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Cel l Vol ume Regul at i on by

Amphi uma Red Bl ood Cel l s

The Rol e of Ca * ' as a Modul at or

of Al kal i Met al l H- Exchange

PETER M. CALA

Fr om t he Depar t ment of Human Physi ol ogy, School of Medi ci ne, Uni ver si t y of Cal i f or ni a, Davi s,

Cal i f or ni a 95616

ABSTRACT I n r esponse t o osmot i c per t ur bat i on, t he Amphi uma r ed bl ood

cel l r egul at es vol ume back t o " nor mal " l evel s . Af t er osmot i c swel l i ng, t he cel l s

l ose K, Cl , and osmot i cal l y obl i ged H2O ( r egul at or y vol ume decr ease [ RVD] ) .

Af t er osmot i c shr i nkage, cel l vol ume i s r egul at ed as a r esul t of Na, Cl , and H2O

upt ake ( r egul at or y vol ume i ncr ease [ RVI ] ) . As pr evi ousl y shown ( Cal a, 1980a) ,

i on f l uxes r esponsi bl e f or vol ume r egul at i on ar e el ect r oneut r al , wi t h al kal i

met al i ons obl i gat or i l y count er - coupl ed t o H, wher eas net Cl f l ux i s i n exchange

f or HCO3 . When t hey wer e exposed t o t he Ca i onophor e A23187, Amphi uma

r ed bl ood cel l s l ost K, Cl , and H2O wi t h ki net i cs ( t i me cour se) si mi l ar t o t hose

obser ved dur i ng RVD. I n cont r ast , when cel l s wer e osmot i cal l y swol l en i n Ca-

f r ee medi a, net K l oss dur i ng RVD was i nhi bi t ed by ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 60%. A r ol e f or Ca i n

t he act i vat i on of K/ H exchange dur i ng RVD was suggest ed f r om t hese exper i -

ment s, but i nt er pr et at i on was compl i cat ed by t he f act t hat an i ncr ease i n cel l ul ar

Ca r esul t ed i n an i ncr ease i n t he membr ane conduct ance t o K ( GK) . To

det er mi ne t he r el at i ve cont r i but i ons of conduct i ve K f l ux and K/ H exchange

t o t ot al K f l ux, el ect r i cal st udi es wer e per f or med and t he cor r espondence of

net K f l ux t o t her modynami c model s f or conduct i ve vs . K/ H exchange was

eval uat ed . These st udi es l ed t o t he concl usi on t hat al t hough Ca act i vat es bot h

conduct i ve and el ect r oneut r al K f l ux pat hways, onl y t he l at t er pat hways con-

t r i but e si gni f i cant l y t o net K f l ux . On t he basi s of obser vat i ons t hat A23187

di d not act i vat e K l oss f r om cel l s dur i ng RVI ( when t he Na/ H exchange was

f unct i oni ng) and t hat ami l or i de i nhi bi t ed K/ H exchange by swol l en cel l s onl y

when cel l s had pr evi ousl y been shr unk i n t he pr esence of ami l or i de, I concl uded

t hat Na/ H and K/ H exchange ar e medi at ed by t he same membr ane t r anspor t

moi et y .

I NTRODUCTI ON

The r egul at i on of cel l vol ume af t er osmot i c per t ur bat i on has been an ar ea

of much i nt er est i n r ecent year s . The i ni t i al st udi es of t hi s pr ocess i n
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ver t ebr at e cel l s wer e f ocused on er yt hr ocyt es and ot her bl ood component s

( Fugel l i , 1967 ; Kr egenow, 1971a, b ; Poznansky and Sol omon, 1972 ; Rot i -

Rot i and Rot hst ei n, 1973 ; Par ker , 1973x, b ; Wei ssenber g and Kat z, 1975 ;

Cal a, 1977, 1980x, b ; Schmi dt and McManus, 1977 ; Si ebens and Kr egenow,

1978, 1980 ; Lauf , 1982) . Subsequent l y, cel l vol ume r egul at i on, or pr ocesses

t hat can be const r ued as such, has been demonst r at ed i n r enal pr oxi mal

t ubul e, Ehr l i ch asci t es cel l s, mi t ochondr i a, car di ac t i ssue, ner vous t i ssue, and

mammal i an gal l bl adder ( Del l asega and Gr ant ham, 1973 ; Gr ant ham et al . ,

1974 ; Hendi l and Hof f mann, 1974 ; Gar l i d, 1978 ; E. K. Hof f mann, 1978 ;

Vi sl i e, 1980 ; Kever s et al . , 1981 ; Fi sher et al . , 1981) . Al t hough t he det ai l s of

t he vol ume- r egul at or y mechani sms char act er i st i c of var i ous cel l s di f f er , t her e

ar e gener al f eat ur es t hat ar e becomi ng appar ent . I t appear s t hat vol ume

r egul at i on by ver t ebr at e cel l s i s t he r esul t of H2Of l ow, whi ch i s secondar y

t o net i nor gani c i on f l uxes, and t hat t hese i on f l uxes ar e not di r ect l y coupl ed

t o cel l ul ar met abol i sm.

On t he basi s of measur ement s of i on f l uxes as wel l as di r ect measur ement

of t he cel l membr ane pot ent i al , t hi s l abor at or y was abl e t o demonst r at e t hat

cel l vol ume r egul at i on by Amphi uma r ed bl ood cel l s i s t he r esul t of i on f l uxes

by el ect r oneut r al pat hways ( Cal a, 1980x) . Fur t her , st udi es desi gned t o det er -

mi ne t he nat ur e of vol ume- r egul at or y i on f l uxes i n ot her syst ems ( duck and

f i sh r ed bl ood cel l s and gal l bl adder ) have shown, wi t h a f ew except i ons

( Gr i nst ei n et al . , 1982x, b ; E. K. Hof f mann, 1978, 1982) , t hat cel l vol ume

r egul at i on i s secondar y t o el ect r oneut r al i on t r anspor t ( Si ebens and Kr ege-

now, 1980 ; Kr egenow, 1981 ; Fi sher et al . , 1981 ; Haas and McManus, 1982) .

The possi bi l i t y t hat vol ume r egul at i on by Amphi uma r ed bl ood cel l s was

medi at ed by el ect r oneut r al i on f l ux was f i r st suggest ed i n st udi es usi ng

val i nomyci n ( Val ) ( Cal a, 1980x) . These st udi es showed t hat Val t r eat ment i n

i sot oni c medi a r esul t ed i n a 20- 30- mV membr ane hyper pol ar i zat i on i n

r esponse t o a Val - i nduced K f l ux of 10- 20 mmol / kg dr y cel l sol i d ( dcs) i n 1

h . On t he basi s of t he above val ues, t he Val - i nduced membr ane conduct ance

t o K( GK` ` ' ) was cal cul at ed t o be ^ " 9 X 10 - ' SZ- ' CM- 2 . Si nce a Val - i nduced GKof g
X 10 - 7 S2- I cm- 2 r esul t ed i n a 20- 30- mV membr ane hyper pol ar i zat i on,

i t was concl uded t hat , i n t he absence of Val , t he t ot al membr ane conduct ance

( G� , ) must be of t he or der of 10 - 6 f l - ' cm- 2 ( wi t hi n an or der of magni t ude of
GKa' ; see al so Lassen et al . , 1978, 1980 ; cf . St oner and Kr egenow, 1980) . I n

cont r ast , when cel l s wer e osmot i cal l y per t ur bed ( i n t he absence of Val ) , net

al kal i met al i on f l uxes wer e nomi nal l y one t o t wo or der s of magni t ude l ar ger

t han t he Val - i nduced Kf l uxes, but dur i ng vol ume r egul at i on, t he membr ane

pot ent i al ( E� , ) r emai ned unchanged r el at i ve t o i onophor e- f r ee cel l s i n i sot oni c

medi um. Upon exposur e t o Val and ani sot oni c medi a, however , t he Em of

vol ume- r egul at i ng cel l s assumed t he same val ue as t hat of Val - t r eat ed cel l s i n

i sot oni c medi um ( Ema' - - 40 mV) . Si nce t he Val - i nduced K cur r ent ( I K
ai

)
aandEm' ar e vol ume i nsensi t i ve, i t was concl uded t hat GKa' i s al so i ndependent

of vol ume . Fur t her , si nce Ewa' i s i n al l cases t he same, t hen I Ka' / I m, and

t her ef or e GKa' / Gn� ar e vol ume i ndependent . I t f ol l ows, t hen, t hat I mand Gm

ar e i nvar i ant wi t h vol ume and t hat t he vol ume- dependent ( vol ume- r egul a-

t or y) i on f l uxes do not cont r i but e t o t he membr ane cur r ent .
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On t he basi s of t he above and t he obser vat i on t hat , dur i ng vol ume

r egul at i on, net al kal i met al i on f l uxes can be much gr eat er t han t hose of Cl ,

a model was pr oposed and t est ed . The sal i ent f eat ur es of t he model ar e t hat

al kal i met al i on f l uxes r esponsi bl e f or vol ume r egul at i on ar e obl i gat or i l y
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Pr oposed vol ume- r egul at or y i on f l ux pat hways i n Amphi uma r ed

bl ood cel l s . The model s ar e based upon i on f l ux and el ect r i cal measur ement s

pr esent ed i n a pr evi ous publ i cat i on ( Gal a, 1980a) . The sal i ent f eat ur e of t hi s

model i s t hat net al kal i met al and Cl - f l uxes ar e el ect r oneut r al by vi r t ue of

obl i gat or y count er - coupl i ng wi t h H+ and HCO3, r espect i vel y . Al t hough H' and

HCO3 ser ve as count er - i ons i n an el ect r i cal sense, t hey ar e wi t hout osmot i c

ef f ect because t hese i ons ar e cycl ed t hr ough t he membr ane al t er nat el y as H+

and HC03 or C02 and H2O. The onl y i on f l uxes of osmot i c consequence ar e

t hose of t he al kal i met al s and chl or i de. The el ect r oneut r al al kal i met al H

exchanger s and t he Cl - / HC03 exchange ar e f unct i onal l y coupl ed as a r esul t of

t he f l ux of H+. Thi s i s i n cont r ast t o ani on and cat i on f l uxes vi a conduct i ve

pat hways, wher e coupl i ng occur s t hr ough Em. A r epr esent s t he i on f l ux pat hways

r esponsi bl e f or vol ume r egul at i on af t er osmot i c swel l i ng ( r egul at or y vol ume

decr ease [ RVD] ) . Net K f l ux vi a K/ H exchange i s gener al l y gr eat er ( by as much

as t hr ee t i mes) t han net CI - f l ux vi a t he Cl - / HCO3 exchanger . B r epr esent s t he

i on f l ux pat hways r esponsi bl e f or vol ume r egul at i on af t er osmot i c shr i nkage

( r egul at or y vol ume i ncr ease [ RVI ] ) . The net Na and Cl - f l uxes vi a t he Na/ H

and CI - / HC03 exchanger s, r espect i vel y, ar e gener al l y i n cl ose cor r espondence

( i n cont r ast t o K/ H and Cl - / HC03) wi t h net Na f l ux equal t o or sl i ght l y ( 10%)

gr eat er t han t hat of Cl - .

count er - coupl ed t o Hwhi l e net Cl f l ux occur s i n exchange f or HCO3 . As a

r esul t , net al kal i met al and Cl f l uxes ar e el ect r oneut r al and pr oceed i n t he

same di r ect i on, coupl ed as a consequence of t he f l ux of H. The pr oposed

pat hways r esponsi bl e f or vol ume r egul at i on af t er cel l swel l i ng ( r egul at or y
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vol ume decr ease [ RVD] ) and shr i nkage ( r egul at or y vol ume i ncr ease [ RVI ] )
ar e depi ct ed i n Fi g . 1, A and B, r espect i vel y .

Dur i ng t he above st udi es, t he Ca i onophor e A23187 was used t o act i vat e
t he Ca- gat ed K conduct ance of Amphi uma r ed cel l s and t her eby al t er E, m. As
pr evi ousl y descr i bed by ot her s ( Lassen et a1 . , 1974, 1976 ; Gar dos et al . ,
1976) , such t r eat ment r esul t ed i n membr ane hyper pol ar i zat i on wi t h Em
act ual l y assumi ng t he val ue of EK ( - - 90 mV) i n some cases . I n par al l el i on
f l ux st udi es per f or med on A23187- t r eat ed cel l s, net cel l ul ar K l osses as l ar ge
as 200 mmol / kg dcs i n 15 mi n wer e obser ved . The magni t ude of t he net K
f l ux i nduced by A23187 was di f f i cul t t o r at i onal i ze wi t h pr evi ous est i mat es
of G� , ( ^ - 10 - 6 S2_ I cm2 ) . Thus, i t appear ed t hat ei t her A23187 exposur e
r esul t ed i n a l ar ge ( t wo or der s of magni t ude) i ncr ease i n Gm or a subst ant i al
f r act i on of t he i onophor e- i nduced K f l ux i s el ect r oneut r al . I n si mi l ar st udi es
usi ng Amphi uma r ed bl ood cel l s, Lassen et al . ( 1976) r epor t ed t hat i ncr easi ng
Ca. t o 15 mMcaused t he membr anes t o hyper pol ar i ze t r ansi ent l y and t hat ,
i n associ at i on wi t h hyper pol ar i zat i on, t he cel l s l ost K at a r at e t wo or der s of
magni t ude gr eat er t han coul d be expl ai ned on t he basi s of est i mat es of G� , .

The above obser vat i ons of l ar ge Ca- i nduced net K f l uxes, t aken t oget her
wi t h demonst r at i ons by t hi s l abor at or y t hat cel l K l oss dur i ng RVD i s
el ect r oneut r al , suggest ed t he possi bi l i t y t hat Ca mi ght act i vat e bot h conduc-
t i ve and el ect r oneut r al K l oss . That i s, i f a l ar ge f r act i on of t he Ca- i nduced
net K l oss wer e el ect r oneut r al , t hen zFJK2s187 >) I K2s187 and cal cul at i ons of
GK2318' based upon f K28' 8' woul d be over est i mat es . The possi bi l i t y t hat Ca
may ser ve as an act i vat or of el ect r oneut r al al kal i met al / H exchange was al so
of i nt er est as i t mi ght el uci dat e t he under l yi ng cont r ol of vol ume- r egul at or y
i on f l ux pat hways . Pr evi ous st udi es by t hi s l abor at or y ( Cal a, 1980x, b) , whi ch
ar e consi st ent wi t h t hi s not i on, suggest ed t hat changes i n pHmay be i nvol ved
i n t he act i vat i on and cont r ol of vol ume- r egul at or y i on f l uxes . Gi ven t he
suggest i on of Ca i nvol vement , t he pr evi ousl y r epor t ed pH ef f ect s upon
vol ume- r egul at or y i on f l uxes may have been r ef er abl e t o pH- dependent Ca
bi ndi ng r at her t han a mor e di r ect ef f ect of pHon t he al kal i met al / H exchange
mechani sm. Thi s hypot hesi s i s made mor e at t r act i ve i n l i ght of t he i ncr eas-
i ngl y r ecogni zed r ol e of i nt r acel l ul ar Ca as a second messenger ; t he nor mal l y
l ow, f r ee i nt r acel l ul ar [ Ca] ( - 1 j M) woul d make Ca a par t i cul ar l y sensi t i ve

t r ansducer f or osmot i c phenomena .
The dat a pr esent ed i n t hi s st udy suppor t a r ol e f or Ca as a modul at or of

t he K/ H exchange r esponsi bl e f or RVD. The ar gument s pr esent ed ar e based

upon i nf er ences dr awn f r om i on f l ux and el ect r i cal and t her modynami c

consi der at i ons . The f l ux st udi es ( a) demonst r at e si mi l ar i t i es bet ween vol ume-

and A23187- st i mul at ed cel l K l oss, ( b) i l l ust r at e a l ar ge di spar i t y bet ween net
cel l K and Cl l oss, an obser vat i on consi st ent wi t h t he not i on t hat a subst ant i al
f r act i on of Ca- i nduced K l oss i s el ect r oneut r al , and ( c) est abl i sh t hat K/ H
exchange dur i ng RVD i s sensi t i ve t o medi a Ca i n t he absence of A23187 .
The el ect r i cal st udi es pr ovi de i nf or mat i on r egar di ng membr ane vol t age and,
when eval uat ed i n t er ms of evi dence demonst r at i ng t hat Gm i s vol ume
i ndependent , t hey per mi t an upper - l i mi t est i mat e of t he Ca- i nduced conduc-
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t i ve K l oss . The t her modynami c st udi es per f or med under condi t i ons wher e

t he dr i vi ng f or ces f or A23187- i nduced K f l ux vi a conduct i ve and el ect r oneu-

t r al pat hways di f f er i n bot h magni t ude and di r ect i on per mi t a cl ear di st i nct i on

bet ween t he t wo modes of t r anspor t . These l at t er st udi es est abl i sh not onl y

t hat t he A23187- i nduced K f l ux i s el ect r oneut r al but t hat i t i s el ect r oneut r al

by vi r t ue of coupl i ng wi t h H ( OH) . Fi nal l y, evi dence wi l l be pr esent ed

suppor t i ng t he hypot hesi s t hat K/ H exchange and Na/ H exchange ar e

di f f er ent t r anspor t modes medi at ed by t he same membr ane component ( s) .

Pr el i mi nar y r epor t s of some of t hese dat a wer e pr esent ed t o t he Red Bl ood

Cel l Cl ub, Houst on, TX ( 1981) , and have appear ed i n abst r act f or m ( Gal a,

1982) .

MATERI ALS AND METHODS

Gener al

Bl ood was obt ai ned f r om heal t hy adul t Amphi uma by car di ac punct ur e . Bl ood was

dr awn i nt o a hepar i ni zed syr i nge, t he cel l s wer e separ at ed f r om pl asma by cent r i f -

ugat i on f or 1 mi n at 1, 000 g, and t he pl asma was r emoved by aspi r at i on . The cel l s

wer e t hen suspended i n cont r ol Ri nger ( 23° C) and cent r i f uged, t he super nat ant was

r emoved by aspi r at i on, and t he cel l s wer e r esuspended f or a t ot al of t hr ee washes i n

40 vol each of Ri nger . The cont r ol ( i sot oni c) Ri nger cont ai ned : 110 mM NaCl , 3

mMKCI , 1 mMMgC12, 0. 5 mMCaC1 2 , 20 mMi mi dazol e, and 10 mMgl ucose . Thi s

medi um was gassed wi t h wat er - sat ur at ed r oomai r and adj ust ed t o pH 7. 65 ( 23° C)

by t i t r at i on wi t h HCl . The washed cel l s wer e f i nal l y suspended i n i sot oni c ( cont r ol )

medi um at 10%hemat ocr i t and i ncubat ed f or 1 . 5 h wi t h gent l e agi t at i on t o assur e

t hat t he cel l s had r eached st eady st at e wi t h r espect t o t he i on and H2Ocont ent bef or e

exper i ment al t r eat ment . To begi n an exper i ment , cel l s wer e r emoved f r om suspen-

si on i n cont r ol medi um by cent r i f ugat i on and r esuspended ( 10% hemat ocr i t ) i n t he

appr opr i at e exper i ment al medi um ( at t i me zer o) . The exper i ment al suspensi on

medi um of al l cel l s i nt ended f or anal ysi s of cel l i on and wat er cont ent cont ai ned

[ " C] pol yet hyl enegl ycol ( 6, 000 mol wt ) as an ext r acel l ul ar space mar ker . Sampl es

( 375 ul ) wer e t hen r emoved at pr edet er mi ned i nt er val s ( 15, 30, or 45 mi n) , pl aced

i n 400- , ul pol yet hyl ene t ubes ( St ockwel l Sci ent i f i c, Mont er ey Par k, CA) , and cent r i -

f uged i n a mi cr ocent r i f uge ( model 3200 ; Br i nkman, West bur y, NJ) at 12, 800 g f or

2 mi n . Af t er cent r i f ugat i on t he super nat ant was r emoved and saved f or anal ysi s . The

400- , I pol yet hyl ene t ube and wet cel l pel l et wer e wei ghed ( 24- 48 mg wet pel l et ) ,

dr i ed i n an oven at 80° C f or 48 h, cool ed i n a desi ccat or , and r ewei ghed t o det er mi ne

t he dr y pel l et wei ght ( 8- 12 mg) . Fi nal l y, t he dr y pel l et was ext r act ed by addi t i on of

250 ul of gl ass- di st i l l ed H2Ot o t he t ube cont ai ni ng t he dr y pel l et . Af t er a 3- d

ext r act i on, al i quot s of t he ext r act wer e r emoved f or i on anal ysi s and l i qui d sci nt i l l a-

t i on count i ng. Al l cel l i on and wat er cont ent s wer e cor r ect ed f or ext r acel l ul ar

cont r i but i on .

Cel l I on and H2OCont ent

The pr ocedur e f or det er mi ni ng cel l ul ar cont ent of i ons ( Na, K, Cl ) and wat er was

descr i bed pr evi ousl y ( Gal a, 1980a) . Br i ef l y, af t er ext r act i on t he f ol l owi ng al i quot s

wer e r emoved : 100 Wl f or chl or i domet r y ( Buchl er I nst r ument s Di v. , Sear l e Di agnos-

t i cs, I nc . , For t Lee, NJ) , 50 j l f or Na and K f l ame phot omet r y ( model 343;

I nst r ument at i on Labor at or i es, Lexi ngt on, MA) , and 40 Al f or sci nt i l l at i on count i ng
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( Sear l e Mar k 11, l i qui d sci nt i l l at i on syst em; Sear l e Di agnost i cs, I nc . , Des Pl ai nes, I L) .
The r aw dat a t hus obt ai ned, as wel l as t he pel l et wet and dr y wei ght s, wer e t hen used
t o cal cul at e t he cel l ul ar i on and H2Ocont ent cor r ect ed f or ext r acel l ul ar cont r i but i on .
The cel l i on and H2Ocont ent det er mi ned by t hi s pr ocedur e i s gi ven i n Tabl e 1 .

Exper i ment al Medi a

Al l exper i ment al medi a wer e var i ant s of t he cont r ol medi a i n t hat Mg+2 , Ca12,

i mi dazol e buf f er , and gl ucose wer e pr esent i n t he same concent r at i ons as descr i bed
f or cont r ol medi a, unl ess ot her wi se speci f i ed . Medi a osmol ar i t y was al t er ed by
changi ng t he concent r at i on of NaCl . Medi a was buf f er ed wi t h i mi dazol e at 20 mM
and gassed wi t h r oom ai r . Exper i ment s usi ng t he Ca 12 i onophor e A23187 ( Cal -
bi ochem- Behr i ng Cor p . , San Di ego, CA) wer e per f or med i n a di ml y l i ght ed r oom
and t he cel l suspensi ons wer e kept f r om l i ght except dur i ng sampl i ng. A23187 was
pr esent t hr oughout t he exper i ment al per i od and was f r eshl y pr epar ed f or each
exper i ment . These pr ecaut i ons i mpr oved t he r epr oduci bi l i t y of exper i ment s usi ng
t he i onophor e ( G. Pl i shker , per sonal communi cat i on) .

TABLE I

I on and H20 Cont ent of Amphi uma Red Bl ood Cel l s i n I sot oni c, Hypot oni c, and

Hyper t oni c Medi a

The val ues pr esent ed ar e means ± SEM f or det er mi nat i ons usi ng cel l s f r om 20

ani mal s .

* Al t hough t he i on and H2O cont ent of cel l s i n i sot oni c medi um i s i nvar i ant wi t h

t i me, t he val ues obt ai ned f r omcel l s i n ani sot oni c medi a ar e not , as a r esul t of vol ume

r egul at i on . As such, t he i on and H2O cont ent s associ at ed wi t h cel l s i n hypo- and

hyper t oni c medi a wer e obt ai ned f r om sampl es t aken wi t hi n 1 . 5 mi n of suspensi on

i n ani sot oni c medi a .

El ect r i cal Measur ement s

MEMBRANE POTENTI AL

	

Measur ement s of t he Amphi uma r ed bl ood cel l mem-
br ane pot ent i al ( Em) wer e obt ai ned as pr evi ousl y descr i bed ( see Cal a, 1980x) .

DETERMI NATI ON OF K TRANSFERENCE ( t K)

	

The K t r ansf er ence of Amphi uma
r ed bl ood cel l s was det er mi ned gr aphi cal l y f r om t he maxi mumsl ope r egi on of a pl ot
of Emvs . l og[ K] o usi ng t he expr essi on

c3Em
=

[ cl og[ K] . JF,

	

58 t K

( Br own et al . , 1970 ; Chr i st of f er sen, 1973) . The maxi mumsl ope of E* n vs . l og[ K] o i s

at [ K] o > 20 mM( Cal a, 1980x) f or Amphi uma r ed bl ood cel l s exposed t o A23187
and/ or val i nomyci n ; t her ef or e, measur ement s of Emwer e per f or med bet ween 20 and

40 mM [ K] o . Thi s expr essi on assumes ( a) a l i near r el at i on bet ween Emand l og[ K] o ;
( b) t hat t he t ot al membr ane cur r ent equal s 0 ( dEm/ dt = 0) ; and ( c) t hat t he equi l i br i um

Medi um H2 O Na K CI

1/ kg dcs mmol / kg dcs

I sot oni c ( 232 mosmol ) 2 . 1±0 . 1 30±2 241±4 90±5

Hypot oni c ( 158 mosmol ) * 2 . 83±0 . 04 30±2 237±6 84±5

Hyper t oni c ( 340 mosmol ) * 1 . 59±0 . 02 32±3 239±4 78±4
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pot ent i al s of t he pr i mar y char ge- car r yi ng speci es ( E; ) ar e const ant . Bet ween [ K] o 20
and 40 mM, t he r el at i onshi p bet ween l og[ K] o and Em i s l i near ; t her ef or e, assumpt i on

a i s met . Si nce EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , i s i nvar i ant wi t h t i me, assumpt i on b i s appr opr i at el y met . Wi t h

r egar d t o assumpt i on c, t he equi l i br i um pot ent i al f or t he pr i mar y char ge car r i er , Cl
( Lassen et al . , 1978) , i s unal t er ed, but as [ K] o i s i ncr eased at t he expense of [ Na] o ,

EN, i s decr eased by 15%. Si nce t he change i n ENa i s sl i ght and t he f r act i on of t he

membr ane cur r ent car r i ed by Na i s smal l ( <10% of I . ) , t he changes i n ENa ar e
i nsi gni f i cant and have no consequence .

RESULTS

Ef f ect s of A23187 on K and Cl Loss and E� ,

Fi g . 2A depi ct s changes i n t he cel l K and Cl cont ent of Amphi uma r ed bl ood

cel l s exposed t o t he Ca i onophor e A23187 i n i sot oni c medi um. Measur ement s

of E� , per f or med i n par al l el exper i ment s r eveal t hat t he membr anes of t he

A23187- t r eat ed cel l s ar e hyper pol ar i zed
( Emssi s7 = - 55 mV) r el at i ve t o t he

i onophor e- f r ee cont r ol s ( Em = - 23 mV) . The hyper pol ar i zat i on exhi bi t ed by

i onophor e- t r eat ed cel l s i s due t o i ncr eased GK ( Lassen et al . , 1974, 1976 ;

Gar dos et al . , 1976) wi t h E� , var yi ng by as much as 40 mV/ decade A[ K] o, at

[ K] o > 20 mM. The dat a i n Fi g. 2B wer e obt ai ned f r om par al l el st udi es

per f or med on cel l s i n hypot oni c medi um i n t he absence and pr esence of

A23187 . As was t he case f or cel l s i n i sot oni c medi um, exposur e t o A23187

r esul t ed i n cel l ul ar K l oss and caused membr ane hyper pol ar i zat i on ( EM23187

_ - 55 mV) r el at i ve t o cel l s swol l en i n i onophor e- f r ee medi um ( Em = - 23

mV) . Fi g . 3, A and B, shows t hat at 7 j uMA23187 ( t he hi ghest concent r at i on
used i n t hi s st udy) , cel l ul ar K l oss i n i sot oni c ( Fi g . 3A) and hypot oni c ( Fi g .
3B) medi a i s a f unct i on of medi a [ Ca] . These dat a est abl i sh t hat t he ef f ect s
of A23187 upon cel l K l oss ar e r ef er abl e t o i t s i onophor et i c act i vi t y and not
t o a Ca- i ndependent di sr upt i on of membr ane st r uct ur e .

Ef f ect of Ca Removal on K/ HExchange Fl ux i n Osmot i cal l y Swol l en Cel l s

On t he basi s of t he obser vat i ons t hat ( a) exposur e t o A23187 r esul t s i n
membr ane hyper pol ar i zat i on, and ( b) al t hough i n t he absence of A23187 Em

i s vi r t ual l y i ndependent of [ K] o, and af t er i onophor e t r eat ment E� , var i es by
35- 40 mV/ decade A[ K] o, i t i s cl ear t hat addi t i on of A23187 r esul t s i n an

i ncr eased GK. However , as st at ed i n t he I nt r oduct i on, I hypot hesi zed t hat Ca
may al so pl ay a r ol e as an act i vat or of t he el ect r oneut r al K f l ux associ at ed
wi t h vol ume r egul at i on af t er cel l swel l i ng . I f i ndeed t he vol ume- r egul at or y
K l oss i s act i vat ed by Ca, i t shoul d be possi bl e t o i nhi bi t such K l oss by

swel l i ng cel l s i n Ca- f r ee medi um. Tabl e I I pr esent s dat a obt ai ned f r om cel l s
osmot i cal l y swol l en i n nor mal ( 0 . 5 mM) Ca" medi um and i n Ca' - f r ee,
EGTA- cont ai ni ng medi um. These dat a i l l ust r at e t hat i n t he absence of
ext er nal Ca" and i n t he pr esence of EGTA ( 1 mM) , net K l oss dur i ng RVD
i s i nhi bi t ed by 56%. Si nce al l K l oss dur i ng RVD i s el ect r oneut r al ( Cal a,
1980a) , i t f ol l ows t hat Ca i s abl e t o modul at e t he el ect r oneut r al , vol ume-
r egul at or y K f l ux pat hway .
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Al t hough t he above st udi es ar e consi st ent wi t h a r ol e f or Ca
12

i n act i vat i ng

K/ H exchange, t hey do not r esol ve t he pr obl em t hat exposur e of cel l s t o

Separ at i on of Conduct i ve and El ect r oneut r al Component s of A23187- i nduced

Net KFl ux : At t empt s Based on I on Fl ux and Membr ane Vol t age

FI GURE 2 .

	

Cel l Kcont ent as a f unct i on of t i me f ol l owi ng t r ansf er of cel l s f r om

i sot oni c i onophor e- f r ee medi umt o ( A) medi a of t he same osmol ar i t y cont ai ni ng

0. 5 ( O) or 1 AM(" ) A23187 . The cel l Kcont ent s i n Bwer e obt ai ned f r omcel l s

t r ansf er r ed f r omi sot oni c i onophor e- f r ee medi um t o hypot oni c medi a cont ai n-

i ng 0, ( A) , 0. 1 ( A) , 0. 5 ( O) , or 1 AM( 0) A23187 . These dat a r epr esent seven

such pai r ed exper i ment s per f or med i n i so- and hypot oni c medi a. Cel l H2O

cont ent ( not shown) changes i n par al l el wi t h i on cont ent ( see Cal a, 1980a) .

A23187 r esul t s i n net cel l ul ar K l oss, at l east some of whi ch, based upon

measur ement s of E� � i s conduct i ve . Thus, i t was necessar y t o at t empt t o

di st i ngui sh bet ween Ca
+2

- act i vat ed conduct i ve ( JK) and el ect r oneut r al ( JK) K

f l ux .

Usi ng cel l s f r om t he same ani mal , exposur e t o a gi ven concent r at i on of

A23187 r esul t s i n t he same degr ee of membr ane hyper pol ar i zat i on r egar dl ess
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of cel l vol ume ( see di scussi on of Fi gs . 2 and 3 and Tabl e V) . I have

demonst r at ed i n a pr evi ous publ i cat i on ( Cal a, 1980a) t hat membr ane con-

duct ance i s vol ume i nsensi t i ve, and bar r i ng some pecul i ar ef f ect of vol ume

upon A23187- i nduced K conduct ance, t he i onophor e- i nduced K cur r ent

r equi r ed t o pr oduce a gi ven AE, , , shoul d be t he same r egar dl ess of cel l

vol ume . I n t he most si mpl e case, i f t he i onophor e- i nduced K f l ux i s al l

120 1
1 1

	

1

	

1

0 15 30 60 90

Mi nut es

43

[ CO] , , . . M [ A23187] , #M

d 500

	

0
50 7

250 7

d 500

	

7

FI GURE 3.

	

Ef f ect s of var i ed Ca ( 50, A; 250, V; 500, El ; 1, 000 , M, O) upon K
cont ent of cel l s i n i sot oni c ( A) and hypot oni c ( B) medi a . The poi nt s obt ai ned
at no i onophor e and 500 j M Ca ( A) r epr esent cont r ol s i n i so- and hypot oni c
medi a and wer e i n al l cases i ndi st i ngui shabl e f r om Kcont ent s of cel l s exposed
t o 7, uM A23187 and 50 uMCa ( O) . Al l ot her cel l subsampl es wer e exposed t o
7, uM A23187 . The dat a i l l ust r at ed ar e t ypi cal of 10 such exper i ment s.
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conduct i ve, gi ven t hat t he vol ume- i nduced K l oss i s al l el ect r oneut r al , t hen

net K l oss f r om cel l s swol l en i n t he pr esence of A23187 shoul d be due t o t he

par al l el oper at i on of conduct i ve and el ect r oneut r al K f l ux pat hways . As such,

Ca- i nduced conduct i ve ( JK) and el ect r oneut r al ( JK) Kf l ux shoul d be addi t i ve :
i n pai r ed exper i ment s per f or med usi ng cel l s f r om t he same ani mal s, net K

l oss f r omswol l en cel l s ( JK) pl us t hat f r omcel l s i n i sot oni c A23187- cont ai ni ng

medi um ( JK) shoul d equal net K l oss f r om cel l s swol l en i n t he pr esence of

A23187 ( JK + JK) . The dat a i n Fi g . 4 wer e obt ai ned usi ng cel l s f r om t he

same ani mal suspended i n i sot oni c medi um i n t he pr esence of A23187 and

i n hypot oni c medi a i n t he pr esence and absence of A23187 . These dat a show

t hat t he sumof net K l oss f r om i onophor e- t r eat ed cel l s i n i sot oni c medi um

and net Kl oss f r omswol l en cel l s i s not equal t o net K l oss f r om cel l s swol l en

i n t he pr esence of A23187 . The non- addi t i ve nat ur e of K f l uxes, whi l e not

concl usi ve, i s consi st ent wi t h t he not i on t hat a f r act i on of t he i onophor e-

i nduced Kl oss i s non- conduct i ve .

TABLE I I

Net KLoss f r omAnnphi uma Red Bl ood Cel l s Swol l en i n t he Absence and Pr esence

of Ext er nal Ca' '

* Mean ± SEM( n = ani mal s) .

St udi es per f or med on cel l s i n medi a cont ai ni ng 1 mMEGTA and 1 . 5 mM [ Cal.

wer e i ndi st i ngui shabl e f r om t hose per f or med at 0 . 5 mM[ Cal.. As such, any i nhi bi -

t or y ef f ect s of EGTA upon K l oss dur i ng RVD appear unl i kel y . Si mpl e Ca r emoval

i n t he absence of EGTA pr ovi ded si mi l ar r esul t s t o t hose obt ai ned i n Ca- f r ee EGTA-

cont ai ni ng medi a, but t he r esul t s wer e mor e var i abl e, pr esumabl y because of Ca

cont ami nat i on .

The Nat ur e of A23187- i nduced KFl ux

I NFERENCE BASED ON I ONI C TRANSFERENCE AND ESTI MATES OF MEMBRANE

CONDUCTANCE I n t he pr esence of 0. 5 mM Ca o and 7 /. t M A23187, net K

l oss i n osmot i cal l y swol l en Amphi mna r ed bl ood cel l s can be as gr eat as 200

mmol / kg dcs per 15 mi n. I f al l of t he i onophor e- i nduced Kl oss i s conduct i ve
( zFJK2~' a

	

=
I Kl a' s7) , gi ven t he measur ed E� , = - 55 mV, t hen

GK23187

[ GK2s
"
8 ' = zFJK

23' 87 / ( E� , - EK) ] i s of t he or der of 5 X 10
- 5

f l - ' cm
- 2 . Thi s

val ue i s i n shar p cont r ast t o GKa'
[ zFJK` ' ' / ( En, - EK) ] , whi ch i s cal cul at ed t o be

9. 3 X 10 - 7 f l - ' cm- 2 . Gi ven t he di spar i t y i n t he cal cul at ed val ues of GKa' and
GK2s' s7 , cel l s exposed t o Val and A23187 shoul d be i ndi st i ngui shabl e ( el ec-

t r i cal l y) f r om t hose exposed t o A23187 al one ; t he f r act i on of t he membr ane

cur r ent car r i ed by t he Val - K compl ex wi l l be smal l r el at i ve t o t hat car r i ed by

t he Ca- gat ed K conduct ance ( GK
s' e~) . However , exposur e of cel l s t o 1 / . 1M

Val ( K. = 3) and 7 j M A23187 r esul t ed i n a 12 ± 3- mV hyper pol ar i zat i on

r el at i ve t o cel l s exposed onl y t o A23187 . Thi s obser vat i on suggest s t hat

Tr eat ment Jx̀ i n 90 mi n Per cent i nhi bi t i on

mmol l kg dcs

RVD 55±5 ( 5) * -

RVD + I mMEGTA 24±4 ( 5) 56

( Ca- f r ee)
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GK23187'
cal cul at ed assumi ng t hat zFJK23187

= I K231s7,
i s an over est i mat e and

i nf er ent i al l y t hat
zFJK23187 I K23187 . The val ues f or K t r ansf er ence obt ai ned

f r omcel l s t r eat ed wi t h A23187 and/ or Val ( Tabl e 111) al so suppor t t he not i on

t hat GK
23187,

cal cul at ed assumi ng t hat zFJK23187 - I K23187, i s an over est i mat e .

Si nce t he par t i al i oni c t r ansf er ence ( t ) of a membr ane t o an i on ( i ) i s equal t o

POTASSI UM

I f R+. 5aMA23187) ACP- 30

I RVO+. 3A, MA23187)

ACS- 24

FI GURE 4 .

	

Amphi uma r ed bl ood cel l K and Na cont ent as a f unct i on of t i me

af t er osmot i c swel l i ng i n t he pr esence ( A) and absence ( O) of 0 . 5 ; LM A23187

or exposur e of cel l s i n i sot oni c medi um t o 0 . 5 AM A23187 ( A) . These dat a
wer e obt ai ned f r om pai r ed exper i ment s per f or med upon subsampl es of cel l s

obt ai ned f r om t he same ani mal . The cel l suspensi on medi a cont ai ned 1 mMCa

and di f f er ences i n osmol ar i t y ar e due t o di f f er ences i n medi a [ NaCI ] . These

r esul t s ar e t ypi cal of t hose f r omf i ve i dent i cal t r eat ment s .

Gi / GzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� � wher e Gi i s t he conduct ance t o i on i and G� , i s t he sum of t he

conduct ances t o al l char ge car r i er s i ncl udi ng i , t hen :

wher e
GK" - i s t he Val - i nduced K conduct ance mi nus t he K conduct ance ( GK)

of t he unmodi f i ed membr ane ( i ncl uded i n
GK23' e7) ,

and Got h, , i s t he sum of

G
Val

t K
Val K- _

( 1)
G

Val
+ Got herK

GA23187

t K
A23187 __

( 2)
G

A23187
+ Got herK

GK231a7 + GKaI '

t K
A23187+Va1 __

( 3)
G

A23187 Vxl '
K + GK + Got her
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t he membr ane conduct ance t o al l char ge car r i er s ot her t han K ( i . e . , Gc, +

GN. , + GOH + GHCO, + GH) . I f GA23187 = 5 X 10 - 5 S2- ' CM- 2, and GKV i s 9 . 3 X

10 - ' 12 - ' cm- 2 , t hen t K23' 8' shoul d be unaf f ect ed by t he addi t i on of Val ( see
Eq . 3) . However , t he addi t i on of Val t o cel l s t r eat ed wi t h A23187 ( Tabl e 111)

r esul t s i n an i ncr ease i n t K f r om 0. 62 t o 0. 86 . Thus, i t appear s t hat GK2st s7

( cal cul at ed assumi ng ZFf
K23' 8'

= I K2s 18 7) i s over est i mat ed ; t her ef or e,

zFJK23
i s '

> I K2s ' S' and a subst ant i al f r act i on of JK23t s7 i s el ect r oneut r al .

The Nat ur e of A23187- i nduced K Fl ux

DI STI NCTI ON BETWEENCONDUCTI VE ANDELECTRONEUTRAL K FLUX BASED

ON THERMODYNAMI C CRI TERI A I f net K f l ux i n A23187- t r eat ed cel l s i s

el ect r oneut r al K/ H exchange, i t shoul d be possi bl e t o dr i ve net conser vat i ve

TABLE I I I

Amphi uma Red Bl ood Cel l Membr ane K Tr ansf er ence
( t K) i n t he Pr esence of A23187 ( 7 uM) and/ or

Val i nomyci n ( 1 AM)

t
A23187
K

t A23187+Val

K

0 . 62±0 . 04 ( 8) *

	

0 . 5±0 . 03 ( 10)

	

0 . 86±0 . 05 ( 6)

* Mean ± SEM( number of ani mal s) .

The dat a pr esent ed wer e cal cul at ed f r om measur ed val ues of Em ( [ K] o = 20- 40 mM) obt ai ned f r omcel l s

i n i sot oni c medi um( see bel ow) cont ai ni ng 500, uM Ca . The val ue of Em at any gi ven [ K] o was t aken as t he

mean of at l east 10 measur ement s . Al l measur ement s of Emwer e made wi t hi n t he f i r st 15 mi n because

t hi s i s t he per i od dur i ng whi ch A23187- i nduced K l oss i s gr eat est . Val ues of t K wer e cal cul at ed usi ng t he

expr essi on :

wher e E«, , « si gni f i es t he equi l i br i um pot ent i al of al l char ge car r i er s ot her t han K ( Br own, 1970 ;

Chr i st of f er son, 1973 ; Lassen et al . , 1978) . The measur ement s of Emwer e obt ai ned at [ K) o 20- 40 mM

because ( a) t he sl ope of Emvs . l og[ K] o i s maxi mal and l i near i n t hi s r egi on and ( b) E; _ f or al l i ons ot her

t han Na i s unchanged, wher eas changes i n EN. ar e smal l . Al t hough t he dat a r epor t ed wer e obt ai ned f r om

cel l s i n i sot oni c medi um, i ndi st i ngui shabl e r esul t s wer e obt ai ned f r om swol l en and shr unken cel l s ( t hus,

G� , must be t he same r egar dl ess of cel l vol ume) . The cel l s i n i sot oni c medi um wer e pr ef er r ed because [ K)

i s mor e st abl e t han t hat of swol l en cel l s and t he cel l s ar e mor e easi l y i mpal ed t han t hose i n hyper osmot i c

medi a ( possi bl y because of t he r el at i vel y hi gh sur f ace t o vol ume of t he l at t er ) . The val ue of t A23197 obt ai ned

i n t he pr esent st udi es i s i n r emar kabl y good agr eement wi t h t hat obt ai ned by Lassen et al . ( 1974) ( t K =

0 . 6) , who used r epeat ed cel l punct ur e t o i nt r oduce Ca i nt o t he cel l i nt er i or .

K f l ux wi t h t he Hgr adi ent . Al t hough net conduct i ve K f l ux i s r esponsi ve t o
t he el ect r ochemi cal pot ent i al di f f er ence f or K ( [ OAK/ zF = ( E� , - EK) ] , wher e
EK i s t he pot assi um equi l i br i um pot ent i al ) , Kf l ux vi a K/ Hexchange depends

upon t he di f f er ence i n t he K and H chemi cal pot ent i al di f f er ences ( OAK -

OI i H, wher e OAK = RT l n[ K] i / [ K] o and AAH = RT I n[ H] i / [ H] o) . To det er mi ne

D~K and ApK - DUH, i t i s necessar y t o obt ai n val ues f or Em, [ K] o/ [ K] i , and

[ H] , , / [ H] i . Wi t h t he except i on of [ H] o/ [ H] i , al l of t he above can easi l y be

measur ed di r ect l y . The t r ansmembr ane [ H] di st r i but i on, whi l e not di r ect l y

measur ed, can be cal cul at ed f r om t he chl or i de di st r i but i on, i f , as i s t he case

f or t he human r ed bl ood cel l , [ Cl ] i / [ Cl ] o = [ H] o / [ H] i ( Funder and Wi et h,

1966) . To t est t he appl i cabi l i t y of t he above r el at i ve t o Ant phi mna r ed bl ood
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cel l s, I made use of t he f act i f [ H]. / [ H]; = [ Cl ] ; / [ Cl ] o, t hen [ H] o x [ Cl ] . =
[ H] ; x [ Cl ] ; . The above r el at i ons pr edi ct ( a) t hat i ndependent changes i n

[ H] or [ Cl ] shoul d r esul t i n f l ux of bot h H and Cl unt i l [ H]. / [ H]; = [ Cl ] ; /

[ Cl ] o, and ( b) t hat al t er at i on of [ H] or [ Cl ] at const ant pr oduct shoul d r esul t

i n no net H or CI f l ux . I n agr eement wi t h t he above pr edi ct i ons, i ncr easi ng

[ H] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� f r om 2 . 2 x 10 - 8 ( pH 7. 65) t o 8 . 9 x 10 - 8 ( pH 7. 05) r esul t ed i n net cel l -

ul ar upt ake of 46 ± 5 mmol Cl / kg dcs . I n pai r ed exper i ment s wher e [ H] . and

[ Cl ] ,) wer e changed at const ant pr oduct ( A[ H] o, 2 . 2 x 10- 8 mM t o 8. 9 x
10 - 8 mm; A[ Cl ] o , 110- 28 mM) , t her e was no measur abl e net Cl f l ux . Gi ven

t he above, i t appear s t hat [ H] o/ [ H] ; = [ Cl ] ; / [ Cl ] o i n t he Amphi uma r ed bl ood cel l

and as such [ H] ; can be det er mi ned f r om a knowl edge of [ H] o, [ Cl ] ; , and

[ Cl ] " .

Thus, i t i s possi bl e, by al t er i ng ext er nal K i n t he medi umbat hi ng A23187-

t r eat ed cel l s, t o change bot h ASK and AJUK - AAH. The r el evant dr i vi ng f or ce

f or net Kf l ux
( , 12318)

can be det er mi ned f r oma knowl edge of t he magni t ude

and di r ect i on
o f j 12318'

and i t s cor r espondence t o ei t her ASK or AUK - AAH.

Because [ Cl ]; / [ Cl ] , , = [ H] , , / [ H]; i n t he Amphi uma. r ed bl ood cel l s, t he dr i vi ng

f or ce f or K/ H exchange ( AAK - AAH) i s equal i n magni t ude and di r ect i on

( si gn) t o t hat f or K+ Cl cot r anspor t ( AAK + ANAc, ) ( see Cal a, 1983) . Conse-

quent l y, t he obser vat i on t hat K f l ux cor r esponds t o pr edi ct i ons of one of t he

above expr essi ons does not i n t he absence of addi t i onal i nf or mat i on est abl i sh

t he mode of t r anspor t . Si nce osmot i cal l y per t ur bed and A23187- t r eat ed

Amphi uma r ed bl ood cel l s t r anspor t al kal i met al i ons wi t h no net Cl t r anspor t

( Fi gs . 2 and 4 ; Cal a, 1980a) , t he not i on t hat K f l ux i s due t o K + Cl
cot r anspor t i s r ej ect ed i n f avor of a K/ H exchange model .

To eval uat e t he cor r espondence bet ween net K f l ux and ASK or AAK -

AI uH, cel l s wer e osmot i cal l y swol l en i n medi um cont ai ni ng 70 mM[ K] ' , and 7

, uM A23187 ( Tabl e I V) . Under t hese condi t i ons, E� , = - 4 mV, wher eas EK

= - 5 mV ( [ K] ; = 85 mM) and t he net f or ce ( AwK) dr i vi ng K out of t he cel l

vi a conduct i ve r out es i s 1 mV ( 96 J mol - ' ) . I n cont r ast t o t he above si t uat i on

r egar di ng conduct i ve f l ux, gi ven a chl or i de di st r i but i on r at i o of 0 . 34, [ K] o =

70 mMand [ K] ; = 85 mM; t he dr i vi ng f or ce act i ng upon an el ect r oneut r al

K/ H exchanger ( AUK - AAH) i s di r ect ed i nt o t he cel l and equal s - 2, 150 J

mol ' ( see Tabl e I V) . Measur ement s of t he K cont ent of cel l s t r eat ed as

descr i bed above r eveal a net ( K) upt ake of 96 ± 4( 3) mmol K/ kg dcs per 15

mi n ( Tabl e I V) .

Separ at i on of Conduct i ve and El ect r oneut r al Component s of Ca- act i vat ed K

Fl ux: I nf er ence Based on t he Ef f ect s of Cel l Vol ume

I n a pr evi ous st udy ( Cal a, 1980a) , cel l s i n ani sot oni c and i sot oni c medi a wer e

exposed t o t he K i onophor e val i nomyci n . Thi s st udy showed t hat vol ume-

i nduced i on f l uxes wer e wi t hout ef f ect upon Val - i nduced membr ane hyper -
pol ar i zat i on and l ead t o t he concl usi on t hat t he Val - i nduced K cur r ent ( and
t her ef or e GK' ) was t he same f r act i on of t ot al membr ane cur r ent i n al l cases .

Gi ven t he above, i t f ol l ows t hat G� , i s vol ume i nsensi t i ve . Fur t her , si nce t he

Val - i nduced net Kf l ux was one t o t wo or der s of magni t ude smal l er t han t he

vol ume- i nduced i on f l uxes, I concl uded t hat f l uxes of t he l at t er t ype ar e
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TABLE I V

Net K Fl ux Associ at ed wi t h Osmot i cal l y Swol l en Amphi uma Red Bl ood Cel l s

Exposed t o 7 uMA23187 at Ext er nal [ K] = 3 or 70 mM: Cor r espondence

Bet ween Fl ux and Dr i vi ng For ce

TABLE V

Net dr i vi ng f or ce

The dat a wer e obt ai ned f r om cel l s osmot i cal l y swol l en i n t he pr esence of 7 AM

A23187 at ext er nal [ K] = 3 or 70 mM. The i nt r acel l ul ar [ K] was equal t o 85 ± 2

mM f or bot h t r eat ment s, wher eas H; / Ho was assumed t o be equal t o [ CI ]. / [ Cl ]; a

2 . 94 . At [ K] o = 3 mM, Em was measur ed at - 55 . 4 ± 3 ( 60) , wher eas at [ K] o = 70

mM, Em was - 4 mV± 1 . 4 ( 40) .

* Rel evant dr i vi ng f or ce f or conduct i ve f l ux .

Rel evant dr i vi ng f or ce f or K/ H exchanger .

A posi t i ve val ue f or f l ux denot es a net ef f l ux, wher eas a negat i ve val ue denot es

cel l ul ar upt ake. Si mi l ar l y, a negat i ve val ue f or dr i vi ng f or ce denot es a gr adi ent

di r ect ed f r om medi um t o cel l , wher eas a posi t i ve val ue si gni f i es t he cel l - t o- medi um

di r ect i on . Thus, under condi t i ons wher e t he net dr i vi ng f or ce f or conduct i ve K l oss

( A4K) i s decr eased by 97% ( K. = 70 mM) , net K f l ux i s hi gh and i n t he opposi t e

di r ect i on of t he el ect r ochemi cal dr i vi ng f or ce . I n cont r ast , t he dr i vi ng f or ce f or K/

H exchange, ( AAK - AAH) at Ko = 70 mM, i s r el at i vel y l ar ge and i n t he di r ect i on of

t he obser ved f l ux . The above dat a suppor t t he hypot hesi s t hat t he bul k of Ca-

i nduced K f l ux i s el ect r oneut r al K/ Hexchange. Mean ± SEM( n) .

Membr ane Pot ent i al s of Amphi uma Red Bl ood Cel l s i n I sot oni c and Ani sot oni c Ca-

cont ai ni ng ( 0. 5 mM) Medi a i n t he Pr esence of A23187 ( 1- 7 t ubl )

* Mean ± SEM( n) ; n i s t he number of i ndi vi dual measur ement based upon usi ng cel l s

f r om at l east f our di f f er ent ani mal s .

Al t hough t he i onophor e concent r at i on r equi r ed t o pr oduce a K f l ux of a gi ven

magni t ude was r epr oduci bl e f r om one bat ch of cel l s t o t he next , t hi s was not t r ue

wi t h r espect t o t he membr ane vol t age. I n some bat ches of cel l s, I AM A23187

r esul t ed i n membr ane hyper pol ar i zat i on t o - 55 mV, wher eas 7 AM A23187 was

r equi r ed i n ot her s . Wi t hi n any gi ven bat ch of cel l s ( obt ai ned f r omt he same ani mal ) ,

however , t he i onophor e concent r at i on r equi r ed t o pr oduce a gi ven AE. was i nde-

pendent of cel l vol ume . Thus, t he membr ane vol t ages pr esent ed wer e obt ai ned by

per f or mi ng pai r ed exper i ment s upon cel l s f r om t he same ani mal s and exposi ng t he

cel l s t o pr ogr essi vel y hi gher concent r at i ons of A23187 ( i n i sot oni c medi um) unt i l

E � , a - 55 mV. Af t er t he concent r at i on of A23187 r equi r ed t o cause t he membr ane

t o hyper pol ar i ze t o - 55 mVwas f ound, t he sampl es of t he same bat ch of cel l s wer e

suspended i n hypo- and hyper t oni c medi a at t he same i onophor e concent r at i on and

Em measur ement s wer e per f or med . As shown i n t he t abl e, A23187- i nduced mem-

br ane hypopol ar i zat i on i s vol ume i ndependent .

Condi t i on [ K] o

mM

JK

mmol / kg dcs X 15 mi n

AI AK*

J

AAK - AAHt

mol - ,

RVD + A23187 3 +101±6 ( 5) s +2, 824 +5, 509

RVD + A23187 70 - 96±4 ( 3) +97 - 2, 150

Medi um Em

MV

I sot oni c - 55 . 1±2 . 2 ( 80) *

RVD( hyper oni c) - 53 . 4±3 ( 62)

RVI ( hyper t oni c) - 57 . 1±2 . 5 ( 67)
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el ect r oneut r al . The exper i ment s pr esent ed i n t hi s sect i on ar e si mi l ar t o t hose

descr i bed above i n t hat t hey i nvest i gat e t he ef f ect s of A23187 upon cel l

membr ane pot ent i al and i on f l uxes acr oss cel l s i n i sot oni c and ani sot oni c

medi a . As wi t h t he st udi es wi t h val i nomyci n, exposur e of cel l s t o A23187

( 1- 7 AM) r esul t ed i n t he same degr ee of membr ane hyper pol ar i zat i on,

r egar dl ess of vol ume st at us ( Tabl e V) . As shown i n Fi gs . 2- 4 and Tabl e I V,

t he addi t i on of A23187 t o cel l s i n i sot oni c and hypot oni c medi a r esul t s i n
net K f l uxes as l ar ge as 130 mmol / kg dcs per 15 mi n. I n cont r ast , cel l s
exposed t o 7 AMA23187 at Ca . = 500 AMi n hyper t oni c medi a l ose onl y 9 . 3
f 2 mmol K/ kg dcs per 30 mi n ( 16 t r i al s) . The dat a i n Tabl e V show t hat
t he EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , of A23187- t r eat ed cel l s i s vol ume i ndependent , wher eas t he dat a
pr esent ed i n Tabl e I I I ( di scussed i n t he l egend) i ndi cat e t hat t he Gm of
A23187- t r eat ed cel l s i s al so vol ume i nsensi t i ve . Si nce membr ane vol t age and
conduct ance ar e t he same f or al l cel l s exposed t o A23187, r egar dl ess of
vol ume, i t must be concl uded t hat membr ane cur r ent i s t he same i n al l cases .

Mor e pr eci sel y, si nce A23187- i nduced membr ane hyper pol ar i zat i on i s due

t o i ncr eased K cur r ent , I K must be t he same i n al l cases. As such, t he smal l est

measur ed net Kf l ux associ at ed wi t h a gi ven l evel of membr ane hyper pol ar i -

zat i on i s t he upper l i mi t f or conduct i ve K l oss ; zFJ' K° " >- - I K.

The r esul t s obt ai ned i n st udi es of cel l s exposed t o A23187 dur i ng RVI

suppor t t he not i on t hat a l ar ge f r act i on of t he i onophor e- i nduced K f l ux i s

el ect r oneut r al . The dat a i n Tabl e I V show t hat t he el ect r oneut r al K l oss

act i vat ed by A23187 i s K/ H exchange .

The Rel at i onshi p Bet ween Na/ Hand K/ HExchange : St udi es Usi ng Ami l onde

The i nabi l i t y of A23187 t o st i mul at e Kl oss f r om shr unken cel l s when Na/ H

exchange i s oper at i ve r ai ses t he quest i on of why act i vat i on of Na/ H exchange

dur i ng RVI shoul d pr event i onophor e- i nduced K/ H exchange . One expl a-

nat i on i s t hat bot h Na/ H and K/ H exchange ar e medi at ed by t he same

t r anspor t ent i t y, whi ch i n r esponse t o event s associ at ed wi t h osmot i c per t ur -

bat i on and/ or [ Ca] i s commi t t ed t o f unct i on i n ei t her an Na/ H or K/ H

exchange mode . I f t hi s hypot het i cal case i s cor r ect , ami l or i de may be usef ul

i n est abl i shi ng t he val i di t y of such a r el at i onshi p . As f i r st shown by Si ebens

and Kr egenow ( 1978) , ami l or i de i s a pot ent i nhi bi t or of Na upt ake dur i ng

RVI , but i t i s wi t hout ef f ect upon K l oss dur i ng RVD. I f i ndeed Na/ H and
K/ H exchange ar e car r i ed out by t he same membr ane t r anspor t compo-
nent ( s) , i t may be possi bl e t o " l ock" t he t r anspor t er i nt o t he Na/ H mode by

shr i nki ng t he cel l s i n t he pr esence of ami l or i de and t her eby pr event K l oss
f r om cel l s subsequent l y swol l en st i l l i n t he pr esence of ami l or i de . The dat a
obt ai ned f r om t hi s exper i ment ar e pr esent ed i n Fi g . 5 . These dat a show t hat

swel l i ng cel l s i n t he pr esence of ami l or i de, af t er pr ei ncubat i on i n i sot oni c

ami l or i de- cont ai ni ng medi a, i s wi t hout ef f ect upon cel l K l oss ( l ower l i ne,

cl osed ci r cl es) , as i s swel l i ng cel l s i n ami l or i de- f r ee medi um af t er pr ei ncuba-

t i on i n hyper t oni c ami l or i de- cont ai ni ng medi um ( l ower l i ne, open ci r cl es) . I n

cont r ast , i f cel l s ar e pr ei ncubat ed i n hyper t oni c ami l or i de- cont ai ni ng me-
di um, f ol l owed by swel l i ng i n ami l or i de- cont ai ni ng medi um, net cel l K l oss
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( K/ H exchange) i s i nhi bi t ed ( upper l i ne, open t r i angl es) . The hyper t oni c

medi um used i n t he above st udi es was made hyper t oni c by i ncr easi ng [ NaCI ]

t o 1 . 5 t i mes ( 1 . 5R) t he val ues of cont r ol medi um. Si mi l ar st udi es per f or med

i n pr ogr essi vel y mor e hyper t oni c medi a ( 1 . 7 and 1 . 9R) show t hat net cel l K

l oss af t er r esuspensi on i n hypot oni c ami l or i de- cont ai ni ng medi a was pr ogr es-

si vel y i nhi bi t ed ( dat a not shown) .

Taken t oget her , t he dat a associ at ed wi t h Fi g . 5 and t he obser vat i on t hat

A23187 i s not abl e t o st i mul at e K/ H exchange i n cel l s wher e Na/ H exchange

i s f unct i oni ng suppor t t he hypot hesi s t hat Na/ H and K/ H exchange ar e

al t er nat i ve modes of t he same t r anspor t moi et y ( Fi g . 6) .

240

n
220

P
Y

Y 200

0
E 180
E

FI GURE 5.

	

The K cont ent of cel l s osmot i cal l y swol l en by t r ansf er ( at t i me
zer o) f r om i so- t o hypot oni c medi um ( 0) ; f r om hyper t oni c ami l or i de- ( 10' M)
cont ai ni ng medi um t o hypot oni c medi um( O) ; and f r omhyper t oni c ami l or i de-
( 10' M) cont ai ni ng medi um t o hypot oni c ami l or i de- ( 10' M) cont ai ni ng
medi um ( A) . When cel l s ar e shr unken i n ami l or i de- f r ee medi um f ol l owed by
swel l i ng i n t he absence of ami l or i de ( not shown) , net K l oss pr oceeds nor mal l y
dur i ng RVD.
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The dat a pr esent ed show t hat Ca i has a pr of ound st i mul at or y ef f ect upon net

K f l ux . As i ni t i al l y shown by Gar dos ( 1956, 1958) i n hi s st udi es of met abol i -

cal l y depl et ed human r ed bl ood cel l s, Ca act i vat es a Kconduct ance pat hway .

Pr evi ous st udi es ( Gar dos et a1 . , 1976 ; Lassen et al . , 1976) have shown t hat

Amphi uma r ed bl ood cel l s r espond t o i ncr eased cel l Ca by exhi bi t i ng a K-

dependent membr ane hyper pol ar i zat i on ( i ncr eased GK) - I on f l ux st udi es

per f or med upon Amphi uma r ed cel l s exposed t o hi gh [ Ca] . ( Lassen et al . ,

1976) or t o A23187, as i n t he pr esent st udy, r eveal K f l uxes one t o t wo

or der s of magni t ude l ar ger t han expect ed based upon est i mat es of G, , , . Si nce

a pr evi ous wor k ( Cal a, 1980a) showed t hat t he Amphi uma r ed bl ood cel l i s

capabl e of el ect r oneut r al K l oss dur i ng RVD, i t seemed t hat t he di spar i t y

bet ween measur ed net K f l ux and pr edi ct i ons based upon Gmmi ght r ef l ect

K l oss by bot h conduct i ve and el ect r oneut r al r out es . The most di r ect means

of separ at i ng conduct i ve and el ect r oneut r al component s woul d be t o measur e
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GzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , i n t he pr esence and absence of A23187 and det er mi ne whet her A23187

i nduces an i ncr ease i n G� , l ar ge enough t o suppor t t he obser ved K f l ux . Si nce

t hi s i s not possi bl e because of poor el ect r ode- membr ane seal i ng, l ess di r ect

means wer e necessar y ( see Lassen and Rasmussen, 1977 ; Lassen, 1977 ; Cal a,

1980x) .

CELL MEDI UM

K

OR

H

C1
OR

HCO3

No
OR
H

HCO3
OR

C1

FI GURE 6.

	

Cur r ent vi ew of t he al kal i met al / H exchanger r esponsi bl e f or cel l
vol ume r egul at i on . I n a pr evi ous st udy ( Cal a, 1980x) , Na/ H and K/ H exchange

wer e assumed t o occur by separ at e and di st i nct pat hways ; t he dat a i n t he pr esent

st udy i ndi cat e t hat Na/ H and K/ H exchange ar e medi at ed by t he same mem-

br ane t r anspor t component ( s) . The above concl usi on i s based upon t he obser -

vat i on t hat ( a) A23187 i s unabl e t o act i vat e K/ H exchange by shr unken cel l s

when Na/ H exchange i s oper at i ve, and ( b) ami l or i de, al t hough unabl e t o i nhi bi t

K/ H exchange by swol l en cel l s, i s i nhi bi t or y t o K/ Hexchange by cel l s pr evi ousl y

shr unken i n, and cont i nuousl y exposed t o, ami l or i de . Sel ect i vi t y of t he al kal i

met al / H exchanger f or K or Na woul d appear t o be det er mi ned by cyt osol i c

r eact i ons t hat occur as a r esul t of swel l i ng or shr i nkage . The pr esent st udi es

suggest a cent r al r ol e f or Ca 12 i n t he act i vat i on of K/ H exchange .

Separ at i on of Conduct i ve and El ect r oneut r al K Fl uxes : Est i mat es of t he

Magni t ude of G" " 87
Based on a Det er mi nat i on of t x

Al t hough f l ux st udi es suggest t hat t he Ca- act i vat ed K f l ux by Amphi uma r ed

cel l s occur s pr i mar i l y vi a el ect r oneut r al K/ H exchange, mor e quant i t at i ve

ar gument s can be made based upon el ect r ophysi ol ogi cal st udi es . A pr evi ous

st udy ( Cal a, 1980x) i nvest i gat i ng val i nomyci n- i nduced DE� , and K f l ux est ab-

l i shed t hat t he Ai nphi uni a r ed bl ood cel l G� , = 10 6 St - ' cm- 2 and t hat G� , was

i nvar i ant wi t h vol ume ( see al so Lassen et al . , 1974, 1976, 1978j . F . Hof f man
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et al . , 1979) . Si nce t va' = [ GK" ' / ( GKa' + Got her ) ] , wher e Got h, , i s t he membr ane

conduct ance t o al l ot her char ge car r i er s and t KA' = 0. 5 ( Tabl e I I I ) , GK" ' _

Got her . On t he basi s of measur ement s of f Ka' and Ema' ,
GKa ' i s cal cul at ed t o be

9. 3 X 10 - ' S2- '
CM- 2

and G~a' ( GK" ' +Got her ) = 1 . 8 X 10- 6 . Gi ven est i mat es of

GK f or unt r eat ed membr anes of 2 . 5 X 10 - 7 S2- ' cm- 2 ( see al so Lassen et al . ,

1978) , t he nor mal membr ane conduct ance of t he Amphi uma r ed bl ood cel l

membr ane i s of t he or der of 1 . 1 X 10 - 6 St - ' CM- 2 . On exposur e t o A23187

i n Ca- cont ai ni ng medi um, net K f l uxes as l ar ge as 200 mmol / kg dcs i n 15

mi n, whi ch cor r esponds t o a cal cul at ed K conduct ance of 5 X 10- ( assumi ng

XFJK2S187 = I K2818 ) ~ have been obser ved . Thus, t he cal cul at ed val ue of

GK2s '
s7 i s over an or der of magni t ude gr eat er t han t he G� , of unt r eat ed cel l s .

As a r esul t , unl ess t he conduct ance t o some ot her i oni c speci es i s al so i ncr eased

such t hat G~2s' a7 = 10 - a SZ - ' cm- 2 , t he membr anes wi l l not suppor t K f l ux

( vi a conduct i ve r out es) of t he magni t ude obser ved i n t he pr esence of A23187 .

I f , as cal cul at ed f r omf K2s' a' ,
GK2si s7 = 5 X 10

- 5
S2 - ' cm

- 2 ,
and i f we assume

t hat Goo , i s unchanged f r om t he val ue cal cul at ed i n exper i ment s per f or med

usi ng Val ( 9 . 3 X 10 - ' S2- ' cm- 2) , t hen, f r om Eq . 2, t K
2sf s7

shoul d equal 0. 98 .

However , as seen i n Tabl e 111, t A23187_= 0. 62, as cal cul at ed f r omt he maxi mum

sl ope r egi on ( [ K] o > 20 AM) of t he cur ve r el at i ng E� , t o l og[ K] o ( see al so

Lassen et al . , 1974) . Thi s val ue of 0. 62 supest s t hat GK23' 87 i s <5 X 10 - 5

and/ or Got h, , i s >9 . 3 X 10
- 7 .

I f i n f act GK
2s' 7 = 5 X 10

- 5
52

- - '
cm- 2 ( and/ or

Got h, , i s >9 . 3 X 10 - 7 12- ' cm- 2) , t hen t he addi t i on of Val woul d be wi t hout
el ect r i cal consequence si nce t he addi t i onal Kconduct ance

( GKa~
- GK, wher e

GKa' = 9. 3 X 10 - 7 and GK = 2 . 5 X 10 - 7 ) woul d be i nsi gni f i cant . Exposur e of
cel l s t o bot h Val and A23187 caused t K ( measur ed over t he same r ange of Ko

and Em) t o i ncr ease f r om 0 . 62 t o 0. 86 . Cl ear l y, t hen, GK2s187 i s <<5 X 10 - 5

S2- ' CM- 2 . Usi ng Got her = 9. 3 X 10 - 7 S2 - ' cm- 2 and t K2si s7 = 0. 62, Eq . 2 can

be sol ved f or GK28187 Thi s sol ut i on i s i ndependent of assumpt i ons r e ar di ng
f K2a' 87 and yi el ds a val ue of 1 . 5 X 10 - 6 SZ- ' CM- 2 f or GK28187 . Gi ven Em2sI a7

- 55 mV ( Tabl e V) and GK2 sl a7 = 1 . 5 X 10 - 6 S2 - ' cm- 2 , t he maxi mumval ue

f or A23187- i nduced, conduct i ve K f l ux i s =7 mmol / kg dcs i n 15 mi n. Thi s

val ue i s consi st ent wi t h ( a) measur ed val ues of Et � i n t he pr esence of Val and

A23187, ( b) i nf er ences based upon st udi es eval uat i ng JK2s ' 87 i n t er ms of

Af 6K and O, UK - OI AH, and ( c) measur ed val ues of E� , associ at ed wi t h and net

K l oss f r om osmot i cal l y shr unken, A23187- t r eat ed cel l s .

Al t hough t he above cal cul at i on of
GK28' 87 avoi ds assumpt i ons r egar di ng

JK29' 87, i t r el i es upon t he assumpt i on t hat Got h, , i s not i ncr eased i n t he pr esence

of A23187 ( i f Got h, , . i s decr eased, t he ar gument s ar e st r engt hened) . I n r egar d

t o assumpt i ons concer ni ng t he Ca i nsensi t i vi t y of Got h, , , I f GK2si s7
= 1 . 5 X

10- 6 52 - 1 cm- 2 and Gat her = GKA = 9 . 3 X 10 - 7 S2 - ' cm- 2 , t hen t A23' 87+val shoul d

equal 0 . 7 . Si nce
t K29187+Va1 = 0. 86, ei t her t he pr esence of bot h A23187 and

Val l eads t o an augment at i on of A23187 and Val ef f ect s upon GK or Got her i s

decr eased by A23187 . Of t he t wo possi bi l i t i es, t he l at t er seems t o be t he

most pr obabl e expl anat i on si nce addi t i on of bot h Val and A23187 t o Am-

phi uma r ed bl ood cel l s does not r esul t i n a si gni f i cant i ncr ease i n Kf l ux, and,

as r epor t ed by Low ( 1978) , i ncr eased [ Ca] ; r esul t s i n i nhi bi t i on of ani on

exchange . Si nce t he ani on exchange and conduct ance appear t o be i nt i mat el y
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r el at ed, t he not i on t hat Ca i nhi bi t s Gani on, and t her ef or e Got her , i s consi st ent
wi t h t he pr esent obser vat i on . I f i ndeed t hi s i s t he case, t hen t he cal cul at ed
val ue of GK

23187 ( 1 . 5 X 10_s S2 - ' cm- 2) i s an over est i mat e and t he ar gument
t hat conduct i ve K l oss cont r i but es mi ni mal l y t o t ot al A23187- i nduced K f l ux
i s st r engt hened .

Gi ven t he uncer t ai nt i es r egar di ng t he Ca i nsensi t i vi t y of Got her , t he cal cu-

l at ed val ue of GK23187 ( 1 . 5 x 10 6 S2 - ' cm- 2) shoul d be vi ewed as an or der of
magni t ude est i mat e . Si nce t he ar gument s bei ng made ar e ai med at di st i n-
gui shi ng bet ween possi bl e val ues of GK2sI S7 t hat ar e separ at ed by mor e t han

an or der of magni t ude, t he uncer t ai nt y associ at ed wi t h cal cul at ed val ues of
GK2si 87 does not det r act f r omt he val i di t y of t he concl usi ons . Taken t oget her ,

t he dat a obt ai ned i n i on f l ux and el ect r ophysi ol ogi cal st udi es ar e i nt er nal l y

consi st ent . Usi ng 1 . 5 X 10 - 6 12- 1 cm- 2 as an upper l i mi t f or A23187- i nduced

K conduct ance, 7 mmol / kg dcs i n 15 mi n i s an upper - l i mi t est i mat e f or f t .
I nf er ent i al l y, t hen, t he bul k of t he A23187- i nduced K f l ux i s el ect r oneut r al .

Separ at i on of El ect r oneut r al and Conduct i ve Component s of A23187- i nduced

K Fl ux : A23187- t r eat ed, Osmot i cal l y Shr unken Cel l s

Consi st ent wi t h t he above est i mat es of Ca- i nduced conduct i ve K l oss i s t he

net K f l ux associ at ed wi t h osmot i cal l y shr unken cel l s dur i ng RVI . Fr om t he

f act t hat Val i s abl e t o pr oduce t he same degr ee of membr ane hyper pol ar i -
zat i on ( and Val - i nduced K f l ux) r egar dl ess of cel l vol ume, I concl uded t hat
GzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , was vol ume i nsensi t i ve ( Cal a, 1980a) . Thi s concl usi on i s conf i r med and
ext ended t o i ncl ude cel l s exposed t o A23187 ( Tabl es I I I and V, see l egends) .
Gi ven t hat Gn , i s i ndependent of cel l vol ume and t hat Em i n t he pr esence of
A23187 i s i nvar i ant wi t h vol ume, t he A23187- i nduced pot assi um cur r ent
must be t he same f or al l cel l s r egar dl ess of vol ume . Si nce t he net cel l K l oss
f r om osmot i cal l y shr unken, A23187- t r eat ed cel l s i s 9 . 3 ± 2 mmol K/ kf dcs
i n 30 mi n, I K2s ' 7 has as i t s maxi mum val ue zF 9 . 3 X 10 - s mol / 1 . 2 x 10 cm2

x 1, 800 s . That i s, si nce Em2s187 and Gi n2s ' 87 ar e i ndependent of vol ume,
I K23187 i s t he same f or al l cel l s r egar dl ess of vol ume . As such, t he smal l est
A23187- i nduced net K f l ux r equi r ed t o pr oduce a gi ven AEm ( i n t hi s case,
t he AEm dur i ng RVI ) i s t he upper l i mi t f or conduct i ve K f l ux ( I K2s187

zFf
K29187) . On t he basi s of est i mat es of GK2a' 87 f r omt r ansf er ence exper i ment s

( Tabl e I I I ) , conduct i ve K f l ux i s est i mat ed at 7 mmol / kg dcs i n 15 mi n,
wher eas t he est i mat es obt ai ned usi ng shr unken cel l s set j K as 59 . 3 mmol / kg
dcs i n 30 mi n .

The above est i mat es of conduct i ve f l ux r at e and magni t ude ar e at t he
l ower l i mi t of K f l uxes measur ed st udyi ng A23187- t r eat ed cel l s . I t i s r eason-
abl e t o concl ude t hat al t hough A23187- i nduced K l oss by Amphi uma r ed
bl ood cel l s i s due t o f l ux vi a bot h conduct i ve and el ect r oneut r al pat hways,
t he l at t er i s t he pr i mar y cont r i but or t o measur abl e net f l ux .

The Nat ur e of A23187- i nduced K Fl ux: I dent i f i cat i on of t he Maj or Component

as K/ HExchange, Based upon Ther modynami c Cr i t er i a

When Amphi uma r ed bl ood cel l s ar e osmot i cal l y swol l en i n t he pr esence of 7
, uM A23187 at ext er nal [ K] = 70 mM, E� , = - 4 mV and EK =- 5 mV. The
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dr i vi ng f or ce f or conduct i ve Kf l ux ( E� , - EK) i s smal l ( 1 mV) and i s di r ect ed

out of t he cel l . The magni t ude ( 96 mmol K/ kg dcs i n 15 mi n) and di r ect i on

( medi umt o cel l ) of net Kf l ux under such condi t i ons ar e cl ear l y i n opposi t i on

t o pr edi ct i ons based upon t he assumpt i on t hat A23187- i nduced K f l ux i s

conduct i ve ( Tabl e I V) . The net K f l ux i s, however , consi st ent wi t h t he

pr edi ct ed behavi or of a K/ H exchanger si nce t he dr i vi ng f or ce f or K/ H

exchange ( AAK - OAH) i s l ar ge ( 2, 200 J mol - ' ; 23 mV) and di r ect ed i nt o t he

cel l . I n t hi s r egar d, at [ K] o = 70 mMt he r at i o of [ K]; / [ K]. i s ^ " 1 . 2, but t he

r at i o [ H]; / [ H] , , i s - 3 . As such, t he H gr adi ent dr i ves t he secondar y act i ve,

cel l ul ar upt ake of K. That t he di ssi pat i ve t r anspor t of H i s abl e t o dr i ve t he

conser vat i ve t r anspor t of K i s st r ongl y suppor t i ve of t he not i on t hat Ca-
act i vat ed net K f l ux occur s vi a K/ H exchange . I t shoul d be not ed t hat t he
absol ut e magni t ude of t he dr i vi ng f or ce f or K/ H exchange ( AUK - DJUH) i s
decr eased by 50%r el at i ve t o condi t i ons at [ K] o = 3, but t he magni t ude of

t he f l ux i s not subst ant i al l y decr eased r el at i ve t o cel l s suspended i n medi um

wher e [ K] o = 3. Possi bl e expl anat i ons f or t hi s ar e t hat ( a) t he K/ Hexchange
i s sat ur at ed at I OI UK - DAH I >- 2, 200 J mol - ' , and/ or ( b) si nce as cel l s gai n K
and vol ume at [ K] ( , = 70 mM, t he K/ H exchanger i s st i mul at ed ( ki net i cal l y)
t o t r anspor t K at hi gher r at es .

The dat a pr esent l y avai l abl e suggest t hat bot h expl anat i ons may appl y
because when ext er nal K i s r educed t o 1 MM, OAK - AAH i s i ncr eased f r om
5, 000 t o 8, 000 J mol - ' wi t h no di scer ni bl e ef f ect upon t he r at e or magni t ude
of cel l Kl oss . Cl ear l y t hen, t he K f l ux pat hway i s sat ur abl e at dr i vi ng f or ces
of >5, 000 J mol - ' . Wi t h r egar d t o t he second poi nt , as cel l s ar e swol l en t o
pr ogr essi vel y gr eat er vol ume, JK` i s i ncr eased, even t hough, because of

di l ut i on of [ K] ; , OAK - DI SH i s decr eased . Si nce at [ K] o = 70 mM t he cel l s

( al r eady osmot i cal l y swol l en and/ or exposed t o A23187) r api dl y gai n K and

swel l , t he appar ent i nsensi t i vi t y of K f l ux t o t he decr eased magni t ude Of DAK

- AAH may be r ef er abl e t o super i mposi t i on of vol ume- r el at ed st i mul at i on . I n

t hi s r egar d, when cel l s ar e swol l en i n hi gh K medi um, but i n t he absence of

A23187, t he r at e of net K upt ake i ncr eases as cel l s gai n K and t her ef or e

vol ume . Thus, t he obser ved K upt ake by cel l s exposed t o 7 AMA23187 and

70 mM[ K] o suppor t s t he not i on t hat K upt ake i s a r esul t of K/ H exchange

and i s consi st ent wi t h known r esponses of t he vol ume- r egul at or y f l ux pat hway

( K/ H) t o changes i n dr i vi ng f or ce and vol ume .
Fi nal l y, i t i s i mpor t ant t o not e t hat , on t he basi s of t her modynami c

ar gument s, t he di st i nct i on bet ween conduct i ve and el ect r oneut r al t r anspor t
i s compl i cat ed i f one of t he co/ count er - i ons par t i ci pat i ng i n an el ect r oneut r al
t r anspor t pr ocess i s di st r i but ed at el ect r ochemi cal equi l i br i um; f or any and
al l i ons i di st r i but ed at el ect r ochemi cal equi l i br i um, Em = E; . Thus, al t hough

t he f or ce ( i n j oul es mol e- ' ) dr i vi ng t he f l ux of i on J by conduct i ve r out es =
0~j ( zFER, - zFEJ ) , t he f or ce ( j oul es mol e' ) dr i vi ng t he obl i gat or i l y coupl ed

el ect r oneut r al exchange f l ux of J f or some equi l i br i um- di st r i but ed speci es i

i s Oui - Og; = ( zFE; - zFEJ ) = ( zFEm - zFEJ) . As such, i t i s necessar y t o move

t he co/ count er speci es away f r om el ect r ochemi cal equi l i br i um ( E . . : 0 Ei ) i n
or der t o di st i ngui sh bet ween el ect r oneut r al coupl ed f l ux of speci es J and i
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( f or al l speci es i t hat ar e nor mal l y di st r i but ed at el ect r ochemi cal equi l i br i um)

and t he conduct i ve f l ux of J . I n t he pr esent st udy t hi s cr i t er i on has been

sat i sf i ed si nce t he A23187- i nduced K conduct ance causes t he membr ane
vol t age t o change away f r omi t s r est i ng val ue so t hat EH # Emand t her ef or e

Ak # AI AK - A14H ( f or a mor e det ai l ed di scussi on see Cal a, 1983) .

The Rel at i onshi p Bet ween Na/ H and K/ HExchange: St udi es Usi ng Ami l or i de

An i nt i mat e r el at i onshi p bet ween Na/ H and K/ H exchange i s suggest ed by

t he f act t hat exposur e of osmot i cal l y swol l en cel l s and t hose i n i sot oni c

medi um t o A23187 r esul t s i n l ar ge net K l oss, al t hough t he i onophor e

pr oduces onl y modest K l oss f r om( shr unken) cel l s when t he Na/ H exchange

i s oper at i ve ( Fi gs . 2 and 3 and Tabl e V) . That t he f ai l ur e of A23187 t o

st i mul at e K f l ux i s not some pecul i ar i t y of i onophor e/ Ca i nt er act i on wi t h

osmot i cal l y shr unken cel l s i s shown by t he f act t hat al t hough t he i onophor e-

i nduced K f l ux i s modest , t he membr ane hyper pol ar i zat i on i s not di f f er ent

f r om t hat of cel l s at nor mal or expanded vol ume . Si nce Gm i s vol ume

i nsensi t i ve, as shown pr evi ousl y ( Cal a, 1980a) and i n t he pr esent st udy ( see

t he l egend t o Tabl e I I I ) , t he decr ease i n i onophor e- i nduced K f l ux i s

at t r i but abl e t o t hat by el ect r oneut r al ( K/ H) r out es . The decr eased r at e of
i onophor e- i nduced K/ H exchange i n shr unken cel l s when t he Na/ H ex-
change i s oper at i ng suggest ed t hat Na/ H and K/ H exchange mi ght r epr esent
di f f er ent oper at i ng modes of t he same t r anspor t ent i t y . Si nce ami l or i de i s a
pot ent i nhi bi t or of Na/ H exchange by Ai nphi uma r ed cel l s but has no ef f ect
upon K/ H exchange ( Cal a, 1980a) , t hi s compound was used t o eval uat e t he
r el at i onshi p bet ween Na/ H and K/ H exchange . Fur t her , suppor t f or t he
not i on t hat Na/ H and K/ H exchange ar e medi at ed by t he same t r anspor t
pat hway was obt ai ned f r om st udi es of cel l s shr unken i n ami l or i de- cont ai ni ng

medi umand subsequent l y swol l en i n t he pr esence of ami l or i de ( Fi g . 5) . I t
appear s t hat by act i vat i ng Na/ H exchange, whi l e bi ndi ng i t wi t h ami l or i de,
t he t r anspor t er i s pr event ed f r om exi t i ng t he Na/ H mode and af f ect i ng K/

Hexchange upon swel l i ng ( i f ami l or i de i s cont i nual l y pr esent ) . I n t hi s r egar d,

i f t he cel l s ar e shr unken i n ami l or i de, washed ( 2 mi n) , and i mmedi at el y

swol l en i n ami l or i de- cont ai ni ng medi um, ami l or i de i s wi t hout ef f ect upon

cel l K l oss . Si mi l ar l y, pr ei ncubat i on i n i sot oni c ami l or i de- cont ai ni ng medi um

f ol l owed by swel l i ng i n ami l or i de has no ef f ect upon K l oss . Ami l or i de

i nhi bi t i on of K l oss by swol l en cel l s r equi r es ( a) pr evi ous i nt er act i on bet ween

ami l or i de and t he Na/ H exchanger ( shr unken cel l s) and ( b) t he cont i nued

pr esence of ami l or i de i n t he medi um i n whi ch cel l s ar e swol l en . Taken

t oget her , t he obser vat i ons t hat A23187 i s unabl e t o st i mul at e K/ H exchange
i n shr unken cel l s when Na/ H exchange i s oper at i ve, and t hat ami l or i de i s
i nhi bi t or y t o K/ H exchange by swol l en cel l s onl y when cel l s have pr evi ousl y
been shr unk i n ami l or i de, suppor t t he not i on t hat Na/ H and K/ H exchange
r epr esent di f f er ent modes of t he same t r anspor t moi et y .

I n summar y, t he dat a pr esent ed show t hat Ca has a pr of ound st i mul at or y
ef f ect upon Kl oss by Ant phi uma r ed bl ood cel l s . Si nce Ca causes K- dependent
changes i n EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� � a component of K l oss i s conduct i ve . However , on t he basi s
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of ki net i c si mi l ar i t i es and t he f act t hat el ect r oneut r al , vol ume- r egul at or y K

l oss i s Ca dependent ( Tabl e I I ) , a subst ant i al f r act i on of Ca- act i vat ed Kf l ux

was t hought t o be el ect r oneut r al . I ndependent at t empt s t o eval uat e t he

cont r i but i on of conduct i ve t o t ot al Ca- act i vat ed net K f l ux, based upon
el ect r i cal , t her modynami c, and ki net i c cr i t er i a, est abl i shed 5- 7 mmol K/ kg

dcs i n 15 mi n as an upper l i mi t f or f l ux vi a conduct i ve r out es . Si nce Ca-

act i vat ed net Kf l ux can be as gr eat as 200 mmol / kg dcs i n 15 mi n, t he maj or

component i s el ect r oneut r al . The cor r espondence of t he Ca- act i vat ed K f l ux

t o expr essi ons f or t he dr i vi ng f or ce r el evant t o K/ H exchange ( or K/ OH
cot r anspor t ) l eads t o t he concl usi on t hat t he el ect r oneut r al K f l ux i s r ef er abl e

t o K/ H exchange ( K + OHcot r anspor t ) . The dat a demonst r at i ng t hat Ca i s
an act i vat or of K/ H exchange, t aken t oget her wi t h t he obser vat i on t hat
r emoval of ext er nal Ca i s i nhi bi t or y t o K f l ux dur i ng RVD, suggest t hat Ca

pl ays a r ol e i n act i vat i on and/ or cont r ol of K/ H exchange r esponsi bl e f or

RVD. Fi nal l y, t he i nabi l i t y of A23187 t o act i vat e K/ Hexchange by shr unken

cel l s when Na/ H exchange i s oper at i ve, and t he abi l i t y of ami l or i de t o i nhi bi t

K/ H exchange dur i ng RVDonl y when cel l s ar e pr evi ousl y shr unken i n and

cont i nual l y exposed t o ami l or i de, suggest a common pat hway f or bot h Na

and K/ H exchange .

The aut hor gr at ef ul l y acknowl edges t he abl e t echni cal assi st ance of Davi d R. Shel by.

Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant HL- 21179 f r om t he U. S .

Publ i c Heal t h Ser vi ce .
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