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ABSTRACT Af t er swel l i ng i n hypot oni c sol ut i ons, per i pher al bl ood mono-

nucl ear cel l s ( PBM) shr i nk t owar d t hei r or i gi nal vol umes . Upon r est or at i on of

i sot oni ci t y, t he cel l s i ni t i al l y shr i nk but t hen r egai n near - nor mal si ze agai n . Thi s

r egul at or y vol ume i ncr ease ( RVI ) i s abol i shed by r emoval of Na: or Cl o or by

addi t i on of ami l or i de . RVI i s unaf f ect ed by r emoval of Ka or by ouabai n and i s

onl y par t i al l y i nhi bi t ed by 1 mMf ur osemi de . As a r esul t of i ncr eased i nf l ux,

t he cel l s gai n bot h Na' and K' dur i ng r eswel l i ng. I n cont r ast , onl y Na' cont ent

i ncr eases i n t he pr esence of ouabai n . Ami l or i de l ar gel y el i mi nat es t he changes

i n t he cont ent of bot h cat i ons . Usi ng di S- Cs- ( 5) , no si gni f i cant membr ane

pot ent i al changes wer e det ect ed dur i ng RVI , whi ch suggest s t hat t he f l uxes ar e

el ect r oneut r al . The cyt opl asmi c pH of vol ume- st at i c cel l s was measur ed wi t h

5, 6- di car boxyf l uor escei n . Af t er aci d l oadi ng, t he addi t i on of ext r acel l ul ar Na'

i nduced an ami l or i de- i nhi bi t abl e al kal i ni zat i on, whi ch i s consi st ent wi t h Na* /

H' exchange . Cyt opl asmi c pH was not af f ect ed by cel l shr i nkage i t sel f , but an

i nt er nal al kal i ni zat i on, whi ch was al so ami l or i de sensi t i ve and Na' dependent ,

devel oped dur i ng r eswel l i ng. I n i sot oni c l i ght l y buf f er ed sol ut i ons wi t hout

HCO3- , an ami l or i de- sensi t i ve aci di f i cat i on of t he medi umwas measur abl e when

Na' was added t o shr unken PBM. K' was unabl e t o mi mi c t hi s ef f ect . The

obser vat i ons ar e compt i bl e wi t h t he model pr oposed by Cal a ( J. Gen . Physi ol .

1980 . 76 : 683- 708) , wher eby an el ect r oneut r al Nao/ H, exchange i s act i vat ed

by osmot i c shr i nki ng . Cel l ul ar vol ume gai n occur s as Cl .- si mul t aneousl y ex-

changes f or ei t her HCO3- i or 0H;. Na, i s secondar i l y r epl aced by K' t hr ough

t he pump, but t hi s st ep i s not essent i al f or RVI .

I NTRODUCTI ON

Many cel l t ypes r egul at e t hei r vol umes i n ani sot oni c medi a ( MacKni ght and

Leaf , 1977 ; Kr egenow, 1981 ; Cal a, 1983) . When suspended i n hypot oni c

sol ut i ons, per i pher al bl ood mononucl ear cel l s ( PBM) r api dl y swel l as wat er
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ent er s t he cyt opl asm, but t hi s i ni t i al phase i s i mmedi at el y f ol l owed by a

r egul at or y vol ume decr ease ( RVD) , wher eby t he cel l s r et ur n t o near - nor mal

si ze wi t hi n mi nut es ( Ben- Sasson et al . , 1975 ; Bui and Wi l ey, 1981 ; Cheung

et al . , 1982 ; Deut sch et al . , 1982) . Thi s r egul at or y shr i nki ng i s l ar gel y

at t r i but abl e t o a l oss of KCl and osmot i cal l y obl i ged wat er . The ef f l ux of K+

and Cl - occur s as a r esul t of i ndependent i ncr eases i n t hei r per meabi l i t i es,

whi ch r et ur n t o basal l evel s when RVDi s t er mi nat ed ( Gr i nst ei n et al . , 1982a,

c) .
Some cel l t ypes can al so r egul at e t hei r vol umes af t er bei ng shr unk i n

hyper t oni c sol ut i ons . Nucl eat ed avi an and amphi bi an r ed cel l s swel l back t o
t hei r or i gi nal si ze wi t hi n hour s ( Kr egenow, 1974 ; Schmi dt and McManus,

1977 ; Cal a, 1980) , wher eas a f ew mi nut es suf f i ces i n t he case of epi t hel i al

cel l s ( Spr i ng and Er i cson, 1982) . Two t ypes of mechani sms have been

pr oposed, based on t he i oni c r equi r ement s and i nhi bi t or sensi t i vi t y of t he

r egul at or y vol ume i ncr ease ( RVI ) . A Kt - Na' - Cl - co- t r anspor t syst em has

been f ound t o oper at e i n avi an er yt hr ocyt es ( see Kr egenow, 1981, f or r evi ew) .

Thi s mechani smf unct i ons onl y when al l t hr ee el ect r ol yt es ar e pr esent i n t he

medi um and i s i nhi bi t ed by f ur osemi de and ot her 3- ami no- benzoi c aci d

der i vat i ves . I n cont r ast , RVI i n Amphi uma r ed cel l s and i n Nect ur us gal l bl adder

cel l s i s i nhi bi t ed by ami l or i de ( Si ebens and Kr egenow, 1978 ; Er i cson and

Spr i ng, 1982) , and, at l east i n t he l at t er case, bumet ani de has no si gni f i cant

ef f ect . I n t hese syst ems, a count er t r anspor t of Na' / H' i s t hought t o be

act i vat ed upon shr i nki ng . Vol ume gai n occur s as a r esul t of t hi s mechani sm

and t he par al l el exchange of ext r acel l ul ar Cl - f or i nt er nal OH- or HCO3 .

Under t he condi t i ons st udi ed t o dat e, l ymphoi d cel l s shr unk i n hyper t oni c

medi a f ai l t o r egai n t hei r or i gi nal vol umes ( Rot i - Rot i and Rot hst ei n, 1973 ;

Hempl i ng et al . , 1978) . However , cul t ur ed l ymphobl ast s pr et r eat ed hypot on-

i cal l y di spl ay a r esponse r esembl i ng RVI af t er i sot oni ci t y i s r est or ed . The

hypot oni cal l y equi l i br at ed cel l s, whi ch have under gone RVD, shr i nk r api dl y

when t r ansf er r ed t o i so- osmot i c sol ut i ons, but t hen r eswel l t owar d t hei r

or i gi nal vol umes ( Rot i - Rot i and Rot hst ei n, 1973) . A si mi l ar r esponse has

been r epor t ed r ecent l y i n Ehr l i ch asci t es cel l s ( Hof f man et al . , 1981, 1983) ,
whi ch ar e al so unr esponsi ve when exposed di r ect l y t o hyper t oni c medi a .

As di scussed el sewher e ( Gr i nst ei n et al . , 1982b) , PBMar e a conveni ent
model f or st udi es of vol ume r egul at i on i n nont r ansf or med mammal i an cel l s,
as t hey ar e r eadi l y avai l abl e and ar e amenabl e t o el ect r oni c si zi ng. The
pr esent communi cat i on descr i bes t he behavi or of PBMwhen shr unk di r ect l y
i n hyper t oni c medi a or af t er r est or at i on of i sot oni ci t y af t er RVD. The i oni c

basi s of t he obser ved vol ume changes was i nvest i gat ed by means of i on

subst i t ut i on exper i ment s and det er mi nat i ons of i on f l uxes, pH, and mem-

br ane pot ent i al . I nhi bi t or s wer e used t o est abl i sh anal ogi es wi t h t he syst ems
descr i bed i n t he l i t er at ur e .

MATERI ALS AND METHODS

Ni ger i ci n was pur chased f r omCal bi ochem- Behr i ng Cor p. , San Di ego, CA. Monensi n,
gr ami ci di n, qui ni ne, and ouabai n wer e f r om Si gma Chemi cal Co . , St . Loui s, MO.
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Na +/ H+ Exchange i n Lymphocyt es

Ami l or i de was t he gi f t of Mer ck Shar p & Dohme, Mont r eal , Canada . Fur osemi de

was a gi f t f r om Hoechst Canada I nc . , Mont r eal . Tr i f l uoper azi ne was a gi f t f r om

Smi t h, Kl i ne and Fr ench, Canada Lt d. , Tor ont o. 5, 6- Di car boxyf l uor escei n acet oxy-

met hyl est er was t he ki nd gi f t of Dr . T. J . Ri nk, Uni ver si t y of Cambr i dge. 3, 3' -

Di pr opyl t hi adi car bocyani ne [ di S- Cs- ( 5) ] was t he ki nd gi f t of Dr . A. Waggoner ,

Amher st Col l ege . RPMI 1640, f et al bovi ne ser um, and t r ypan bl ue wer e f r omGr and

I sl and Bi ol ogi cal Co . , Gr and I sl and, NY. ' H20, [ " C] - and [ H] pol yet hyl ene gl ycol ,

and Aquasol I I wer e f r om NewEngl and Nucl ear , Bost on, MA. 86Rb and 24 Na' wer e

f r omAmer shamCor p. , Ar l i ngt on Hei ght s, I L .

The st andar d i sot oni c Na' sol ut i on cont ai ned : 103 mMNaCl , 5. 4 mMKCI , 23 . 8

mMNaHCO3, 5. 6 mMNa2HP0, , 0. 4 MMMgS0 4, 0. 04 mMCaCl 2 , 10 mMgl ucose,

and 10 mMHEPES ( pH 7. 2 at 37° C) . I n some exper i ment s, K' or Ca
21

was r epl aced

by equi mol ar Na' . I n Na- f r ee chol i ne sol ut i on, chol i ne chl or i de and chol i ne bi car -

bonat e r epl aced NaCl and NaHC08zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" I n Na' ' - f r ee K` sol ut i on, K+ sal t s wer e used as

subst i t ut e f or Na' . Cl - - f r ee sol ut i ons wer e pr epar ed by r epl acement wi t h gl uconat e,

ni t r at e, i set hi onat e, or 504- . HCOa- f r ee medi umwas made by r epl acement wi t h Cl - .

Unl ess ot her wi se i ndi cat ed, hypot oni c medi umr ef er s t o 50%- di l ut e RPMI 1640 .

Cel l Vol ume and Vi abi l i t y Det er mi nat i ons

Human PBMwer e i sol at ed on Fi col l - I sopaque as descr i bed pr evi ousl y ( Cheung et al . ,

1982) and r esuspended at ^ - 10 7 cel l s/ ml i n RPMI 1640 cont ai ni ng 10%ser um.

Al i quot s of t hi s suspensi on wer e used f or al l t he det er mi nat i ons descr i bed bel ow.

Cel l s wer e si zed i n a Coul t er Count er ( model ZB1 or ZM) adapt ed wi t h a Coul t er

Channel yzer ( al l f r omCoul t er El ect r oni cs I nc . , Hi al eah, FL) . I n some exper i ment s,

cel l vol ume was est i mat ed f r om t he wat er cont ent , det er mi ned by i sot ope di l ut i on

usi ng ' H20 and [ " C] pol yet hyl ene gl ycol as descr i bed ( Gr i nst ei n et al . , 1982c) .

Vi abi l i t y was det er mi ned by t r ypan bl ue excl usi on .

Pr ot ocol f or RVI Exper i ment s

621

Al t hough t he cel l number s var i ed f or t he di f f er ent det er mi nat i ons ( i . e . , smal l er

number s f or f l uor escence or i sot opi c det er mi nat i ons t han f or i on cont ent or medi um

pH measur ement s) , si mi l ar pr ot ocol s wer e used i n al l cases t o i nduce RVI . Typi cal l y,

cel l s suspended i n RPMI 1640 wer e hypot oni cal l y st r essed by addi t i on of 1 vol of
di st i l l ed wat er . The cel l s wer e t han al l owed t o r egul at e t hei r vol umes, wi t h moni t or i ng

at r egul ar i nt er val s by el ect r oni c si zi ng . Af t er 20 mi n, t he cel l s wer e sedi ment ed at
200 g f or 10 mi n and r esuspended i n a smal l vol ume ( usual l y 50 u1) of hypot oni c

medi um. They wer e t hen mi xed i nt o a r el at i vel y l ar ge vol ume ( 10 ml ) of i sot oni c

sol ut i on t o i nduce osmot i c shr i nki ng . I n some exper i ment s, t he cel l s wer e r esuspended

i n hypot oni c medi umand i sot oni ci t y was subsequent l y r est or ed by addi t i on of a smal l

vol ume of 2 MNaCl or of si xf ol d- concent r at ed Na' sol ut i on . Unl ess ot her wi se

i ndi cat ed, al l t he measur ement s wer e car r i ed out at 37° C.

I on Fl ux and Cont ent Det er mi nat i ons

Upt ake of 86 Rb ( 20- 30 , Ci / ml ) or 24 Na ( 30- 50 ACi / ml ) was measur ed by r esuspend-

i ng 10- 15 x 106 PBM/ ml of t he appr opr i at e buf f er cont ai ni ng t he r adi oact i ve cat i on

pl us [ ' H] pol yet hyl ene gl ycol . The mi xt ur es wer e i ncubat ed at 37' C f or t he i ndi cat ed

t i me, at whi ch poi nt 50- I AI al i quot s wer e di l ut ed i nt o 1 ml of nonr adi oact i ve buf f er ,

sedi ment ed t hr ough oi l , and count ed as r epor t ed ( Gr i nst ei n et al . , 1982c) .

I nt r acel l ul ar cont ent s of Na* and K+ wer e det er mi ned by f l ame phot omet r y ( model
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443 Phot omet er ; I nst r ument at i on Labor at or y, I nc . , Lexi ngt on, MA) , usi ng Li ' as

t he i nt er nal st andar d essent i al l y as descr i bed r evi ousl y ( Cheung et al . , 1982) .

Tr apped ext r acel l ul ar space was measur ed wi t h
[ r ,

] pol yet hyl ene gl ycol .

Membr ane Pot ent i al and pHDet er mi nat i ons

The membr ane pot ent i al was est i mat ed f l uor i met r i cal l y as descr i bed ( Gr i nst ei n et

al . , 1982a) usi ng 0 . 5 AM di S- Cs - ( 5) . I nt r acel l ul ar pH was measur ed wi t h 5, 6- di car -

boxyf l uor escei n i n a spect r of l uor i met er ( model 650- 40 ; Per ki n- El mer Cor p . , Japan)

usi ng 5- nmsl i t s and r ecor ded on a y vs . t f l at bed pl ot t er ( model 2210 ; LKBBr omma,

Sweden) . Exci t at i on and emi ssi on wavel engt hs wer e 495 and 525 nm, r espect i vel y .

The cel l s ( 2- 3 x 10' / ml ) wer e l oaded wi t h t he dye by i ncubat i on wi t h 1 AMof t he

per meant 5, 6- di car boxyf l uor escei n acet oxymet hyl est er i n RPMI 1640 f or 45 mi n at

37° C. The poor l y per meant 5, 6- di car boxyf l uor escei n moi et y i s f or med i nsi de t he

cel l s upon hydr ol ysi s of t he par ent compound by cyt opl asmi c est er ases ( Ri nk et al . ,

1982) . The l oaded cel l s wer e washed and t r eat ed as i ndi cat ed i n t he t ext . I mmedi at el y

bef or e each measur ement , t he cel l s wer e sedi ment ed t o r emove any ext r acel l ul ar

dye. Each det er mi nat i on was f ol l owed by di sr upt i on of t he cel l s wi t h Tr i t on X- 100

and cal i br at i on of t he f l uor escent si gnal . A cor r ect i on t o of f set t he r ed shi f t of

f l uor escence of t he dye i nsi de i nt act cel l s was appl i ed t o al l t he measur ement s . The

cor r ect i on f act or was cal cul at ed by det er mi ni ng t he f l uor escence of cel l s bef or e and

af t er l ysi s under condi t i ons wher e t he i nt r acel l ul ar and ext er nal pH ar e i dent i cal

( i . e . , i n hi gh- K+ medi a cont ai ni ng 1 wg/ ml ni ger i ci n ; see Thomas et al . , 1979) .

The i nt r acel l ul ar buf f er i ng capaci t y was cal cual t ed as 0[ NH4] ; / ApH; . The pH of

hypot oni cal l y pr et r eat ed cel l s was measur ed i n i sot oni c medi a cont ai ni ng ami l or i de

bef or e and i mmedi at el y af t er t he addi t i on of 5 mMNH4 t o t he bat hi ng sol ut i on .

The i nt er nal NH4 concent r at i on was cal cul at ed usi ng a pK of 9. 21 and assumi ng t hat

NH3 i s i n equi l i br i um acr oss t he membr ane . Penet r at i on of t he pr ot onat ed base was

cor r ect ed f or by back- ext r apol at i on of t he sl ow OpH r el axat i on t hat occur s af t er

addi t i on of NH4 ( Roos and Bor on, 1981) .

Measur ement s of OpH wi t h 9- ami no acr i di ne wer e per f or med f l uor i met r i cal l y

usi ng exci t at i on and emi ssi on wavel engt hs of 400 and 450 nm, r espect i vel y . Typi cal l y,

1 AMof t he dye and 2- 3 x 10 6 cel l s/ ml wer e used f or each measur ement .

Ext r acel l ul ar pH was r ecor ded wi t h a 601A met er ( Or i on Resear ch I nc . , Cam-

br i dge, MA) connect ed t o a 7044A r ecor der ( Hewl et t - Packar d Co . , Pal o Al t o, CA) .

The cel l s ( 1- 2 x 10' / ml ) wer e suspended i n t he i ndi cat ed medi umi n a magnet i cal l y

st i r r ed, wat er j acket ed r eser voi r mai nt ai ned at 37' C. The basal r at e of H+ pr oduct i on

was moni t or ed whi l e t he pH was mai nt ai ned i n t he 7. 1- 7 . 3 r ange by pi pet t i ng

manual l y al i quot s of 20 mMKOH. Then, NaCl , KCI , ami l or i de, or i onophor es wer e

added and r ecor di ng cont i nued.

RESULTS

As r epor t ed pr evi ousl y ( Hempl i ng et al . , 1978) , PBMexposed t o hyper t oni c

medi a r api dl y shr i nk as pr edi ct ed by t he Boyl e- Van' t Hof f r el at i onshi p . The

cel l s r et ai n t he shr unken vol ume f or at l east 45 mi n when t he sol ut i on i s

made hyper t oni c wi t h sucr ose, but f r equent l y show a ver y modest , t r ansi ent

vol ume r ecover y i n NaCl ( Fi g. I A) . Si mi l ar r esul t s ar e obt ai ned f or bot h

sol ut es i n t he hyper t oni c r ange 150- 300 mosmol above i sot oni ci t y .

As ment i oned i n t he i nt r oduct i on, PBMswol l en i n hypot oni c medi a r et ur n

t o near - nor mal vol ume wi t hi n mi nut es, at t ai ni ng a newst eady st at e ( Fi g . 1B) .

I f i sot oni ci t y i s r est or ed, t hese cel l s shr i nk wi t hi n seconds . However , unl i ke



GRI NSTEI N ET AL . Na' / H+ Exchange i n Lymphocyt es

PBMsuspended di r ect l y i n hyper t oni c medi a, t he cel l s i n t hi s case r eswel l

t owar d t hei r or i gi nal vol umes . Maxi mal r eswel l i ng r at es appr oxi mat e 5 Am' .

cel l - ' . mi n- ' and vol ume r ecover y i s compl et e by ^- 25 mi n. Because of i t s

si mpl i ci t y and accur acy, el ect r oni c si zi ng was used f or most of t he measur e-

d
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FI GURE 1 .

	

( A) Ef f ect of hyper t oni c sol ut i ons on t he vol ume of PBM. The
vol ume of cel l s i ncubat ed i n i sot oni c Na } sol ut i on was measur ed f or 10 mi n.
Wher e i ndi cat ed, 300 mosmol of sucr ose ( O) or NaCl ( 0) was added t o t he

medi um. Vol ume was measur ed el ect r oni cal l y wi t h t he Coul t er Count er and i s
gi ven r el at i ve t o t he i sot oni c cont r ol . The poi nt s ar e r epr esent at i ve of f our
si mi l ar exper i ment s . Temper at ur e = 37° C. ( B) Vol ume r egul at i on of swol l en

and shr unken PBM. Cel l s suspended i n i sot oni c RPM1 1640 wer e st r essed
hypot oni cal l y ( 0 . 5x i sot oni c) and al l owed t o equi l i br at e f or 30 mi n . Dur i ng t he
l ast 10 mi n of t hi s per i od, t he cel l s wer e sedi ment ed at 200 g and t hen
r esuspended i n i sot oni c Na' sol ut i on at 37° C, wher e i ndi cat ed . Each t ype of
symbol i ndi cat es a separ at e exper i ment . The f our exper i ment s i l l ust r at ed ar e
r epr esent at i ve of over 40 such exper i ment s . Equi val ent changes i n t he t oni ci t y
and conduct i vi t y of t he medi um di d not si gni f i cant l y af f ect measur ement s of
t he vol ume of l at ex beads .
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ment s . However , t o r ul e out t he cont r i but i on of shape or def or mabi l i t y

changes t o t he measur ement s, a number of vol ume det er mi nat i ons wer e

made by i sot ope di l ut i on usi ng 3H20. Reswel l i ng of t he hypot oni cal l y t r eat ed

cel l s i n i sot oni c medi a was al so r epr oduci bl y measur abl e by t hi s met hod and

t he r esul t s wer e quant i t at i vel y si mi l ar t o t hose obt ai ned by el ect r oni c det er -

mi nat i ons .

Ef f ect of Temper at ur e and I on Subst i t ut i on

Unl ess ot her wi se speci f i ed, t he exper i ment s descr i bed her eaf t er r ef er t o cel l s

pr e- equi l i br at ed i n hypot oni c medi a t hat wer e subsequent l y shr unk by r esus-

pensi on i n i sot oni c sol ut i ons, as i n Fi g. 1B. Reswel l i ng of t hese cel l s was

mar kedl y t emper at ur e dependent ( Fi g . 2A) , wi t h no si gni f i cant swel l i ng at

4 ° C and an i ni t i al r at e of 2 'um, - cel l - ' - mi n - 1 at 22' C ( 60% l ess t han t he

37 ° C r at e) .

Reswel l i ng was sensi t i ve t o t he nat ur e of t he maj or monoval ent i ons i n t he

medi um. I t was obser ved r egul ar l y i n Na' - based medi a i n t he pr esence or

absence of K+. I n cont r ast , t ot al subst i t ut i on of K+ or chol i ne f or Na' ent i r el y

abol i shed vol ume r est or at i on ( Fi g . 2A) . Si mi l ar l y, i sot oni c r epl acement of Cl -

and HC03 by gl uconat e or i set hi onat e el i mi nat ed r eswel l i ng . Onl y a modest

vol ume gai n was not ed i n 504- or NO- 3 medi a ( Fi g. 2B) . I nt er medi at e and

somewhat var i abl e swel l i ng r at es wer e obser ved i n HCO- 3- f r ee, Cl - - based

medi a . The r educed r esponsi veness was mor e pr onounced and consi st ent i f

HCO- 3 was al so absent dur i ng t he hypot oni c pr et r eat ment ( not i l l ust r at ed) .

Ef f ect s of I nhi bi t or s

A number of agent s wer e t est ed as pot ent i al i nhi bi t or s of t he vol ume change .

As shown i n Tabl e 1, ami l or i de pr oduced t he l ar gest i nhi bi t i on . The ef f ect

was concent r at i on dependent and >80% i nhi bi t i on was obt ai ned at 0. 5 mM.

At t hi s and hi gher concent r at i ons, onl y a br i ef r eswel l i ng, r esembl i ng t hat i n

Fi g . I A ( NaCl , sol i d ci r cl es) , was r ecor ded, and no f ur t her vol ume change

was not i ceabl e f or up t o 40 mi n. Consi st ent i nhi bi t i ons wer e al so obt ai ned

wi t h 10 uMt r i f l uoper azi ne, a phenot hi azi ne commonl y used as a cal modul i n

ant agoni st . Hi gher concent r at i ons of t hi s dr ug af f ect ed cel l vi abi l i t y si gni f i -

cant l y and ar e t her ef or e not r epor t ed. Onl y par t i al i nhi bi t i on was obt ai ned

wi t h 0. 1 mMqui ni ne, a concent r at i on t hat compl et el y el i mi nat es RVDand

Ca" - i nduced K+ f l uxes i n PBMand ot her cel l t ypes ( Gr i nst ei n et al . , 1982c;

and unpubl i shed obser vat i ons) . Concent r at i ons of f ur osemi de t hat t ot al l y

bl ock t he co- t r anspor t syst ems i nvol ved i n vol ume r egul at i on i n duck er yt h-

r ocyt es ( Kr egenow, 1981) and Ehr l i ch asci t es cel l s ( Hof f mann et al . , 1981)

had onl y a par t i al i nhi bi t or y ef f ect ( 29%) i n t he case of PBM. Ouabai n and

DNDS had onl y mar gi nal ef f ect s on r eswel l i ng .

Changes i n Cat i on Cont ent

To gai n under st andi ng of t he i oni c basi s of r eswel l i ng, t he Na' and K+

cont ent s of PBMwer e anal yzed bef or e and af t er changi ng t he t oni ci t y of t he

medi um. The r esul t s ar e summar i zed i n Tabl e I I ; as r epor t ed ( Bui and Wi l ey,
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( A) Ef f ect of t emper at ur e and cat i on composi t i on on RVI . PBM

wer e pr et r eat ed wi t h hypot oni c RPMI 1640 ( 0 . 5x i sot oni c, dashed l i ne) and

al l owed 20 mi n f or equi l i br at i on . Wher e i ndi cat ed by t he new t i me scal e, t he

cel l s wer e suspended i n one of t he f ol l owi ng medi a : Na' sol ut i on at 37° C ( 0) ;

Na' sol ut i on at 4° C ( O) ; K' sol ut i on at 37° C ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) ; chol i ne sol ut i on at 37° C ( EI ) .

Dat a ar e r epr esent at i ve of at l east t hr ee exper i ment s . ( B) Ef f ect of ani on

subst i t ut i on on RVI . Cel l s wer e pr et r eat ed hypot oni cal l y as i n A and t hen

r esuspended i n Na' - based medi a of var i ous ani on composi t i ons : Cl - and

HCO3- ( nor mal medi um, * ) , gl uconat e medi um ( O) , or NOs medi um ( / ) .

Temper at ur e dur i ng RVI was 37° C. Dat a ar e r epr esent at i ve of at l east t hr ee

exper i ment s . The exper i ment s wi t h sol i d ci r cl es i n A and B ar e equi val ent and

i l l ust r at e t he r ange of i ndi vi dual var i abi l i t y among donor s . Vol ume was meas-

ur ed el ect r oni cal l y as i n Fi g . 1 and i s expr essed r el at i ve t o t he i sot oni c cont r ol .
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1981 ; Cheung et al . , 1982) PBMl ose K+ and H2Odur i ng RVD, wher eas t he

Na' cont ent r emai ns essent i al l y unal t er ed ( compar e t he f i r st t wo l i nes of

Tabl e 11) . Rest or at i on of i sot oni ci t y, whi ch br i ngs about r api d shr i nki ng

f ol l owed by gr adual r eswel l i ng, pr oduces a gai n of bot h Na' and K+. I f

movement of t he cat i ons i s accompani ed by Cl - , as suggest ed by t he subst i -

t ut i on exper i ment s, t he t oni ci t y of t he sol ut i on t aken up by t he cel l s can be

cal cul at ed . For a vol ume gai n of 50- 60 um' - cel l - ' , measur ed over t he 20-

mi n i nt er val al l owed f or t he cat i on det er mi nat i ons, an osmol ar i t y of 270-

324 mosmol can be cal cul at ed . Thus, t he movement of wat er dur i ng r eswel l -

i ng appear s t o occur i sot oni cal l y .

As ment i oned above, r eswel l i ng pr oceeds nor mal l y i n t he pr esence of

ouabai n at concent r at i ons t hat f ul l y i nhi bi t Na y' - K+ pumpi ng. Accor di ngl y, a

net gai n of cat i ons was measur ed ( 7 . 1 nmol - 10 6 cel l s - ' ) , whi ch i s not si gni f i -

cant l y di f f er ent f r omt hat obser ved i n t he absence of t he gl ycosi de ( 8 . 1 nmol

I sot opi c Cat i on Fl ux Det er mi nat i ons

TABLE I

Ef f ect of I nhi bi t or s on RVI

PBMwer e pr e- equi l i br at ed f or 30 mi n i n hypot oni c ( 50%) Na' medi um, sedi ment ed,

and r esuspended i n i sot oni c Na' medi um cont ai ni ng t he i ndi cat ed concent r at i on of

i nhi bi t or . The vol ume r ecover y was measur ed at 10 and 20 mi n, and t he ef f ect of t he

dr ugs i s expr essed as t he f r act i onal i nhi bi t i on of t he cont r ol r esponse . Dat a ar e means

± SE of f our det er mi nat i ons, except f or DNDS, wher e n = 2.

106 cel l s - ' ) . However , t he gai n i n t hi s case was ent i r el y at t r i but abl e t o Na'

and i n f act a f ur t her l oss of K+ was not ed. Thi s suggest s t hat a gai n of Na' i s

t he pr i mar y event under l yi ng RVI . Asubsequent Na' - K' exchange t hr ough

t he pump, not essent i al t o t he vol ume gai n, appar ent l y occur s as a conse-

quence of t he i ncr eased Na' concent r at i on .

Ami l or i de ( 0 . 5 mM) , whi ch subst ant i al l y i nhi bi t s t he vol ume gai n, al so

l ar gel y pr event ed t he upt ake of cat i ons . Onl y a smal l i ncr ease i n Na' cont ent

was det ect abl e ( Tabl e 11) , whi ch i s consi st ent wi t h t he smal l r esi dual swel l i ng

( Tabl e I ) .

Fur t her i nsi ght on t he nat ur e of t he i on pat hways i nvol ved i n RVI was gai ned

usi ng 24 Na' and " Rb ( as a K' anal ogue) . Fi g . 3 i l l ust r at es t he t i me cour se of
24Na+ upt ake by PBMunder vol ume- st at i c and r eswel l i ng condi t i ons . Bot h

I nhi bi t or Concent r at i on

MM

I nhi bi t i on

Ami l or i de 0 . 01 21±3

Ami l or i de 0 . 05 41±9

Ami l or i de 0 . 1 53±11

Ami l or i de 0 . 5 83±3

Tr i f l uoper azi ne 0 . 01 55±6

Qui ni ne 0 . 1 43±5

Fur osemi de 1 . 0 29±6

Ouabai n 0 . 1 8±3

DNDS 0 . 1 2±0 . 2
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set s of measur ement s wer e per f or med i n i dent i cal i sot oni c medi a, but t he

cel l s i n one case had been pr e- equi l i br at ed i n hypot oni c medi um. Al l t he

measur ement s wer e per f or med i n t he pr esence of maxi mal l y i nhi bi t or y

concent r at i ons of ouabai n, t o mi ni mi ze t he secondar y Na' back- f l ux . PBM

i n st eady st at e di spl ay a r el at i vel y r api d Na' upt ake, whi ch pr obabl y r epr e-
sent s Na' / Na' exchange . Ami l or i de pr oduced onl y a smal l , st at i st i cal l y i nsi g-
ni f i cant i nhi bi t i on of t hi s f l ux . As shown i n Fi g. 3, pr et r eat ment i n hypot oni c
medi ummar kedl y st i mul at ed " Na' upt ake when t he cel l s wer e r et ur ned t o
i sot oni ci t y . I mpor t ant l y, >65%of t hi s st i mul at i on was pr event ed by 0 . 5 mM
ami l or i de . I nasmuch as t hi s concent r at i on of t he di ur et i c al most ent i r el y
bl ocked RVI , t he r esi dual f l ux may r epr esent act i vat ed Na' / Na' exchange .

The upt ake of g6 Rb was measur ed i n t he pr esence and absence of ei t her
ouabai n ( Fi g. 4A) or ami l or i de ( Fi g . 4B) . Al l ot her condi t i ons wer e as i n Fi g.

3 . As expect ed, >70%of t he upt ake i n cont r ol cel l s was ouabai n sensi t i ve .
When measur ed dur i ng t he r eswel l i ng phase, a6 Rb i nf l ux was act i vat ed t hr ee-

t o f our f ol d and most of t hi s st i mul at i on was i nhi bi t abl e by ouabai n ( Fi g. 4A) .

Membr ane Pot ent i al Det er mi nat i ons

TABLE I I

Changes i n Monoval ent Cat i on Cont ent Dur i ng RVI

I sot oni c Na` medi um and 50%- di l ut e Na* medi um ( hypot oni c) wer e used i n al l t he

exper i ment s . Ouabai n and ami l or i de concent r at i ons wer e 0 . 1 and 0 . 5 mM, r espec-

t i vel y . The f i r st i ncubat i on was f or 30 mi n; t he second was f or 20 mi n . Dat a ar e t he

mean ± SE of t he number of exper i ment s ( n) i ndi cat ed .

627

The nat ur e of t he ouabai n- i nsensi t i ve vol ume- act i vat ed f l ux r emai ns obscur e .
As shown i n Fi g. 4B, ami l or i de had no ef f ect on t he cont r ol r at e of K+ ( g6Rb)
upt ake, but i t si gni f i cant l y r educed t he f l ux i n r eswel l i ng cel l s. Thus, most of
t he upt ake of K' dur i ng t he r eswel l i ng phase appar ent l y occur s vi a t he Na' -
K+ pump, whi ch i s st i mul at ed, at l east i n par t , by an ami l or i de- sensi t i ve
mechani sm, most l i kel y t he i ncr eased Na' i nf l ux ( Fi g . 3) .

Tr anspor t of i ons t hr ough conduct i ve pat hways shoul d be r ef l ect ed by

changes i n t r ansmembr ane vol t age . Ther ef or e, pot ent i al det er mi nat i ons wer e

per f or med i n PBM dur i ng t he r eswel l i ng phase. Det ai l s on t he use and

val i dat i on of t hi s met hod wi t h PBMhave been publ i shed bef or e ( Gr i nst ei n

et al . , 1982x) . The cel l s, suspended i n hypot oni c medi um, wer e equi l i br at ed

wi t h t he pot ent i al i ndi cat or dye di S- Cs- ( 5) whi l e t hey wer e i n t he st eady st at e
af t er compl et i on of RVD. Once a st abl e f l uor escence r eadi ng was obt ai ned,
t he osmol ar i t y of t he medi umwas r ai sed back t o i sot oni ci t y by addi t i on of a

Fi r st i ncubat i on Second i ncubat i on Na*

nmol / 106

K*

cel l s

n

I sot oni c - 7 . 5±1 . 3 26. 8±4 . 2 6

Hypot oni c - 7 . 1±0 . 6 13 . 5±2 . 2 14

Hypot oni c I sot oni c 11 . 1±1 . 0 17 . 6±1 . 3 14

Hypot oni c I sot oni c + ouabai n 17 . 1±1 . 5 10. 6±1 . 9 10

Hypot oni c I sot oni c + ami l or i de ' 8 . 3±1 . 3 13 . 8±1 . 3 12
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smal l vol ume of 10- f ol d- concent r at ed sol ut i on, and r ecor di ng cont i nued .

Fi nal l y, t he channel - f or mer gr ami ci di n was added t o conf i r m t he sensi t i vi t y

of t he r ecor di ng set up . The r esul t s of a t ypi cal exper i ment ar e i l l ust r at ed i n

Fi g . 5 . Upon r est or at i on of i sot oni ci t y, a shar p, st ep- l i ke dr op i n f l uor escence

was

Ti me ( mi n)

FI GURE 3 .

	

Upt ake of Na y dur i ng RVI . " Na' i nf l ux was measur ed i n i sot oni c

Na' sol ut i on i n osmot i cal l y undi st ur bed cel l s ( sol i d symbol s) and i n cel l s t hat

had been pr eequi l i br at ed f or 30 mi n i n 0 . 5x i sot oni c medi um ( open symbol s) .

The det er mi nat i ons wer e per f or med at 37' Ci n t he absence ( ci r cl es) or pr esence

( squar es) of 0 . 5 mMami l or i de . Al l t he upt ake medi a cont ai ned 0 . 1 mMouabai n .

Dat a ar e t he mean ± SE of f our exper i ment s, each wi t h dupl i cat e det er mi na-

t i ons .

obser ved t hat was caused by t he di l ut i on of t he cel l suspensi on . A

compar abl e st ep i s obt ai ned when cont r ol cel l s ( i n i sot oni c Na' medi um) ar e

di l ut ed wi t h an equi val ent vol ume of i so- osmol ar medi um. No si gni f i cant

pot ent i al change was det ect ed dur i ng t he r eswel l i ng phase of hypot oni cal l y
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pr et r eat ed cel l s ( Fi g . 5 i s r epr esent at i ve of ei ght si mi l ar exper i ment s) . I n

cont r ast , addi t i on of 500 nM gr ami ci di n r esul t ed i n a r api d f l uor escence

i ncr ease ( depol ar i zat i on) , whi ch was absent i f Tr i s was subst i t ut ed f or Na' ;

t hi s i s consi st ent wi t h changes expect ed i n membr anes made per meabl e t o

Na' and K+ by t he i onophor e . The r esul t s i ndi cat e t hat t he cel l s mai nt ai n a

subst ant i al membr ane pot ent i al ( i nsi de negat i ve) af t er RVD and t hat no

O

E
C

I nt er nal pHDet er mi nat i ons

Ti me ( mi n)

629

FI GURE 4 .

	

Upt ake of K+ ( 16Rb) dur i ng RVI . ( A) I nf l ux of " Rb was measur ed

i n i sot oni c Na' sol ut i on i n osmot i cal l y undi st ur bed cel l s ( sol i d symbol s) and i n
cel l s t hat had been pr e- equi l i br at ed f or 30 mi n i n 0 . 5X i sot oni c medi um as
descr i bed i n Mat er i al s and Met hods ( open symbol s) . The det er mi nat i ons wer e
per f or med at 37° C i n t he absence ( ci r cl es) or pr esence ( squar es) of 0 . 1 mM
ouabai n, a concent r at i on t hat compl et el y i nhi bi t s t he Na +- K+ pump i n human
PBM. The upt ake r at es of K+ and B6 Rb + wer e assumed t o be i dent i cal . Dat a ar e
means ± SE of f our exper i ment s, each wi t h dupl i cat e det er mi nat i ons . Wher e
not i ndi cat ed, er r or bar s ar e smal l er t han t he symbol . ( B) Ef f ect of ami l or i de
on RVI - i nduced 66Rb upt ake . PBMwer e t r eat ed as i n A, but t he i nf l ux of B6 Rb
was measur ed i n t he pr esence ( squar es) or absence ( ci r cl es) of 0 . 5 mMami l or i de .
Dat a ar e means ± SE of f our exper i ment s wi t h dupl i cat e det er mi nat i ons .

si gni f i cant vol t age changes occur dur i ng r eswel l i ng . Si mi l ar negat i ve r esul t s

wer e obt ai ned i n Cl - - f r ee medi a, so i t i s unl i kel y t hat equi val ent ani on and

cat i on conduct ance i ncr eases cancel each ot her .

Regul at or y vol ume i ncr ease i n hyper t oni cal l y shr unken Amphi uma r ed cel l s
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has been shown t o be i nhi bi t ed by ami l or i de ( Si ebens and Kr egenow, 1978 ;

Cal a, 1980) . The suggest ed mechani sm was a coupl ed Na' / H' exchange
oper at i ng i n par al l el wi t h Cl - / HCO3 or Cl - / OH- count er t r anspor t t hr ough
t he ani on exchange syst em ( Cal a, 1980) . The act i vi t y of t he l at t er syst em i s

known t o be hi gh i n t he membr ane bef or e t he osmot i c st r ess, wher eas t he

ami l or i de- sensi t i ve cat i on exchange syst em i s t hought t o be i nduced or

act i vat ed upon shr i nki ng . Cal a ( 1980) suggest ed t hat a cyt opl asmi c aci di f i ca-

t i on consequent t o t he shr i nki ng coul d be t he st ep t hat act i vat es Na' / H'

_N

C
7

N

( 0

d
U
G
U
N
d
O
7

2 mi n
OJ

FI GURE 5. Measur ement of membr ane pot ent i al dur i ng RVI . PBM wer e

hypot oni cal l y st r essed and al l owed 50 mi n t o under go RVD. The pot ent i al
i ndi cat or di S- C3- ( 5) ( 0 . 5 j M) was t hen added and f l uor escence was r ecor ded as
descr i bed i n Mat er i al s and Met hods . The i ni t i al par t of t he t r ace r ef l ect s t he
equi l i br i um di st r i but i on of t he dye wi t h cel l s i n hypot oni c Na' sol ut i on . Wher e

i ndi cat ed, i sot oni ci t y was r est or ed by addi t i on of ' / i o vol ume of a si xf ol d-

concent r at ed Na' sol ut i on . Fi nal l y, 0. 5 uM gr ami ci di n was added . Or di nat e :

f l uor escence i n ar bi t r ar y uni t s . The t r ace i s r epr esent at i ve of ei ght si mi l ar

exper i ment s .

count er t r anspor t . Because of t he common ami l or i de sensi t i vi t y of t he PBM

and Amphi uma syst ems, cyt opl asmi c pH ( pH; ) det er mi nat i ons wer e under -

t aken t o def i ne : ( a) whet her a Na' / H' count er t r anspor t syst em exi st s or can

be i nduced i n t he PBMmembr ane and ( b) whet her an aci d shi f t i s obser ved

when PBMar e shr unk upon r ei nt r oduct i on t o i sot oni c medi um.

Exper i ment s wer e per f or med t o det ect t he oper at i on of t he put at i ve Na' /

H+ exchanger by t he appear ance of a Na' - i nduced i nt r acel l ul ar al kal i ni zat i on .

Because i n epi t hel i al and exci t abl e cel l s, Na' / H' exchange i s gr eat l y act i vat ed

by l ower i ng pHi , t hese exper i ment s wer e car r i ed out i n aci d- l oaded cel l s .
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Aci d l oadi ng was achi eved by exchange of i nt r acel l ul ar K' f or ext er nal H+

usi ng t he i onophor e ni ger i ci n, a cat i on exchanger . Changes of pHi wer e

measur ed f l uor i met r i cal l y usi ng 5, 6- di car boxyf l uor escei n . A t ypi cal exper i -

ment i s i l l ust r at ed i n Fi g. 6. PBM l oaded wi t h t he pH i ndi cat or wer e

suspended i n Na' - f r ee medi um and aci d- l oaded wi t h ni ger i ci n . The i ono-

phor e was t hen r emoved by addi t i on of al bumi n ( t hi s pr ocedur e, t o be

descr i bed i n det ai l el sewher e, l ar gel y r emoves ni ger i ci n f r om t he cel l s) ,

st abi l i zi ng pH; bet ween 6. 2 and 6 . 3 . Addi t i on of 40 mMNa' t o t he ext er nal

medi um r esul t ed i n a r api d i nt r acel l ul ar al kal i ni zat i on . As shown i n Fi g . 6,

Ni ger i ci n

Al bumi n

\ 1

Cont r ol

7 . 2

6 . 7

5 mi n

6 . 2

FI GURE 6.

	

Evi dence f or t he exi st ence of a Na' / H' ant i por t i n PBM. Cel l s
l oaded wi t h 5, 6- di car boxyf l uor escei n wer e suspended i n 1 . 2 ml of a medi um
cont ai ni ng 140 mM chol i ne chl or i de, 1 mMKCI , 1 MMMgCl 2 , 1 mMCaC12,
10 mM gl ucose, and 10 mMHEPES- Tr i s ( pH 7 . 1) , wi t h or wi t hout 20 uM
ami l or i de, and f l uor escence was r ecor ded as descr i bed i n Mat er i al s and Met h-
ods . Wher e i ndi cat ed, 0 . 5 j Ag/ ml ni ger i ci n was added . The aci d l oadi ng was
t er mi nat ed by addi t i on of concent r at ed al bumi n ( 5 mg/ ml f i nal ) , whi ch
quenches . t he i onophor e . Fi nal l y, 40 mMNaCl ( f i nal ) was added wi t h mi ni mal
di l ut i on and r ecor di ng cont i nued . The exper i ment was t er mi nat ed by di sr up-
t i on of t he cel l s wi t h Tr i t on X- 100 and cal i br at i on of f l uor escence vs . pH ( not
i l l ust r at ed) . Apr edet er mi ned f act or was used t o cor r ect f or t he r ed shi f t of t he
i nt r acel l ul ar dye ( see Mat er i al s and Met hods) . The t r ace i s r epr esent at i ve of si x
si mi l ar exper i ment s. Or di nat e : cyt opl asmi c pH ( pH; ) .

t hi s Na' } - i nduced change i n pHi was i nhi bi t ed >60%by 200 PM ami l or i de .
These dat a suppor t t he exi st ence of an ami l or i de- sensi t i ve Na' / H' ant i por t

syst em i n t he pl asma membr ane of PBM, ' whi ch can be act i vat ed by aci di f i -

cat i on of t he cyt opl asm.

' A manuscr i pt pr ovi di ng a det ai l ed descr i pt i on of t he Na' ' / H' exchanger i n l ymphocyt es i s i n
pr epar at i on . Br i ef l y, t he r esul t s show t hat al kal i ni zat i on i s accompani ed by Na' upt ake and t hat
t he ant i por t er i s act i vat ed by Na` or Li + , but not by ot her monoval ent cat i ons . The exchange
i s el ect r i cal l y si l ent and f ul l y i nhi bi t i abl e by ami l or i de but i s not af f ect ed by f ur osemi de or
bumet ani de .
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The aver age pHi of PBMsuspended i n i sot oni c Na' medi um was 7. 05 ±
0. 06 ( mean ± SE of f i ve det er mi nat i ons) . The val ue of pHi was not si gni f i -

cant l y di f f er ent i n hypot oni cal l y equi l i br at ed cel l s ( pHi = 7. 03 ± 0. 04, n =

12) . As shown i n Fi g. 7A, r est or at i on of i sot oni ci t y by addi t i on of concent r at ed

NaCl had no i mmedi at e ef f ect on pHi . However , a sl ow al kal i ni zat i on devel -

oped over t he f ol l owi ng mi nut es t hat usual l y r eached a st eady val ue 6- 8 mi n

af t er addi t i on of NaCl . I n ei ght exper i ment s, t he ApH obser ved dur i ng t hi s

per i od aver aged 0. 14 ± 0. 03 uni t s . Fi g . 7B i l l ust r at es t ypi cal r esul t s obt ai ned

when i sot oni ci t y was r est or ed i n hypot oni cal l y t r eat ed cel l s pr e- equi l i br at ed

wi t h 200 uM ami l or i de . The di ur et i c di d not si gni f i cant l y al t er t he r est i ng

pH of t hese cel l s, but l ar gel y abol i shed t he i ncr ease associ at ed wi t h RVI . I n

t he pr esence of ami l or i de, ApH was onl y 0. 03 ± 0. 01 ( n = 7) .

A

	

B

Cont r ol

	

7 . 2 1

	

+Ami l or i de

I sot oni c

6 . 8'

	

5 mi n

	

6 . 9 J

FI GURE 7 . Changes i n i nt r acel l ul ar pH dur i ng RVI . Cel l s l oaded wi t h t he
f l uor escent i ndi cat or wer e hypot oni cal l y t r eat ed and equi l i br at ed as descr i bed
i n Mat er i al s and Met hods . They wer e t hen suspended i n hypot oni c Na+ medi um
wi t hout ( A) or wi t h ( B) 200 j zM ami l or i de and used f or f l uor escence r ecor di ng

as i n Fi g . 6 . Wher e i ndi cat ed, concent r at ed NaCl was added t o r est or e t he
osmol ar i t y t o t he or i gi nal ( i sot oni c) val ue . The smal l ( 3%) di l ut i on ar t i f act
caused by t he addi t i on of NaCl has been cor r ect ed f or . Cal i br at i on was as i n
Fi g . 6 . The t r aces ar e r epr esent at i ve of ei ght si mi l ar pai r s of exper i ment s.
Or di nat e : cyt opl asmi c pH ( pH; ) .

Al kal i ni zat i on of t he cyt opl asm was al so obser ved when i sot oni ci t y was

r est or ed wi t h concent r at ed Na' sol ut i on and i n cel l s suspended i n Cl - - and
HCO3- f r ee medi a, usi ng concent r at ed Na- gl uconat e or Na2SO4 t o i ncr ease
t he osmol ar i t y . I n cont r ast , no ApH coul d be i nduced i n Na' - f r ee medi a, a

f i ndi ng t hat par al l el s t he Na' dependence of RVI .

The r esul t s obt ai ned wi t h 5, 6- di car boxyf l uor escei n wer e conf i r med usi ng

9- ami no acr i di ne, an i ndi cat or t hat par t i t i ons acr oss t he membr ane i n r e-
sponse t o a change i n ApH. As expect ed, t he dye was t aken up by PBMi n

bot h i sot oni c or hypot oni c medi a and accumul at ed f ur t her ( consi st ent wi t h
cyt opl asmi c aci di f i cat i on) i n t he pr esence of ni ger i ci n . The dye was par t i al l y

r el eased ( cyt opl asmi c al kal i ni zat i on) by t he addi t i on of ei t her NH4 or monen-

si n ( an i onophor e t hat pr omot es Na' } / H+ exchange) i n Na' sol ut i on . An

al kal i ni zat i on was al so det ect ed when t he cel l s wer e under goi ng RVI . The

t i me cour se of t hi s pH change was vi r t ual l y i dent i cal t o t hat r ecor ded wi t h

t he f l uor escei n der i vat i ve and i t was si mi l ar l y Na' speci f i c and obser vabl e i n

t he absence of Cl - and HCO3 .
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As poi nt ed out by Cal a ( 1980) , i f net Na' upt ake i s coupl ed t o H+ ef f l ux,
t hen, t o t he ext ent t hat t he r at e of t hi s exchange exceeds Cl - / base count er -

t r anspor t , medi umpH changes shoul d be measur abl e dur i ng r eswel l i ng . To

r educe ani on count er t r anspor t and t o i mpr ove det ect abi l i t y by r educi ng t he

buf f er i ng capaci t y, t hese exper i ment s wer e car r i ed out i n HCO3- f r ee sol u-

t i ons, buf f er ed onl y wi t h 0. 5 mMHEPES. PBMwer e hypot oni cal l y t r eat ed,

sedi ment ed, and r esuspended i n an i sot oni c Na' - f r ee medi um. The r esul t s

ar e shown i n Tabl e I I I . The pH of t he suspensi on decl i ned spont aneousl y

af t er addi t i on of t he cel l s, pr esumabl y as a r esul t of r el ease of met abol i c aci d .

Thi s decl i ne was equi val ent t o ^- 0. 3 nmol H+ - mi n - ' - 10 6 cel l s - ' and was not

af f ect ed by ami l or i de . Af t er a st abl e r at e of H+ pr oduct i on was est abl i shed,

Na' or K+ was added t o t he medi umas r ecor di ng cont i nued . Because of t he

Rol e of Ca` i n RVI

TABLE I I I

No * - i nduced Medi um Aci di f i cat i on Dur i ng RVI

Condi t i on

	

H* ef f l ux

nmol / 108 cel l s- 3 mi n

Chol i ne

	

0. 9±0 . 3

Chol i ne - . Na'

	

2 . 7±0 . 9

Chol i ne + ami l or i de - - ~ Na'

	

1 . 6±0 . 6

Chol i ne - i - K*

	

1 . 2±0 . 3

PBMwer e hypot oni cal l y t r eat ed, sedi ment ed, and r esuspended i n an i sot oni c medi um

cont ai ni ng 140 mMchol i ne chl or i de, 3 mM KCI , 1 mMMgC12, 1 mMCaCl 2. 10 mM

gl ucose, and 0 . 5 mMHEPES- K' , pH 7. 3, at 37° C. Ext er nal pH was measur ed as

descr i bed i n Mat er i al s and Met hods . Wher e i ndi cat ed, NaCl or KCI ( 30 mM f i nal )

wi t h or wi t hout ami l or i de ( 0 . 5 mMf i nal ) was added and ApHwas measur ed over a 3-

mi n per i od . The buf f er i ng capaci t y of t he sol ut i on i n t he pH r ange st udi ed, whi ch

var i ed somewhat bet ween exper i ment s because of t he addi t i on of ami l or i de or buf f er

car r i ed over wi t h t he cel l s, was det er mi ned af t er each exper i ment by t i t r at i on wi t h

KOH. The r esul t s ar e gi ven as nanomol es of H* pr oduced per 108 cel l s over t he 3-

mi n per i od f ol l owi ng t he addi t i on of t he al kal i cat i on, and ar e t he mean ± SE of t hr ee

t o f our det er mi nat i ons .
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i mper f ect sel ect i vi t y of t he pH el ect r ode, t he addi t i on of t he concent r at ed
sol ut i ons of bot h cat i ons pr oduced a t r ansi ent ar t i f act ual aci di f i cat i on l ast i ng
a f r act i on of a mi nut e, but t hi s di d not af f ect t he det er mi nat i ons of H+ ef f l ux

t hat wer e cal cul at ed over a 3- mi n per i od f r omApHand t he buf f er i ng capaci t y
of t he medi umi n t he pH 7. 1- 7 . 3 r ange. Na' i nduced an accel er at i on of aci d
pr oduct i on t hat was maxi mal dur i ng t he f i r st 2- 3 mi n and decl i ned r api dl y
t her eaf t er . I n cont r ast , K+ di d not si gni f i cant l y al t er H' ef f l ux . The Na' -
i nduced aci di f i cat i on of t he medi umwas l ar gel y bl ocked by ami l or i de, as was
t he case f or t he cor r espondi ng cyt opl asmi c al kal i ni zat i on ( Fi g . 7) . These
r esul t s suggest t hat t r ansmembr ane H* ef f l ux ( or t he equi val ent OH- upt ake)
occur s dur i ng RVI .

Ca" , an i mpor t ant i nt r acel l ul ar messenger i n a var i et y of t r ansduct i on
syst ems, has been suggest ed t o par t i ci pat e i n vol ume r egul at i on i n PBMand
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epi t hel i al cel l s ( Gr i nst ei n et al . , 1982c ; Spr i ng and Er i cson, 1982) . The r ol e
of ext r acel l ul ar Ca 21 i n t he ami l or i de- sensi t i ve r eswel l i ng of PBMwas i nves-
t i gat ed by susTendi ng hypot oni cal l y t r eat ed cel l s i n i sot oni c Na' sol ut i on
devoi d of Ca +, wi t h or wi t hout 100 AM EGTA. I n bot h cases vol ume
r est or at i on pr oceeded at nor mal r at es .

DI SCUSSI ON

Dur i ng t he RVD t hat f ol l owed hypot oni c exposur e, t he per meabi l i t i es of t he
PBM membr ane t o K+ and Cl - i ncr ease i ndependent l y ( Gr i nst ei n et al . ,
1982a) . These pat hways, whi ch appear t o be conduct i ve, ar e not l i kel y t o
par t i ci pat e i n RVI when t he cel l s ar e r ei nt r oduced i nt o i sot oni c medi a f or
sever al r easons : ( a) The RVDper meabi l i t y i ncr eases ar e t r ansi ent ; r est or at i on
of " Rb per meabi l i t y and of Cl - conduct ance t o t he or i gi nal l ow val ues occur s
wi t hi n 10- 15 mi n ( B. Sar kadi , per sonal communi cat i on) . Over 20 mi n was
al l owed bet ween hypot oni c st r ess and t he measur ement of RVI . ( b) No
r eswel l i ng was obser ved i n KCI medi um. ( c) The i on sel ect i vi t i es of t he t wo
phenomena ar e di f f er ent , e . g. , NOa per meat es t he hypot oni cal l y i nduced
pat hway but does not suppor t RVI . ( d) Concent r at i ons of i nhi bi t or s such as
qui ni ne and t r i f l uoper azi ne, whi ch ent i r el y el i mi nat e RVD, have much
smal l er ef f ect s on RVI .

The sal i ent f eat ur es of t he r eswel l i ng pr ocess ar e Na' and Cl - dependence,
el ect r oneut r al i t y, and associ at ed pHchanges . The ext er nal Na' r equi r ement
was associ at ed wi t h i ncr eased 24Na+ i nf l ux and net gai n of Na' and K+ by t he
cel l s . Ami l or i de, whi ch l ar gel y pr event ed RVI , al so i nhi bi t ed t he Na' and K+
cont ent i ncr eases and par t i al l y i nhi bi t ed t he st i mul at ed i sot opi c f l uxes . The
K+ accumul at i on, whi ch can be account ed f or by an i ncr eased i nf l ux ( Fi g . 4) ,
i s i nhi bi t ed by ouabai n, whi ch suggest s t hat i t i s medi at ed by t he Na' pump .
The gl ycosi de, however , does not pr event r eswel l i ng ( Tabl e I ) , whi ch i ndi -
cat es t hat Na' / K' exchange i s not essent i al t o RVI and i s pr obabl y secondar y
t o t he i ncr ease i n cyt opl asmi c Na' concent r at i on . The f ai l ur e of ami l or i de t o
bl ock t he i sot opi c f l uxes compl et el y whi l e pr event i ng r eswel l i ng i mpl i es t hat
ot her pat hways, not necessar i l y i nvol ved i n RVI , ar e al so act i vat ed . I n t hi s
r egar d, an ext er nal , Na' - i ndependent act i vat i on of t he Na' / K' pump has
been r epor t ed t o occur upon hypot oni c st r ess ( Cheung et al . , 1982) . I n
addi t i on, ami l or i de- i nsensi t i ve Na' / Na' exchange may al so be i nvol ved .

No changes i n membr ane pot ent i al wer e r ecor ded dur i ng RVI ( Fi g . 5) ,
whi ch suggest s t hat t he f l uxes i nvol ved ar e el ect r oneut r al . Thi s i s suppor t ed
by t he f act t hat NO- 3, whi ch has a l ar ger conduct i ve per meabi l i t y t han CI - i n
most cel l s, i ncl udi ng hypot oni cal l y st r essed PBM ( Gr i nst ei n et al . , 1982a) ,
f ai l ed t o suppor t RVI .

A cyt opl asmi c al kal i ni zat i on was f ound t o occur dur i ng RVI . A concomi t ant
medi um aci di f i cat i on coul d be demonst r at ed i n medi a wi t h l ow buf f er i ng
capaci t y, whi ch i mpl i es t hat t r ansmembr ane movement of H+ or OH- has
t aken pl ace . These pH changes wer e Na' dependent and ami l or i de i nhi bi t a-
bl e . Taken t oget her , t he above r esul t s conf or m t o t he model or i gi nal l y
pr oposed by Cal a ( 1980) , wher eby Na' / H' count er t r anspor t i s act i vat ed
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dur i ng RVI . As a r esul t , ext er nal Na' i s r api dl y exchanged f or cyt opl asmi c

H+ i n an el ect r oneut r al pr ocess . Vol ume gai n r esul t s onl y when ext er nal Cl -

i s exchanged i n par al l el f or i nt er nal HCO3 or OH- , whi ch br i ngs about a net

osmot i c gai n . The i nhi bi t or y ef f ect of pr ei ncubat i on i n HCO3- f r ee medi a

suppor t s t hi s model .

A mi ni mumest i mat e of t he cont r i but i on of Na' / H' exchange t o t he t ot al

cat i on gai n dur i ng RVI can be cal cul at ed f r om t he obser ved ApH i f t he

i nt r acel l ul ar buf f er i ng capaci t y i s known. The l at t er was det er mi ned i n t he

pH 6 . 9- 7 . 4 r ange by t i t r at i on of i nt act cel l s wi t h NH4, as descr i bed i n

Mat er i al s and Met hods . I n ei ght det er mi nat i ons, t he mean buf f er i ng capaci t y

of cel l s shr unken i n i sot oni c medi umwas 52 ± 12 mmol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" pH- ' . l i t er - ' . Thi s

val ue i s si mi l ar t o t hat r epor t ed f or pi g mesent er i c l ymphocyt es by Ri nk et
al . ( 1982) . Ther ef or e, 7 mmol Na' . l i t er cel l s- ' must have ent er ed t he cel l t o

r ai se pH; by 0. 14 uni t . I f t he mean cel l ul ar vol ume under t hese condi t i ons i s

consi der ed, t hen at l east 1 . 5 nmol Na' ' . 106 cel l s' ar e t aken up vi a t he

ami l or i de sensi t i ve ant i por t dur i ng t he i ni t i al 6- 8 mi n. Thi s i s ^ - 20- 25%of

t he t ot al undi r ect i onal 24Na i nf l ux and - 50% of t he ami l or i de- sensi t i ve

f r act i on of t hi s f l ux . The r emai nder of t he Na' / H' exchange i s pr obabl y not

mani f est ed as a pH change because of t he si mul t aneous oper at i on of t he

Cl - / HCO3 or Cl - / OH- exchange, whi ch i n t ur n enabl es t he cel l t o r egai n i t s

vol ume . Ther ef or e, even t hough t he oper at i on of ot her mechani sms cannot

be r ul ed out , i t i s cl ear t hat a subst ant i al f r act i on of t he RVI occur s vi a Na' /

H+ exchange .

Modest but measur abl e vol ume changes can be r ecor ded i n t he nomi nal

absence of HCO3 . Shr i nki ng wi l l occur i f ni ger i ci n i s added t o cel l s i n

HCO3- f r ee, l ow- K+ medi a wi t h a mar ked concomi t ant aci di f i cat i on of t he

cyt opl asm ( e . g . , Fi g . 6) . Resuspensi on of t hese aci d- l oaded cel l s i n Na' -
cont ai ni ng medi a r api dl y r est or es t he nor mal i nt r acel l ul ar pH, whi l e t he
vol ume i ncr eases back t o i t s or i gi nal val ue ( unpubl i shed obser vat i ons) .

As di scussed by Kr egenow ( 1981) , t he pHchanges obser ved dur i ng vol ume
r egul at i on i n r ed cel l s coul d be secondar y t o al t er at i ons i n t he Cl - di st r i but i on .
Thus, t he Cl - t aken up dur i ng RVI woul d t end t o exi t f r om t he cel l i n
exchange f or OH- , si nce t he Donnan r at i o r emai ns unal t er ed, t her eby
br i ngi ng about cyt opl asmi c al kal i ni zat i on . I n PBM, t he obser ved OpH i s

unl i kel y t o be secondar y t o changes i n Cl - di st r i but i on i nasmuch as ( a) i t i s
bl ocked by ami l or i de, a r at her speci f i c Na' / H+ exchange i nhi bi t or , and ( b)
an al kal i ni zat i on was al so obser ved when i sot oni ci t y was r est or ed by addi t i on

of Na' i n Cl - - f r ee medi a . I n t hese cases ApH was not si gni f i cant l y gr eat er

t han i n Cl - - cont ai ni ng sol ut i ons, whi ch suggest s t hat al kal i ni zat i on of t he
cyt opl asm l i mi t s Na { / H+ exchange and t hat ani on exchange i s consi der abl y
sl ower .

Ani on exchange i s t he pr edomi nant t r anspor t f unct i on i n vol ume- st at i c
r ed bl ood cel l s, so t hat i nduct i on of cat i on count er t r anspor t suf f i ces t o
pr oduce RVI . The exi st ence of a si mi l ar ani on exchanger i n PBMhas not
been di r ect l y demonst r at ed; however , i t s pr esence can be i nf er r ed f r om t he
compar i son of Cl - per meabi l i t y ( measur ed i sot opi cal l y) and Cl - conduct ance
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( det er mi ned f r om vol ume changes i n t he pr esence of cat i onophor es) . The

l at t er i s at l east 25- f ol d l ower , whi ch i ndi cat es t he pr esence of an el ect r i cal l y

si l ent exchanger ( Gr i nst ei n et al . , 1982a) . The exi st ence of an i ndependent

ani on exchanger i s al so suggest ed by t he f ol l owi ng exper i ment : PBMwer e

shr unk by addi t i on of 200 mMsucr ose t o t he Na' medi um. As i ndi cat ed

above, t hese cel l s f ai l t o r eswel ) . However , addi t i on of t he i onophor e monen-

si n, whi ch pr oduces a t r ansi ent cyt opl asmi c al kal i ni zat i on t hr ough Na' / H'

exchange, r esul t ed i n a subst ant i al ( >15 Fan s - cel l - ' ) vol ume gai n . Thi s

exper i ment suggest s t hat coupl ed ani on exchange occur r ed i n par al l el wi t h

i onophor e- medi at ed t r anspor t .

On t he ot her hand, a number of obser vat i ons i ndi cat e t hat t he ani on

exchanger s of PBMand r ed cel l s ar e not i dent i cal . Fi r st , 100 UM DNDS, a

power f ul i nhi bi t or of ani on f l uxes i n r ed cel l s, f ai l ed t o bl ock RVI ( Tabl e I )

as wel l as " Cl exchange i n PBM. Si mi l ar l y, addi t i on of 100 AM DI DS up t o

20 mi n bef or e shr i nki ng al so f ai l ed t o i nhi bi t RVI ( unpubl i shed obser vat i ons) .

Second, NO3, whi ch i s r eadi l y accept ed by t he r ed cel l exchanger , di d not
suppor t RVI i n PBM. The l at t er , however , coul d be expl ai ned by a di r ect
ef f ect of t he ani on on Na' / H' exchange : Par ker ( 1983) and P. M. Cal a
( per sonal communi cat i on) have f ound t hat NO3 and ot her ani ons have
pr of ound i nhi bi t or y ef f ect s on t he cat i on ant i por t er . Thus, t he par t i ci pat i on
of an ani on exchanger i n RVI r emai ns somewhat i nf er ent i al and det er mi na-

t i on of t he ext ent of coupl i ng wi t h t he vol ume- i nduced cat i on exchanger

must awai t f ur t her char act er i zat i on of t he ani on t r anspor t i n vol ume- st at i c

PBM.

Changes i n i nt r acel l ul ar pH and [ Ca" ] have been pr oposed t o t r i gger t he

act i vat i on of t r anspor t pat hways dur i ng vol ume r egul at i on ( Cal a, 1980 ;

Spr i ng and Er i cson, 1982) . An aci di f i cat i on of t he cyt opl asm was suggest ed

t o act i vat e Na' / H' exchange i n Amphi uma er yt hr ocyt es af t er hyper t oni c

shr i nki ng . I ndeed, st i mul at i on of Na' / H' count er t r anspor t by l ower i ng t he

i nt er nal pH has been r epor t ed i n a number of cel l t ypes ( Ar onson et a1 . ,

1982 ; Mool enaar et al . , 1982 ; Bor on and Boul paep, 1983) and i s al so

obser ved i n bl ood and t hymi c l ymphocyt es ( Fi g . 6 and unpubl i shed obser va-

t i ons) . Never t hel ess, di r ect measur ement s f ai l ed t o show a si gni f i cant aci d

shi f t when PBM wer e shr unk, whi ch suggest s t hat Na' / H' exchange i s

act i vat ed by an al t er nat i ve mechani sm. RVI was unaf f ect ed by ext er nal Ca"

r emoval . I n addi t i on, pr el i mi nar y exper i ment s usi ng t he Ca" i ndi cat or Qui n

2 f ai l ed t o show si gni f i cant changes i n t he cyt opl asmi c Ca" concent r at i on .

Ther ef or e, changes i n t he i nt r acel l ul ar concent r at i on of t hi s cat i on ar e al so

unl i kel y t o medi at e RVI . 2
I n addi t i on t o Cal a' s ( 1980) count er t r anspor t model , ani on- cat i on co-

t r anspor t syst ems have been suggest ed t o par t i ci pat e i n RVI i n cer t ai n cel l s .

2 I t i s i mpor t ant t o bear i n mi nd t hat hi gh ( mi l l i mol ar ) concent r at i ons of Qui n 2 ar e r equi r ed
f or adequat e measur ement s . Thi s conf er s on t he cyt opl asm a consi der abl e Ca" - buf f er i ng
capaci t y t hat can obl i t er at e Ca" t r ansi ent s . Ther ef or e, t he r el ease of a compar at i vel y smal l

amount of Ca 21 f r om i nt er nal st or es, suf f i ci ent t o al t er t he f r ee cyt opl asmi c l evel i n t he absence

of t he dye, may r emai n undet ect ed .
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Avi an er yt hr ocyt es r eswel l i n hyper t oni c sol ut i ons by act i vat i ng a Na+- K+- Cl -

sympor t mechani smt hat i s sensi t i ve t o f ur osemi de and i t s anal ogues ( Kr ege-

now, 1981) . Ehr l i ch asci t es cel l s pr e- equi l i br at ed i n hypot oni c medi a wi l l

shr i nk and t hen r eswel l when i sot oni ci t y i s r est or ed ( Hof f mann et al . , 1983) ,

as descr i bed her e f or PBM. Hof f mann et al . at t r i but e r eswel l i ng t o a bume-

t ani de- and f ur osemi de- sensi t i ve co- t r anspor t of Na' and Cl - , whi ch i s act i ve

even at l owext er nal K+. The PBMsyst em di f f er s f r om t hose above i n i t s K+

i ndependence and r el at i ve i nsensi t i vi t y t o f ur osemi de . However , as poi nt ed

out by Kr egenow ( 1981) , t he co- t r anspor t syst ems may i nvol ve t wo or mor e

coupl ed ant i por t s, e. g . , NaCI co- t r anspor t woul d be composed of Na' / H'

and Cl - / OH- exchangi ng subuni t s . Thus, Kr egenow' s co- t r anspor t syst em

woul d di f f er f r omCal a' s ant i por t er mechani smonl y i n t he degr ee of coupl i ng

of t he exchanger s . At t he mol ecul ar l evel , t hi s may i n t ur n be mani f est ed as
di f f er ences i n i nhi bi t or sensi t i vi t y .

The f ai l ur e of t he cel l s t o r eswel l when pl aced di r ect l y i nt o hyper t oni c

sol ut i ons r emai ns unexpl ai ned . One at t r act i ve hypot hesi s i s t hat t he depl et i on

of i nt r acel l ul ar i ons, par t i cul ar l y Cl - , t hat occur s dur i ng RVD i s essent i al t o

pr ovi de an i nwar d gr adi ent f or NaCl upt ake dur i ng RVI . Al t er nat i vel y, Na' /

H+ exchange may be act i vat ed onl y i f swel l i ng occur s bef or e shr i nki ng. I n

summar y, an ami l or i de- sensi t i ve Na' / H' ant i por t can be act i vat ed by osmot i c

shr i nki ng of hypot oni cal l y pr et r eat ed PBM. The cel l s gai n vol ume as Cl - i s

t aken up i n exchange f or HCO3 or OH- . Al t hough an ani on exchanger

seems t o oper at e i n vol ume- st at i c cel l s, t he ext ent of i t s coupl i ng wi t h t he

vol ume- i nduced cat i on exchanger r emai ns undef i ned ; t he count er t r anspor t

of ext er nal Cl - f or i nt er nal HCO- 3 or OH- mi ght be st i mul at ed by t he

depl et i on of i nt er nal Cl - , whi ch occur s dur i ng RVD, and/ or by t he cyt o-
pl asmi c al kal i ni zat i on pr ompt ed by Na' / H' exchange .

We t hank Dr s. B. Sar kadi and E. Gel f and f or hel pf ul suggest i ons and cr i t i cal r eadi ng of t he

manuscr i pt .

Thi s wor k was suppor t ed by t he Medi cal Resear ch Counci l and t he Nat i onal Cancer I nst i t ut e

( Canada) . S. G. i s a MRC Schol ar .

Recei vedf or publ i cat i on 25 Apr i l 1983 and i n r evi sed f or m 27 June 1983 .

REFERENCES

Ar onson, P. S. , J . Nee, and M. A. Suhm. 1982 . Modi f i er r ol e of i nt er nal H+ i n act i vat i ng t he

Na' - H' exchanger i n r enal mi cr ovi l l us membr ane vesi cl es . Nat ur e ( Lond. ) . 299: 161- 163 .

Ben- Sasson, S. , R. Shavi v, Z . Bent wi ch, S. Sl avi n, and F . Dol j anski . 1975 . Osmot i c behavi or of

nor mal and l eukemi c l ymphocyt es . Bl ood. 46 : 891- 899.

Bor on, W. F. , and E. L . Boul paep . 1983 . I nt r acel l ul ar pH r egul at i on i n t he r enal pr oxi mal

t ubul e of t he sal amander . J . Gen. Physi ol . 81 : 29- 52 .

Bui , A. H. , and J. S. Wi l ey . 1981 . Cat i on f l uxes and vol ume r egul at i on by human l ymphocyt es .

J. Cel l . Physi ol . 108: 47- 54 .

Cal a, P. M. 1980. Vol ume r egul at i on by Amphi uma r ed bl ood cel l s . The membr ane pot ent i al

and i t s i mpl i cat i ons r egar di ng t he nat ur e of t he i on- f l ux pat hways .
J

. Gen. Physi ol . 76 : 683-

708.



63 8

	

THE JOURNAL OF GENERAL PHYSI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 82 " 1983

Cal a, P. M. 1983 . Vol ume r egul at i on by r ed bl ood cel l s: mechani sms of i on t r anspor t . Mol .

Physi ol . 4 : 33- 52 .

Cheung, R. K. , S. Gr i nst ei n, H. M. Dosch, and E. W. Gel f and . 1982 . Vol ume r egul at i on by

human l ymphocyt es : char act er i zat i on of t he i oni c basi s f or r egul at or y vol ume decr ease . J .

Cel l . Physi ol . 112 : 189- 196 .

Deut sch, C. , L . Sl at er , and P. Gol dst ei n . 1982 . Vol ume r egul at i on of human per i pher al bl ood

l ymphocyt es and st i mul at ed pr ol i f er at i on of vol ume- adapt ed cel l s . Bi ochi m. Bi ophys . Act a .

721 : 262- 267 .

Er i cson, A. C. , and K. R. Spr i ng . 1982 . Vol ume r egul at i on by Nect ur us gal l bl adder : api cal Na' -

H' and Cl - - HCO- 3 exchange . Am. J . Physi ol . 243 : C146- 150 .

Gr i nst ei n, S. , C. A. Cl ar ke, A. Dupr e, and A. Rot hst ei n. 1982a . Vol ume- i nduced ani on

per meabi l i t y i n human l ymphocyt es . J . Gen. Physi ol . 80 : 801- 823 .

Gr i nst ei n, S. , C. A. Cl ar ke, and A. Rot hst ei n . 19826 . I ncr eased ani on per meabi l i t y dur i ng

vol ume r egul at i on i n human l ymphocyt es . Phi l os . Tr ans. R. Soc . Lond . B Bi ol . Sci . 299: 509-

518 .

Gr i nst ei n, S. , A. Dupr e, and A. Rot hst ei n . 1982c . Vol ume r egul at i on i n human l ymphocyt es .

Rol e of cal ci um. J . Gen . Physi ol . 79 : 849- 868 .

Hempl i ng, H. G. , S. Thompson, and A. Dupr e . 1978 . Osmot i c pr oper t i es of human l ympho-

cyt es. J . Cel l . Physi ol . 93 : 293- 302 .

Hof f mann, E. K. , C. Sj ohol m, and L . O. Si monsen . 1981 . Ani on- cat i o n cot r anspor t and vol ume

r egul at i on i n Ehr l i ch asci t es t umour cel l s. J . Physi ol . ( Lond. ) . 319 : 94- 95P.

Hof f mann, E. K. , C. Sj ohol m, and L . O. Si monsen . 1983 . Na' ' - Cl - co- t r anspor t i n Ehr l i ch

asci t es t umour cel l s act i vat ed dur i ng vol ume r egul at i on . J . Membr . Bi ol . I n pr ess .

Kr egenow, F . M. 1974 . Funct i onal separ at i on of t he Na- K exchange pump f r om t he vol ume

cont r ol l i ng mechani sm i n enl ar ged duck r ed cel l s . J . Gen . Physi ol . 64 : 393- 412 .

Kr egenow, F. M. 1981 . Osmor egul at or y sal t t r anspor t i ng mechani sms : cont r ol of cel l vol ume

i n ani sot oni c medi a . Annu . Rev . Physi ol . 43 : 493- 505 .

MacKni ght , A. D. C. , and A. Leaf . 1977 . Regul at i on of cel l ul ar vol ume . Physi ol . Rev. 57 : 510-

573 .

Mool enaar , W. H. , Y. Yar den, and J . Schl essi nger . 1982 . Epi der mal gr owt h f act or i nduces

el ect r i cal l y si l ent Na' i nf l ux i n human f i br obl ast s . J . Bi ol . Chem. 257 : 8502- 8506

Par ker , J . C. 1983 . Vol ume- r esponsi ve sodi ummovement s i n dog r ed bl ood cel l s. Am. J . Physi ol .

244 : C324- C330 .

Ri nk, T. J . , R. Y. Tsi en, and T. Pozzan . 1982 . Cyt opl asmi c pH and f r ee Mg" i n l ymphocyt es .

J . Cel l Bi ol . 95 : 189- 196 .

Roos, A. , and W. F . Bor on . 1981 . I nt r acel l ul a r pH. Physi ol . Rev . 61 : 296- 434 .

Rot i - Rot i , L . W. , and A. Rot hst ei n . 1973 . Adapt at i on of mouse l eukemi c cel l s ( L5178Y) t o

ani sot oni c medi a . 1 . Cel l vol ume r egul at i on . Exp. Cel l . Res. 79 : 295- 310 .

Schmi dt , W. F . , and T. S. McManus . 1977 . Ouabai n- sensi t i ve sal t and wat er movement s i n

duck r ed cel l s. J . Cel l . Physi ol . 70: 99- 121 .

Si ebens, A. , and F . M. Kr egenow. 1978 . Anal ysi s of ami l or i de- sensi t i ve vol ume r egul at i on i n

Amphi uma r ed cel l s . Fed . Pr oc. 39 : 379 .

Spr i ng, K. R. , and A. C. Er i cson . 1982 . Epi t hel i al cel l vol ume modul at i on and r egul at i on . J .

Membr . Bi ol . 69: 167- 176 .

Thomas, J . A. , R. N. Buchsbaum, A. Zi mni ak, and E. Racker . 1979 . I nt r acel l ul ar pH measur e-

ment s i n Ehr l i ch asci t es t umour cel l s ut i l i zi ng spect r oscopi c pr obes gener at ed i n si t u . Bi ochem-

i st r y . 18 : 2210- 2218.


