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El ect r ophysi ol ogy of

Fl ounder I nt est i nal Mucosa

I . Conduct ance Pr oper t i es of t he

Cel l ul ar and Par acel l ul ar Pat hways

DANR. HALM, EDWARDJ . KRASNY, JR. , and

RAYMONDA. FRI ZZELL

Fr om t he Depar t ment of Physi ol ogy and Bi ophysi cs, Uni ver si t y of Al abama at Bi r mi ngham,

Bi r mi ngham, Al abama 35294 ; and Mount Deser t I sl and Bi ol ogi cal Labor at or y, Sal sbur y Cove,

Mai ne 04672

ABSTRACT

	

We eval uat ed t he conduct ances f or i on f l ow acr oss t he cel l ul ar

and par acel l ul ar pat hways of f l ounder i nt est i ne usi ng mi cr oel ect r ode t echni ques

and i on- r epl acement st udi es . Api cal membr ane conduct ance pr oper t i es ar e

domi nat ed by t he pr esence of Ba- sensi t i ve K channel s . An el evat ed mucosal

sol ut i on Kconcent r at i on, [ K] m, depol ar i zed t he api cal membr ane pot ent i al ( 0a)
and, at [ K] m < 40 mM, t he K dependence of 0. was abol i shed by 1- 2 mM

mucosal Ba . The basol at er al membr ane di spl ayed Cl conduct ance behavi or , as

evi denced by depol ar i zat i on of t he basol at er al membr ane pot ent i al ( 4/ b) wi t h

r educed ser osal Cl concent r at i ons, [ Cl ] , . 9' b was unaf f ect ed by changes i n [ K] ,

or [ Na] , . Fr om t he ef f ect of mucosal Ba on t r ansepi t hel i al K sel ect i vi t y, we

est i mat ed t hat par acel l ul ar conduct ance ( GP) nor mal l y account s f or 96%of

t r ansepi t hel i al conduct ance ( G, ) . The hi gh G, at t enuat es t he cont r i but i on of

t he cel l ul ar pat hway t o 4Gt whi l e per mi t t i ng t he api cal K and basol at er al Cl

conduct ances t o i nf l uence t he el ect r i cal pot ent i al di f f er ences acr oss bot h mem-

br anes . Thus, 0. and yob ( - 60 mV, i nsi de negat i ve) l i e bet ween t he equi l i br i um

pot ent i al s f or K ( 76 mV) and Cl ( 40 mV) , t her eby est abl i shi ng dr i vi ng f or ces

f or K secr et i on acr oss t he api cal membr ane and Cl absor pt i on acr oss t he

basol at er al membr an6 . Equi val ent ci r cui t anal ysi s suggest s t hat api cal conduct -

ance ( G. a 5 mS/ cm2) i s suf f i ci ent t o account f or t he obser ved r at e of K

secr et i on, but t hat basol at er al conduct ance ( Gb 29 1 . 5 mS/ cm2 ) woul d account

f or onl y 50%of net Cl absor pt i on . Thi s, t oget her wi t h our f ai l ur e t o det ect a

basol at er al K conduct ance, suggest s t hat CI absor pt i on acr oss t hi s bar r i er

i nvol ves KCI co- t r anspor t .

I NTRODUCTI ON

The i nt est i nes of mar i ne t el eost s absor b NaCl and wat er so t hat i ngest ed seawat er

can r epl ace osmot i c wat er l osses t o t he envi r onment ( 20) . Excess NaCl absor bed

Addr ess r epr i nt r equest s t o Dr . D. R. Hal m, Dept . of Physi ol ogy and Bi ophysi cs, Uni ver si t y of
Al abama at Bi r mi ngham, Uni ver si t y St at i on, Bi r mi ngham, AL 35294 .
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acr oss t he gast r oi nt est i nal t r act i s t hen excr et ed, pr i mar i l y acr oss t he gi l l s, whi ch

r esul t s i n net hydr at i on of t he ext r acel l ul ar space . Sal t absor pt i on acr oss f l ounder

i nt est i ne was st udi ed by Fi el d et al . ( 9) , who f ound evi dence of coupl i ng bet ween

t he absor pt i ve f l uxes of Na and Cl , whi ch i s consi st ent wi t h neut r al , t r anscel l ul ar

NaCl co- t r anspor t . They pr esent ed a model i n whi ch a l umen- posi t i ve t r ansepi -

t hel i al pot ent i al di f f er ence ( f i t ) of 2- 5 mV ar i ses, dur i ng absor pt i on, as a di f f usi on

pot ent i al acr oss Na- sel ect i ve t i ght j unct i ons because of l at er al i nt er cel l ul ar space

NaCl accumul at i on . Si mi l ar l y, t he t hr eef ol d excess of Cl over Na absor pt i on

obser ved under shor t - ci r cui t condi t i ons was ascr i bed t o r ecycl i ng of absor bed

Na t o t he l umen, acr oss t he cat i on- sel ect i ve j unct i ons .

Subsequent wor k has conf i r med t he j unct i onal cat i on sel ect i vi t y r equi r ed by

t hi s model ( 21) . However , st udi es of uni di r ect i onal i on i nf l uxes f r omt he mucosal

sol ut i on i nt o t he epi t hel i um ar e not consi st ent wi t h 1 : 1 NaCl ent r y acr oss t he

api cal membr ane ( 24, 25) . I on- r epl acement st udi es r eveal coupl i ng bet ween t he

i nf l uxes of Na, Cl , and K, and t he ki net i cs of Rb upt ake ( a K subst i t ut e) as a

f unct i on of mucosal sol ut i on i on concent r at i ons suggest a st oi chi omet r y of

1 Na : I K: 2Cl . Much of t he excess of net Cl over Na t r anspor t obser ved under

shor t - ci r cui t condi t i ons can be at t r i but ed t o an ent r y mechani sm wi t h t hi s

st oi chi omet r y . However , si nce api cal Na/ K/ Cl co- t r anspor t i s al so el ect r i cal l y

neut r al , t he i oni c basi s of t he l umen- posi t i ve +, t and net posi t i ve cur r ent f l ow

f r omser osa t o mucosa dur i ng shor t - ci r cui t i ng r emai ns undef i ned .

Thi s r epor t summar i zes t he el ect r i cal pr oper t i es of t he api cal and basol at er al

membr anes of f l ounder i nt est i nal cel l s . Convent i onal mi cr oel ect r odes wer e used

t o measur e t he cel l ul ar el ect r i cal pot ent i al pr of i l e dur i ng changes i n t he i oni c

composi t i on of t he bat hi ng sol ut i ons . Our f i ndi ngs i ndi cat e t hat t he ser i al l y

ar r anged conduct ances of t he api cal and basol at er al membr anes ar e maj or

det er mi nant s of t he l umen- posi t i ve >G, so t hat par acel l ul ar pat hways need not

account ent i r el y f or t he t r ansepi t hel i al el ect r i cal pr oper t i es o£ t hi s t i ssue .

LI ST OF SYMBOLS
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I -

	

shor t - ci r cui t cur r ent

f i t , 1~a, qb

	

el ect r i cal pot ent i al di f f er ence acr oss t he epi t hel i um, api cal membr ane,
and basol at er al membr ane, r espect i vel y ; 0, and ¢b ar e expr essed wi t h
r ef er ence t o t he adj acent ext er nal medi a ( t he mucosal and ser osal
sol ut i ons, r espect i vel y) and 0, i s r ef er enced t o t he mucosal sol ut i on ( i . e . ,

Wt ° ka - yob)

Rt , R. , Rb , Rp

	

el ect r i cal r esi st ance of t he epi t hel i um, api cal membr ane, basol at er al
membr ane, and par acel l ul ar pat hway, r espect i vel y

Gt , G. , Gb, Gp

	

el ect r i cal conduct ance ( 1/ R) of t he epi t hel i um, api cal membr ane, baso-
l at er al membr ane, and par acel l ul ar pat hway, r espect i vel y ; a super scr i pt
i s used t o i dent i f y a par t i al i oni c conduct ance

f R, f b

	

f r act i onal api cal [ R- AR. + Rb) ] or basol at er al [ Rb/ ( Ra + Rb) ] membr ane
r esi st ance ; f R i s obt ai ned as ~~, / O+Gt i n r esponse t o a t r ansepi t hel i al
const ant cur r ent pul se ; f b = ( 1 - f R)

E. , Eb , Ep	 el ect r omot i ve f or ce ( emf ) acr oss t he api cal membr ane, basol at er al mem-
br ane, and par acel l ul ar pat hway, r espect i vel y
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METHODS

Ti ssue and Sol ut i ons

I nt est i nal t i ssue was obt ai ned f r om wi nt er f l ounder , Pseudopl eur onect es amer i canus, 200-

600 g, caught i n net s of f Mount Deser t I sl and, ME. The f i sh wer e kept i n t anks of r unni ng

seawat er at 15° C f or at l east 3 d bef or e use t o al l ow uni f or mempt yi ng of t he i nt est i nal

l umen . The smal l i nt est i nal mucosa was st r i pped of under l yi ng smoot h muscl e and

mount ed hor i zont al l y bet ween t wo hal ves of a Pl exi gl as chamber wi t h an aper t ur e of 0 . 13

cm2 ; t he ser osal sur f ace was suppor t ed by nyl on mesh . Ri nger ' s sol ut i ons sat ur at ed wi t h

r oom ai r cont i nuousl y f l owed past bot h sur f aces of t he t i ssue ( si ngl e pass) , dr i ven by
gr avi t y f eed f r omr eser voi r s mai nt ai ned at 15° C.

The composi t i on of t he st andar d ( cont r ol ) Ri nger ' s sol ut i on was ( mM) : 165 Na, 170

Cl , 5 K, 2 ( HP04 - H2 PO4) , 1 . 1 Mg, 1 . 2 Ca, 5 EPPS ( N- [ 2- hydr oxyet hyl ] - pi per azi ne- N' - 3-

pr opane sul f oni c aci d) , and 5 gl ucose ( ser osal ) or 5 manni t ol ( mucosal sol ut i on) . The pH

was adj ust ed t o 8 . 0 wi t h NaOHand t he sol ut i ons wer e gassed wi t h r oom ai r . ' For i on-

subst i t ut i on exper i ment s, Na r epl aced K, gl uconat e r epl aced CI , and N- met hyl - D- gl uca-

mi ne ( NMG) r epl aced Na .

I nt r acel l ul ar Recor di ng

Convent i onal mi cr oel ect r odes wer e used t o det er mi ne t he el ect r i cal pot ent i al of t he cel l
i nt er i or wi t h r ef er ence t o t he mucosal sol ut i on, ¢, . They wer e f abr i cat ed usi ng a mi cr o-
pi pet t e pul l er ( PN- 3, Nar i shi ge, Tokyo, Japan) , f i l l ed wi t h 0 . 5 MKCI and connect ed, vi a
an Ag- AgCl j unct i on, t o an el ect r omet er ( F23- B, W- P I nst r ument s, I nc . , New Haven,
CT) . Thei r t i p r esi st ances, measur ed i n 0 . 5 MKCI , r anged f r om 20 t o 50 MS1 ; t he t aper ed
shank was 5- 8 mmi n l engt h . The t i p di amet er was 0 . 2- 0 . 3 um, as j udged by scanni ng
el ect r on mi cr oscopy ( per f or med by Dr . D. R. Di Bona) .

Si ngl e- bar r el ed, CI - sel ect i ve mi cr oel ect r odes wer e f abr i cat ed and cal i br at ed as descr i bed

pr evi ousl y ( 7) . Sequent i al or si mul t aneous convent i onal and CI - sel ect i ve el ect r ode r ecor d-

i ngs wer e obt ai ned i n t he st eady st at es bef or e and af t er changi ng exper i ment al condi t i ons .
Si mul t aneous r ecor di ngs wer e made usi ng an el ect r omet er ( FD- 223, W- P I nst r ument s,
I nc . ) wi t h el ect r odes spaced wi t hi n 1 mmof each ot her t o t ake advant age of t he mi ni mal
var i at i on obser ved when r epet i t i ve 4, a val ues wer e obt ai ned i n t hi s manner ( r ef er ence 5 ;
see bel ow) .

The t r ansepi t hel i al el ect r i cal pot ent i al di f f er ence ( 0, ) was measur ed wi t h cal omel
el ect r odes pl aced i n t he exi t por t s of t he chamber per f usi on l i nes . On command of a
vol t age cl amp, bi pol ar squar e- wave pul ses of di r ect cur r ent ( 0 . 5- 1 s dur at i on) wer e passed
acr oss t he t i ssue f r omAg- AgCl el ect r odes i mpl ant ed i n each hal f - chamber . Thi s per mi t t ed
measur ement of t he t r ansepi t hel i al ( R, ) and f r act i onal ( f. , f b) r esi st ances . Val ues wer e
cor r ect ed f or 1- R dr ops i n t he adj acent ext er nal medi a .

Our cr i t er i a f or a successf ul i mpal ement wer e ( 6) : ( a) an abr upt negat i ve def l ect i on of
t he pot ent i al sensed by t he mi cr oel ect r ode t i p t hat r eached a pl at eau val ue, ( b) mai nt e-
nance of t he pl at eau val ue wi t h no mor e t han 2 mV var i at i on f or at l east 30 s, and ( c) a
r et ur n t o t he or i gi nal basel i ne when t he t i p was r et r act ed or spont aneousl y di sl odged,
whi ch i ndi cat ed no change i n t i p pot ent i al .

' Pr evi ous st udi es wer e car r i ed out usi ng HCO3- cont ai ni ng Ri nger ' s at pH 8 . 0 when gassed
wi t h 1 %C0 2 ( 9, 10) . However , nor mal r at es of NaCl absor pt i on ar e obser ved i n nomi nal l y
HCO9- and C0 2 - f r ee medi a i f t he ext er nal pH i s mai nt ai ned at 8 . 0 ( 34) .
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and

An Equi val ent El ect r i cal Ci r cui t Model

Expr essi ons f or t he el ect r i cal pot ent i al di f f er ences acr oss each r esi st i ve bar r i er of t he

equi val ent el ect r i cal ci r cui t i l l ust r at ed i n Fi g. 1 can be der i ved f r omanal ysi s of t he vol t age

di vi der r el at i ons ( 32) , and yi el d :

wher e 2; R = Re + Rb + RP. The si gn convent i ons appl i ed t o t he el ect r omot i ve f or ces ar e

as shown i n Fi g . 1 .

* t
RP

>y, = - ( GpI G, ) Ep - ( G~/ G, ) ( E. - Eb) ,

r b

FI GURE 1 . An equi val ent el ect r i cal ci r cui t model f or f l ounder i nt est i nal epi t he-

l i um. See t he Li st of Symbol s f or def i ni t i on of t er ms .

I t i s somet i mes usef ul t o expr ess 41, i n t er ms of t he cel l ul ar ( Gc) and par acel l ul ar ( GP)

conduct ances f or i on f l ow:

wher e G, = ( G~ + GP) i s t he i nst ant aneous el ect r i cal conduct ance of t he t i ssue ( 1/ R, ) . I t i s

al so conveni ent t o expr ess ~, and k i n t er ms of t he measur ed i k, and f r act i onal api cal and

basol at er al membr ane r esi st ances :

+G, = - [ ( R. + Rb) / ER] EP - ( RP/ YRXE. - Eb) ; ( 1)

4, a = - [ ( Rb + RP) / ER] E, - ( R, / ER) ( Eb + Ea) ; ( 2)

Ob = - [ ( R, + RP) / Y- R] Eb - ( Rb12; R) ( Ea - EP) , ( 3)
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RESULTS

These expr essi ons f or mt he basi s f or est i mat i ng t he r el at i ve cont r i but i ons of cel l ul ar and

par acel l ul ar conduct ances t o t he t r ansepi t hel i al el ect r i cal pr oper t i es ( see bel ow) and

f aci l i t at e di scussi on of t he i oni c basi s of t he cel l ul ar el ect r i cal pot ent i al pr of i l e .

I n t hi s sect i on, we anal yze t he conduct ance pr oper t i es of t he l i mi t i ng membr anes

and par acel l ul ar pat hway usi ng i on- r epl acement st udi es . The behavi or of t he

cel l ul ar el ect r i cal pot ent i al pr of i l e wi t h i on r epl acement i s most r eadi l y under -

st ood by f i r st consi der i ng t he cont r i but i on of par acel l ul ar conduct ance ( GP) t o

t he t ot al t i ssue conduct ance ( G, ) . The r el at i ve el ect r i cal l eaki ness of t he par acel -

l ul ar pat hway det er mi nes t he ext ent t o whi ch t he api cal and basol at er al mem-

br ane pot ent i al s i nt er act el ect r i cal l y dur i ng changes i n a si ngl e t r ansmembr ane

i on gr adi ent or emf ( 31, 32) .

Anal ysi s of t he Equi val ent Ci r cui t : Par acel l ul ar Conduct ance

The r at i o of par acel l ul ar t o t ot al t i ssue conduct ance ( Gp/ Gt ) was eval uat ed usi ng

di f f usi on pot ent i al s gener at ed by t r ansepi t hel i al ( Na: K) gr adi ent s i n t he pr esence

and absence of mucosal Ba . Si nce t he onl y det ect abl e api cal membr ane conduct -

ance i s t hat t o K ( see bel ow) , a bl ocker of api cal K conduct ance ef f ect i vel y

el i mi nat es t he cont r i but i on of cel l ul ar pat hways t o Gt , per mi t t i ng est i mat i on of

GP/ Gt f r om Eq . 4 .

Under nor mal condi t i ons, bi - i oni c pot ent i al s r esul t i ng f r om gr adi ent s of Na

and Kacr oss t he epi t hel i um r ef l ect emf ' s est abl i shed acr oss bot h t he cel l ul ar and

par acel l ul ar pat hways . Accor di ngl y, shor t - t er m r epl acement of mucosal sol ut i on

Na by K al t er s 4, t by changi ng Ea and EP but not Eb . I f t he conduct ances ar e

vol t age- and concent r at i on- i ndependent f or smal l per t ur bat i ons, t he change i n

0, t hat accompani es mucosal Na by Kr epl acement i s gi ven by :

AY' , = - ( GP/ Gt ) AEP - ( Gc/ Gt ) AEa,

wher e Ea i n Eq . 4 has been appr oxi mat ed by Ea . Si nce t i ssue conduct ance i s hi gh

( ^zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 25 mS/ cm2

) , r el at i ve changes i n GP and G, accompanyi ng i on r epl acement ar e

assumed t o be negl i gi bl e .

As i mpl i ed above, i nhi bi t i on of api cal membr ane K conduct ance by mucosal

Ba r emoves t he cont r i but i on of Ea t o 4, t by ef f ect i vel y el i mi nat i ng G, / G, , so t hat

Eq . 7 r educes t o :

A4, Ba =
- AEP

	

( 8)

Subst i t ut i ng GJG, = ( 1 - GP/ Gt ) and Eq . 8 i nt o Eq . 7 pr ovi des an est i mat e of t he

cont r i but i on of GP t o Gt :

GP/ Gt = ( AEa + AP, ) / ( AEa + 0+P~) .

	

( 9)

Val ues of ~t wer e r ecor ded dur i ng subst i t ut i on of K f or Na i n t he pr esence

and absence of mucosal Ba . Est i mat es of t he l umped epi t hel i al per meabi l i t y r at i o

( Px/ Pxa) wer e cal cul at ed usi ng t he Gol dman- Hodgki n- Kat z equat i on and t he

Conduct ance Pat hways i n Fl ounder I nt est i ne 847

- -y, a - f b Ea f a( Eb 0t ) i ( 5)

y' b = f -a Eb f b( E. + yet ) " ( 6)
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r at i o PC, / PN. , det er mi ned f r om di f f usi on pot ent i al measur ement s i n anot her
st udy ( 21) . 2 The r esul t s ar e pr esent ed i n Tabl e 1 .

The adequacy of t hi s appr oach depends on a near - compl et e bl ock of api cal K
conduct ance by mucosal Ba . Thi s i s r eveal ed most di r ect l y by i t s ef f ect on ¢a and

f a ( shown bel ow) , but i t al so i s evi dent f r omt he ef f ect of Ba on t r ansepi t hel i al K
sel ect i vi t y ( Tabl e 1) . The obser ved decr ease i n PK/ PNa i s consi st ent wi t h Ba
bl ockade of t he K- sel ect i ve cel l ul ar conduct ance . The PK/ PNa r at i o i n t he pr esence
of Ba i s equal t o t he r at i o of t he aqueous di f f usi on coef f i ci ent s of t hese i ons ( XK/

XNa = 1 . 5) , and suggest s t hat t he par acel l ul ar r out e pr ovi des a nonr est r i ct i ve,
wat er y pat hway f or cat i on di f f usi on bet ween cel l s .

The r esul t s of t hi s anal ysi s pr ovi de an est i mat e of 0. 96 f or GP/ G, ( r ange 0 . 85-
0. 99) . Thi s i s si mi l ar t o t he val ue obt ai ned f or Nect ur us gal l bl adder by Suzuki et
al . ( 36) . The r el at i ve conduct ance of t he par acel l ul ar pat hway i s hi gh, whi ch
conf i r ms i mpr essi ons gai ned f r om t he l ow val ues of ~t and R, t hat char act er i ze
t hi s epi t hel i um as " el ect r i cal l y l eaky . "

TABLE I

Na : K Di f f usi on Pot ent i al s : an Est i mat e of Gp/ G,

Means ± SEMf or n t i ssues. PK/ PN. r epr esent s t he t r ansepi t hel i al per meabi l i t y r at i o, der i ved as descr i bed i n

t he t ext . [ Na]. + [ K] m = 170 mM; [ Ba] m= 2 mM.

Tabl e 11 pr ovi des est i mat es of t he conduct ances of t he l i mi t i ng membr anes

and par acel l ul ar pat hway . Knowl edge of Gp/ Gt per mi t s cal cul at i on of Gc and,

f r om t he measur ed f a , of Ga and Gb . The val ues obt ai ned f or t he gr oup of 14

t i ssues exposed t o 40 mMK ( Tabl e 1) wer e used i n t he cal cul at i ons because t he

sampl e si ze was l ar ge, and Gp/ G, was r epr esent at i ve of t he ot her t wo gr oups .

Comment s on t he Ga and Gb val ues appear i n t he Di scussi on .

Anot her At t empt t o Est i mat e Par acel l ul ar Conduct ance

One appr oach t o t he det er mi nat i on of t he equi val ent r esi st ances of t he api cal
and basol at er al membr anes i nvol ves t he measur ement of changes i n G, and f a
i nduced by an agent t hat speci f i cal l y al t er s onl y one of t he r esi st i ve bar r i er s . The

t i me cour ses of changes i n G, and f a i nduced by mucosal Ba ar e shown i n Fi g .

2A . A speci f i c bl ock of Ga woul d per mi t est i mat i on of par acel l ul ar conduct ance
f r om t he i nt er cept of a pl ot r el at i ng G, t o f b ( 22) dur i ng t he act i on of mucosal
Ba :

' Di f f usi on pot ent i al s ar i si ng f r om i sosmot i c r epl acement of mucosal sol ut i on NaCI by manni t ol

pr ovi ded an aver age PN. / Pc, val ue of 5 . 0 ± 0 . 2 ( n = 13) .

A[ K] m

mm

Cont r ol

mV

Af t

Mucosal

bar i um

mV

P, / P, .

Cont r ol

Mucosal

bar i um GI G, n

5 ~ 15 0. 9±0 . 4 0. 3±0 . 1 1 . 8±0 . 4 1 . 3±0 . 1 0. 98±0. 01 4

5- - +40 3. 7±0 . 6 1 . 7±0 . 2 2. 0±0 . 2 1 . 4±0 . 1 0. 96±0. 01 14

5 - + 100 8. 2±2 . 0 4. 9±0 . 7 1 . 9±0 . 3 1 . 5±0 . 1 0. 95±0. 03 5
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Gt =GP +Gb f b .

	

( 10)

However , as shown i n Fi g . 2B, t he obser ved r el at i on bet ween Gt and f b i s

nonl i near . The dashed l i ne i s t hat expect ed f or a par acel l ul ar conduct ance t hat

cont r i but es 96%of t he t ot al Gt ( as suggest ed by t he di f f usi on pot ent i al anal ysi s

di scussed above) . Si nce t he Gp est i mat ed as 0 . 96 Gt ( i nt er cept of t he dashed l i ne)

i s l ar ger t han Gt af t er addi t i on of Ba, Ba must have decr eased GP . I n 12

exper i ment s si mi l ar t o t hat i l l ust r at ed i n Fi g. 2, t hi s decr ease i n Gp was 3 ± 1 %

( whi ch cor r esponds t o an i ncr ease i n r esi st ance of onl y 1 . 4 ± 0 . 3 11- cm2) . 3 Thi s

smal l ef f ect of Ba on Gp obscur es t he det er mi nat i on of Gc usi ng t hi s appr oach,

but pr obabl y does not al t er t he r el at i ve par acel l ul ar cat i on sel ect i vi t i es ( PK/ PNa)
t hat cont r i but e t o t he anal ysi s of Gp/ Gt f r om t r ansepi t hel i al di f f usi on pot ent i al s .

However , t he r esul t s of Fi g . 2B i ndi cat e t hat at t empt s ( 17) t o def i ne cel l ul ar

conduct ances f r om t he di f f er ence i n Gt bef or e and af t er addi t i on of Ba can yi el d

mi sl eadi ng r esul t s .

TABLE 11

Est i mat i on of Conduct ances

Means ± SEMf or t he 14 t i ssues t hat make up t he cent er r ow of dat a i n Tabl e 1 .

I nf l uence of Gp/ G, on t he Det er mi nat i on of Cel l ul ar Conduct ance Pr oper t i es

The el ect r i cal consequence of t he l ow- r esi st ance par acel l ul ar ( shunt ) pat hway i s

t hat t he api cal and basol at er al membr ane emf ' s ( Ea and Eb, Fi g . 1) ar e connect ed

t o t he i nt r acel l ul ar poi nt of measur ement vi r t ual l y i n par al l el , so t hat t he emf ' s

of bot h membr anes i nf l uence ~a and f b . The act ual ' Ya and f b val ues ar e

det er mi ned pr i mar i l y by t he emf of t he mor e conduct i ve membr ane, as Eqs . 5
and 6 i ndi cat e . The t endency f or t he emf ' s of bot h membr anes ( dependi ng on
t hei r r el at i ve conduct ances) t o i nf l uence pa and Ob i s a di r ect consequence of
cur r ent f l ow t hr ough t he par acel l ul ar pat hway, caused by t he hi gh Gp/ Gt , and i s
common t o l eaky epi t hel i a ( 32) .

Fi g. 3 pr ovi des a hi st ogr am of ~a val ues obt ai ned under cont r ol condi t i ons

( cl osed ci r cl es) . These val ues ar e di st r i but ed ar ound a mean of - 60 ± 8 mV

' A cur vat ur e i n t he r el at i on of Gt t of b coul d r esul t f r om i mpal ement damage, si ncef b woul d
appr oach a l i mi t i ng val ue l ess t han uni t y ( f b gr eat er t han zer o) i f a si gni f i cant nonsel ect i ve
api cal conduct ance i s i nt r oduced wi t h i mpal ement . However , a si mi l ar cur vat ur e i n t he r el at i on
of G, t o f b was not ed i n t i ssues wher e t he f i nal f ; i nduced by mucosal Ba was i n excess of 0 . 9 .
The dat a of Fi g . 2 ar e mor e r epr esent at i ve of al l t i ssues st udi ed .

Measur ed

val ues G, f . I k St ,

MS/ cmp AA/ cm' mV

28 . 0±1 . 6 0 . 24±0 . 04 66±8 - 59±2

Cal cul at ed

val ues GI G, G~ G, Gb Gp

mS/ cm- , ms/ cm2 ms/ cm2 mS/ cmf

0. 96±0 . 01 1 . 1±0 . 3 5. 2±1 . 2 1 . 5±0 . 4 26 . 8±1 . 6
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( SD) . The var i ance i s pr i mar i l y bet ween t i ssues si nce i mpal ement s f r om si ngl e

t i ssues had an aver age st andar d devi at i on of onl y 3 mV ( see al so r ef er ence 5) . A

gr oup of l ower C val ues ( f i l l ed t r i angl es, Fi g . 3) wer e r ecor ded f r om t hr ee

t i ssues . Thei r si gni f i cance wi l l be di scussed bel ow.

G
t

25 r -

24
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21
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_W# ~
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B
25 r
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FI GURE 2 .

	

Ef f ect s of 2 mMmucosal Ba on G, and f r act i onal membr ane r esi st ances .

( A) Ti me cour se of G, ( 0) andf . ( A) ; Ba was added t o t he mucosal sol ut i on at zer o

t i me . ( B) Rel at i on of G, t o f b dur i ng t he act i on of mucosal Ba . Open ci r cl es ( upper

r i ght ) r epr esent cont r ol val ues . The dashed and dot t ed l i nes def i ne t he r el at i on and

conf i dence i nt er val expect ed f r om t he dat a of Tabl e I ( see t ext f or f ur t her di scus-

si on) .
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The f r equency of occur r ence f or t he f r act i onal api cal membr ane r esi st ance i s

shown i n Fi g . 4 . The mean val ue of f R was 0. 2 ± 0. 1 ( SD) i n cont r ol t i ssues, so

t hat t he api cal membr ane i s nor mal l y about f our t i mes mor e conduct i ve t han t he

basol at er al membr ane . Si nce l ow f R val ues ( aver age 0 . 2) wer e associ at ed wi t h

hi gh ¢a val ues ( aver age - 60 mV) , i mpal ement damage i s not r esponsi bl e f or t he

l ow r el at i ve api cal membr ane r esi st ances obt ai ned i n t hese st udi es .

The l ow f R val ues obt ai ned under cont r ol condi t i ons i ndi cat e t hat Ea i s t he

pr i mar y det er mi nant of Pa and Ob ( Eqs . 5 and 6) . Mor eover , t he conduct ance

pr oper t i es of t he api cal membr ane ar e r eadi l y det ect ed dur i ng r epl acement of

conduct i ve bat hi ng i ons, wher eas t hose of t he basol at er al membr ane t end t o be

N

C
a)
E
47

f 0
d
E
H

40

0

. cont r ol

o ewcoaal bar i um

cont r ol ( gr oup 11)

Api cal Membr ane Conduct ance Pr oper t i es

- 80 - 60 - 40 - 20

FI GURE 3 .

	

Hi st ogr am of 0. val ues r ecor ded under cont r ol condi t i ons ( 0, A) and
i n t he pr esence of 1- 2 mMmucosal Ba ( Q) . The cont r ol val ues desi gnat ed by t he
f i l l ed t r i angl es ( gr oup 11) r epr esent 3% of t he popul at i on ; t hei r si gni f i cance i s
di scussed i n t he t ext . The number s of t i ssues and i mpal ement s, r espect i vel y, wer e
76 and 668 and 3 and 25 f or t he l ar ge and smal l cont r ol popul at i ons, and 47 and
299 f or t he Ba- t r eat ed t i ssues.

obscur ed by t he l ow f . . A mor e r el i abl e i ndi cat i on of basol at er al conduct ance

pr oper t i es can be achi eved af t er exper i ment al adj ust ment of f R usi ng a bl ocker

of api cal conduct ance pat hways ( see bel ow) .

Fi g . 5A shows t he r esponse of ~a and Ot t o a change i n [ K] mf r om 5 t o 40 mM( K
r epl aced Na) . Depol ar i zat i on of 4, a i s consi st ent wi t h t he pr esence of api cal
membr ane K conduct ance pat hways, as i mpl i ed by t he pr el i mi nar y f i ndi ngs of
Hel man and Beyenbach ( 18) . The concomi t ant change i n , , t wi t h el evat ed [ K] m
r ef l ect s t he over al l K sel ect i vi t y of t he epi t hel i um, as di scussed ear l i er .



FI GURE 4.

	

Hi st ogr am of f R val ues r ecor ded under cont r ol condi t i ons (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , " ) and

i n t he pr esence of 2 mMmucosal Ba ( O) . The number of t i ssues and i mpal ement s,
r espect i vel y, wer e 38 and 285 and 2 and 16 f or t he l ar ge and smal l cont r ol

popul at i ons, and 30 and 225 f or t he Ba- t r eat ed t i ssues .
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FI GURE 5 .

	

Repr esent at i ve r ecor di ngs of t he el ect r i cal r esponse t o ( A) el evat i on of

[ K] m f r om 5 t o 40 mMand r et ur n, and ( B) addi t i on of 2 mM Ba t o t he mucosal

sol ut i on . Sever al i mpal ement s ar e i l l ust r at ed i n r ecor d A, one i n r ecor d B. Def l ec-

t i ons i n Wa and V, , r esul t f r om t he passage of bi pol ar const ant - cur r ent pul ses acr oss

t he epi t hel i um t o obt ai n f a` ; see t ext .
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The addi t i on of Ba t o t he mucosal sol ut i on al so depol ar i zed ¢a and r educed ~,

by - 50%( Fi g . 5B) . The ef f ect of mucosal Ba on t he di st r i but i on of ~a and f a
val ues i s i l l ust r at ed i n Fi gs . 3 and 4 ( open ci r cl es) . The r esul t s wer e obt ai ned

usi ng ei t her 1 or 2 mMBa, whi ch i s a maxi mal l y ef f ect i ve concent r at i on when

t he bat hi ng medi a cont ai n 5 mMK ( i . e . , t he addi t i on of 1, 2, or 5 mMBa t o t he

mucosal sol ut i on pr oduced equal depol ar i zat i ons of y' a) . The aver age decr ease i n

Y' a i n 36 pai r ed st udi es was 21 ± 1 mV ( SEM) .

The K conduct ance pr oper t i es of t he api cal membr ane ar e i l l ust r at ed by t he

dependence of ~a on [ K]zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , . Fi g . 6 shows t hat l ogar i t hmi c i ncr eases i n [ K] m f r om

t he nor mal val ue of 5 mMdepol ar i ze ~a i n a l i near manner , whi ch i s consi st ent

wi t h si mpl e K el ect r ode behavi or of t he api cal membr ane pot ent i al . The sl ope

* a

( MV)

- 20

- 40

- 60

- 80

[ KI M ( MM)

2 5 15 40 100

O( 6)

=8)
( 3)

6

1 ( 12)

cont r ol

'

	

( 51 ' o mucosal bar We

FI GURE 6.

	

Rel at i on of ~, t o [ K] m i n t he pr esence ( O) and absence ( 0) of 2 mM

mucosal Ba . Val ues wer e obt ai ned f r om r ecor ds l i ke t hat of Fi g. 5A. Each mean t

SEM was obt ai ned f r om t he number of t i ssues gi ven i n par ent heses . See t ext f or

f ur t her det ai l s .

of t hi s r el at i on i s 37 ± 2 mV/ decade [ K] , n, whi ch i s l ess t han t he i deal val ue of

57 mV/ decade at 15 ° C. Thi s i s expect ed i n a l eaky epi t hel i um, wher e Wa i s

i nf l uenced by bot h Ea and Eb ( Eq . 5) .

Under cont r ol condi t i ons, t he r el at i on bet ween ~a and [ K] n' devi at es f r om

l i near i t y bel ow 5 mMK ( Fi g . 6) . Si mi l ar r esul t s have been obt ai ned f or Nect ur us

gal l bl adder ( 31) . The cur vat ur e at l ow [ K] m coul d r ef l ect our i nabi l i t y t o l ower

[ K] i n t he api cal unst i r r ed l ayer bel ow a mi ni mal l evel . Ext r apol at i on of t he sol i d
l i ne i n Fi g . 6 t o t he Yea val ue obser ved i n nomi nal l y K- f r ee medi a ( - 80 mV)

suggest s t hat 1- 2 mM K i s pr esent near t he api cal membr ane under t hese

condi t i ons, whi ch coul d r esul t f r om K secr et i on acr oss api cal K conduct ance

pat hways ( 10) . I n addi t i on, f a i ncr eases when [ K] m i s r educed bel ow 5 mM( not

shown) , so t hat t he i nf l uence of Ea on 4, a i s al so at t enuat ed ( conver sel y, t he
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i nf l uence of Eb on y' a i s enhanced ; Eq . 5) . Thus, t he cur vat ur e at l ow [ K] � ,

pr obabl y r ef l ect s bot h decr eased api cal conduct ance ( caused by depl et i on of t he

per meant i on) and a l i mi t i ng K concent r at i on i n t he api cal unst i r r ed l ayer .

Fi g . 6 al so shows t hat addi t i on of 2 mMBa t o t he mucosal sol ut i on el i mi nat es

t he K dependence of 4' a at val ues of [ K] m bel ow 40 mM. The dat a r epor t ed i n

t he compani on paper ( 16) i ndi cat e t hat t he i nf l uence of [ K] � , on f R i s al so

abol i shed over t hi s r ange of concent r at i ons . These f i ndi ngs ar e consi st ent wi t h

t he abi l i t y of Ba t o i nt er f er e wi t h bot h epi t hel i al ( 10, 12, 13, 19, 26, 30) and

neur onal ( 1, 8) K channel s and suggest t hat when [ K] m i s i n t he physi ol ogi cal

r ange of concent r at i ons, t he bl ockade of Ga by mucosal Ba i s near l y compl et e .

Ba al so i ncr eases f a t o 0 . 6 ± 0 . 1 ( SD) ( Fi g . 4) and t her eby decr eases t he i nf l uence

of Ea on ' Ya ( Eq . 5) . ' Wi t h a const ant mucosal Ba concent r at i on and [ K] , n i n excess

of 40 mM, Y' a agai n di spl ays K dependence, and f a decr eases as [ K] , n i s r ai sed .

Thus, t he bl ockade of Ga by mucosal Ba i s r educed at suf f i ci ent l y el evat ed [ K] , � ,
whi ch pr obabl y r esul t s f r om compet i t i on bet ween K and Ba f or channel occu-

pancy, as obser ved by Ar mst r ong et al . ( 1) i n squi d gi ant axon .

Addi t i onal suppor t f or K sel ect i vi t y of t he api cal membr ane conduct ance i s

t wof ol d . Fi r st , t he r el at i on bet ween ' Ya and [ K] mcan be cor r ect ed f or t he ef f ect s

of el ect r i cal shunt i ng vi a t he par acel l ul ar pat hway usi ng measur ed val ues of f a,

~a , and O� t oget her wi t h Eq . 5, t o obt ai n Ea val ues at var i ous [ K] m. The r esul t i ng

r el at i on bet ween Ea and [ K] m di spl ays a sl ope of 51 ± 2 mV/ decade, whi ch

r ef l ect s near - i deal K el ect r ode behavi or . Second, t he addi t i on of 0 . 5 mMBa t o

t he mucosal sol ut i on onl y par t i al l y r educed Ga, so t hat t he i nf l uence of ot her

possi bl e api cal membr ane conduct ances on 0a shoul d be accent uat ed . Never t he-

l ess, t he r el at i on of y, a t o [ K] m, whi ch di spl ays a sl ope of 20 ± 1 mV/ decade i n

t he pr esence of 0 . 5 mM Ba, yi el ded a val ue of 47 ± 2 mV/ decade when t he

' One f i ndi ng t hat i s di f f i cul t t o r econci l e wi t h t hi s concl usi on i s t hef a obser ved i n t he pr esence
of mucosal Ba. Al t hough Ba el i mi nat es t he K dependence of 0, at physi ol ogi cal [ K] m ( Fi g . 6) ,
t he aver agef ; was 0 . 6 t 0 . 1, not uni t y ( Fi g . 4) . Our f i ndi ngs suggest t hat t hi s i s not because
of t he pr esence of ot her api cal conduct ances ( see di scussi on t o f ol l ow) , but may be at t r i but ed
t o t he ef f ect s of a di st r i but ed r esi st ance al ong t he l at er al i nt er cel l ul ar space ( 2) . The equi val ent
ci r cui t of Fi g . 1 assumes t hat t he ser i es r esi st ance of t he bat hi ng sol ut i ons can be compensat ed
usi ng t he ext er nal cor r ect i on ci r cui t of t he vol t age cl amp. However , a l ong, nar r ow l at er al
space i mposes a di st r i but ed r esi st ance i n ser i es wi t h t he equi val ent r esi st ance of t he l at er al cel l
membr ane . Thi s can r esul t i n an under est i mat e of f a, si nce cur r ent t hat f l ows acr oss t he
basol at er al membr ane must al so f l ow acr oss t hi s ser i es r esi st ance . The geomet r y of f l ounder
i nt est i nal cel l s ( ^ - 50 um l ong x 3 um wi de) suggest s t hat a di st r i but ed par acel l ul ar r esi st ance
coul d af f ect t he measur ed f ~ .

The anal ysi s of Boul paep and Sacki n ( 2) pr ovi des an empi r i cal descr i pt i on of di st r i but ed
r esi st ance, whi ch per mi t s est i mat i on of t he t r uef a f r omt he measur ed f a . The r esi st ance of t he
l at er al i nt er cel l ul ar space, RL, s, can be appr oxi mat ed f r om t i ssue geomet r y . I n f l ounder
i nt est i ne, t hi s space i s ^- 50 um l ong and 0 . 01- 1 . 0 umwi de ( dependi ng on t r anspor t condi t i ons)
and, assumi ng a squar e ar r ay of cel l s, t he l i near ext ent of j unct i ons i s ^ " 10' cm/ cm' . Taki ng

t he sol ut i on r esi st i vi t y as 100 S1 . cm2 , RL, s r anges f r om 0 . 7 ( spaces di st ended) t o 50 0 . cm2
( spaces col l apsed) . Dur i ng t r anspor t , t he spaces ar e open ( 9) , whi ch suggest s t hat t he cont r i bu-
t i on of RL, S t o RP i s <5%. Si nce t he r esi st ance of t he t i ght j unct i ons i s consi der abl y l ower t han
t hat of t he api cal membr ane, t he f e measur ed under cont r ol condi t i ons pr obabl y under est i mat es
t he act ual val ue by - " 10% ( 2) . Thi s er r or becomes mor e pr onounced as f R i ncr eases, as wi t h
mucosal Ba, but i t i s di f f i cul t t o est i mat e pr eci sel y .
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at t enuat i on by par acel l ul ar shunt i ng was cor r ect ed . Thi s suggest s t hat api cal
conduct ance t o i ons ot her t han K i s nor mal l y negl i gi bl e .

Our at t empt s t o eval uat e api cal Na and Cl conduct ance pr oper t i es yi el ded
r esul t s whose i nt er pr et at i on was not st r ai ght f or war d. Br i ef l y, compl et e r epl ace-
ment of Na by NMGor Cl by gl uconat e el i ci t ed a r el at i vel y sl ow ( 3- 5 mi n)
hyper pol ar i zat i on of ~a t hat aver aged - 15 mV. Whi l e t he ef f ect of Na r epl ace-
ment on 4va i s suggest i ve of Na conduct ance behavi or , t he r esul t obt ai ned wi t h
Cl - f r ee mucosal sol ut i ons i s anomal ous . We woul d expect a depol ar i zat i on of ¢a

wi t h decr eased [ Cl ] , n i f t he api cal Cl conduct ance wer e si gni f i cant , but hyper po-
l ar i zat i on was consi st ent l y obser ved . I n addi t i on, t he r esponse t o decr eased
[ Na]zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , was not mi mi cked by mucosal ami l or i de ( 0 . 01- 1 mM) , as i s nor mal l y

r b
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FI GURE 7.

	

Rel at i on of y' b t o [ K] , i n t he pr esence ( O) and absence ( " ) of 2 mM
mucosal Ba . Each val ue r epr esent s t he mean f SEMof r ecor ds obt ai ned f r omt hr ee
t i ssues.

char act er i st i c of epi t hel i a possessi ng api cal Na conduct ance ( 4, 23) . The hyper -
pol ar i zat i ons el i ci t ed by Na- or Cl - f r ee medi a ar e mi mi cked by bumet ani de ( 16,
24) and appear t o r esul t f r omi nhi bi t i on of coupl ed NaCl absor pt i on . Our anal ysi s
of t hese f i ndi ngs i s t he subj ect of t he compani on paper ( 16) .

Basol at er al Membr ane Conduct ance Pr oper t i es

The f i ndi ng t hat t he nor mal l y l ow val ues of f . coul d be el evat ed by mucosal Ba
was expl oi t ed t o enhance t he i nf l uence of Eb on Yb dur i ng our at t empt s t o
eval uat e t he conduct ance pr oper t i es of t he basol at er al membr ane ( see Eq. 6 and
t he di scussi on on p. 851) . Never t hel ess, Fi g . 7 shows t hat 4' b was not af f ect ed by
changes i n ser osal sol ut i on K concent r at i on i n ei t her t he pr esence or absence of
mucosal Ba . I n addi t i on, ser osal Ba had no ef f ect on t he el ect r i cal pot ent i al
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pr of i l e ( 35) or on t he r at e of act i ve Rb ( a Ksubst i t ut e) secr et i on acr oss f l ounder

i nt est i ne under shor t - ci r cui t condi t i ons ( 10) . These f i ndi ngs i ndi cat e t hat a

basol at er al membr ane Kconduct ance, char act er i st i c of most epi t hel i a, cannot be

det ect ed i n f l ounder i nt est i nal cel l s . Changes i n ser osal sol ut i on Na concent r at i on
al so had no ef f ect on >Gb ( 35) .

Evi dence of basol at er al membr ane Cl conduct ance behavi or i s i l l ust r at ed i n
Fi g . 8 . Reduct i ons i n ser osal sol ut i on Cl concent r at i on depol ar i zed Yob . These
st udi es wer e al so conduct ed i n t he pr esence of 2 mMmucosal Ba t o i ncr ease f a
and enhance t he dependence of k on Eb ( Eq . 6) . The f i ndi ng t hat t he sl ope of
t he r el at i on bet ween Ob and l og[ Cl ] s i s l ess t han t hat pr edi ct ed f or absol ut e Cl

sel ect i vi t y i s, agai n, a r ef l ect i on of el ect r i cal coupl i ng bet ween t he l i mi t i ng

membr anes si nce f a was 0. 7, not uni t y, despi t e t he pr esence of mucosal Ba .

( C1] s ( MM)

10 30 70 170
0

20

Eb

40

60

( mV)

FI GURE 8 .

	

Rel at i on of Wb ( O) and Eb ( 0) t o [ C1] , i n t he pr esence of 2 mMmucosal

Ba . Eb val ues wer e cal cul at ed usi ng t he Y' b dat a and Eq . 6 . Each val ue i s t he mean t

SEMof at l east t hr ee i mpal ement s at each [ Cl ] , i n a r epr esent at i ve exper i ment .

As i n t he K- r epl acement st udi es, t he measur ed val ues Of Y' b can be cor r ect ed

f or t he ef f ect s of el ect r i cal shunt i ng ( Eq . 6) . I n t hi s manner , t he dependence of

Eb on [ Cl ] , can be exami ned ; i t i s al so shown i n Fi g . 8 . Over t he r ange 30- 170

mM [ Cl ] s, t he sl ope i mpr oves t o 50 ± 3 mV/ decade, whi ch suggest s t hat Gb' i s

t he maj or det er mi nant of basol at er al membr ane conduct ance . The t endency of

t hese r el at i ons t o pl at eau at l ow [ Cl ] . , may r ef l ect t he di f f i cul t y i n l ower i ng t he Cl

concent r at i on of t he unst i r r ed ser osal space ( par t i cul ar l y t he l at er al i nt er cel l ul ar

space) bel ow a mi ni mal l evel . I t can be concl uded t hat Gb' had been over l ooked

pr evi ousl y ( 35) f or t wo r easons : f i r st , t he l ow f r act i onal r esi st ance of t he api cal

membr ane nor mal l y at t enuat es t he i nf l uence of Eb' on Ob . Second, di f f i cul t i es

can ar i se i n at t empt s t o demonst r at e Cl conduct ance behavi or by compl et e
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r epl acement wi t h an i mper meant ani on . Thi s pr ocedur e r emoves t he conduct i ve
i on, whi ch f ur t her i ncr eases basol at er al membr ane r esi st ance, r educes j ,. R,

and
decr eases t he i nf l uence of

Ebl
on 9, b ( or , conver sel y, enhances t he i nf l uence of

Ea)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"

The not i on t hat basol at er al conduct ance pr oper t i es ar e domi nat ed by Gb' i s

suppor t ed by t he " l i mi t i ng" val ues of ka obt ai ned i n t he pr esence of mucosal Ba .
As di scussed ear l i er , bl ockade of t he api cal K channel s per mi t s ot her cel l ul ar
conduct ances t o i nf l uence ¢a, as expr essed by Eq . 5 . Si nce api cal conduct ance t o
i ons ot her t han K appear s t o be negl i gi bl e, Wa ( and Yob) wi l l appr oach Eb as GK

decr eases . The chemi cal pot ent i al di f f er ence f or Cl acr oss t he basol at er al mem-
br ane ( Eb' ) det er mi ned by Duf f ey et al . ( 6) usi ng Cl - sel ect i ve mi cr oel ect r odes
was 41 ± 3 mV. Thi s i s i n excel l ent agr eement wi t h t he val ue of y' a ( - 39 ± 1
mV) obt ai ned i n t he pr esence of mucosal Ba ( Fi gs . 3 and 6) .

Thi s concl usi on i s suppor t ed by t he dat a pr esent ed i n Tabl e I I I . I nt r acel l ul ar
Cl act i vi t i es ( ac ' ) wer e det er mi ned i n t he pr esence and absence of mucosal Ba .
Under cont r ol condi t i ons, ac l and Eb' wer e i n excel l ent agr eement wi t h val ues
obt ai ned pr evi ousl y ( 6) . A 16- mV di f f er ence bet ween Ebi and Ob pr ovi des t he

Cont r ol

Bar i um

Means ± SEM of f i ve exper i ment s . Bar i um ( 2 mM) was added t o t he mucosal sol ut i on al one . Eb' was

cal cul at ed as - RTI F l n( a' / a ; ' ) wher e t he Cl act i vi t y of t he ser osal sol ut i on ( a ; ) was 128 mM.
* P < 0 . 05 compar ed t o cont r ol val ue .

dr i vi ng f or ce f or Cl exi t acr oss t he basol at er al membr ane i n t hi s ser i es of
exper i ment s . I n t he pr esence of mucosal Ba, yob depol ar i zed ( vi a el ect r i cal
coupl i ng t o Oa) , so t hat t he di f f er ence bet ween Eb' and 4' b was el i mi nat ed . The
appr oach of yea and 4' b t owar d Eb' af t er api cal K channel bl ockade suppor t s t he
concl usi on t hat t he basol at er al membr ane i s pr i mar i l y conduct i ve t o Cl .

One of t he t i ssues wi t h spont aneousl y l ow yea and hi ghf a ( Fi gs . 3 and 4) was
exposed t o Cl - f r ee ser osal sol ut i ons ( gl uconat e r epl acement ) . The ef f ect on t he
el ect r i cal pot ent i al pr of i l e and on t he f r act i onal r esi st ance of t he basol at er al
membr ane ( f b) i s i l l ust r at ed i n Fi g . 9 . The cel l i nt er i or became el ect r i cal l y
posi t i ve wi t h r espect t o bot h t he mucosal and ser osal sol ut i ons dur i ng ser osal Cl
r epl acement , whi ch i s consi st ent wi t h a pr onounced ef f ect of Eb'

on t he el ect r i cal
pot ent i al pr of i l e . I n addi t i on, f b i ncr eased when Cl was r epl aced by gl uconat e,
as expect ed f or a decr ease i n per meant i on concent r at i on . The r esponse i s
especi al l y dr amat i c because of t he spont aneousl y hi gh val ues of f a ( l owf b) . Thi s
conf er s, wi t hout exper i ment al i nt er vent i on, t he condi t i ons appr opr i at e f or de-
t ect i on of basol at er al conduct ance pr oper t i es .

Ef f ect s

Pr of i l e

of Mucosal

and Cel l

f a

TABLE I I I

Bar i um on t he El ect r i cal

Cl Act i vi t i es i n Fl ounder

f o

Pot ent i al

I nt est i ne

a° ' Ec

mV mV MM mV mV

- 2 . 5±0 . 2 - 58±1 0 . 42±0 . 06 27±3 40±3 - 56±2
- 1 . 6±0 . 3* - 30±4* 0 . 81±0 . 05* 40±6 31±4 - 29±4*
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Wi t hout expl i ci t anal ysi s of t he i ndi vi dual membr ane r esi st ances, we cannot

di scer n whet her t he l ow 4, a and hi gh f . of t hese t i ssues ar i se f r omdecr eased GK,

i ncr eased Gc' , or bot h . They exhi bi t suppr essed 4, a [ K] n, r el at i ons ( I 1 mV/ decade

[ K] but t hi s coul d r esul t f r omenhanced basol at er al Cl conduct ance as wel l as

r educed GK. Mor e ext ensi ve st udi es ar e pr ecl uded by t he f r equency wi t h whi ch

t hese t i ssues ar e encount er ed ( one i n 40) . Never t hel ess, t hei r 4' , val ues aver aged

- 2 . 9 ± 0. 6 mV ( wi t hi n t he nor mal r ange) , whi ch i ndi cat es t hat t i ssue vi abi l i t y

was not compr omi sed. The physi ol ogi c f act or s r esponsi bl e f or t hei r modi f i ed

conduct ance pr oper t i es ar e unknown.

+20

0

- 20

DI SCUSSI ON

f
R
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0. 39 ± 0 . 06

	

0. 63 ± 0 . 06

	

0 . 31 ± 0. 06

Cont r ol

	

Ssr ossl Cl

	

Cont r ol

- 30 L

	

Subst i t ut i on

FI GURE 9 .

	

Response of t he cel l ul ar el ect r i cal pot ent i al pr of i l e andf
. ' t o a Cl - f r ee

ser osal sol ut i on ( gl uconat e r epl acement ) . Thi s t i ssue di spl ayed spont aneousl y l ow

and hi ghf ; val ues ( Fi gs . 3 and 4, f i l l ed t r i angl es) char act er i st i c of l ow G; or hi gh

Gb' . Not e t hat i n t hi s i nst ance t he mucosal sol ut i on and cel l vol t ages ar e r ef er enced

t o t he ser osal sol ut i on t o af f or d di r ect compar i son of y' b val ues dur i ng ser osal CI

r epl acement . At l east t hr ee i mpal ement s wer e obt ai ned under each condi t i on .

I n t hi s sect i on, we descr i be a cel l ul ar model f or el ect r ol yt e t r anspor t acr oss

f l ounder i nt est i ne t hat i s compat i bl e wi t h our f i ndi ngs . Wi t hi n t he f r amewor k of

t hi s model , we di scuss : ( a) t he conduct ance pr oper t i es of t he api cal and basol at -

er al membr anes, ( b) t he cont r i but i on of cel l ul ar and par acel l ul ar conduct ances

t o t he el ect r i cal pot ent i al pr of i l e, ( c) t he i nf l uence of t he par acel l ul ar pat hway

on t he dr i vi ng f or ces f or di f f usi onal K and Cl exi t acr oss t he l i mi t i ng cel l

membr anes, ( d) t he adequacy of api cal and basol at er al membr ane conduct ances

i n account i ng f or t hese movement s, and ( e) modi f i cat i ons i n el ect r ol yt e t r anspor t

i nduced by al t er i ng Ga .
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Cel l ul ar Model f or I on Tr anspor t

The model i l l ust r at ed i n Fi g . 10 i ncor por at es our cur r ent under st andi ng of t he

conduct ance pr oper t i es of t he l i mi t i ng cel l membr anes . As di scussed ear l i er , t he

pr i mar y mechani sm f or sal t ent r y acr oss t he api cal membr ane i s Na/ K/ Cl co-

t r anspor t . Na ent er i ng vi a t hi s pr ocess i s subsequent l y ext r uded acr oss t he

basol at er al membr ane by t he Na/ K pump, l eadi ng t o K upt ake f r om t he ser osal

sol ut i on . Conduct ance pat hways per mi t net di f f usi onal exi t of K and Cl acr oss

t he api cal and basol at er al membr anes, r espect i vel y . A f r act i on of basol at er al Cl

exi t appear s t o i nvol ve KCl co- t r anspor t f or r easons t hat wi l l be di scussed i n

det ai l bel ow. Thi s model may al so por t r ay t he sal t - absor pt i ve mechani sms of

ot her epi t hel i a : f or exampl e, t he di l ut i ng segment i n Amphi uma ki dney ( 27) and

t he t hi ck ascendi ng l i mb of r abbi t nephr on ( 3, 14, 17) . The si mi l ar i t i es i n

el ect r ol yt e t r anspor t acr oss f l ounder i nt est i ne and t hi ck ascendi ng l i mb have

been not ed pr evi ousl y ( 11) .

40

C1

K

3

FI GURE 10 . Cel l ul ar model f or el ect r ol yt e t r anspor t acr oss f l ounder i nt est i ne

under cont r ol condi t i ons . The val ues pr ovi ded f or net Na, CI , and K f l uxes ( I Aeq/
cm2 - h) acr oss t he api cal and basol at er al membr anes ar e consi st ent wi t h pr i or

uni di r ect i onal t r acer f l ux det er mi nat i ons ( 9, 10, 24) . The f ul l r ange of measur ed K

secr et i on r at es ( 0 . 5- 1 . 0 Aeq/ cm2 - h ; r ef er ence 10) t oget her wi t h mass bal ance

consi der at i ons ( as i n t hi s f i gur e) i ndi cat e a net K ef f l ux acr oss t i l e basol at er al

membr ane of 0 . 3- 0 . 8, eq/ cm2 - h, pr esumabl y vi a KCl co- t r anspor t ; see Di scussi on .

Sever al f i ndi ngs i ndi cat e t hat Ga i s t he onl y exper i ment al l y det ect abl e con-

duct ance at t he api cal membr ane . One i l l ust r at i on of t hi s i s pr ovi ded by t he

dependence of 4, a ( and E, , ) on [ K] m and t he ef f ect s of mucosal Ba on t he r el at i on

of 4, d t o [ K] m ( Fi g. 6) . The uni di r ect i onal K f l uxes acr oss f l ounder i nt est i ne,

det er mi ned under shor t - ci r cui t condi t i ons, pr ovi de evi dence of act i ve Ksecr et i on

( 10) . Bl ockade of api cal K channel s by mucosal Ba r ever ses t he di r ect i on of net

K t r anspor t t o absor pt i on . Thus, t he di r ect i on of net K t r anspor t acr oss t he

api cal membr ane i s det er mi ned by t he bal ance bet ween K upt ake vi a Na/ K/ CI

co- t r anspor t and di f f usi onal K exi t vi a api cal conduct ance pat hways .

I n cont r ast t o i t s api cal count er par t , t he basol at er al membr ane vol t age di spl ays

no K dependence ( Fi g . 7) . Thi s and ot her f i ndi ngs suggest t hat Cl conduct ance

pat hways domi nat e t he el ect r i cal pr oper t i es of t he basol at er al membr ane ; among
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t hese ar e t he dependence of 4b ( and Eb) on [ CI ] , ( Fi g. 8) and t he cl ose agr eement
bet ween Eb' and 11b af t er api cal Kchannel bl ockade ( Tabl e 111) . The r ol e of t hese
conduct ance pat hways i n net Cl movement acr oss t he basol at er al membr ane wi l l
be di scussed bel ow.

The Cont r i but i on of Cel l ul ar and Par acel l ul ar Conduct ances t o Tr ansepi t hel i al

El ect r i cal Pr oper t i es

As di scussed i n t he I nt r oduct i on, ear l i er st udi es at t r i but ed t he l umen- posi t i ve ~,
acr oss f l ounder i nt est i ne t o a NaCl di f f usi on pot ent i al acr oss cat i on- sel ect i ve
t i ght j unct i ons ( 9) . However , our f i ndi ngs demonst r at e t he pr esence of cel l ul ar
conduct ances t hat per mi t posi t i ve cur r ent f l ow f r om ser osa t o mucosa dur i ng

NaCl absor pt i on ( i . e . , di f f usi onal exi t of K acr oss t he api cal membr ane and of Cl

acr oss t he basol at er al membr ane) . Thi s per mi t s t he emf ' s oper at i ng acr oss t he

cel l ul ar pat hway t o cont r i but e t o t he gener at i on of ¢, , and t he ext ent of t hei r
cont r i but i on i s expr essed by Eq . 4 . Our est i mat e of Gc / G, ( 0 . 04 ± 0. 01, Tabl e I ) ,
t oget her wi t h pr evi ousl y det er mi ned val ues of Ea ( 76 mV) and Eb , ( 41 mV)
pr ovi de a val ue of - 1 . 5 ± 0 . 4 mV f or t he cel l ul ar cont r i but i on t o ¢t . Thi s
est i mat e depends st r ongl y on our abi l i t y t o accur at el y det er mi ne Gc/ G, : a val ue
of 0. 08 f or GJG, yi el ds a 0, of - 3 mV, whi ch i s i n t he r ange of t ypi cal l y r ecor ded
0, val ues ( - 2 t o - 5 mV) .

Never t hel ess, sever al ot her f i ndi ngs ar e consi st ent wi t h t he concl usi on t hat
Ea and Eb' ar e not t he sol e det er mi nant s of 4, . ( a) When G, / G, appr oaches zer o,
as wi t h mucosal Ba, 4, , shoul d be abol i shed . However , i n t he exper i ment s car r i ed

out at 5 mMK ( see, f or exampl e, Fi g . 5B) , 50%of 4, r emai ns af t er Ba addi t i on .

( b) Thr ee t i ssues di spl ayed spont aneousl y l ow 0a ( Fi g. 3) and hi gh f a ( Fi g . 4)

val ues and depr essed r el at i ons of Y' a t o [ K] , � , but t hei r 41, val ues wer e i n t he
nor mal r ange . ( c) The model of Fi el d et al . ( 9) at t r i but es t he t hr eef ol d excess of
Cl over Na absor pt i on, obser ved under shor t - ci r cui t condi t i ons, t o r ecycl i ng of
t r anspor t ed Na t o t he mucosal sol ut i on vi a t he l at er al i nt er cel l ul ar spaces and
t i ght j unct i ons . Co- t r anspor t of Na/ K/ Cl acr oss t he api cal membr ane ( 24) i s
consi st ent wi t h a t r anspor t st oi chi omet r y of 2C1: 1 Na, wher eas t he r at i o of net
t r anspor t r at es i s r out i nel y 3 : 1 . Thi s di f f er ence i n Cl and Na t r anspor t r at es
cannot be expl ai ned ent i r el y by our cur r ent under st andi ng of event s i n t he

cel l ul ar pat hway .

Our est i mat e of GpI G, , t oget her wi t h Eq . 4, i ndi cat es t hat a par acel l ul ar emf

woul d cont r i but e t o 4, , wi t h l i t t l e at t enuat i on by cel l ul ar conduct ances . Recent l y

det er mi ned par acel l ul ar PNa/ Pc, val ues ( 21) r equi r e t hat l at er al i nt er cel l ul ar space

[ NaCl ] exceed i t s ambi ent concent r at i on by 6%, or ^- 10 mM, t o pr oduce a
di f f usi on pot ent i al of 1 mV, l umen- posi t i ve . Whet her t he r el at i vel y l ong and
nar r ow l at er al i nt r acel l ul ar spaces f ound i n t hi s t i ssue can sust ai n a NaCl concen-

t r at i on di f f er ence of t hi s magni t ude acr oss i t s api cal t i ght j unct i on boundar y wi l l

be di f f i cul t t o r esol ve .

Ef f ect of t he Hi gh Gp on Cel l ul ar Tr anspor t Pr ocesses

One consequence of t he hi ghl y conduct i ve par acel l ul ar pat hway i s i t s i nf l uence
on t he dr i vi ng f or ces f or K and CI t r anspor t acr oss t he l i mi t i ng cel l membr anes .
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As st at ed ear l i er , el ect r i cal shunt i ng of t he emf ' s at each membr ane, vi a cur r ent

f l ow t hr ough t he par acel l ul ar pat hway, causes 4, a and 9' b t o be i nf l uenced by bot h
Ea and Eb ( see Eqs . 5 and 6) . The hi gh sel ect i vi t y of t he api cal membr ane f or K,

and of t he basol at er al membr ane f or CI , r equi r es t hi s " cr oss- t al k" f or gener at i on
of t he dr i vi ng f or ces f or net K and Cl di f f usi on acr oss t he opposi ng cel l

membr anes . That i s, i f Ea wer e t he sol e det er mi nant of S1a, Kwoul d be di st r i but ed

at equi l i br i umacr oss t he api cal membr ane and net secr et i on vi a api cal Kchannel s

woul d be pr ecl uded . A si mi l ar concl usi on woul d appl y t o di f f usi onal CI exi t

acr oss t he basol at er al membr anes i f 4' b wer e det er mi ned by Ebi al one . The l ow-

r esi st ance el ect r i cal cont i nui t y bet ween t he l i mi t i ng membr anes di spl aces y' a f r om

Ea and Y, b f r om Eb' . At t he api cal membr ane, t hi s est abl i shes a dr i vi ng f or ce

( Ea + , Ga) f or K secr et i on and, at t he basol at er al membr ane, a dr i vi ng f or ce

- ( Ec' + Y, b) f or Cl absor pt i on .

Est i mat i on of t he Membr ane Conduct ances

I t i s usef ul t o compar e t he cal cul at ed val ues of Ga and Gb wi t h t he conduct ances
r equi r ed f or Kand Cl di f f usi on acr oss t he api cal and basol at er al membr anes . At

t he api cal membr ane, t he net dr i vi ng f or ce f or K exi t f r om cel l t o mucosal

sol ut i on ( Ea + ~a)
i s

	

11 ± I mV, whi l e t he r at e of Kdi f f usi on i s 2- 3 Aeq/ cm2

h ( 10) . Thi s r equi r es a Ga of 5- 7 mS/ cm2 , whi ch i s i n agr eement wi t h t he val ue

of Ga ( 5 . 2 ± 1 . 2 mS/ cm2 ) der i ved f r omour anal ysi s ( Tabl e I I ) .

At t he basol at er al membr ane, t he net dr i vi ng f or ce f or Cl exi t - ( Eb'
+ Y' b)

aver aged 25 ± 2 mV, whi l e t he r at e of conduct i ve Cl exi t acr oss t hi s bar r i er was

3- 4 Aeq/ cm2 - h ( 6, 9, 10) . Thi s woul d r equi r e a Gb' of ^- 3 mS/ cm2 , whi ch i s

hi gher t han t he cal cul at ed Gb ( 1 . 5 ± 0. 4 mS/ cm2) by a f act or of 2 . Thi s concl usi on

al so appl i es t o t he dat a of Tabl e I I al one si nce t hese t i ssues wer e r epr esent at i ve

of pr evi ous st udi es . Thus, t he cal cul at ed Gb i s i nsuf f i ci ent t o account f or t he r at e

of di f f usi onal Cl exi t suggest ed f r om t he r esul t s of pr i or f l ux st udi es ( Fi g . 10) .

Thi s est i mat e of Gb can be expect ed t o er r on t he l ow si de of t he r equi r ed val ue

because of di st r i but ed r esi st ance of t he par acel l ul ar pat hway, ' whi ch t ends t o

under est i mat e bot h f a and Gc ( as det er mi ned f r om t he ef f ect of a t r ansepi t hel i al

K gr adi ent on vk, ) . Thus, i t i s di f f i cul t t o assi gn expl i ci t val ues t o t he par t i t i oni ng
of net CI exi t bet ween conduct i ve and nonconduct i ve mechani sms . Our concl u-
si ons r egar di ng t he avai l abi l i t y of K ( f or coupl ed exi t ) r el y on assumpt i ons about
Na/ K pump st oi chi omet r y and t he ext ent t o whi ch api cal Na/ K/ Cl co- t r anspor t

account s f or NaCl ent r y . The f i ndi ngs pr esent ed i n t he compani on paper suggest
a component of K- i ndependent NaCl ent r y, but i t s cont r i but i on t o NaCl absor p-

t i on under cont r ol condi t i ons ( t o whi ch t he model of Fi g . 10 appl i es) has not

been assessed .

The i nadequacy of Cl conduct ance pat hways t o account ent i r el y f or net CI

movement s acr oss t he basol at er al membr anes of absor pt i ve epi t hel i a has been

i nf er r ed al so f or Nect ur us pr oxi mal t ubul e ( 15, 33) and gal l bl adder ( 28) , r abbi t

r enal t hi ck ascendi ng l i mb ( 14) , and r abbi t gal l bl adder ( 7) . Evi dence f or t he

pr esence of such a mechani smi n Nect ur us gal l bl adder has r ecent l y been r epor t ed
by Reuss ( 29) . Fi g . 10 depi ct s a model i n whi ch NaCl ent r y i s ent i r el y K-
dependent and wher e t he obser ved r at e of K secr et i on ( 10) l eaves l i t t l e Kavai l abl e
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( f r om mass bal ance consi der at i ons) f or coupl ed exi t wi t h Cl . Wi t hi n t he con-
st r ai nt s of t hi s model , KCl exi t makes a mi nor cont r i but i on t o Cl absor pt i on

acr oss t he basol at er al membr ane . However , KCl exi t becomes quant i t at i vel y

si gni f i cant as K- i ndependent NaCl ent r y i ncr eases ( 16) or dur i ng r educed Ga , as

out l i ned bel ow.

Di st r i but i on of C1 Exi t Bet ween Conduct i ve and Nonconduct i ve Mechani sms

The f i ndi ng t hat ^ " 50%of ~t r emai ns af t er bl ockade of t he api cal Kconduct ance

by mucosal Ba i ndi cat es t hat NaCl absor pt i on cont i nues under t hese condi t i ons,

al t hough under modi f i ed const r ai nt s . Fur osemi de- sensi t i ve act i ve K absor pt i on

i s unmasked by mucosal Ba, so t hat Na/ K/ Cl co- t r anspor t cont i nues t o oper at e

( 10) . As di scussed ear l i er , t he depol ar i zat i on of ¢a ( and Ob) i nduced by mucosal

Ba causes Ob t o appr oach Eb' , so t hat t he dr i vi ng f or ce f or di f f usi onal Cl exi t

f r om cel l t o ser osal sol ut i on i s el i mi nat ed ( Tabl e I I I ) . Under t hese condi t i ons,

KCl co- t r anspor t acr oss t he basol at er al membr ane may pl ay an i mpor t ant r ol e i n

absor pt i on of bot h K and Cl , si nce a conduct ance pat hway f or K exi t i s not
pr esent ( Fi g . 7) and t he dr i vi ng f or ce f or conduct i ve Cl exi t , - ( Eb'

+ Yob) , i s near
zer o . A si mi l ar concl usi on may appl y t o t hose t i ssues wi t h spont aneousl y l ow 4, a

and Pb val ues . Thei r 4, t val ues suggest a si gni f i cant r at e of NaCl absor pt i on,

al t hough t he el ect r i cal dr i vi ng f or ce f or Cl di f f usi on acr oss t he basol at er al

membr ane i s compr omi sed.

The f i ndi ng t hat t i ssues exhi bi t spont aneousl y l ow 4, a val ues suggest s t hat t her e

may be concur r ent r egul at i on of t he api cal and basol at er al pr ocesses r esponsi bl e

f or K exi t f r om t he cel l . A decr eased Ga l eads t o net K absor pt i on ( 10) and,

per haps, a shi f t i n t he mechani sm of Cl exi t acr oss t he basol at er al membr ane

f r om di f f usi on t o co- t r anspor t wi t h K. The f or egoi ng di scussi on hi ghl i ght s an

appar ent r el at i on bet ween co- t r anspor t pat hways and api cal K. conduct ance . I n

addi t i on, an al t er at i on i n t he cel l ul ar conduct ance pr oper t i es accompani es i nhi -

bi t i on of NaCl absor pt i on ( 16) . The i oni c basi s of t hese ef f ect s i s one subj ect of

t he compani on paper .

Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h r esear ch gr ant s AM27524 and AM

31091 f r om t he Nat i onal I nst i t ut e of Ar t hr i t i s, Di abet es, and Di gest i ve and Ki dney Di sease .

Par t i al suppor t of Dr s . Hal mand Kr asny was pr ovi ded by Nat i onal Resear ch Ser vi ce Awar ds

AM06850 and AM07306 .

Or i gi nal ver si on r ecei ved 2 August 1984 and accept ed ver si on r ecei ved 28 Januar y 1985 .
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