fur t her i ncr eases i n t est - pul se ampl i t ude r educed t he l at ency wi t hout

I ( PA/ CM2 )

50

25 50

( MV)

FI GURE 4 .

	

Peak cur r ent vs . vol t age r el at i on of sl ow i oni c cur r ent s i n 2 Ca .
The dat a poi nt s r epr esent t he peak i nwar d cur r ent at al l t est vol t ages, except
at - 45 and - 40 mV wher e t he peak out war d cur r ent i s pl ot t ed ; f or t hese t est
pul ses t he cur r ent was out war d at al l t i mes . Test pul se dur at i on, 1 s . Muscl e
90- 7, T = 32 . 6° G.

much ef f ect on t he ampl i t ude or shape of t he i nwar d cur r ent t r ansi ent .
Regener at i ve behavi or wi l l obvi ousl y di st or t t he measur ed ki net i cs of act i va-

t i on as wel l as t he negat i ve sl ope r egi on of t he peak 1- V r el at i onshi p . Si mi l ar

r egener at i ve behavi or has been descr i bed f or cal ci umcur r ent s i n f r og skel et al

muscl e ( Al mer s and Pal ade, 1981) . I t has been ascr i bed t o a f ai l ur e t o cont r ol

membr ane pot ent i al wi t hi n t he t r ansver se t ubul ar syst em, wher e t he cal ci um

channel s ar e hypot hesi zed t o be l ocat ed ( Ni col a- Si r i et al . , 1980) . Fi g . 4
i l l ust r at es t he peak I - V r el at i onshi p of cur r ent s t hat di d not show obvi ous

si gns of escape f r ompot ent i al cont r ol .
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Asecond compl i cat i on i n t he i nt er pr et at i on of t he peak I - V r el at i on i s t hat

t he peak i nwar d cur r ent r epr esent s t he summat i on of i nwar d and out war d

cur r ent s . ( For t he f i ber i n Fi g . 4, a l at e out war d cur r ent was pr esent f or t est

pul ses t o - 10 mV and above. ) For t hi s r eason, i t i s di f f i cul t t o det er mi ne an

accur at e r ever sal pot ent i al f or t he i nwar d cur r ent . The det er mi nat i on of an

ext r apol at ed r ever sal pot ent i al i s f ur t her compl i cat ed by t he obser vat i on i n

a var i et y of cel l s t hat t he peak I - V r el at i onshi p f or Ca cur r ent s becomes

nonl i near as t he Ca r ever sal pot ent i al i s appr oached ( Hagi war a and Byer l y,

1981) . Nonet hel ess, t he appar ent r ever sal pot ent i al f or t he i nwar d cur r ent i s

suf f i ci ent l y posi t i ve t o be consi st ent wi t h t he hypot hesi s t hat i t i s car r i ed by

cal ci um.

Bl ocker s of Cal ci um Cur r ent

45 7

We have exami ned t he ef f ect on t he sl ow i nwar d cur r ent of t he di val ent

cat i ons Cd2+ , Ni " , Mn 2+ , and Cot + , al l of whi ch have been demonst r at ed t o

bl ock cal ci um cur r ent s i n a var i et y of ot her pr epar at i ons ( Hagi war a and

Byer l y, 1981) . Fi g . 5A i l l ust r at es cur r ent s f r om a f i ber i ni t i al l y bat hed i n 10

Ca sol ut i on ( Cont ) , and af t er t he addi t i on of 0. 5 mM Cd t o t hi s sol ut i on

( t r ace l abel ed Cd) . I n t he pr esence of Cd, t he t est pul se no l onger el i ci t ed an

i nwar d cur r ent . Thi s bl ockade of i nwar d cur r ent by Cd was par t i al l y r ever sed

wi t hi n 1 mi n ( R1) af t er r emovi ng Cd, and mor e f ul l y r ever sed af t er 3 mi n

( R2) .

The r esi dual cur r ent obser ved i n t he pr esence of Cd, or " Cd- i nsensi t i ve
cur r ent , " was usual l y out war d and r el at i vel y t i me i ndependent . A si mpl e

expl anat i on f or t hi s Cd- i nsensi t i ve cur r ent i s t hat i t r epr esent s a vol t age-
dependent l eak cur r ent . The pr esence of a nonl i near l eak makes i t di f f i cul t

t o det er mi ne t he t r ue magni t ude of t he i nwar d cur r ent s . For exampl e, i t
woul d appear f r om t he cont r ol r ecor d i n Fi g . 5A t hat a 1- s t est pul se t o +20

mV caused Ca channel s t o act i vat e and t hen i nact i vat e compl et el y so t hat t he

cur r ent t hr ough cal ci um channel s i s zer o by t he end of t he pul se . However ,

i f t he onl y ef f ect of Cd i s t o bl ock Ca channel s, t hen t he cont r ol r ecor d i n

Fi g . 5A does not r epr esent t he t r ue cal ci um cur r ent , whi ch woul d i nst ead be
t he di f f er ence bet ween t he i nwar d cur r ent measur ed bef or e t he addi t i on of
Cd and t he Cd- i nsensi t i ve cur r ent . Accor di ngl y, t he 1- s t est pul se t o +20 mV
evi dent l y di d not cause t he cont r ol cal ci um cur r ent i n Fi g . 5A t o i nact i vat e
compl et el y, but r at her caused i t t o decay t o a l evel equal but opposi t e t hat of
t he r esi dual out war d cur r ent .

Because Cd bl ocked cal ci um cur r ent at a l ower concent r at i on and had a
mor e easi l y r ever sed ef f ect t han t he ot her di val ent cat i ons t est ed, i t was used
t o pr obe t he sour ce of t he l at e out war d cur r ent . I n Fi g . 5B, a t est pul se t o
+30 mV appl i ed t o a f i ber bat hed i n 10 Ca ( Cont ) r esul t ed i n a cur r ent t hat
was i nwar d i ni t i al l y and out war d at l at er t i mes . The st eady st at e l evel r eached
by t hi s l at e out war d cur r ent was t he same as t he st eady st at e l evel r eached
by t he Cd- i nsensi t i ve cur r ent r ecor ded i n t he same f i ber ( Cd) . Ther ef or e, t he
l at e out war d cur r ent i n t hi s f i ber can be expl ai ned as a nonl i near l eak cur r ent

t hat was masked at ear l y t i mes by i nwar d cal ci um cur r ent . Adi f f er ent r esul t
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i s i l l ust r at ed i n Fi g . 5C. I n t hi s f i ber , t he l at e out war d cur r ent measur ed
bef or e exposur e t o Cd was l ar ger i n ampl i t ude t han t he Cd- i nsensi t i ve
out war d cur r ent . One possi bl e expl anat i on f or t hi s r esul t i s t hat a cal ci um-
act i vat ed K cur r ent ( Meech and St anden, 1975) cont r i but ed t o t he l at e
out war d cur r ent i n t hi s f i ber . The pr esence of cal ci um- act i vat ed K channel s
i n adul t r at muscl e seems r easonabl e because t hese channel s have been

B

C

Cd

Cont

Cont

250 ms

0 . 1

mA/ cm2

FI GURE 5 . Cadmi um r ever si bl y bl ocks i nwar d cur r ent . ( A) Cur r ent s f r om a
f i ber i n 10 Ca ( Cont ) , 2 mi n af t er t he addi t i on of 0 . 5 mM Cd t o t he bat hi ng
sol ut i on ( Cd) , and 1 ( R1) and 3 ( R2) mi n at er r et ur n t o t he cont r ol ( 10 Ca)
sol ut i on . Muscl e 84- 7, t est pul se =+20 mV, T = 22 . 1' C. ( B) Cur r ent s measur ed
i n 10 Ca bef or e ( Cont ) and about 1 mi n af t er ( Cd) t he addi t i on of 1 mMCd .
Muscl e 83- 1, t est pul se = +30 mV, T = 26° C . ( C) Cur r ent s i n 2 Ca sol ut i on
( Cont ) and 2 mi n af t er t he addi t i on of 0 . 5 mMCd t o t hi s sol ut i on . Muscl e 97-
4, t est pul se = +10 mV, T = 27 . 0° C. I n A- C, t he ver t i cal cal i br at i on equal s 0. 1
mA/ cm2 .
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descr i bed i n embr yoni c r at skel et al muscl e gr own i n t i ssue cul t ur e ( Bar r et t

et al . , 1981, 1982) . Addi t i onal l y, t he pr esence of such channel s i n adul t

r abbi t skel et al muscl e has been i nf er r ed f r om r econst i t ut i on exper i ment s

( Lat or r e et al . , 1982) . However , we cannot excl ude t he possi bi l i t y t hat t he

r esul t of Fi g . 5C i s due t o Cd bl ocki ng a cal ci um- i ndependent out war d

cur r ent . When t he r esul t s i n Fi g . 5, B and C, ar e compar ed, i t shoul d be

not ed t hat t he bat hi ng sol ut i on i n Fi g . 5B cont ai ned 10 mMCa, wher eas t hat

i n Fi g . 5C cont ai ned onl y 2 mMCa . As descr i bed above ( Fi g . 2) , one ef f ect

of a

A

250 ms

500 ms

FI GURE 6 . Ni ckel and manganese bl ock i nwar d cur r ent . ( A) Tr ace 1 i s a
cont r ol cur r ent i n 10 Ca, t r ace 2 was r ecor ded ^- 1 mi n af t er t he addi t i on of
10 mM Ni 2+ ( t ot al dur at i on of exposur e 2 mi n) , and t r aces 3 and 4 wer e
r ecor ded ^ , 2 and 5 mi n af t er r et ur n t o t he cont r ol ( 10 Ca) sol ut i on . Muscl e
84- 7, t est pul se = +10 mV, T = 26 . 3° C. ( B) Cur r ent s obt ai ned i n 10 Ca ( t r ace
1) , - 4 mi n af t er t he addi t i on of 5 mMMn 2+ t o t hi s sol ut i on ( t r ace 2) , and - 4
mi n af t er r est or at i on of t he Mn- f r ee cont r ol sol ut i on . Tot al dur at i on of expo-
sur e t o Mn was 5 mi n . 5 mM3, 4- DAP was pr esent t hr oughout . Muscl e 105- 5,

t est pul se = +10 mV, T = 25 . 9° C.

l ower cal ci um concent r at i on was t o r educe t he magni t ude of t he sl ow

i nwar d cur r ent . An addi t i onal ef f ect was t o i ncr ease t he magni t ude of t he

l at e out war d cur r ent , whi ch suggest s t hat ext r acel l ul ar cal ci um bl ocks a

component of out war d cur r ent . Per haps t he el evat ed cal ci um i n Fi g . 5B

bl ocked t he component of out war d cur r ent t hat Cd woul d have ot her wi se

bl ocked .

Fi g . 6A i l l ust r at es t he bl ock of sl ow i nwar d cur r ent by Ni . Compar ed wi t h

t he cont r ol cur r ent ( t r ace 1) , t he cur r ent measur ed j ust af t er t he addi t i on of
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10 mMNi t o t he bat h ( t r ace 2) was r educed i n si ze and had a sl ower r at e of

act i vat i on . At t he t i me when cur r ent t r ace 2 was obt ai ned, t he wash- i n of Ni

was not yet compl et e, and ^- 1 mi n l at er , bot h t hi s wash- i n and t he bl ock of

i nwar d cur r ent wer e compl et e. The bl ock of cal ci um cur r ent by Ni was not

r eadi l y r ever sed . 2 ( t r ace 3) and 5 mi n ( t r ace 4) af t er r emoval of Ni f r om t he

bat h, t he i nwar d cur r ent was st i l l absent and onl y a r esi dual out war d cur r ent

was obser ved . Thi s f i ber det er i or at ed bef or e i nwar d cur r ent r ecover ed, but
anot her f i ber of t he muscl e st udi ed ^- 15 mi n l at er i n t he exper i ment had

nor mal cal ci um cur r ent s .

The addi t i on of 5 mMMn caused bot h a r educt i on i n t he ampl i t ude and

a sl owi ng of t he act i vat i on and decay of t he sl ow i nwar d cur r ent . Thi s i s

i l l ust r at ed i n Fi g . 6B, whi ch compar es cur r ent s r ecor ded bef or e ( t r ace 1) and

af t er t he addi t i on of Mn t o t he bat h ( t r ace 2) . Wi t hi n 4 mi n af t er t he r emoval

of Mn ( t r ace 3) , t he ampl i t ude of t he cur r ent had r ecover ed, al t hough i t s

act i vat i on and decay wer e bot h sl ower t han cont r ol . One possi bl e expl anat i on

of why t he al t er at i on of ki net i cs out l ast s t he exposur e t o Mn i s t hat i nt er nal

Mn af f ect s Ca channel gat i ng and Mn had accumul at ed i nsi de t he f i ber . Ent r y

of Mn mi ght be expect ed because t hi s i on has been shown t o car r y i nwar d

cur r ent t hr ough cal ci umchannel s i n f r og skel et al muscl e ( Al mer s and Pal ade,

1981) .

A f our t h di val ent i on t est ed f or i t s abi l i t y t o bl ock cal ci um cur r ent i n r at

muscl e was Co . The addi t i on of 10 mMCo t o t he cont r ol 10 Ca sol ut i on

r educed t he ampl i t ude of t he sl ow i nwar d cur r ent ( not shown) but t o a l esser

ext ent t han 5 mMMn . Thus, Co was a l ess ef f ect i ve bl ocker t han Cd, Ni , or
Mn .

Bar i um Can Car r y I nwar d Cur r ent

I n addi t i on t o t est i ng t he ef f ect s of sever al di val ent i ons added t o a cal ci um-

cont ai ni ng sol ut i on, we exami ned t he ef f ect s of r epl aci ng cal ci umby t he i ons

Mg or Ba . These exper i ment s wer e di f f i cul t because t he pr epar at i on was

much l ess st abl e af t er t he compl et e wi t hdr awal of ext r acel l ul ar cal ci um. ( The

pr epar at i on sur vi ved bet t er when cal ci um was r epl aced by Ba t han by Mg . )

The ef f ect s of magnesi um subst i t ut i on on t he sl ow i nwar d cur r ent have

al r eady been descr i bed . The r esul t s of an exper i ment i n whi ch bar i um was

subst i t ut ed f or cal ci um ar e i l l ust r at ed i n Fi g. 7, whi ch compar es cur r ent s i n

10 Ca ( t op set of t r aces) , dur i ng r epl acement of cal ci um by 10 Ba ( cent er set

of t r aces) , and af t er t he r et ur n t o 10 Ca ( bot t om set of t r aces) . Because t he

maxi mumi nwar d cur r ent i n 10 Ba i s sl i ght l y l ar ger t han t hat r ecor ded i n 10

Ca bef or e exposur e t o bar i um, we concl ude t hat t he per meabi l i t y of Ba i s

appr oxi mat el y t he same as t hat of Ca . A mor e pr eci se st at ement i s di f f i cul t

because ( a) Ba caused a hyper pol ar i zi ng shi f t i n t he vol t age dependence of

t he i nwar d cur r ent , and ( b) t he maxi mumi nwar d cur r ent measur ed af t er t he

r et ur n f r om bar i um t o cal ci um was l ar ger t han t hat measur ed dur i ng expo-

sur e t o bar i um. An i ncr ease i n i nwar d cur r ent magni t ude af t er t he r et ur n

f r om bar i um t o cal ci um was obser ved not onl y i n t he exper i ment i l l ust r at ed

i n Fi g . 7, but al so i n t hr ee ot her si mi l ar exper i ment s .
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I n Fi g . 7, t he pr omi nent ear l y out war d cur r ent pr esent dur i ng t he cont r ol

r un ( t op t r aces : st eps t o - 20 and - 10 mV) was el i mi nat ed by t he subst i t ut i on

of Ba . Thi s ef f ect of bar i um i s consi st ent wi t h t he not i on t hat t he ear l y

out war d cur r ent i s a del ayed r ect i f i er cur r ent , because bar i um appl i ed ei t her

i nt er nal l y ( Eat on and Br odwi ck, 1980 ; Ar mst r ong and Tayl or , 1980) or
ext er nal l y ( Ar mst r ong et al . , 1982) bl ocks del ayed r ect i f i er K channel s i n

squi d axons .

Ba

\ - ' o

soome

46 1

FI GURE 7 .

	

Bar i um i s an ef f ect i ve car r i er of i nwar d cur r ent . Cur r ent s evoked

by t est pul ses t o t he i ndi cat ed pot ent i al s wer e r ecor ded i n 10 Ca ( t op set of

t r aces) , 2 . 5 mi n af t er r epl acement of ext r acel l ul ar cal ci um by 10 Ba ( cent er set

of t r aces) , and ^- 1 mi n af t er r et ur ni ng t o 10 Ca ( bot t om set of t r aces) . Muscl e

89- 4, T = 24 . 5° C .

Fi g . 7 al so i l l ust r at es t hat a l at e out war d cur r ent was pr esent wi t h bar i um

bat hi ng t he f i ber ( cent er t r aces : st eps t o 0 and +10 mV) . Al t oget her , f our

f i ber s wer e st abl e enough t o al l ow compar i son of sl ow i oni c cur r ent s bef or e

and af t er r epl acement of cal ci umby bar i um. I n t wo of t hese, no l at e out war d

cur r ent was pr esent wi t h ei t her cal ci um or bar i um bat hi ng t he f i ber . I n t he
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ot her t wo ( i ncl udi ng t he one i n Fi g. 7) , a l at e out war d cur r ent was pr esent

bot h bef or e and dur i ng t he exposur e t o bar i um. I n t hese t wo f i ber s i t woul d

seem t hat cal ci um- act i vat ed K channel s wer e not t he sour ce of t he l at e

out war d cur r ent si nce Ba does not act i vat e such channel s i n mol l uscan

neur ones ( Gor man and Her mann, 1979) .

Cal ci umCur r ent s at Physi ol ogi cal Temper at ur e

I n gener al , our measur ement s of cal ci um cur r ent s i n t he omohyoi d muscl e

wer e made at t emper at ur es f r om 20 t o 26° C. However , because t he cur r ent s

measur ed at subphysi ol ogi cal t emper at ur es may not accur at el y r ef l ect t he

behavi or of cal ci um channel s under mor e physi ol ogi cal condi t i ons, exper i -

ment s wer e al so car r i ed out at hi gher t emper at ur es . Fi g. 8 compar es cur r ent s

measur ed i n a si ngl e muscl e f i ber at t emper at ur es of 22, 25, and 31' C f or
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_

	

20 40
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- 40
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- " 31° C

FI GURE 8 .

	

The ki net i cs and ampl i t ude of cal ci um cur r ent ar e st r ongl y t em-
per at ur e dependent . Cur r ent s f r om a si ngl e f i ber at 22, 25, and 31 ° C ar e
compar ed . The cur r ent s shown wer e f or a t est pul se t o ei t her - 30 or +10 mV.
The compl et e peak I - V r el at i onshi ps f or t hi s same f i ber ar e i l l ust r at ed i n t he
i nset . Muscl e 81- 3, 10 Ca sol ut i on .

t est pul ses t o - 30 or +10 mV. The el evat i on i n t emper at ur e had l i t t l e ef f ect
on t he smal l out war d cur r ent s el i ci t ed by t he - 30- mV pul se but caused an
i ncr ease i n bot h t he ampl i t ude and t he speed of act i vat i on of t he i nwar d
cur r ent s el i ci t ed by t he +10- mV pul se . The peak I - Vr el at i onshi ps i l l ust r at ed
i n t he i nset t o Fi g . 8 demonst r at e t hat t he i ncr ease i n t he i nwar d cur r ent was

seen not onl y f or t he +10- mV pul ses but at ot her pot ent i al s as wel l . Thus,

except at - 20 mV, t he peak ampl i t ude of t he i nwar d cal ci um cur r ent s at

31 ° C was ^- 2. 5- f ol d l ar ger t han t hat of t he i nwar d cur r ent s at 22° C. The
- 20- mV t est pul se evoked a l ar ge i nwar d cur r ent at 31' C but not at t he
l ower t emper at ur es . Whet her t hi s r epr esent s a t r ue shi f t i n t he pot ent i al
dependence of cal ci um channel act i vat i on cannot be easi l y det er mi ned si nce
t he r esponse t o t he - 20- mV pul se at 31 ° C was cl ear l y r egener at i ve . At hi gher

t emper at ur es, t he pr esence of a l ar ge i nwar d cur r ent f or a smal l er depol ar i -
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zat i on may be pr i mar i l y a consequence of mor e r api d channel act i vat i on,

si nce r api dl y act i vat i ng channel s wi t hi n t he t r ansver se t ubul ar syst em woul d

mor e r eadi l y escape f r ompot ent i al cont r ol t han woul d sl owl y act i vat i ng ones .

The f ai l ur e t o cont r ol pot ent i al adequat el y wi l l al so af f ect t he measur ed t i me

cour se of cur r ent s, t hus compl i cat i ng t he compar i son of cur r ent ki net i cs at

di f f er ent t emper at ur es . Because escape f r omcont r ol i s expect ed t o be ser i ous

onl y f or t est pot ent i al s i n t he negat i ve sl ope r egi on of t he 1- V r el at i onshi p,

ki net i c compar i sons of cur r ent s at t hese t est pot ent i al s wer e avoi ded . For t he

f i ber i l l ust r at ed i n Fi g . 8, t he cur r ent el i ci t ed by a t est pul se t o +10 mV at

A

B

360

w

20 ms

10 ms

46 3

FI GURE 9 . Ca cur r ent act i vat es r api dl y at physi ol ogi cal t emper at ur es . Cur -
r ent s f r oma si ngl e f i ber f or a t est pul se t o 0 mV at 29 . 7 and 36 . 2° C ( A) , and
f or a t est pul se t o +10 mVat 36 . 8° C ( B) . I n B, t he l ef t most por t i on of t he t r ace
cor r esponds t o t he onset of t he t est pul se . The cur r ent s i n A wer e obt ai ned i n
a modi f i ed 10 Ca sol ut i on whi ch cont ai ned 5 mM4- ami nopyr i di ne and i n whi ch

t he concent r at i on of TEA- Br was r educed t o 70 mMby equi mol ar r epl acement
wi t h chol i ne- Br . The cur r ent s i n B wer e obt ai ned shor t l y af t er swi t chi ng f r om
t he sol ut i on j ust descr i bed t o one i n whi ch t he TEA- Br was t ot al l y r epl aced by
chol i ne- Br . Muscl e 125- 4 .

22° C r equi r ed ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 250 ms t o r each i t s peak, wher eas t he cur r ent el i ci t ed at

31 ° C r eached i t s peak wi t hi n 100 ms .
Fur t her i ncr eases i n t emper at ur e caused a l ar ge f ur t her i ncr ease i n t he

speed of act i vat i on, Thi s i s i l l ust r at ed i n Fi g . 9A, whi ch compar es t wo cur r ent s
r ecor ded at t emper at ur es of 30 and 36° C. The i ni t i al r at e of r i se at 36° C i s

near l y t wi ce t hat at 30' C and t he cur r ent at 36' C r eached i t s peak i n - 25

I ns . Fi g. 9B i l l ust r at es on an expanded t i me scal e t he r api d t i me cour se of

cal ci um cur r ent act i vat i on at physi ol ogi cal t emper at ur e . The act ual r at e of
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act i vat i on may be f ast er t han i t appear s because t he i ni t i al phase of act i vat i on

i s obscur ed by t he pr esence of an out war d cur r ent . Thi s out war d cur r ent

pr obabl y r epr esent s vol t age- dependent char ge movement ( cf . Si mon and

Beam [ 1983] f or a descr i pt i on of char ge movement i n t he omohyoi d) .

Al t hough i t i s par t i al l y obscur ed, t he act i vat i on of i nwar d cur r ent i s qui t e

r api d si nce t he cur r ent i l l ust r at ed i n Fi g . 9B r eached hal f i t s maxi mal val ue

wi t hi n 8 ms of t he onset of t he t est depol ar i zat i on . The r api d r at e of act i vat i on

at physi ol ogi cal t emper at ur es was not an ar t i f act ual consequence of t he

el evat ed cal ci um concent r at i on empl oyed i n t he exper i ment i l l ust r at ed i n

Fi g . 9 because a si mi l ar , r api d r at e of act i vat i on was obser ved f or cur r ent s

r ecor ded i n physi ol ogi cal ext r acel l ul ar cal ci um ( 2 mM) .

DI SCUSSI ON

We r epor t her e t hat an i nwar d cur r ent car r i ed by cal ci um i ons can be

measur ed i n t he r at omohyoi d muscl e af t er t he bl ockade of sodi um and

pot assi um channel s . The pr esence of such a cur r ent i s concor dant wi t h t he

r ecent r epor t by Chi ar andi ni and St ef ani ( 1983) of cal ci um- dependent r egen-

er at i ve r esponses i n r at l eg muscl es . They f ound t hat t he r egener at i ve

r esponses ar e unaf f ect ed by TTX, ar e bl ocked when ext r acel l ul ar cal ci um

was r epl aced by 10 mMMg or 5 mMCo, and ar e bl ocked by t he addi t i on of

0. 1- 1 . 0 mMCd or 5- 6 , , M ni f edi pi ne . These r esul t s ar e consi st ent wi t h our s

f or t he agent s t est ed i n bot h set s of exper i ment s .

A compar i son of cal ci um channel s i n t he r at omohyoi d muscl e and i n f r og

muscl e r eveal s bot h si mi l ar i t i es and di f f er ences . Cal ci um channel s i n t he
omohyoi d appear t o be about equal l y per meabl e t o Ca and Ba, wher eas i n

f r og muscl e t he channel s ar e mor e per meabl e t o Ba t han Ca ( Al mer s and

Pal ade, 1981) . I n t he omohyoi d, Mg appear s t o be weakl y per meant . I n f r og,

Mg has been r epor t ed t o be i mper meant ( Sanchez and St ef ani , 1978) or

weakl y per meant ( Al mer s and Pal ade, 1981) . The i nwar d cur r ent i n t he

omohyoi d i s bl ocked, i n or der of ef f ect i veness, by t he addi t i on of Cd, Ni ,

Mn, and Co . Of t hese i ons, bot h Ni ( Al mer s et al . , 1981) and Co ( Sanchez

and St ef ani , 1978) have been shown t o bl ock cal ci umcur r ent s i n f r og muscl e .

By compl et el y r epl aci ng ext r acel l ul ar Ca wi t h Mn, Al mer s and Pal ade ( 1981)

demonst r at ed i n f r og muscl e t hat Mn can car r y i nwar d cur r ent , al t hough l ess

ef f ect i vel y t han Ca . We di d not t est di r ect l y whet her Mn can per meat e

cal ci um channel s i n r at muscl e because t he f i ber s sur vi ved poor l y when Ca

was r epl aced by f or ei gn i ons . Thus, our r esul t s wi t h t he omohyoi d do not

di f f er ent i at e bet ween t he possi bi l i t y t hat Mn bl ocks t he channel wi t hout

per meat i ng, and t he possi bi l i t y t hat Mn, as a l ess per meant i on, i nt er f er es

wi t h t he passage of cal ci um i ons t hr ough t he channel .

Cal ci um cur r ent s measur ed i n t he omohyoi d can be compar ed wi t h cur -

r ent s measur ed i n f r og muscl e bat hed i n sol ut i ons of r oughl y mat chi ng

composi t i on . Thus, Al mer s and Pal ade ( 1981) r out i nel y used a sol ut i on

cont ai ni ng 10 mM Ca wi t h met hanesul f onat e as t he pr edomi nant ani on,

Sanchez and St ef ani ( 1978) used a sol ut i on cont ai ni ng 9 mMCa wi t h sul f at e

as t he pr edomi nant ani on, and we used a sol ut i on cont ai ni ng 10 mMCa wi t h
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br omi de as t he pr edomi nant ani on . Usi ng a cal ci um- sel ect i ve el ect r ode,

Al mer s and Pal ade ( 1981) det er mi ned t he cal ci um act i vi t y of t hei r 10 Ca

sol ut i on t o be 3. 6 mM, and t he cal ci um act i vi t y of t he sol ut i on used by

Sanchez and St ef ani t o be 2 mM. Because of i t s hi gher i oni c st r engt h, our 10

Ca sol ut i on woul d be expect ed t o have a somewhat l ower cal ci umact i vi t y ( cf .

But l er , 1968) t han t he 10 Ca sol ut i on of Al mer s and Pal ade . I f t hese sol ut i on

di f f er ences ar e t aken i nt o account , i t can be sai d t hat when measur ed at

compar abl e t emper at ur es ( 20- 26° C) , cal ci um cur r ent s i n t he omohyoi d ar e
si mi l ar i n ampl i t ude, vol t age dependence, and ki net i cs t o cal ci umcur r ent s i n

f r og muscl e . For exampl e, aver age val ues of 81 ( Sanchez and St ef ani , 1978)
and 74 AA/ cm' ( Al mer s and Pal ade, 1981) wer e f ound f or t he maxi mum
i nwar d cur r ent i n f r og muscl e, as compar ed wi t h t he somewhat l ar ger val ue
of 139 , uA/ cm2 t hat we f ound f or t he omohyoi d . The peak cur r ent - vol t age
r el at i onshi ps measur ed i n r at ( Fi g . 8, i nset ) and f r og muscl es ( Fi g . 4, Sanchez

and St ef ani , 1978 ; Fi g . 6, Al mer s and Pal ade, 1981) ar e al so r oughl y al i ke,
wi t h t he di f f er ence t hat t he t hr eshol d f or i nwar d cur r ent i n f r og i s somewhat

mor e hyper pol ar i zed ( ca . - 35 mV) t han i n r at ( ca . - 20 mV) . The t i me- t o-
peak cur r ent i s si mi l ar i n r at and f r og muscl e . The t i mes of 100- 300 ms ( at
+15 mV) f ound by Al mer s and Pal ade ( 1981) compar e wel l wi t h our val ues
of 100- 250 ms ( at +10 mV) .

When measur ed at t emper at ur es expect ed t o be appr oxi mat el y physi ol og-
i cal f or bot h ani mal s, t he r at e of act i vat i on of cal ci um channel s i n t he r at
omohyoi d i s f ast er t han t hat i n f r og muscl e . For a pul se t o +10 mV at 37 ° C,
t he hal f - maxi mal act i vat i on t i me i n t he omohyoi d was ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 8 ms ( Fi g . 9B) . Thi s
val ue can be compar ed wi t h a hal f - maxi mal t i me of 40 ms i n f r og muscl e at
r oom t emper at ur e, 20- 24° C ( cur r ent at +15 mV i l l ust r at ed i n Fi g . 11 of
Al mer s and Pal ade, 1981) . The dur at i on of t he act i on pot ent i al i n amphi bi an

muscl e at 20- 24° C i s, at most , t wi ce t he dur at i on of t he act i on pot ent i al at
37° C i n mammal i an f ast - t wi t ch muscl e ( compar e Tabl e I I I of Nakaj i ma and
Bast i an [ 1974] wi t h Yonemur a [ 1967] and Lewi s [ 1972] ) . Thus, even i f t he
r at e of cal ci umchannel act i vat i on i s r ef er enced t o t he dur at i on of t he act i on
pot ent i al , t hi s r at e of act i vat i on i s st i l l consi der abl y f ast er i n r at s t han i n f r ogs .

I t woul d appear , t her ef or e, t hat cal ci umcur r ent s ar e mor e l i kel y t o r epr esent
an i mpor t ant sour ce of cal ci um ent r y i n mammal i an muscl e .

Al t hough t hey ar e mor e r api d i n r at muscl e t han i n f r og muscl e, t he
cal ci um cur r ent s i n r at muscl e never t hel ess act i vat e r at her sl owl y compar ed
wi t h cal ci um cur r ent s i n many ot her cel l t ypes . For exampl e, i n si ngl e
vent r i cul ar cel l s i sol at ed f r omgui nea pi g hear t s, t he t i me t o peak i s ^ - 2 . 5 ms
f or a cal ci um cur r ent at +20 mV and 21' C ( Lee and Tsi en, 1982) , near l y
100- f ol d f ast er t han t he t i me t o peak f or a cal ci um cur r ent i n r at skel et al
muscl e at t he same t emper at ur e . The r api d act i vat i on of cal ci umcur r ent s i n
hear t muscl e i s appr opr i at e t o t he r ol e of t hese cur r ent s i n t he genesi s of t he
act i on pot ent i al and act i vat i on of cont r act i on . By cont r ast , i n skel et al muscl e,
cal ci um cur r ent s act i vat e suf f i ci ent l y sl owl y compar ed wi t h t he act i on pot en-
t i al t o suggest t hat t hey ar e not an i mpor t ant sour ce of t he cal ci um t hat
t r i gger s cont r act i on ( Sanchez and St ef ani , 1978) . Ot her mor e di r ect exper i -
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ment al t est s al so suppor t t he concl usi on t hat cal ci umcur r ent s ar e not i nvol ved

i n exci t at i on- cont r act i on coupl i ng i n ver t ebr at e skel et al muscl e ( Chi ar andi ni

et al . , 1980 ; Gonzal ez- Ser r at os et al . , 1982) .

I n l i ght of t hei r r el at i vel y sl ow act i vat i on, t he quest i on r emai ns whet her

cal ci um channel s i n t he omohyoi d ar e act i vat ed t o any ext ent dur i ng an

act i on pot ent i al . Answer i ng t hi s quest i on i s di f f i cul t because t he i ni t i al phase

of act i vat i on of cal ci um cur r ent i s obscur ed by a t r ansi ent out war d cur r ent

( Fi g . 9B) . The t i me cour se of t hi s i ni t i al phase of act i vat i on must be known

i n or der t o det er mi ne whet her an act i on pot ent i al act i vat es cal ci umchannel s .

An addi t i onal compl i cat i on i s t hat i n f r og muscl e ( and by i nf er ence, i n r at

muscl e as wel l ) , cal ci um channel s appear t o r esi de i n t he t r ansver se t ubul ar

syst em ( Ni col a- Si r i et al . , 1980) . Thus, i t i s t he t i me cour se of t he t ubul ar

act i on pot ent i al , r at her t han t he act i on pot ent i al r ecor ded at t he sur f ace, t hat

wi l l det er mi ne whet her cal ci um channel s ar e opened . At physi ol ogi cal t em-

per at ur es, t he cal ci um cur r ent appear s t o act i vat e on a t i me scal e t hat i s

compar abl e t o t hat of vol t age- dependent char ge movement . For t he f i ber

i l l ust r at ed i n Fi g . 9B, a depol ar i zi ng st ep t o - 30 mV ( not i l l ust r at ed) pr oduced

a char ge movement t hat was uncont ami nat ed by i oni c cur r ent and was t ypi cal

of t he omohyoi d muscl e wi t h r espect t o ki net i cs and quant i t y of char ge

moved ( Si mon and Beam, 1983) . Thus, t he l ar ger t est pul se t o +10 mV

shoul d have caused t he movement of ^ - 30 nC/ AF. I nst ead, t he ar ea under

t he ear l y t r ansi ent of out war d cur r ent of t he r ecor d i l l ust r at ed i n Fi g . 9B

cor r esponds t o a char ge of ^- 6 nC/ AF. Asi mpl e expl anat i on f or t hi s di scr ep-

ancy i s t hat t he i nwar d cal ci um cur r ent begi ns t o act i vat e ear l i er t han t he

t i me at whi ch t he t ot al cur r ent f i r st becomes net i nwar d, and t hat t hi s r api dl y

act i vat i ng cal ci um cur r ent cancel s much of t he out war d cur r ent caused by

char ge movement . Hor owi cz and Schnei der ( 1981) have demonst r at ed i n

f r og muscl e t hat depol ar i zi ng a f i ber t o t he t hr eshol d f or cont r act i on moves

>40% of t he t ot al amount of mobi l e char ge . I f i t i s assumed t hat t he

movement of t hi s char ge i s r equi r ed f or exci t at i on- cont r act i on coupl i ng

( Schnei der and Chandl er , 1973) , t he t ubul ar act i on pot ent i al must move an

even l ar ger f r act i on of t he char ge i n or der t o pr oduce a muscl e t wi t ch . I t

seems l i kel y t hat a t ubul ar act i on pot ent i al t hat moves suf f i ci ent char ge t o

cause a t wi t ch wi l l al so act i vat e cal ci um channel s, because t he act i vat i on of

cal ci um cur r ent i n t he omohyoi d consi der abl y over l aps t he movement of

char ge .

We woul d l i ke t o t hank Dr . D. Campbel l and Mr . B. Si mon f or hel pf ul di scussi on and comment s

dur i ng t he pr epar at i on of t hi s manuscr i pt .

The wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant NS 14901 and a gr ant f r om

t he Muscul ar Dyst r ophy Associ at i on .

Recei ved f or publ i cat i on 26 Apr i l 1983 .
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