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Cal ci um Channel Sel ect i vi t y f or

Di val ent and Monoval ent Cat i ons

Vol t age and Concent r at i on Dependence of Si ngl e

Channel Cur r ent i n Vent r i cul ar Hear t Cel l s

PETER HESS, JEFFRY B . LANSMAN, and RI CHARD W. TSI EN

Fr om t he Depar t ment of Physi ol ogy, Yal e Uni ver si t y School of Medi ci ne, New Haven, Connect i cut

06511

ABSTRACT

	

Si ngl e channel and whol e cel l r ecor di ngs wer e used t o st udy i on

per meat i on t hr ough Ca channel s i n i sol at ed vent r i cul ar hear t cel l s of gui nea

pi gs . We eval uat ed t he per meabi l i t y t o var i ous di val ent and monoval ent cat i ons

i n t wo ways, by measur i ng ei t her uni t ar y cur r ent ampl i t ude or r ever sal pot ent i al

( E, e , , ) . Accor di ng t o whol e cel l measur ement s of E, , , , , t he r el at i ve per meabi l i t y

sequence i s Ca" > Sr " > Ba 2+ f or di val ent i ons ; Mg` i s not measur abl y

per meant . Monoval ent i ons f ol l ow t he sequence Li ' > Na' > K' > Cs' , and

ar e much l ess per meant t han t he di val ent s . These whol e cel l measur ement s

wer e suppor t ed by si ngl e channel r ecor di ngs, whi ch showed cl ear out war d

cur r ent s t hr ough si ngl e Ca channel s at st r ong depol ar i zat i ons, si mi l ar val ues of

Er ezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , and si mi l ar i nf l ect i ons i n t he cur r ent - vol t age r el at i on near E_ I nf or mat i on

f r om E_ measur ement s st ands i n cont r ast t o est i mat es of open channel f l ux

or si ngl e channel conduct ance, whi ch gi ve t he sequence Na' ( 85 pS) > Li ' ( 45

pS) > Ba2+ ( 20 pS) > Ca t + ( 9 pS) near 0 mV wi t h 110- 150 mMchar ge car r i er .

Thus, i ons wi t h a hi gher per meabi l i t y, j udged by Er e, have l ower i on t r ansf er

r at es . I n anot her compar i son, whol e cel l Na cur r ent s t hr ough Ca channel s ar e

hal ved by <2 uM [ Ca] o , but >10 mM[ Ca] . i s r equi r ed t o pr oduce hal f - maxi mal

uni t ar y Ca cur r ent . Al l of t hese obser vat i ons seem consi st ent wi t h a r ecent

hypot hesi s f or t he mechani sm of Ca channel per meat i on, whi ch pr oposes t hat :

( a) i ons pass t hr ough t he por e i n si ngl e f i l e, i nt er act i ng wi t h mul t i pl e bi ndi ng

si t es al ong t he way ; ( b) sel ect i vi t y i s l ar gel y det er mi ned by i on af f i ni t y t o t he

bi ndi ng si t es r at her t han by excl usi on by a sel ect i vi t y f i l t er ; ( c) occupancy by

onl y one Ca i on i s suf f i ci ent t o bl ock t he por e' s hi gh conduct ance f or monoval ent

i ons l i ke Na' ; ( d) r api d per meat i on by Ca i ons depends upon doubl e occupancy,

whi ch onl y becomes si gni f i cant at mi l l i mol ar [ Ca] , because of el ect r ost at i c

r epul si on or some ot her i nt er act i on bet ween i ons ; and ( e) once doubl e occupancy
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occur s, t he i on- i on i nt er act i on hel ps pr omot e a qui ck exi t of Ca i ons f r om t he
por e i nt o t he cel l .

I NTRODUCTI ON

Ca channel s ar e hi ghl y sel ect i ve ( Reut er and Schol z, 1977 ; Lee and Tsi en, 1984) ,

yet capabl e of r api d r at es of i on t r ansf er ( e . g . , Lux and Nagy, 1981 ; Fenwi ck et
al . , 1982 ; Reut er et al . , 1982 ; Br own et al . , 1982 ; Caval i e et al . , 1983) . These
pr oper t i es hel p Ca channel s t o suppor t a l ar ge i nf l ux of Ca2+ upon membr ane
depol ar i zat i on and t o t r i gger cel l ul ar f unct i ons such as cont r act i on or secr et i on .

The mechani smof i on per meat i on t hr ough Ca channel s has at t r act ed consi der -

abl e i nt er est over t he past f ewyear s .

Ther e i s gener al agr eement t hat t he bi ndi ng of Ca 2+ t o a si t e i n t he channel i s

an i mpor t ant st ep i n i t s per meat i on ( e . g . , Hagi war a and Takahashi , 1967 ;

Ver eecke and Car mel i et , 1971 ; Hagi war a et al . , 1974 ; Nachshen and Bl aust ei n,

1982) . However , est i mat es of t he di ssoci at i on const ant ( Kd) of t he si t e f or Ca 2+

di f f er by t hr ee or f our or der s of magni t ude . On t he one hand, monoval ent i on

f l ux t hr ough t he Ca channel i s r educed wi t h mi cr omol ar ext er nal Ca ( [ Ca] . ) ,
whi ch suggest s a ver y l ow val ue of Kd ( Kost yuk et al . , 1983 ; Hess and Tsi en,

1984 ; Al mer s et al . , 1984 ; Fukushi ma and Hagi war a, 1985) ; on t he ot her hand,

t he dependence of t he peak Ca cur r ent ampl i t ude on [ Ca] . poi nt s t o Kd val ues

i n t he mi l l i mol ar r ange ( Hagi war a, 1975 ; Akai ke et al . , 1978 ; Ashcr of t and

St anf i el d, 1982 ; Cot a and St ef ani , 1984 ; Hess and Tsi en, 1984) . Thi s di scr epancy

and obser vat i ons of i on- i on i nt er act i ons i n t he channel have l ed t o t he hypot hesi s

t hat t he Ca channel i s a mul t i - si t e, si ngl e- f i l e por e wi t h at l east t wo hi gh- af f i ni t y

Ca- bi ndi ng si t es and r epul si ve i nt er act i ons bet ween i ons i n t he doubl y occupi ed

st at e ( Hess and Tsi en, 1983, 1984 ; Al mer s and McCl eskey, 1984) . Thi s hypot h-

esi s owes much t o pr evi ous t hi nki ng about i on per meat i on i n gr ami ci di n channel s

( e . g . , Ur ban et al . , 1980) and Kchannel s ( e . g . , Hi l l e and Schwar z, 1978) .
Pr evi ous exper i ment al wor k on Ca channel per meat i on has been car r i ed out

l ar gel y at t he l evel of macr oscopi c cur r ent s . Rel at i vel y l i t t l e i nf or mat i on has been

obt ai ned wi t h si ngl e channel cur r ent r ecor di ngs i n i nt act cel l s, even t hough t hey

of f er t he possi bi l i t y of det er mi ni ng absol ut e val ues f or i on t r ansf er r at es, i nde-

pendent l y of var i at i ons i n channel gat i ng . At t empt s at anal ysi s of open Ca channel

pr oper t i es at t he si ngl e channel l evel have been hamper ed by t he br evi t y of

openi ng event s, r api d r undown of l ar ge conduct ance Ca channel act i vi t y i n

exci sed pat ches, and uncer t ai nt y about t he cel l r est i ng pot ent i al i n cel l - at t ached

pat ches .

Her e we descr i be si mpl e pr ocedur es t o over come t hese pr obl ems . Wor ki ng

wi t h cel l - at t ached pat ch r ecor di ngs f r om f r eshl y di ssoci at ed vent r i cul ar hear t

cel l s, we wer e abl e t o measur e uni t ar y cur r ent ampl i t ude whi l e i mposi ng r el at i vel y

wi de var i at i ons i n membr ane pot ent i al , i on speci es, and i on concent r at i on, and

t o demonst r at e r ever sal of cur r ent f l ow t hr ough si ngl e Ca channel s . Resul t s f r om

si ngl e channel r ecor di ngs wer e compl ement ed by a syst emat i c st udy of Ca channel

sel ect i vi t y f or var i ous di val ent and monoval ent i ons, as det er mi ned by measur e-

ment s of r ever sal pot ent i al s i n whol e cel l r ecor di ngs .

Pr el i mi nar y r epor t s of par t s of t hi s wor k have appear ed i n abst r act f or m ( Hess

and Tsi en, 1983 ; Tsi en et al . , 1983) .
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METHODS

Si ngl e Vent r i cul ar Myocyt es and Suct i on Pi pet t e Met hod

Si ngl e vent r i cul ar . hear t cel l s wer e obt ai ned f r om adul t gui nea pi g hear t s by enzymat i c

di ssoci at i on wi t h col l agenase and hyal ur oni dase ( see Lee and Tsi en, 1984, and r ef er ences

t her ei n) . Whol e cel l r ecor di ngs of Ca channel cur r ent wer e obt ai ned wi t h t he suct i on

pi pet t e met hod f or vol t age cl amp and i nt er nal di al ysi s as or i gi nal l y descr i bed by Lee et

al . ( 1979, 1980) , wi t h some mi nor modi f i cat i ons ( Lee and Tsi en, 1982, 1984) . Af t er f i r e-

pol i shi ng, pi pet t e t i ps had di amet er s of 5- 10 umand r esi st ances of 0 . 7- 1 . 2 MSl when

f i l l ed wi t h t he i nt er nal sol ut i ons descr i bed bel ow. I n vol t age- cl amp exper i ment s, ^ - 70%

of t he pi pet t e r esi st ance was of f set el ect r oni cal l y by ser i es r esi st ance compensat i on .

The f ol l owi ng sol ut i ons wer e used i n t he suct i on pi pet t e r ecor di ngs . Bat h sol ut i ons

cont ai ned 10 MMXC1 2 , 2 . 8 mMMgC12 ( except f or t he 10 mMMg sol ut i on) , 85 mMY-

aspar t at e, 146 mMsucr ose, 5 mMgl ucose, 5 mMHEPES- TEA- OH ( pH 7 . 4) , wher e X =

Ca, Sr , or Ba and Y= Cs, K, Na, or Li . The pi pet t e sol ut i on ( i nt er nal sol ut i on) cont ai ned

75 . 5 mMY- aspar t at e, 75 . 5 mMY- phosphat e, 10 mMY- EGTA, 6 mMHEPES- TEA- OH

( pH 7 . 4) . For t he i nt er nal sol ut i on cont ai ni ng K, 10 mMTEA- Cl was added t o i nhi bi t

cur r ent f l ow t hr ough K channel s .

As a st andar d pr ocedur e bef or e sucki ng up each cel l , of f set pot ent i al s i n t he vol t age

r ecor di ng syst em wer e adj ust ed t o gi ve zer o cur r ent bet ween t he pi pet t e sol ut i on and t he
bat hi ng sol ut i on ( Lee and Tsi en, 1984) . For quant i t at i ve compar i sons wi t h ot her st udi es,

al l pot ent i al val ues shoul d be cor r ect ed f or t he l i qui d j unct i on pot ent i al bet ween t he

pi pet t e sol ut i on and t he bat h sol ut i on ; measur ed val ues f or t he j unct i on pot ent i al f or al l

appr opr i at e sol ut i on pai r s wer e wi t hi n 0 . 5 mV of +7 mV. As i n ear l i er wor k f r om t hi s

l abor at or y ( Lee and Tsi en, 1984) , t hi s j unct i on pot ent i al cor r ect i on was not appl i ed ; t he

mai n f ocus her e i s on t he r ank or der of r ever sal pot ent i al s, whi ch wer e unaf f ect ed .

Recor di ngs of Si ngl e Ca Channel Act i vi t y

Uni t ar y Ca channel act i vi t y was r ecor ded f r om cel l - at t ached pat ches wi t h pr ocedur es

descr i bed by Hami l l et al . ( 1981) . Pat ch pi pet t es wer e pul l ed i n t wo st eps f r om Bor al ex
hemat ocr i t mi cr opi pet t es ( Rochest er Sci ent i f i c Co. , Rochest er NY) , coat ed wi t h Syl gar d

( Dow Cor ni ng, Mi dl and, MI ) , and f i r e- pol i shed . We used pi pet t es wi t h t i p di amet er s of
1- 2 um and r esi st ances of 1 . 5- 3 MSl wi t h 110 mMBaC1 2 i n t he pi pet t e and i sot oni c K-

aspar t at e i n t he bat h . Cur r ent si gnal s wer e r ecor ded wi t h a pat ch- cl amp ampl i f i er wi t h a
10- GQ f eedback r esi st or i n t he headst age, bui l t by V. Pant ani and associ at es at Yal e
Uni ver si t y . The si gnal s wer e f i l t er ed wi t h an ei ght - pol e Bessel f i l t er ( - 3 dB at 1 kHz) ,

di gi t i zed at 5 kHz, and st or ed on a PDP 11- 23 l abor at or y comput er f or l at er anal ysi s .

Capaci t at i ve t r ansi ent s wer e cancel l ed at var i ous st ages . At t he t i me of r ecor di ng, we used

anal og capaci t y compensat i on wi t h t hr ee t i me const ant s . For f ur t her subt r act i on of ca-

paci t y and l eak cur r ent s at t he t i me of anal ysi s, cur r ent r ecor ds l acki ng channel openi ngs

wer e aver aged and subt r act ed f r om t hose r ecor ds wi t h channel act i vi t y .

Pat ch- cl amp r ecor di ngs wer e car r i ed out wi t h a bat hi ng sol ut i on cont ai ni ng 140 mM

K- aspar t at e, 10 mMK- EGTA, 10 mM HEPES- KOH ( pH 7 . 5) . Pat ch pi pet t e sol ut i ons
cont ai ned 10- 110 mMBaCl 2 , CaCl 2 , or Sr Cl 2 , 5 mMHEPES- TEA- OH( pH 7 . 5) . I n t hose
sol ut i ons cont ai ni ng <110 mM di val ent i on, TEA- Cl or sucr ose was i ncl uded t o keep
osmol ar i t y const ant .

St r at egi es f or Accur at e Det er mi nat i on of Uni t ar y Cur r ent and Membr ane

Pot ent i al

Most of t he si ngl e channel r ecor di ngs wer e obt ai ned i n t he pr esence of Bay K 8644

( obt ai ned t hr ough t he cour t esy of Dr . A. Scr i abi ne, Mi l es I nst i t ut e of Pr ecl i ni cal Phar -
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macol ogy, New Haven, CT) . Thi s di hydr opyr i di ne Ca channel agoni st gr eat l y i ncr eases
t he pr opor t i on of sweeps t hat show l ong- l ast i ng openi ngs ( Kokubun and Reut er , 1984 ;
Ochi et al . , 1984 ; Hess et al . , 1984) and t her eby f aci l i t at es accur at e measur ement s of
smal l uni t ar y cur r ent . Fi g . I shows t he Bay K 8644 r esponse i n a pat ch cont ai ni ng at l east
t hr ee Ca channel s . The f i r st t hr ee sweeps of Fi g . 1 A i l l ust r at e t he t ypi cal pat t er n of Ca

0 mV

	

Cont r ol

	

B

	

0 mV
Boy K 8644, 5pM

- 80 mV

	

- 80 mV

Y

I pA1

20 ms

FI GURE 1 .

	

Bay K 8644 i ncr eases t he pr opor t i on of sweeps wi t h l ong- l ast i ng open-
i ngs . Cel l - at t ached r ecor di ngs f r oma pat ch cont ai ni ng at l east t hr ee Ca channel s .

Successi ve cur r ent r ecor di ngs wer e obt ai ned at 3- s i nt er val s bef or e ( l ef t ) and af t er
( r i ght ) addi t i on of 5 1MBay K 8644 t o t he bat h . Pi pet t e sol ut i on : 110 mMBa 2 + ;

bat h sol ut i on : i sot oni c K- aspar t at e ( see t ext f or det ai l ed composi t i on) . Li near l eak

and capaci t y cur r ent s have been subt r act ed . The f our sweeps wi t h l ong openi ngs i n
A wer e t he onl y sweeps out of a t ot al of 470 cont r ol r ecor ds t o show mode 2 act i vi t y ;
af t er exposur e t o Bay K 8644 ( B) , most sweeps showed l ong- l ast i ng openi ngs of at
l east one of t he channel s . ( C and D) Aver aged cur r ent s of al l t he r ecor ds ( 470 i n
cont r ol , 119 af t er Bay K 8644) . Cel l 37B.

channel gat i ng i n t he absence of dr ug. Wi t h t hi s t ype of gat i ng ( cal l ed " mode 1" by Hess
et al . , 1984) , channel openi ngs ar e r el at i vel y br i ef ( ^ " I ms) r el at i ve t o t he bandwi dt h
l i mi t at i ons of t he r ecor di ng syst em, and accur at e measur ement s of t he open channel
cur r ent ampl i t ude ar e di f f i cul t . Ever y so of t en, however , t he pat ch di spl ays a ver y di f f er ent
pat t er n of Ca channel act i vi t y, char act er i zed by ver y l ong channel openi ngs ( " mode 2" ) ,



HESS ET AL .

	

Ca Channel Sel ect i vi t yf or Di val ent and Monoval ent Cat i ons

	

29 7

as i n t he cl ust er of f our consecut i ve sweeps i n Fi g . 1 A. The l ong- l ast i ng openi ngs make i t

easy t o measur e uni t ar y cur r ent ampl i t ude, but t hey occur r el at i vel y r ar el y i n cont r ol

r uns . For exampl e, t he f our cl ust er ed sweeps i n Fi g . 1 A wer e t he onl y sweeps out of a

t ot al of 496 t hat cont ai ned mode 2 act i vi t y i n t he absence of dr ug .

The pr opor t i on of sweeps wi t h l ong- l ast i ng openi ngs was gr eat l y i ncr eased by t he

addi t i on of 5 j MBay K 8644 t o t he bat hi ng sol ut i on ( Fi g . 1 B) , and t he aver age cur r ent

was accor di ngl y enhanced . I n t he pr esence of t he Ca agoni st , even a f ew sweeps gave

enough l ong- l ast i ng openi ngs t o al l ow accur at e r esol ut i on of t he open channel cur r ent .

Thi s made i t pr act i cal t o st udy uni t ar y cur r ent ampl i t udes over a wi de r ange of membr ane

pot ent i al s and per meant i on concent r at i ons, even wi t h uni t ar y cur r ent s as smal l as 0 . 3

pA.
Fi g. 2 pr esent s evi dence t hat i nf or mat i on obt ai ned f r om l ong- l ast i ng openi ngs i n t he

pr esence of Bay K 8644 i s gener al l y r epr esent at i ve of t he pr oper t i es of t he open Ca
channel . Panel A compar es uni t ar y cur r ent pul ses i n mode 1 and mode 2 sweeps i n t he

absence of Bay K 8644 ( f r om t he same exper i ment as i n Fi g. 1 A) . Whi l e some of t he shor t

openi ngs i n mode 1 ar e not f ul l y r esol ved, t he same est i mat e of t he uni t ar y cur r ent

ampl i t ude ( dot t ed l i nes) seems appr opr i at e f or bot h t ypes of act i vi t y . Fi g . 2B t est s t he

possi bi l i t y t hat t he uni t ar y cur r ent ampl i t ude mi ght be al t er ed by Bay K 8644 . Ampl i t ude

hi st ogr ams of t he mode 2 sweeps i n t he absence of dr ug ( above) and i n t he pr esence of

t he Ca agoni st ( bel ow) gave i ndi st i ngui shabl e est i mat es of t he uni t ar y ampl i t ude . The

r esul t s i n Fi g . 2, A and B, f i t ni cel y wi t h our ear l i er f i ndi ngs t hat Bay K 8644 does not

change t he r ever sal pot ent i al of whol e cel l Ca channel cur r ent s ( Hess et al . , 1984) . Li ke

Ochi et al . ( 1984) , we concl ude t hat t he Ca agoni st does not i nf l uence t he per meat i on

mechani sm. A somewhat di f f er ent vi ew was expr essed by Kokubun and Reut er ( 1984) ,

who r epor t ed t hat Ca agoni st s i ncr eased uni t ar y cur r ent i n neonat al r at hear t cel l s by 4-

20%. They al so poi nt ed out , however , t hat t hey coul d not excl ude t he possi bi l i t y t hat t hi s

ef f ect was due t o a smal l change i n membr ane pot ent i al .

To el i mi nat e uncer t ai nt i es about t he l evel of t he cel l membr ane pot ent i al and t o avoi d
spont aneous vol t age f l uct uat i ons, al l our r ecor di ngs wer e obt ai ned f r omcel l s bat hed i n a
Ca- f r ee sol ut i on cont ai ni ng 140 mM K- aspar t at e and 10 mMK- EGTA. Thi s sol ut i on
pr oduced no vi sual l y det ect abl e si gns of cel l det er i or at i on even af t er i ncubat i on f or >1 h .

Fi g . 2 Cpr esent s evi dence t hat t hi s pr ocedur e was ef f ect i ve i n zer oi ng t he cel l membr ane

pot ent i al . Si ngl e channel act i vi t y was r ecor ded wi t h 20 mMBa i n t he pi pet t e . The t r ace
was obt ai ned i n t he cel l - at t ached mode wi t h t he i sot oni c K- aspar t at e sol ut i on bat hi ng t he
cel l : t he el ement ar y cur r ent was 1 . 07 pA. The l ower t r ace i n Fi g . 2 C was obt ai ned wi t h

t he same i nt r api pet t e pot ent i al ( 0 mV) , i mmedi at el y af t er exci si on of t he pat ch . Despi t e

t he el i mi nat i on of t he cel l f r omt he r ecor di ng conf i gur at i on, t he uni t ar y cur r ent ampl i t ude

( i ) r emai ned unchanged, as expect ed i f t he cel l membr ane pot ent i al bef or e exci si on had

i ndeed been zer oed by t he i sot oni c K sol ut i on .

I dent i f i cat i on of L- Type Ca Channel Act i vi t y

Gui nea pi g vent r i cul ar cel l s show t wo di st i nct t ypes of Ca channel , L- t ype and T- t ype
( Ni l i us et al . , 1985) , t hat gi ve r i se t o sl owl y and r api dl y decayi ng component s of whol e

cel l Ca cur r ent i n a var i et y of at r i al and vent r i cul ar cel l s ( Bean, 1985) . Li ke ear l i er st udi es

( e . g . , Reut er et al . , 1982 ; Caval i e et al . , 1983 ; Hess et al . , 1984) , t hi s ar t i cl e f ocuses
excl usi vel y on i on per meat i on t hr ough L- t ype Ca channel s . The l ess common T- t ype Ca
channel s can r eadi l y be di st i ngui shed by t hei r r api d i nact i vat i on and t hei r r el at i vel y t i ny
conduct ance wi t h 110 mMBaC12 as t he char ge car r i er ( ^- 8 pS) . Addi t i onal pr oper t i es of

T- t ype channel act i vi t y ( Ni l i us et al . , 1985 ; Nowycky et al . , 1985) al l owed i t t o be excl uded

f r omt he anal ysi s pr esent ed her e . ( a) T- t ype Ca channel s ar e f ul l y i nact i vat ed at hol di ng

pot ent i al s l ess negat i ve t han - 50 mV. Such i s t he case f or t he whol e- cel l r ecor di ngs
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r epor t ed i n t hi s ar t i cl e . ( b) Openi ngs of T- t ype Ca channel s appear t o be bunched near

t he begi nni ng of t est pul ses because of i nact i vat i on, not spr ead out t hr oughout t he

depol ar i zat i on as i n t he r ecor ds i n t hi s ar t i cl e . ( c) T- t ype Ca channel s ar e unr esponsi ve t o

5 1AMBay K 8644 .

RESULTS

Det er mi nat i on of Ca Channel Rever sal Pot ent i al

Measur ement s of t he r ever sal pot ent i al ( Er e, . ) f or Ca channel cur r ent pr ovi de a

basi c appr oach t o eval uat i ng t he r el at i ve per meabi l i t y of t he channel t o var i ous
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i ons . Er ezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� det er mi nat i ons made wi t h suct i on pi pet t e r ecor di ngs ar e par t i cul ar l y

r el i abl e because t hi s met hod al l ows Ca channel cur r ent s t o be i sol at ed whi l e t he

el ect r i cal pot ent i al and i oni c composi t i on on bot h si des of t he membr ane ar e

under exper i ment al cont r ol . Such measur ement s have i ndi cat ed t hat car di ac Ca

channel s sel ect st r ongl y f or di val ent i ons over monoval ent s, wi t h Gol dman

per meabi l i t y r at i os f or Pca / Pcs or PC, / PK of >1, 000 ( Lee and Tsi en, 1982, 1984) .

Her e we descr i be Ca channel cur r ent s car r i ed by a wi de r ange of di val ent and

monoval ent i ons and use r ever sal pot ent i al measur ement s t o r ank t hei r r el at i ve

per meabi l i t y .

Fi g . 3 shows a r epr esent at i ve exper i ment wher e t he whol e cel l Ca channel

cur r ent was di ssect ed by means of t he or gani c Ca channel bl ocker D600 . The

appr oach i s si mi l ar t o t hat used by Lee and Tsi en ( 1982, 1984) , but t he i oni c

speci es ar e di f f er ent . I n t he pr esent case, Ba t + i s t he ext er nal char ge car r i er and

K+ i s t he i nt er nal char ge car r i er ; we f ocus on t hese i ons t o f aci l i t at e compar i sons

bet ween whol e cel l r ecor di ngs and si ngl e channel I - V r el at i ons t hat wi l l be
pr esent ed l at er i n t he ar t i cl e ( Fi g . 8) . Fi g. 3 A shows super i mposed r ecor ds of
t ot al membr ane cur r ent , el i ci t ed by depol ar i zi ng pul ses t o t est pot ent i al s r angi ng
f r om - 10 t o +110 mV f r om a hol di ng pot ent i al of - 40 mV. At t hi s r el at i vel y
depol ar i zed hol di ng pot ent i al , Na channel s and T- t ype Ca channel s ar e f ul l y
i nact i vat ed, so L- t ype Ca channel cur r ent s ar e r ecor ded wi t hout cont ami nat i on .

The addi t i on of 10 AMD600 ( Fi g . 3B) el i mi nat es net i nwar d cur r ent s at weak
depol ar i zat i ons but al so r educes out war d cur r ent s at st r ong depol ar i zat i ons . The

cur r ent t hat r emai ns af t er D600 i s essent i al l y l i near and t i me i ndependent and

FI GURE 2 . ( opposi t e) Compar i son of uni t ar y cur r ent ampl i t ude under di f f er ent
exper i ment al condi t i ons : ( A) mode 1 and mode 2 i n t he absence of dr ug, ( B) mode
2 i n t he absence and pr esence of Bay K 8644, and ( C) i n cel l - at t ached and exci sed
pat ch r ecor di ngs . I n al l t hr ee compar i sons, t he el ement ar y cur r ent ( i ) r emai ns
const ant . ( A) Cur r ent r ecor ds f r om t he cont r ol r un i l l ust r at ed i n Fi g . 1, associ at ed
wi t h a st andar d depol ar i zi ng vol t age pul se ( t op t r ace) . A mode 1 sweep wi t h br i ef
openi ngs ( mi ddl e t r ace) i s compar ed wi t h a mode 2 sweep wi t h l ong- l ast i ng openi ngs
( l ower t r ace) . I n bot h cases, t he dashed l i ne i ndi cat es t he val ue of i obt ai ned f r om
t he cont r ol ampl i t ude hi st ogr am shown i n B. ( B) Ampl i t ude hi st ogr ams of sweeps
wi t h l ong- l ast i ng openi ngs i n t he absence of dr ug and i n t he pr esence of Bay K

8644 . The cont r ol hi st ogr am was obt ai ned f r om t he f our sweeps i n Fi g . 1 t hat
showed mode 2 act i vi t y . The hi st ogr am wi t h Bay K 8644 was obt ai ned by anal ysi s
of si x sweeps wi t h no si mul t aneous openi ngs . Cel l 37B. ( C) Ext er nal i sot oni c K-

aspar t at e zer oes t he membr ane pot ent i al . Si ngl e channel cur r ent s wer e r ecor ded
wi t h 20 mM Ba" i n t he pi pet t e and - 150 mMK+ and 5 AM Bay K 8644 i n t he
bat h ( see t ext f or exact composi t i on) . The upper t r ace shows t he pat ch pot ent i al
(-

VP; P, wher e VP; P i s t he pot ent i al appl i ed t o t he i nsi de of t he pi pet t e) . The mi ddl e
t r ace shows a cel l - at t ached pat ch r ecor di ng. Dur i ng t he cl amp pul se, t he pi pet t e
pot ent i al was 0 mV and t he t r ansmembr ane pot ent i al i n t he pat ch equal s t he cel l
r est i ng pot ent i al . The l ower t r ace was r ecor ded at t he same pi pet t e pot ent i al ( 0
mV) , 10 s af t er manual pat ch exci si on . The uni t ar y ampl i t ude was 1 . 07 pA bot h
bef or e and af t er exci si on ( sol i d hor i zont al l i nes) , whi ch i ndi cat es t hat i n bot h cases
t he t r ansmembr ane pot ent i al i n t he pat ch was i dent i cal . Thi s i mpl i es t hat t he cel l
r est i ng pot ent i al bef or e t he exci si on was essent i al l y zer o . Cel l 26K.
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i s pr esumabl y l eakage cur r ent . Subt r act i on of t he r ecor ds i n panel B f r om t hose

i n panel A gi ves t he D600- sensi t i ve cur r ent t r aces shown i n Fi g . 3 C. The r ecor ds

show a wel l - def i ned r ever sal of Ca channel cur r ent at Er e� = +50 mV, wher e t he

D600- sensi t i ve cur r ent i s zer o t hr oughout t he pul se . When measur ement s of t he

peak cur r ent s i n Fi g . 3 C ar e pl ot t ed as a cur r ent - vol t age r el at i onshi p ( Fi g. 3 D) ,

i t i s evi dent t hat out war d cur r ent s and i nwar d cur r ent s i ncr ease i n a nonl i near

A

C
D600- sensi t i ve cur r ent

Er e� : +50 mV

10Ba, 85K/ / 151K

NO DRUG

+ 100 mV

	

+10, . M D600

- 10 mV

I ( nA)

FI GURE 3.

	

Measur ement of Ca channel r ever sal pot ent i al f r om whol e cel l r ecor d-

i ngs . ( A) Super i mposed r ecor ds of t ot al membr ane cur r ent s el i ci t ed by vol t age-

cl amp pul ses f r om a hol di ng pot ent i al of - 40 mV t o a ser i es of t est pot ent i al s

i ncr easi ng i n 10- mV st eps f r om - 10 t o +100 mV ( +7- mV cor r ect i on f or l i qui d

j unct i on pot ent i al not shown ; see Met hods) . ( B) Super i mposed r ecor ds of t ot al

membr ane cur r ent s at t he same pot ent i al s af t er t he addi t i on of 10 AMD600 t o t he

bat h . ( C) D600- sensi t i ve cur r ent s ( di f f er ence bet ween t he cur r ent s bef or e and af t er

D600) . ( D) Pl ot of t he peak of t he D600- sensi t i ve cur r ent as a f unct i on of t he t est

pot ent i al over t he f ul l pot ent i al r ange expl or ed i n t hi s cel l . Bat h sol ut i on: 10 mM

Bat + , 85 mMK+ . Pi pet t e sol ut i on : 151 mMK+ ( f or exact composi t i on, see Met hods) .

Cel l 186A.

f ashi on wi t h t he el ect r i cal dr i vi ng f or ce on ei t her si de of Er e � ( see al so Fenwi ck

et al . , 1982 ; Lee and Tsi en, 1982, 1984) .

Ca Channel Sel ect i vi t y f or Var i ous Di val ent and Monoval ent I ons

To char act er i ze t he r el at i ve per meabi l i t y of Ca channel s t o var i ous di val ent and

monoval ent cat i ons, we car r i ed out r ecor di ngs of Ca channel cur r ent under a

wi de r ange of i oni c condi t i ons ( Fi g . 4) . I n t he upper r ow, t he ext r acel l ul ar
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sol ut i on cont ai ned 10 mM Ca 2+ , Sr 2+ , Bat + , or Mgt + . The ext r acel l ul ar and

i nt r acel l ul ar sol ut i ons cont ai ned 85 mMand 171 mMCs' , r espect i vel y . Cs + was

chosen i n pr ef er ence t o ot her monoval ent s as t he mai n cat i on i n or der t o

mi ni mi ze i nt er f er ence f r omKchannel cur r ent s . I n t he f ami l i es of cur r ent r ecor ds

FI GURE 4.

	

Cur r ent - vol t age r el at i ons and r ever sal pot ent i al s wi t h di f f er ent ext er nal

and i nt er nal i ons . Top r ow ( f r om l ef t t o r i ght ) : 10 mMext er nal Ca2+' Sr 2+ , Ba t + ,

and Mgt + , r espect i vel y ; i nt er nal Cs ( 151 or 171 mM) t hr oughout . Bot t om r ow:

i nt er nal Li + , Na+ , K+ , and Cs' ( 151 or 171 mM) , r espect i vel y ; ext er nal Ba t + ( 10

mM) t hr oughout . Whol e cel l r ecor di ngs wer e obt ai ned wi t h l ar ge suct i on pi pet t es

accor di ng t o t he met hod of Lee et al . ( 1979) except f or t he l ower l ef t panel , whi ch

was obt ai ned f r om a r el at i vel y smal l cel l wi t h a smal l er gi gaseal pi pet t e ( Hami l l et

A. , 1981) . The cur r ent cal i br at i on bar r epr esent s 4 pA f or al l panel s i n t he t op r ow,

and 1, 6, 6, and 6 pA f or t he panel s i n t he bot t omr ow. The hol di ng pot ent i al was
- 40 mV i n al l cases. Fami l i es of cur r ent r ecor ds wer e obt ai ned wi t h t est pot ent i al s
spaced 10 mV apar t . Test pot ent i al s spanned t he f ol l owi ng vol t age r anges ( mV) :
t op r ow ( l ef t t o r i ght ) : 0- 140, 10- 130, 0- 140, - 30- 120 ; bot t omr ow ( l ef t t o r i ght ) :
10- 80, 10- 90, 10- 140, 10- 140 . As i n Fi g. 3, al l panel s show cur r ent si gnal s af t er
subt r act i on of l eak and capaci t y cur r ent s . These wer e det er mi ned by exposi ng cel l s
t o D600 ( D) or ver apami l ( V) , or by ext r apol at i on f r om cur r ent si gnal s r ecor ded
wi t h hyper pol ar i zi ng pul ses ( L) . Cel l number s and t he met hod of det er mi nat i on of

l eak and capaci t y cur r ent s wer e as f ol l ows : t op r ow ( l ef t t o r i ght ) : 187A ( D) , 199A

( V) , 188D ( V) , 191A ( D) ; bot t omr ow: E3G( L) , 184C ( L) , 186B ( D) , 179B ( L) .

i l l ust r at ed her e, t he r ever sal pot ent i al of t he D600- or ver apami l - sensi t i ve cur r ent

i s most posi t i ve wi t h ext r acel l ul ar Ca" and pr ogr essi vel y l ess posi t i ve wi t h Sr "

and Bat + . The r ever sal pot ent i al was not def i ned wi t h Mg" as t he ext er nal

di val ent cat i on because no i nwar d cur r ent s wer e ever det ect ed wi t h 10 mM
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[ Mg] . ( Fi g . 4, upper r i ght ) or even wi t h 110 mM[ Mg] . ( r ecor ds not shown) . At
posi t i ve pot ent i al s, t he out war d cur r ent s car r i ed by Cs' wer e l ar ger i n t he
pr esence of ext er nal Mg2+ t han wi t h any of t he ot her di val ent cat i ons .

The l ower panel s i n Fi g . 4 i l l ust r at e how Er e, var i es wi t h t he speci es of
monoval ent char ge car r i er . The i nt er nal sol ut i on cont ai ned Li +, Na' , K+, or Cs+
at concent r at i ons of 151 or 171 mM; t he same i on was al so pr esent i n t he ext er nal

sol ut i on at 85 mM. The mai n char ge car r i er i n t he ext er nal sol ut i on was 10 mM

Ba t + ; Ba t + was chosen si nce i t i s known t o be much l ess ef f ect i ve t han Ca 2+ or

Sr 2+ as an act i vat or of Ca- dependent K channel s . Al l of t he monoval ent cat i ons

suppor t ed out war d cur r ent t hr ough t he Ca channel , but val ues f or Er e , . var i ed

consi der abl y, r angi ng f r om +35 mV wi t h Li + t o +60 mV f or Cs +, wi t h i nt er me-

di at e val ues f or Na + and K+.

The r ever sal pot ent i al measur ement s i n Fi g . 4 ar e r epr esent at i ve of col l ect ed

dat a f r om a t ot al of 32 cel l s, as i l l ust r at ed i n Fi g . 5 . Panel A shows r esul t s f or

var i ous di val ent s wi t h Cs + as t he i nt er nal char ge car r i er . Judgi ng by Er e � , t he

r el at i ve sel ect i vi t y of t he channel f or di val ent i ons f ol l ows t he sequence Ca 2+
>

Sr 2+ > Ba2+ >> Mgt + . The aver age r ever sal pot ent i al wi t h ext er nal Ca 21 ( 70 . 5 ±

2. 36 mV, SEM) was si gni f i cant l y ( P < 0. 05) mor e posi t i ve t han wi t h ext er nal

Ba2+ ( 59. 2 ± 3. 72 mV) . The aver age val ue f or ext er nal Sr 2+ was i nt er medi at e

bet ween Ca 2+ and Ba 2+ ; as al r eady ment i oned, al l t hr ee i ons wer e much mor e

per meant t han Mg t + .

Our E, e , , sel ect i vi t y sequence f or di val ent cat i ons i s i n good agr eement wi t h

r esul t s i n mouse neopl ast i c B l ymphocyt es ( Fukushi ma and Hagi war a, 1985) .

Si mi l ar sequences have been r epor t ed f or t he abi l i t y of var i ous cur r ent car r i er s

t o r esi st Co bl ock i n bar nacl e muscl e ( Hagi war a et al . , 1974) and Cd bl ock i n

snai l neur ons ( Byer l y et al . , 1985) , and f or t he abi l i t y of var i ous i ons t o bl ock Na

cur r ent s t hr ough Ca channel s i n snai l neur ons ( Kost yuk et al . , 1983) and skel et al

muscl e ( Al mer s et al . , 1984) . Mat suda ( 1986) showed t hat Mg was ^- 10- f ol d l ess

ef f ect i ve t han Ca i n bl ocki ng car di ac Ca channel cur r ent . The sequence i s one

of t he Ei senman sequences based on coul ombi c t heor y ( see Ei senman and Hor n,

1983) .

Accor di ng t o t he Er e � dat a shown i n Fi g . 5B, t he r el at i ve per meabi l i t y f or

monoval ent cat i ons f ol l ows t he sequence Li + > Na' > K+ > Cs' . These r esul t s

ar e i n good agr eement wi t h Er e� measur ement s i n mouse neopl ast i c Bl ymphocyt es

by Fukushi ma and Hagi war a ( 1985) , who st udi ed Rb but not Li . They di f f er

somewhat f r om dat a of Kost yuk et al . ( 1983) , who f ound Na > Li i n snai l

neur ons.

As Fi g . 5B i l l ust r at es, t he r el at i ve sel ect i vi t y of L- t ype car di ac Ca channel s

decr eases wi t h i ncr easi ng i oni c di amet er of gr oup l a cat i ons. As i n t he case of

t he Na channel ( Chandl er and Meves, 1965 ; Hi l l e, 1972) , t he sel ect i vi t y sequence

f or t hese cat i ons obeys Ei senman sequence X1, as mi ght be expect ed f or a hi gh-

f i el d- st r engt h, hi gh- pK. si t e such as a car boxyl gr oup. The sel ect i vi t y sequence

i s di amet r i cal l y opposi t e t o t hat of t he acet yl chol i ne ( ACh) r ecept or channel

( Adams et al . , 1980 ; Lewi s and St evens, 1983) , whi ch f ol l ows t he or der of i oni c

mobi l i t y i n f r ee sol ut i on . The compar i son i s i nt er est i ng because r el at i vel y l ar ge
or gani c cat i ons per meat e skel et al and car di ac Ca channel s i n t he absence of Ca

( McCl eskey and Al mer s, 1985 ; McCl eskey et al . , 1985) , whi ch suggest s t hat Ca
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channel s behave i n ot her r espect s as l ar ge, wat er - f i l l ed por es, ver y much l i ke

ACh r ecept or channel s .

Monoval ent Cat i on Sel ect i vi t y i n t he Absence of Di val ent Cat i on Per meat i on

I n Fi g. 5B, sel ect i vi t y among var i ous monoval ent cat i ons was demonst r at ed by

showi ng t hat Ba i nf l ux i s bal anced by ef f l ux of di f f er ent monoval ent cat i ons at

1 . 0 1 . 5 2 . 0 2. 5 3. 0
e

DI AMETER ( A)

FI GURE 5.

	

Dependence of r ever sal pot ent i al on t he speci es of ext er nal di val ent
cat i on ( A) or i nt er nal monoval ent cat i on ( B) . Col l ect ed dat a f r om32 cel l s ar e pl ot t ed
as mean ± SEM. ( A) E,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� measur ement s wi t h 10 mM ext er nal di val ent cat i on as
i ndi cat ed, 85 mMext er nal Cs' , and 151 or 171 mMi nt er nal Cs' . ( B) Er e, measur e-
ment s wi t h 10 mMext er nal Ba2 ' , 85 mMext er nal monoval ent cat i on, and 151 or
171 mM i nt er nal monoval ent cat i on as i ndi cat ed . Not e t hat i ncr easi ngl y negat i ve

val ues of Er e� ar e pl ot t ed upwar d i n B t o i ndi cat e i ncr easi ng sel ect i vi t y t o i nt er nal
monoval ent cat i ons .

di f f er ent val ues of Er e, , . A mor e di r ect demonst r at i on of Ca channel sel ect i vi t y
f or monoval ent i ons r el i es on measur ement s of Er e� i n t he absence of per meant
di val ent cat i ons, wi t h monoval ent i ons as ext er nal as wel l as i nt er nal char ge

car r i er s . Fi g . 6A shows whol e cel l cur r ent s car r i ed by ext er nal Na' and i nt er nal

Cs' i n t he absence of ext er nal Ca" ( 2 mMEGTA) . To r ecor d Ca channel cur r ent
wi t h l i t t l e or no cont ami nat i on by ot her channel s, Na channel s wer e i nact i vat ed

by a hol di ng pot ent i al of - 40 mV, and bl ocked by i ncl udi ng t et r odot oxi n i n t he

A
/ / 151 or 171 Cs
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ext er nal sol ut i on ; K channel cur r ent s wer e mi ni mi zed by t he use of Cs' as t he

char ge car r i er i n t he i nt er nal sol ut i on . As expect ed f or Ca channel cur r ent , t he

r emai ni ng cur r ent was sensi t i ve t o D600 ( not shown) ; t he t i me cour se of t he

l eak- subt r act ed cur r ent i n Fi g . 6 appear s ver y si mi l ar t o t he Ca channel cur r ent

car r i ed by ext er nal Ba t + i n Fi g . 3 .

As Fi g. 6A i l l ust r at es, t he monoval ent Ca channel cur r ent i s i nwar d at negat i ve

pot ent i al s ( wher e i nwar d Na f l ux out wei ghs t he out war d Cs f l ux) , r ever ses

bet ween +30 and +40 mV, and i s out war dl y di r ect ed at mor e posi t i ve pot ent i al s .

nA

10

nA 0

- 10

- 20
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FI GURE 6.

	

Ca channel sel ect i vi t y f or monoval ent cat i ons and sensi t i vi t y of mono-

val ent cur r ent s t o bl ock by mi cr omol ar ext er nal Ca" . ( A) Super i mposed t r aces of

net cur r ent ( l i near l eak and capaci t y cur r ent s subt r act ed) . The ext er nal sol ut i on

cont ai ned 150 mMNaCl , 5 mMNa- HEPES ( pH 7 . 4) , 2 mMNa2 EGTA, and 12 . 5

, uMTTX. The i nt er nal sol ut i on cont ai ned 151 MMCSC12 , 5 mMCs- HEPES, and

10 MMCs2 EGTA. Cel l 207B. ( B) Same i oni c condi t i ons as i n A. Net cur r ent s at

f our pot ent i al s i n t he absence ( l ef t , 2 mMNa2 EGTA) and pr esence of mi cr omol ar

ext er nal Ca" ( EGTA r epl aced by 10 mMHEDTApl us 5 mMCa
21 ;

[ Ca]
2 +

= 1 . 3

/ AMat pH 7. 4) . Cel l 207G.

Rever sal pot ent i al det er mi nat i ons wi t h 150 mM ext er nal Na' and 151 mM

i nt er nal Cs' i n a t ot al of ei ght cel l s gave E, e , , = 40 . 8 ± 1 . 5 mV. The posi t i ve

val ue of Er e� pr ovi des addi t i onal evi dence t hat t he Ca channel sel ect s f or Na'

over Cs' , i n agr eement wi t h exper i ment s wher e monoval ent ef f l ux i s pi t t ed

agai nst Ba t + i nf l ux ( Fi g . 5B) .

Bl ock of Monoval ent Cur r ent s t hr ough t he Ca Channel by Ext er nal Ca 2+

Fi g . 6B pr ovi des evi dence t hat t he monoval ent cur r ent s ar e, i n f act , car r i ed by

Ca channel s . The addi t i on of 1 . 3 AM ext er nal Ca
2+ r educed bot h i nwar d and

A
150 Na / / 151 Cs20 r

' 70 mV
10

0

- 10 0

20 ms

B
0 Ca

20
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out war d cur r ent s wi t hout changi ng t he r ever sal pot ent i al or t he cur r ent ki net i cs .

Ther e was no cl ear vol t age dependence of t he bl ock over t he vol t age r ange

st udi ed her e ( +10 t o +70 mV) ; however , vol t age dependence was seen at mor e

negat i ve pot ent i al s ( Lansman et al . , 1986) .

The hi gh sensi t i vi t y of monoval ent cur r ent s t o bl ock by ext er nal Ca' was a
consi st ent f i ndi ng . The degr ee of i nhi bi t i on i l l ust r at ed i n Fi g . 6B was r epr esent -

at i ve of ot her exper i ment s : i n t hr ee cel l s st udi ed at a t est pot ent i al of +10 mV,

1 . 3 AM Cao r educed t he i nwar d cur r ent car r i ed by Na' t o 33 ± 4%( mean ±

SEM) . These r esul t s suppor t t he hypot hesi s t hat t he Ca channel cont ai ns a

bi ndi ng si t e wi t h a di ssoci at i on const ant of t he or der of 1 AM( see I nt r oduct i on) .

The ext r eme sensi t i vi t y of monoval ent cur r ent s t o ext er nal Ca st ands i n cont r ast

t o ot her expr essi ons of i on- channel i nt er act i on descr i bed i n t he sect i on t hat

f ol l ows .

Dependence of El ement ar y Cur r ent on Per meant I on Concent r at i on

One f undament al way t o st udy i on- channel i nt er act i ons i nvol ves measur ement s

of i oni c cur r ent as a f unct i on of t he per meant i on concent r at i on . Thi s appr oach

of t en gi ves i nf or mat i on about t he bi ndi ng of i ons t o sat ur abl e si t es wi t hi n t he

por e . Taki ng advant age of i mpr oved met hods f or r esol vi ng smal l el ement ar y

cur r ent s at wel l - def i ned pot ent i al s, we measur ed uni t ar y cur r ent ampl i t ude, i ,
over a wi de r ange of per meant i on concent r at i ons . The di r ect measur ement of i
mi ni mi zes t he need f or cor r ect i ons f or changi ng sur f ace char ge, si nce ( a) channel
gat i ng does not i nt er f er e wi t h t he measur ement and ( b) t he per meat i on pat hway
i n muscl e Ca channel s appear s t o be i nsul at ed f r om t he sur f ace char ge of t he
phosphol i pi d membr ane ( Cor onado and Af f ol t er , 1986) . Fi g. 7 A shows exampl es

of el ement ar y cur r ent s r ecor ded at 0 mV wi t h di f f er ent concent r at i ons of Ca. 2+

or Bat + i n t he r ecor di ng pi pet t e . Usi ng t he Ca agoni st Bay K 8644 t o pr omot e

l ong- l ast i ng openi ngs, we wer e abl e t o wor k at l evel s of Ca 2+ as l ow as 10 mM,

wher e t he uni t ar y cur r ent ampl i t ude was of t he or der of 0. 25 pA.

The mean val ues of i obt ai ned f r om a t ot al of 37 pat ches ar e pl ot t ed as a

f unct i on of i on act i vi t y or i on concent r at i on i n Fi g . 7B . Sever al poi nt s ar e wor t h

not i ng . ( a) At any gi ven di val ent concent r at i on, uni t ar y Ba cur r ent i s al ways
l ar ger t han uni t ar y Ca cur r ent . Thi s di f f er ence i n uni t ar y f l ux cont r ast s wi t h
channel sel ect i vi t y f or Ca 21 over Bat + j udged by measur ement s of E, e, , . ( b) Val ues
of i i n 50 mM[ Ca] o or [ Sr ] , wer e not si gni f i cant l y di f f er ent ( see Fi g . 10D) . ( c)

Uni t ar y Ca and Ba cur r ent s bot h di spl ay a t endency t o sat ur at e wi t h i ncr easi ng
per meant i on act i vi t y . Fi t t ed sat ur at i on cur ves gi ve concent r at i on val ues f or t he
appar ent di ssoci at i on const ant ( Kd) of - 14 mMf or Ca t + and ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 28 mMf or Ba t + .

These val ues ar e si mi l ar t o t hose f ound wi t h macr oscopi c cur r ent r ecor di ngs
( e . g . , Hagi war a, 1975 ; Akai ke et al . , 1978 ; Ashcr of t and St anf i el d, 1982 ; Kost yuk
et al . , 1983 ; Cot a and St ef ani , 1984) . The est i mat es of Kd ar e at l east 10' - f ol d
gr eat er t han t he appar ent di ssoci at i on const ant seen wi t h Ca bl ock of monoval ent
cur r ent s .

Open Channel Cur r ent - Vol t age Rel at i ons Measur ed wi t h Vol t age Ramps

Out war d cur r ent s t hr ough car di ac Ca channel s have been r ecor ded i n mul t i -
cel l ul ar pr epar at i ons ( Reut er and Schol z, 1977 ; Kass and Sangui net t i , 1984) , i n
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si ngl e car di ac cel l s ( e . g . , Lee and Tsi en, 1982 ; Fi gs . 3 and 4 of t hi s ar t i cl e) , and

i n si ngl e Ca channel s i ncor por at ed i n pl anar bi l ayer s ( Rosenber g et al . , 1986 ; see

al so Nel son et al . , 1984 ; Af f ol t er and Cor onado, 1985 ; Ehr l i ch et al . , 1986) . We
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r ecor ded open channel cur r ent - vol t age cur ves wi t h t he hope of seei ng out war d

uni t ar y cur r ent s i n cel l - at t ached pat ches . A second obj ect i ve was t o gai n i nf or -

mat i on about how uni t ar y f l uxes of di f f er ent per meant i ons var y over a br oad

r ange of pot ent i al s .

The met hod uses r amp vol t age- cl amp commands ( cf . Yel l en, 1982) , as i l l us-

t r at ed i n Fi g. 8 . The r ecor di ngs wer e made wi t h t he cel l - at t ached pat ch- cl amp

conf i gur at i on and t he usual pr ocedur es f or zer oi ng t he membr ane pot ent i al and

i ncr easi ng t he pr opor t i on of l ong- l ast i ng channel openi ngs . Ever y 4 s, t he vol t age

command i nput r ecei ved a r amp wavef or m t hat st ar t ed f r om a var i abl e pot ent i al

above t he hol di ng pot ent i al and descended at a r at e of 2 . 5 mV/ ms f or 100 ms

( Fi g. 8A) . Fr om t he r esul t i ng cur r ent r ecor ds, we sel ect ed t r aces t hat cont ai ned

no det ect abl e channel act i vi t y, and aver aged t hem t o r educe t he noi se . An

exampl e of t he aver aged nul l r ecor d appear s as t he smoot her t r ace i n Fi g . 8B.

Super i mposed on t hi s nul l r ecor d i s an exampl e of a cur r ent r ecor d wher e Ca

channel act i vi t y i s cl ear l y det ect abl e . Panel C i l l ust r at es t he di f f er ence cur r ent s

t hat r esul t when t he aver aged nul l r ecor d i s subt r act ed away f r om i ndi vi dual

r ecor ds . The second and f i f t h sweeps ar e exampl es of t r aces wher e no openi ngs

wer e det ect ed. The f l at ness of t he cur r ent r ecor ds i s an i ndi cat i on of t he

ef f ect i veness of t he l eak subt r act i on pr ocedur e . The f i r st , t hi r d, and f our t h

r ecor ds show Ca channel openi ngs ear l y i n t he pul se and bot h out war d and

i nwar d cur r ent s . I n t he si xt h r ecor d, channel openi ng was r el at i vel y del ayed and

onl y i nwar d cur r ent was seen .

Do t he out war d and i nwar d cur r ent s ar i se f r om act i vi t y of t he same ki nd of

channel ? One way of answer i ng t hi s quest i on i s t o see whet her out war d cur r ent s

and i nwar d cur r ent s appear i n a cor r el at ed way, as woul d be expect ed i f t hey

depend upon t he avai l abi l i t y of t he same channel . Thi s pr edi ct i on was t est ed i n

t he exper i ment i l l ust r at ed i n Fi g . 8 by scor i ng f or out war d and i nwar d cur r ent s

on a sweep- by- sweep basi s . I n t he vast maj or i t y of t he sweeps, cl ear l y det ect abl e

out war d and i nwar d cur r ent s occur r ed i n t he same sweep or not at al l ; accor di ng

t o chi - squar e anal ysi s, t he cor r el at i on was si gni f i cant at t he P < 0 . 005 l evel . Thi s

cor r el at i on woul d not be expect ed i f t he out war d and i nwar d cur r ent s ar ose

f r om i ndependent l y gat ed channel s i n t he same pat ch .

Open channel cur r ent - vol t age ( I - V) r el at i ons wer e const r uct ed f r omi ndi vi dual

FI GURE 7 .

	

( opposi t e) Dependence of si ngl e channel cur r ent ampl i t ude on Ca" and
Bat + concent r at i on . ( A) Cel l - at t ached pat ch r ecor di ngs. Met hods as i n Fi g. 1 wi t h
ext er nal K- aspar t at e and 5 p. M Bay K 8644 . Ever y t r ace i s f r oma di f f er ent pat ch .
( B) El ement ar y cur r ent at 0 mV pl ot t ed as a f unct i on of i on act i vi t y and i on
concent r at i on . Col l ect ed r esul t s f r om37 pat ches . Act i vi t y coef f i ci ent s ( i oni c st r engt h
i n par ent heses) f or di val ent i ons i n t he pi pet t e sol ut i ons of 10, 20, 50, and 110 mM
concent r at i ons : 0 . 294 ( 0 . 16) , 0 . 286 ( 0 . 195) , 0 . 269 ( 0 . 24) , and 0 . 247 ( 0 . 33) . The
symbol s r epr esent mean val ues ± SEM. The smoot h cur ves ar e best f i t s t o t he
equat i on i = i _/ ( I + Kd/ [ X] ) , wher e i i s t he el ement ar y cur r ent , [ X] i s t he i on
act i vi t y, 2, nax i s t he sat ur at i ng val ue of i at [ X] = i nf i ni t y, and Kd i s t he equi l i br i um
di ssoci at i on const ant . The Kd val ues f or Bat ' and Ca2' above t he pl ot ar e expr essed
i n uni t s of concent r at i on .
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l eak- subt r act ed cur r ent r ecor ds ( Fi g. 8D) . Segment s of r ecor ds wi t h channel

openi ngs wer e f i r st i dent i f i ed ; a mean open cur r ent val ue at a par t i cul ar poi nt

i n t he r amp was t hen obt ai ned by aver agi ng acr oss t he set of r ecor ds wi t h

det ect abl e openi ngs . The accur acy of t hi s met hod depends cr i t i cal l y on cor r ect

l eak subt r act i on and r easonabl e j udgment about t he occur r ence of cl ear channel

+ 150 mV

FI GURE 8 .

	

Si ngl e channel cur r ent - vol t age r el at i on obt ai ned wi t h vol t age r amps .

Cel l - at t ached pat ch r ecor di ngs wi t h ext er nal K- aspar t at e and 5 / M Bay K 8644 .
The pi pet t e cont ai ned 20 mM BaC1 2 and 135 mMTEA- Cl . ( A) Vol t age pr ot ocol .
( B) Tot al pat ch cur r ent s . A sweep i n whi ch t he channel opened i s super i mposed on

t he aver age of si x sweeps wi t h no det ect abl e channel act i vi t y ( l eak t r ace) . ( C) A ser i es
of cur r ent r ecor ds af t er subt r act i on of t he aver aged l eak t r ace shown i n B. ( D) Open
channel cur r ent - vol t age r el at i on obt ai ned by aver agi ng i ndi vi dual open channel

segment s i dent i f i ed i n t r aces l i ke t hose shown i n C. A di gi t al smoot hi ng r out i ne was
used t o r educe f ur t her t he noi se i n t he aver aged r amp cur r ent . ( E) Cur r ent t r aces
obt ai ned by st eady depol ar i zi ng pul ses i n t he same pat ch . The val ue of t he el emen-

t ar y cur r ent measur ed di r ect l y at t he t wo t est pot ent i al s shown cor r esponds wel l t o
t hat obt ai ned wi t h t he r amp pr ot ocol . Cel l 25C.
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act i vi t y . One t est of t he val i di t y of t he pr ocedur e i s t he excel l ent agr eement

bet ween t he val ues of i measur ed wi t h t he r amp pr ot ocol and t hose measur ed

di r ect l y f r om el ement ar y cur r ent pul ses dur i ng nor mal st ep depol ar i zat i ons i n

t he same pat ch ( Fi g . 8 E) .

As Fi g . 8D i l l ust r at es, t hi s met hod can gi ve open channel I - V r el at i ons over a

wi de vol t age r ange ; i t i s i ndeed possi bl e t o r ecor d out war d cur r ent and r ever sal

pot ent i al s at t he si ngl e channel l evel . The r esul t shown i n Fi g . 8 i s r epr esent at i ve

of a t ot al of si x open channel I - Vcur ves obt ai ned wi t h 20 mMBa2+ i n t he pi pet t e .
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+50 +100 +150 - 100 - 50
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FI GURE 9.

	

Si ngl e channel cur r ent - vol t age r el at i ons wi t h di f f er ent concent r at i ons

of Bat + i n t he pi pet t e . Met hods as i n Fi g. 6 . Pi pet t e sol ut i ons : ( A) 10 mMBaCl 2 ,

150 TEA- Cl ; ( B) 20 mMBaC1 2 , 270 mMsucr ose ; ( C) 50 mMBaC12 , 90 mMTEA-

Cl ; ( D) 110 mMBaC12 . Al l sol ut i ons wer e buf f er ed t o pH 7 . 5 wi t h 10 mMHEPES.

Cel l s 27B, 28C, 26F, and 26E.

The mai n f eat ur es of t he I - V r el at i on ar e : ( a) an al most l i near r egi on at pot ent i al s

up t o about +30 mV ( conduct ance, ^- 15 pS) , ( b) a pr ogr essi ve decr ease of t he

conduct ance as E, ev i s appr oached, ( c) cur r ent r ever sal near +70 mV, and ( d)

out war d cur r ent wi t h i ncr easi ng conduct ance ( out war d r ect i f i cat i on) at pot ent i al s

posi t i ve t o ETev .

Fi g. 9 shows open channel I - V r el at i ons obt ai ned wi t h 10- 110 mMBa2+ i n t he

pi pet t e . Al l t he 1- V' s ar e cl ose t o l i near i n t he vol t age r ange negat i ve t o - 20 mV,

showi ng onl y sl i ght downwar d cur vat ur e . The conduct ance of t hi s l i near segment
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i ncr eases f r om 12 pS i n 10 mMt o 25 pS i n 110 mM. The zer o- cur r ent pot ent i al
shi f t s f r om about +55 mV i n 10 mMBa2+ t o about +90 mV i n 110 mMBa 2+.

Open channel I - V r el at i ons obt ai ned wi t h 50 mM Ba2+, Sr 2+ , or Ca t + ar e
compar ed i n Fi g . 10 . The most st r i ki ng di f f er ence bet ween t hese t hr ee I - V' s i s
t he sl ope conduct ance of t he near l y l i near r egi on at negat i ve pot ent i al s . Whi l e

t he conduct ance f or Ba 2+ i s ^ - 25 pS, t hat f or Ca 2+ i s onl y ^- 8 pS, whi ch i s ver y

si mi l ar t o t hat f or Sr 2+ . The exampl es gi ven f or Ca2+ and Sr 2+ ar e r epr esent at i ve

of a t ot al of t hr ee and f our pat ches wi t h each i on, r espect i vel y . The mean val ues

of t he conduct ance bel ow 0 mV wer e 7 . 3 pS f or 50 mMCa2+ and 9. 5 pS f or

Sr 2+ . These val ues ar e not si gni f i cant l y di f f er ent . Because of t he f l at ness of t he

1- V' s i n t he r egi on of E, e, , , no meani ngf ul val ues f or E. e. coul d be obt ai ned wi t h

50 mMCa2+ or Sr 2+ . We can say wi t h conf i dence, however , t hat E, , , f or t hese

i ons must be mor e posi t i ve t han f or Ba 2+.
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Cur r ent t hr ough Si ngl e Ca Channel s Car r i ed by Li + and Na +

FI GURE 10 .

	

Compar i son of si ngl e channel cur r ent - vol t age r el at i ons wi t h Ba 2+ ,

Ca" , and Sr " . Met hods as i n Fi g . 6 . Pi pet t e sol ut i ons as i n Fi g. 7 C, wi t h CaC12 and
Sr Cl 2 subst i t ut i ng f or BaC1 2 i n B and C, r espect i vel y . Cel l s 26G, 25L, and 25S.

Havi ng demonst r at ed out war d monoval ent cur r ent s t hr ough si ngl e Ca channel s

i n cel l - at t ached pat ches, i n good agr eement wi t h pr edi ct i ons f r om ear l i er whol e

cel l r ecor di ngs, we now t ur n t o quest i ons about t he pr oper t i es of i nwar d

monoval ent cur r ent s t hr ough si ngl e Ca channel s . Judgi ng by pr evi ous macr o-

scopi c cur r ent r ecor di ngs ( e . g . , Fi g . 5) and t heor et i cal wor k on Ca channel

per meat i on ( Hess and Tsi en, 1984 ; Al mer s and McCl eskey, 1984) , one woul d

expect l ar ge uni t ar y conduct ances f or monoval ent i ons i n t he absence of ext er nal

di val ent i ons .

Fi g . 11 i l l ust r at es uni t ar y Ca channel cur r ent s gener at ed by Li or Na i nf l ux .

These wer e r ecor ded wi t h 150 mMLi Cl or NaCl i n t he pat ch pi pet t e and 10

mMEDTA t o make t he pi pet t e sol ut i on vi r t ual l y di val ent f r ee . Wi t h ei t her Li +

( A) or Na' ( D) , t he pat t er n of gat i ng i s ver y si mi l ar t o t hat seen wi t h Ba 2+ . Sweeps

wi t h no openi ngs ( mode 0) al t er nat e wi t h sweeps wi t h br i ef openi ngs ( mode 1)

and sweeps wi t h l ong- l ast i ng openi ngs ( mode 2) ; Bay K 8644 gr eat l y i ncr eased

t he pr opor t i on of sweeps wi t h mode 2 gat i ng . The ki net i cs of t he aver aged

cur r ent s f or bot h i ons ( Fi g. 11, Band E) ar e al so ver y si mi l ar t o t hose r ecor ded

wi t h Ba 2+ . The mai n di f f er ence l i es i n t he vol t age dependence of act i vat i on :

act i vat i on of Ca channel s i n t he absence of di val ent i ons occur s over a pot ent i al

r ange ^- 40 mV mor e negat i ve t han wi t h 50- 110 mMext er nal Ba 2+ , as mi ght be
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FI GURE 11 . El ement ar y Ca channel cur r ent s car r i ed by Li and Na i ons . Cel l -

at t ached pat ch r ecor di ngs . Ext er nal K- aspar t at e, 10 MMMgCl 2 , 5 'UMBay K 8644 .

( A- C) Pi pet t e sol ut i on : 150 mMLi Cl , 10 mMHEPES, 10 mMEDTA, pH 7 . 6 . ( D-

F) Pi pet t e sol ut i on 150 mM NaCl , 10 mM Tr i s, 10 mM EDTA, pH 9 . 0 . ( A, D)

Cur r ent t r aces obt ai ned at 3- s i nt er val s wi t h t he vol t age pr ot ocol shown on t op . ( B,

E) Mean cur r ent s ar e t he aver age of 328 and 47 successi ve t r aces i n B and E,

r espect i vel y . ( C and F) Si ngl e channel cur r ent - vol t age r el at i ons f r om t he same

pat ches, r ecor ded wi t h vol t age r amps si mi l ar t o t hose shown i n Fi g . 6 . Cel l s 35R

( Li ' ) and 38E.
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expect ed f r omt he ef f ect s of changi ng sur f ace pot ent i al ( see Kost yuk et al . , 1983) .

Ramp vol t age- cl amp pr ot ocol s pr oduced open channel I - V' s ( Fi g . 11, C and F)

t hat ar e per f ect l y l i near over t he ent i r e vol t age r ange st udi ed ( - 100 t o +20 mV) .

The si ngl e channel conduct ances ar e 45 and 85 pS f or Li + and Na' , r espect i vel y,

si gni f i cant l y hi gher t han t hose f or compar abl e concent r at i ons of Ca t + or Bat + .

Wi t h ei t her monoval ent cat i on, t her e ar e cl ear l y measur abl e i nwar d cur r ent s at

0 mV; sel ect i vi t y of t he channel f or Li + or Na + over ( i nt er nal ) K+ i s t o be expect ed

f r om measur ement s of E, e, , i n whol e cel l r ecor di ngs ( Fi gs . 4 and 5) . Li near

ext r apol at i on of t he r ever sal pot ent i al s wi t h Li + or Na+ yi el ds a val ue of Er ev t hat

i s 10- 15 mV mor e posi t i ve f or Li + t han f or Na +. Thi s i s consi st ent wi t h evi dence

f r om macr oscopi c r ever sal pot ent i al measur ement s ( Fi gs . 4 and 5) t hat suggest

t hat t he channel sel ect s f or Li + over Na' . We wer e unabl e t o det ect cl ear - cut

out war d uni t ar y cur r ent s under t hese condi t i ons, even t hough out war d move-

ment s of Cs+ wer e qui t e cl ear i n suct i on pi pet t e r ecor di ngs f r omsi ngl e cel l s ( Fi g .

6) . One possi bl e expl anat i on i s t hat a cyt opl asmi c bl ocker i n i nt act cel l s ( Ca or

Mg?) obscur es out war d cur r ent s i n cel l - at t ached r ecor di ngs, but i s r emoved or

buf f er ed by i nt er nal di al ysi s i n whol e cel l exper i ment s .

The r esul t s wi t h Li + wer e obt ai ned at a pi pet t e pH of 7 . 6, wher eas t he

exper i ment wi t h Na+ was per f or med at pH 9 . Thi s al kal i ne pi pet t e sol ut i on was

necessar y wi t h Na + because i t el i mi nat ed t he par t i al l y r esol ved r api d bl ocki ng

and unbl ocki ng t r ansi t i ons ( most pr obabl y ar i si ng f r ompr ot on bl ock of t he open

channel ) , whi ch made r ecor di ngs of open channel I - V' s i mpossi bl e at pH 7 . 6

( unpubl i shed r esul t s) . Li cur r ent s showed no si gn of pr ot on bl ock at pH 7 . 6 and

t he ampl i t ude of i was unchanged at pH 9 .

DI SCUSSI ON

Thi s st udy was ai med at pr ovi di ng basi c i nf or mat i on about t he mechani sm of

i on per meat i on t hr ough L- t ype car di ac Ca channel s . The mai n new r esul t s

i ncl ude ( a) a syst emat i c r anki ng of t he r el at i ve per meabi l i t y t o var i ous al kal i and

al kal i ne ear t h cat i ons, ( b) a descr i pt i on of how uni t ar y cur r ent var i es wi t h wi de

var i at i ons i n membr ane pot ent i al or ext r acel l ul ar Ca or Ba concent r at i on, and

( c) a demonst r at i on of out war d cur r ent t hr ough si ngl e Ca channel s i n cel l -

at t ached pat ches .
The r esul t s f r om si ngl e channel and whol e cel l r ecor di ngs dovet ai l r easonabl y

wel l i n ar eas of over l ap . The combi nat i on of appr oaches i s par t i cul ar l y ef f ect i ve
because t hey have di f f er ent advant ages and di sadvant ages . Whol e cel l r ecor di ngs
gi ve much mor e accur at e i nf or mat i on near Er e� , wher e net cur r ent i s smal l ; t hey
al so al l ow mani pul at i on of i on concent r at i ons on bot h si des of t he membr ane
wi t h r el at i vel y l i t t l e r undown ( Lee and Tsi en, 1984) , unl i ke r ecor di ngs of L- t ype

Ca channel act i vi t y f r omexci sed pat ches ( Caval i e et al . , 1983 ; Ni l i us et al . , 1985) .

On t he ot her hand, si ngl e channel measur ement s el i mi nat e t he uncer t ai nt y

associ at ed wi t h var i at i ons i n channel gat i ng, a par t i cul ar l y ser i ous pr obl em at

negat i ve pot ent i al s wher e channel deact i vat i on i s r api d .

The usef ul ness of t he si ngl e channel r ecor di ngs was gr eat l y enhanced by t he

use of Bay K 8644 t o i ncr ease t he pr opor t i on of l ong, wel l - r esol ved openi ngs
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and i sot oni c K+ t o zer o t he r est i ng pot ent i al ; r amp vol t age commands al l owed

i nf or mat i on over a wi de vol t age r ange t o be gat her ed qui ckl y . I n each case,

cont r ol exper i ment s est abl i shed t hat t he exper i ment al maneuver di d not di st or t

t he t r ue pr oper t i es of t he open channel ( see Fi gs . 1, 2, and 7) . Exposur e t o Bay

K 8644 does not al t er t he r ever sal pot ent i al det er mi ned f r omwhol e cel l r ecor d-

i ngs ( Hess et al . , 1984) , and est i mat es of E, ev f r om si ngl e channel dat a i n t he

pr esence of t he Ca agoni st agr ee wi t h E, e, val ues f r om whol e cel l r ecor di ngs

made i n i t s absence .

Cont r ast s Bet ween E, , and i Measur ement s Rul e Out Sel ect i vi t y by I on Rej ect i on

Al one

One of t he most i mpor t ant aspect s of t hi s ar t i cl e i s t he compar i son bet ween

i nf or mat i on f r om measur ement s of r ever sal pot ent i al s and open channel f l uxes .

Accor di ng t o E, , , measur ement s ( Fi g . 4) , Ba t + i s t he l east per meant of t he

di val ent cat i ons ( l eavi ng Mg 2+ asi de f or t he moment ) ; Li + i s t he most per meant

of t he monoval ent s . Si nce PB, , >> PL; ( Fi g . 4, l ower l ef t panel ) , al l t he measur abl y

per meant di val ent s come ahead of monoval ent s i n t he over al l sequence of E, e , ,

per meabi l i t i es . Thus, Ca2+ > Sr 2+ > Ba 2+ >> Li + > Na+ > K+ > Cs+.

The over al l spr ead of per meabi l i t i es al ong t he i oni c ser i es i s enor mous . The

r ever sal pot ent i al of 70- 75 mV wi t h 10 mMext er nal Ca 2+ and 150 mMi nt er nal

Cs + ( Fi g . 4, upper l ef t panel ) cor r esponds t o a Gol dman per meabi l i t y r at i o of

6, 000 ( Lee and Tsi en, 1984) .

Measur ement s of uni t ar y Ca channel cur r ent s wi t h var i ous char ge car r i er s

gi ve si gni f i cant l y di f f er ent sel ect i vi t y sequences . Sl ope conduct ances f or t he

measur abl y per meant di val ent s at 50 mMchar ge car r i er r ank as f ol l ows : Ba t +

( 20 pS) > Sr 2+ ( 8 pS) ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" Ca 2+ ( 8 pS) . Thi s i s essent i al l y t he opposi t e of t he

sequence f r omE, e, , det er mi nat i ons . The cont r ast bet ween per meabi l i t y as j udged

by E, e, and i measur ement s hol ds t r ue f or at l east t wo of t he monoval ent s . At

150 mMchar ge car r i er ( Fi g . 11) , Na' ( 85 pS) > Li + ( 45 pS) . Thus, f or cer t ai n

al kal i met al cat i ons as wel l as al kal i ne ear t h cat i ons, our r esul t s ar e di f f i cul t t o

r econci l e wi t h t he i dea of sel ect i vi t y by r ej ect i on al one . Thi s i s t he pr evai l i ng

i nt er pr et at i on f or Na channel s because t he mai n di f f er ence i n t he ener gy pr of i l es

seen by per meant cat i ons as t hey cr oss t he membr ane i s appar ent i n t he hei ght

of t he ener gy bar r i er s ( Begeni si ch and Cahal an, 1980a, b) , whi l e bi ndi ng t o t he

t wo ener gy wel l s i s weak f or al l i ons . Thus, sel ect i vi t y i s at t r i but ed mai nl y t o a

" sel ect i vi t y f i l t er , " a cr i t i cal nar r owi ng of t he por e t hat cor r esponds t o a bar r i er
i n t he ener gy pr of i l e ( Hi l l e, 1984) .

I n t he case of Ca channel s, sel ect i vi t y cannot t ake pl ace by r ej ect i on al one ; i f

t hi s wer e t r ue, one woul d expect t hat ext er nal cat i ons wi t h mor e posi t i ve r ever sal

pot ent i al s woul d al so show t he l ar gest uni t ar y conduct ances, cont r ar y t o what we

have obser ved . Our r esul t s poi nt i nst ead t o a mechani smof sel ect i vi t y i nvol vi ng

di f f er i ng i on af f i ni t i es at a t r ue bi ndi ng si t e, cor r espondi ng t o an ener gy wel l ( cf .

Hagi war a, 1975) , such t hat t he i on wi t h t he hi ghest af f i ni t y ( hi ghest per meabi l i t y

as j udged by E, e, , ) has t he l owest mobi l i t y ( l owest per meabi l i t y as j udged f r om

t he si ngl e channel conduct ance) .
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Mg i ons ar e a not abl e except i on t o t he gener al pat t er n . I n t hi s case, r ever sal

pot ent i al and open channel f l ux exper i ment s poi nt i n t he same di r ect i on i n

suggest i ng t hat Mg" i s poor l y per meant . No i nwar d Mg cur r ent s wer e ever

det ect ed i n ei t her whol e cel l or si ngl e channel r ecor di ngs, even wi t h ext r acel l ul ar

Mg2+ as hi gh as 110 mM; al t hough E, , , coul d not be det er mi ned, i t i s saf e t o say

t hat i t coul d be no mor e posi t i ve t han +10 mV wi t h 10 mMext er nal Mgt ' and

171 mMi nt er nal Cs+ . Wi t h r espect t o Mgt +, car di ac Ca channel s once agai n

r esembl e t hei r count er par t s i n neopl ast i c B l ymphocyt es ( Fukushi ma and Hagi -

war a, 1985) ; t hey di f f er f r om Ca channel s i n f r og skel et al muscl e, wher e Al mer s

and Pal ade ( 1981) f ound cl ear Mg cur r ent s - 1 / 10 as l ar ge as Ca cur r ent s . The

di scr epancy i s pr obabl y onl y a mat t er of degr ee . Our own measur ement s of Mg

bl ock of Ba cur r ent s show r el i ef of Mg bl ock at negat i ve pot ent i al s, as i f Mg

coul d ent er t he cel l , al bei t at a r at e t oo sl ow t o det ect wi t h cur r ent r ecor di ngs

( Lansman et al . , 1986) .

Di f f er ent Measur es of Ca Channel Af f i ni t y f or Ca Rul e Out a Si ngl e- Bi ndi ng-

Si t e Hypot hesi s

Fi g. 7 shows t hat uni t ar y Ca cur r ent i ncr eases nonl i near l y wi t h ext r acel l ul ar Ca

act i vi t y ; hal f - sat ur at i on occur s at ^ - 14 mM[ Ca] o . The f ol l owi ng ar t i cl e ( Lansman

et al . , 1986) shows t hat hal f - bl ock of uni t ar y Li cur r ent s t akes pl ace at - 3 ' M
[ Ca] o . These r esul t s pr ovi de a di r ect demonst r at i on at t he si ngl e channel l evel of
an ^- 10' di scr epancy t hat has al r eady been t he f ocus of st udi es wi t h whol e cel l
r ecor di ngs ( Kost yuk et al . , 1983 ; Hess and Tsi en, 1984 ; Al mer s et al . , 1984 ;
Fukushi ma and Hagi war a, 1985) . The si ngl e channel r esul t s r emove any r emai n-
i ng possi bi l i t y t hat Ca channel per meat i on can be account ed f or by a si mpl e one-
si t e model , as or i gi nal l y pr oposed by Ver eecke and Car mel i et ( 1971) and Hagi -
war a et al . ( 1974) and as el abor at ed mor e r ecent l y by ot her s ( e. g . , Ashcr of t and
St anf i el d, 1982 ; Cot a and St ef ani , 1984) .

The pr esent f ocus i s on di scr i mi nat i ng bet ween t wo di f f er ent expl anat i ons of

t he 4- l og- uni t di scr epancy i n hal f - ef f ect i ve Ca concent r at i ons . The model of Hess

and Tsi en ( 1984) and Al mer s and McCl eskey ( 1984) pr oposes t hat t he Ca channel

i s a si ngl e- f i l e por e cont ai ni ng at l east t wo si t es wi t h ^- 1 j MKd ; t he l ow appar ent

af f i ni t y of t he si t es f or per meat i ng Ca. 21 i s at t r i but ed t o el ect r ost at i c r epul si on or

some ot her st r ong i on- i on i nt er act i on t hat opposes mul t i pl e occupancy of t he

por e by Ca t + . On t he ot her hand, Kost yuk et al . ( 1983) at t r i but e sat ur at i on of

Ca f l ux t o a si ngl e i nt r apor e bi ndi ng si t e wi t h an ^- 10 mMKd , and bl ock of

monoval ent cur r ent s t o an ext er nal si t e t hat bi nds Ca
21 wi t h an - 1 / M Kd .

Kost yuk et al . ( 1983) based t hei r model on t he obser vat i on t hat mi cr omol ar

[ Cal . r educed Na cur r ent t hr ough Ca channel s i n a vol t age- i ndependent manner .

Thei r r esul t s i n snai l neur ons ar e consi st ent wi t h our own exper i ment s i n hear t

cel l s over a l i mi t ed vol t age r ange ( Fi g . 6B) . However , at mor e ext r eme pot ent i al s,

we can i n f act det ect vol t age dependence of Ca bl ock of monoval ent cur r ent s .

The si ngl e channel exper i ment s r epor t ed i n t he next ar t i cl e ( Lansman et al . ,

1986) show t hat bl ock of Li cur r ent s by [ Cal . i s r el i eved at st r ongl y negat i ve

pot ent i al s . Thi s f i t s ni cel y wi t h t he i dea t hat t he mi cr omol ar Ca bl ocki ng si t e i s
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i n di r ect communi cat i on wi t h t he i nsi de of t he cel l , and t hat vol t age dependence

expr esses a di r ect ef f ect of membr ane f i el d, dr i vi ng Ca exi t f r om t he por e i nt o

t he cel l . I t i s di f f i cul t t o expl ai n i n t er ms of an ext er nal r egul at or y si t e wi t hout

addi t i onal ad hoc assumpt i ons . The model of Kost yuk et al . ( 1983) i s al so di f f i cul t

t o r econci l e wi t h obser vat i ons of i on- i on i nt er act i ons wi t hi n t he Ca channel ( Hess

et al . , 1983 ; Hess and Tsi en, 1984 ; Al mer s and McCl eskey, 1984 ; Lansman et

al . , 1986) .

Open Channel 1- V Rel at i ons

Thi s ar t i cl e r epor t s I - V r el at i ons f or si ngl e open Ca channel s over an ext ended

vol t age r ange, f r om as negat i ve as - 100 mV t o as posi t i ve as +100 mV. The

si ngl e channel r ecor di ngs pr ovi de f r esh suppor t f or t he vi ew t hat Ca channel s

can car r y out war d cur r ent at posi t i ve pot ent i al s ( see al so Rosenber g et al . , 1986) .

As al r eady not ed, t he open channel I - V' s show val ues of E. e . si mi l ar t o t hose

obt ai ned i n macr oscopi c r ecor di ngs f r om whol e cel l s .

Si ngl e channel r ecor di ngs pr ovi de di r ect evi dence t hat t he upwar d cur vat ur e

( i ncr easi ng conduct ance) of macr oscopi c 1- V r el at i ons posi t i ve t o E, , , r esul t s f r om

r ect i f i cat i on at t he l evel of si ngl e open channel s r at her t han f r om an i ncr easi ng

degr ee of channel act i vat i on . Accor di ng t o t he per meat i on model of Hess and

Tsi en ( 1984) and Al mer s and McCl eskey ( 1984) , monoval ent i ons can car r y

cur r ent onl y i f t he channel i s not occupi ed by a di val ent i on, so t he out war d

r ect i f i cat i on of t he open channel I - V above E, , , pr obabl y r ef l ect s t he vol t age-

dependent decr ease of t he channel occupancy by t he ext er nal di val ent cat i on

( see al so Fukushi ma and Hagi war a, 1985) .

The pr oper t i es of t he open channel I - V i n t he negat i ve vol t age r ange ar e al so

of i nt er est . Pr evi ous anal ysi s of si ngl e channel r ecor di ngs has shown near l y ohmi c

behavi or at negat i ve pot ent i al s wi t h 50- 100 mMBa 2+ or Ca 2' as char ge car r i er s

( Reut er et al . , 1982 ; Caval i e et al . , 1983) . On t he ot her hand, a decr ease of t he

open channel conduct ance and sat ur at i on of i at negat i ve pot ent i al s have been

r epor t ed f r om est i mat es of i by noi se anal ysi s ( Fenwi ck et al . , 1982) and f r om

open channel 1- V' s obt ai ned by anal ysi s of t ai l cur r ent s ( Hagi war a and Ohmor i ,

1982) . I n our di r ect measur ement s of open channel I - V' s, we never obser ved a

decr ease of t he conduct ance at negat i ve pot ent i al s at any concent r at i on of Ba2+

or Ca2+ up t o 110 mM. I t seems possi bl e t hat t he obser ved decr ease of t he

conduct ance i n t he ci t ed st udi es i s t he r esul t of an under est i mat i on of i because

of i mper f ect l y r esol ved gat i ng t r ansi t i ons ( r api d t ai l deact i vat i on) at negat i ve

pot ent i al s . For I - V' s obt ai ned i n t he pr esence of [ Mg] . ( Hagi war a and Ohmor i ,

1982 : 25 mM[ Ba] o and 1 mM[ Mg] o) , an al t er nat i ve expl anat i on i s an appar ent

decr ease of t he conduct ance at negat i ve pot ent i al s because of vol t age- dependent

bl ock by ext er nal Mg i ons ( Fukushi ma and Hagi war a, 1985 ; Lansman et al . ,

1986) .

I t i s r emar kabl e t hat t he si ngl e channel I - V r el at i on i s cl ose t o l i near over a

wi de r ange of i oni c char ge car r i er s ( Ca 2+' Ba2+ , Sr 2+ , Li + , and Na + ) and Ba2+

concent r at i ons ( 10- 110 mM) . These obser vat i ons put ser i ous const r ai nt s on t he

vol t age dependence of t he r at e- l i mi t i ng st ep f or i on t r ansf er , whose l ocat i on wi l l
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var y wi del y wi t h t he i oni c condi t i ons . Cel l - at t ached pat ch r ecor di ngs ar e compl e-

ment ed by r ecor di ngs of Ca channel act i vi t y i n pl anar bi l ayer s ( Nel son et al . ,

1984 ; Ehr l i ch et al . , 1984, 1986 ; Af f ol t er and Cor onado, 1985) , whi ch al l ow

t est s of t he f unct i onal symmet r y of t he por e under symmet r i cal i oni c condi t i ons

( Rosenber g et al . , 1986) . I t r emai ns t o be seen whet her al l of t hese new

obser vat i ons can be r econci l ed wi t hi n t he f r amewor k of Eyr i ng r at e t heor y

descr i pt i ons of i on per meat i on t hr ough Ca channel s .

Not e added i n pr oof R. Levi and L . J . DeFel i ce ( 1986 . Bi ophysi cal Jour nal . 50 : 5- 9) have r ecent l y

r epor t ed r ecor di ngs of Na cur r ent s t hr ough si ngl e Ca channel s i n spont aneousl y beat i ng chi ck

hear t cel l s . Thei r est i mat e of si ngl e channel conduct ance ( 50- 90 pS) i s i n excel l ent agr eement

wi t h our s ( Fi g. 11) .

We t hank R. Y. Tsi en, E. W. McCl eskey, R. L . Rosenber g, A. P. Fox, and J. A. Dani f or

hel pf ul di scussi on, and S. C. Wong f or t echni cal assi st ance . Thi s wor k was suppor t ed by gr ant s

f r om t he U. S . Publ i c Heal t h Ser vi ce, Mi l es Phar maceut i cal s, and Mar i on Labor at or i es .

Or i gi nal ver si on r ecei ved 17 Sept ember 1985 and accept ed ver si on r ecei ved 17 Mar ch 1986 .
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