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ABSTRACT To st udy t he mechani sms by whi ch ant i di ur et i c hor mone
and pr ost agl andi ns r egul at e Na t r anspor t at t he api cal membr anes of t he
cel l s of anur an t i ssues, st udi es wer e done wi t h f l uct uat i on anal ysi s . Epi t hel i a
of f r og ski n ( Rana pi pi ens) wer e t r eat ed wi t h vasopr essi n al one, or t r eat ed
wi t h vasopr essi n af t er i nhi bi t i on of Na t r anspor t by i ndomet haci n . The
t i ssues wer e bat hed symmet r i cal l y wi t h a Cl - HCO3 Ri nger sol ut i on and
shor t - ci r cui t ed cont i nuousl y . I n t hi s exper i ment al ci r cumst ance, t he ami l or -
i de- i nduced cur r ent noi se power densi t y spect r a wer e of t he Lor ent zi an
t ype wi t h l i t t l e or no I / f noi se, pr ovi ded t hat " scr aped" ski ns wer e used f or
st udy . Despi t e l ar ge changes of Na t r anspor t , especi al l y i n epi t hel i a t r eat ed
wi t h i ndomet haci n and vasopr essi n, t he si ngl e- channel Na cur r ent r emai ned
essent i al l y unchanged, wher eas t he densi t y of ami l or i de- i nhi bi t abl e, el ect r i -
cal l y conduct i ve Na channel s was i ncr eased by vasopr essi n and decr eased
by i ndomet haci n .

I NTRODUCTI ON

Ther e i s compel l i ng evi dence t hat api cal membr ane Na per meabi l i t y of
t he cel l s of t i ght epi t hel i a i s cont r ol l ed by hor mones t hat al t er t he
i nt r acel l ul ar concent r at i on of cycl i c 3' 5' - adenosi ne monophosphat e . The
act i on of ant i di ur et i c hor mone ( ADH) , whi ch st i mul at es act i ve t r ansepi -
t hel i al Na t r anspor t i n anur an t i ssues such as f r og ski n and t oad ur i nar y
bl adder , has been wel l document ed ( Handl er and Or l of f , 1973 ; Andr eol i
and Schaf er , 1976) . Mor e r ecent l y, t he pr ost agl andi ns have been i dent i -
f i ed as i mpor t ant r egul at or s of Na t r anspor t owi ng t o t hei r pr of ound
i nf l uence on t r ancepi t hel i al Na t r anspor t ( Hal l et al . , 1976 ; St okes and
Kokko, 1977 ; Or l of f and Zusman, 1978 ; El s and Hel man, 1981) . Thus,
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endogenousl y pr oduced pr ost agl andi ns and exogenous ADHact i n con-
cer t t o modul at e t he r at e of t r ansepi t hel i al Na t r anspor t .

The mechani sm of hor monal act i on i nvol ves changes of api cal mem-
br ane per meabi l i t y t o Na . I n i sol at ed f r og ski n t he change Of PNa i s
mani f est el ect r ophysi ol ogi cal l y as a change i n api cal membr ane sl ope
conduct ance wi t h l i t t l e or no change of t he el ect r ophysi ol ogi cal par ame-
t er s of t he basol at er al membr anes ( Nagel , 1978 ; El s and Hel man, 1981) .
ADH i ncr eases, wher eas i ndomet haci n, an i nhi bi t or of pr ost agl andi n
bi osynt hesi s, decr eases t he api cal membr ane Na conduct ance, bot h act i ng
pr esumabl y vi a al t er at i on of i nt r acel l ul ar cycl i c AMP ( Hal l et a1 . , 1976 ;
El s and Hel man, 1981) . To i nvest i gat e f ur t her t he possi bl e mechani sms
of change of t he PNa and api cal membr ane conduct ance, we t ur ned t o
st udi es of f l uct uat i on anal ysi s of f r og ski n as descr i bed by Li ndemann and
Van Dr i essche ( 1977) f or K- depol ar i zed epi t hel i a ; i n t he pr esent st udi es,
however , we used nondepol ar i zed epi t hel i a wher e t he dat a of t he pr esent
st udi es coul d be compar ed di r ect l y wi t h t he pr evi ous el ect r ophysi ol ogi cal
st udi es of El s and Hel man ( 1981) .

As wi l l be shown, t he dat a der i ved f r om f l uct uat i on anal ysi s coul d be
i nt er pr et ed accor di ng t o a t wo- st at e model t o i ndi cat e t hat changes of
api cal membr ane Na t r anspor t caused by i ndomet haci n and/ or ADH +
t heophyl l i ne occur pr i mar i l y, i f not sol el y, by al t er at i on of t he densi t y of
el ect r i cal l y conduct i ve Na channel s wi t h l i t t l e or no change of t he si ngl e-
channel conduct ance t o Na .

Pr el i mi nar y r epor t s of t hi s wor k have appear ed el sewher e ( Hel man et
al . , 1981 a, b) .

GLOSSARY

I sc

	

shor t - ci r cui t cur r ent ( VT = 0) def i ned as a posi t i ve cur r ent f r om
api cal t o basol at er al sol ut i on ( gA/ cm2 )

I Na

	

macr oscopi c Na cur r ent at t he api cal membr ane and equal t o t he
I s, at t he st eady st at e ( uA/ cm2 )

I Na

	

macr oscopi c I Na when ami l or i de i s pr esent i n t he api cal sol ut i on t o
i nhi bi t t he I c ( JA

Na < I Na)

i Na

	

si ngl e- channel Na cur r ent at t he api cal membr ane i n t he absence
of ami l or i de

i Aa

	

si ngl e- channel Na cur r ent at t he api cal membr ane when ami l or i de
i s pr esent i n t he api cal sol ut i on

A ami l or i de
f c

	

cor ner f r equency ( Hz) of t he Lor ent zi an power densi t y spect r um
at t he hal f - power val ue of t he l ow- f r equency pl at eau, So/ 2

JR.

	

sl ope r esi st ance of t he api cal membr ane expr essed as a f r act i on of
t he t r anscel l ul ar r esi st ance ( R. / R. + R; )

E;

	

Theveni n emf of t he basol at er al membr anes ( sl ope f or mal i sm of
el ect r i cal equi val ent ci r cui t anal ysi s)

k o ,

	

associ at i on r at e const ant of t he Na channel / ami l or i de r ecept or
r eact i on
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k, o

	

di ssoci at i on r at e const ant of t he Na channel / ami l or i de r ecept or
r eact i on

K.1Y

	

equi l i br i umconst ant ( k, o/ ko, )
K; PP

	

appar ent Kv, ( AM) ; def i ned as t he [ A] t hat causes 50%i nhi bi t i on of
t he I . , ( see t ext )

NA

	

densi t y of ami l or i de- i nhi bi t abl e, el ect r i cal l y conduct i ve Na channel s
( channel s/ cm2

) ; ( NA =NA + N, )

NA

	

densi t y of open channel s i n t he pr esence of A ( No = NA. Po )
N,

	

densi t y of cl osed channel s i n t he pr esence of A ( N; = NA P, )
Po

	

pr obabi l i t y of a channel bei ng open i n t he pr esence of A
P,

	

pr obabi l i t y of a channel bei ng cl osed i n t he pr esence of A
PDS power densi t y spect r um
Ri

	

sl ope r esi st ance of t he basol at er al membr ane of t he cel l s
Ro

	

sl ope r esi st ance of t he api cal membr ane of t he cel l s
So

	

l ow- f r equency pl at eau of t he Lor ent zi an spect r um ( A2/ Hz cm2 )
VT

	

t r ansepi t hel i al vol t age ( mV)
Vô

	

api cal membr ane vol t age r ef er enced t o t he api cal sol ut i on wi t h
t i ssues shor t - ci r cui t ed

METHODS

Abdomi nal ski ns of Rana pi pi ens ( Nal co, Oshkosh, WI ) wer e used i n al l st udi es .
To r educe di f f usi on del ays i mposed by t he cor i um t o appl i ed dr ugs or hor mones,
we used t i ssue pr epar at i ons t o be r ef er r ed t o as " scr aped ski ns . " Wi t h t i ssues
pi nned t o a cur ed Syl gar d 184 pl at e ( Dow Cor ni ng Cor p . , Mi dl and, MI ) , t he t el a
subcut anea and most of t he under l yi ng connect i ve t i ssue was r emoved by gent l e
scr api ng wi t h t he edge of a scal pel bl ade . Compar ed wi t h i nt act ski ns, wher e
maxi mal ouabai n and K depol ar i zat i on of t he basol at er al membr anes occur s i n
- 10- 15 mi n ( Fi sher , 1979 ; Hei man et al . , 1979) , si mi l ar ef f ect s ar e r eal i zed i n
^ - 1- 3 mi n when scr aped ski ns ar e used i n si mi l ar st udi es ( unpubl i shed obser va-
t i ons) .

To car r y out noi se anal ysi s of t he epi t hel i um, scr aped ski ns wer e pl aced i n
chamber s ( 0 . 72 cm2 , 0. 6 ml chamber vol ume) as descr i bed by Hei man and Mi l l er
( 1971) . The t i ssues wer e bat hed wi t h a Ri nger sol ut i on cont ai ni ng ( mM) : 100
NaCI , 2. 4 KHCO3 , and 2 . 0 CaC1 2 . They wer e shor t - ci r cui t ed cont i nuousl y f or
- 1- 2 h t o per mi t t he shor t - ci r cui t cur r ent , I , c , t o st abi l i ze . Vasopr essi n ( Pi t r essi n ;
Par ke, Davi s, &Co . , Det r oi t , MI ) , t heophyl l i ne, and/ or i ndomet haci n ( bot h f r om
Si gma Chemi cal Co . , St . Loui s, MO) wer e added t o t he basol at er al sol ut i ons at
concent r at i ons of 30 mU/ ml , 1 mM, and 5 AM, r espect i vel y . Ami l or i de ( Mer ck
Shar p &Dohme Resear ch Labor at or i es, West Poi nt , PA) , 0. 5- 12 JI M, was added
t o t he api cal sol ut i ons t o i nhi bi t t he I x and t o i nduce t he f l uct uat i ons of t he I , c .
Al l st udi es wer e done at r oom t emper at ur e wi t h ai r - sat ur at ed Ri nger sol ut i on at
a pH of 8. 1 .

El ect r i cal Measur ement s

The met hods and mat er i al s wer e i dent i cal t o t hose descr i bed pr evi ousl y by t he
l abor at or y of Van Dr i essche ( Van Dr i essche and Zei ske, 1980) . I n br i ef , a l ow-
noi se vol t age cl amp was used t o shor t - ci r cui t t he t i ssues. Af t er separ at i on of DC
and AC component s of t he I x by a hi gh- pass RC f i l t er ( 0 . 053 Hz, char act er i st i c
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f r equency) , t he ACnoi se was ampl i f i ed, and af t er passage t hr ough a But t er wor t h-
t ype l ow- pass f i l t er ( 48 db/ oct ave ; model 852; Wavet ek, San Di ego, CA) , t he
si gnal was di gi t i zed . 40 t i me- domai n sweeps wer e accumul at ed at sampl i ng r at es
of 2 ms and each sweep was t r ansf or med t o t he f r equency domai n ( FFT) f or
subsequent cal cul at i on of t he cur r ent noi se power densi t y spect r um ( PDS) .
Appr oxi mat el y 3 mi n wer e r equi r ed t o accumul at e dat a f or det er mi nat i on of t he
PDS. ALor ent zi an f unct i on was f i t by nonl i near l east - squar es r egr essi on anal ysi s
t o t he PDS as descr i bed pr evi ousl y ( Van Dr i essche and Zei ske, 1980) , f r omwhi ch
t he power at t he l ow- f r equency pl at eau, So , and cor ner f r equency, f , , wer e
det er mi ned . I n most cases, t he PDS wer e, apar t f r omt he ampl i f i er noi se, i deal l y
f i t t o a si ngl e Lor ent zi an ( see Fi g . 1) . I n r el at i vel y f ew cases, 1 / f noi se appear ed
at l ow f r equenci es ( see Fi g . 2) , and t hi s was t aken i nt o account i n t he anal ysi s of
t he ami l or i de- i nduced noi se- f i t t i ng of t he dat a t o 1 / f and Lor ent zi an component s
of t he PDS. The macr oscopi c I , c ( DC val ue) was r ead t o wi t hi n 0. 01 AA/ cm'
f r oma di gi t al met er .

Det er mi nat i on of t he Kl PP

To cal cul at e t he i ' N. and NA ( see Resul t s) , i t was necessar y t o det er mi ne t he
equi l i br i um const ant , K. I . Two met hods wer e used . Fi r st , t he associ at i on, ko , ,
and di ssoci at i on, kl o, r at e const ant s wer e det er mi ned f r omt he sl ope and i nt er cept
of t he r el at i onshi p bet ween [ A] and 2af , , assumi ng a t wo- st at e model ( open-
cl osed) of t he Na channel of t he f or m:

[ A] + [ No]
kI

	

[ AN; ] ,
ki o

f r omwhi ch K1, = koi / kl o coul d be cal cul at ed . Second, K" was det er mi ned f r om
t he i nhi bi t i on of I , , caused by st ep i ncr eases of [ A] , t hough we r ecogni zed t hat
t he K" i s an over est i mat e of t he act ual Kv, ( see bel ow and Di scussi on) . As wi l l
be shown, t he absol ut e val ues of kl o, bei ng near zer o, wer e r at her uncer t ai n, and
t hus an al t er nat i ve met hod was necessar y f or est i mat i on of Ky, and hence
cal cul at i on of NA.

Al l val ues ar e r epor t ed as mean ± SEM( N) .

RESULTS

Power Densi t y Spect r a of Cont r ol and Tr eat ed Ti ssues

For ski ns bat hed wi t h i dent i cal Ri nger sol ut i ons at t hei r api cal and
basol at er al sur f aces, ami l or i de- i nduced power densi t y spect r a wer e r e-
cor ded and si ngl e Lor ent zi an f unct i ons wer e f i t t o t he dat a poi nt s as
shown i n Fi gs . 1 and 2 . Over a r ange o£ [ A] bet ween 0. 5 and 12 j . M, t he
PDSshowed a l ow- f r equency pl at eau, and at hi gher f r equenci es, t he sl ope
was - 2 . When epi t hel i a wer e t r eat ed wi t h i ndomet haci n and t hen wi t h
ADH + t heophyl l i ne, t he changes of peak- t o- peak noi se ( Fi g . 1A) wer e
r eadi l y obser ved i n t he t i me- domai n r ecor ds, and as shown i n Fi g . 1B,
t hei r cor r espondi ng PDS wer e of t he Lor ent zi an t ype . I ndomet haci n
caused, i n addi t i on t o i nhi bi t i on of t he I , c , a decr ease of t he So, wher eas
f ur t her t r eat ment of t he t i ssue wi t h ADH + t heophyl l i ne caused an
i ncr ease of t he So and I x wi t h l i t t l e or no change of t he f c. Wher eas most
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spect r a showed i deal Lor ent zi an behavi or , we di d obser ve i n some cases
l ow- f r equency 1 / f noi se ( Fi g. 2) . Al so shown i n Fi g. 2 ar e t he [ A] dose-
dependent changes of t he So and f , namel y, a decr ease of So and an
i ncr ease of f , consequent t o i ncr eases of [ A] .

Dat a have been anal yzed accor di ng t o a t wo- st at e model wher e t he Na
channel i s ei t her f ul l y open or f ul l y cl osed by ami l or i de ( Li ndemann and
Van Dr i essche, 1977) . Accor di ngl y, t he f l uct uat i ons ar i se f r om changes
of t he si ngl e- channel cur r ent , I N. , as ami l or i de associ at es or di ssoci at es
f r om t he Na channel wi t h r at e const ant s k o , and k, o . Thus, accor di ng t o

I ndomet hoci n

Cont r ol

ADH+Then

Two- St at e Model

N 1 0- 19

v

1 0- 16

FI GURE 1 .

	

Ti me- domai n r ecor ds and cor r espondi ng PDS of a cont r ol
epi t hel i um t r eat ed f i r st wi t h i ndomet haci n t o i nhi bi t t he I , , and t hen wi t h
ADH + t heophyl l i ne ( i n t he pr esence of i ndomet haci n) t o r est i mul at e t he
I x . The pl at eau val ue So of t he PDS decr eased f r om 25 . 4 t o 1 . 62 x 10- 20
A2 . s/ cm2 af t er i ndomet haci n and r et ur ned t o 12 . 5 x 10 - 20 A2 . s/ cm2 af t er
ADH + t heophyl l i ne t r eat ment of t he epi t hel i um. The cor ner f r equency,
6 . 08 Hz, r emai ned const ant .

Cont r olzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

" 10 "

	

' 10

	

. 10 "

	

. o

Fr equency ( Hz)

H
w H

Q
10- 20

h
O
C

01
10 21

Li ndemann and Van Dr i essche ( 1977) :

27r f , = ko, [ A] + ki o ( 2)

and

Kyp = ki o/ koi . ( 3)

I t f ol l ows f r om t he l aw of mass act i on t hat

PO = 1 + K,
J
- ~ ( 4)

and

P, = I - P. , ( 5)
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wher e Po i s t he pr obabi l i t y of a channel bei ng open . Wi t h 2 wMami l or i de
i n t he api cal sol ut i on and a Kaf P of - 0 . 2 , , M, PI = 0. 909 and P, , = 0. 091 .
Thus, wher e [ A] >> Kv� uncer t ai nt i es i n t he val ue of K. , , cause r el at i vel y
mi nor uncer t ai nt i es of t he val ue of PI , wher eas t hose of Po ar e hi ghl y
dependent on t he val i di t y of t he Kv, .

The si ngl e- channel cur r ent , ZNa, and t he densi t y of ami l or i de- i nhi bi t a-
bl e, el ect r i cal l y conduct i ve channel s ar e gi ven by :

N

E

H

Q
o. ,

O
c

and

10- 18

10- 19

10- 20

10- 21

i Na = ( So - 2af ~) / ( 4 I Na PI )

	

( 6)

0. 5

2

4

12

10- 1

	

10 0	 10 1	 10 2	 103

	

, . .

10

1 . . . . . 100 . . . . , 101 .

	

, . . 102 . . . . 10 3

Fr equency ( Hz)

FI GURE 2 .

	

PDS of epi t hel i a exposed t o var i ous ami l or i de concent r at i ons
bet ween 0. 5 and 12 , AM. Repr esent at i ve spect r a ar e shown at 0. 5, 2, 4, and
12 , Mwi t h f ~ at 1 . 74, 6. 44, 12 . 2, and 39 . 7 Hz i n A and 1 . 89, 6. 33, 12 . 3,
and 35 . 6 Hz i n B. Low- f r equency 1/ f noi se was obser ved i n r el at i vel y f ew
spect r a .

NA = I Na/ ( i Na- P, , ) "

	

( 7a)

As wi l l be shown bel ow, t he val ues of P, , cal cul at ed f r omt he mi cr oscopi c
r at e const ant s wer e uncer t ai n . Thus, we t ur ned t o measur ement of t he
Ka~P t hat al l owed us t o est i mat e t he Po and hence t he NA accor di ng t o Eq .
7a .

We al so chose t o cal cul at e t he NA f r om t he I Na ( no ami l or i de) and t he
. A?Na assumi ng t hat t he i Na and NA wer e vol t age, cur r ent , and ami l or i de
concent r at i on i ndependent :

NA = I Na/ ZNa "

	

( 7b)
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Bot h met hods of cal cul at i on of t he NA gave si mi l ar r esul t s ( see al so
Di scussi on) .

kov k, o, and K~O

I n pr el i mi nar y st udi es, cont r ol and t r eat ed epi t hel i a wer e exposed t o
ami l or i de at concent r at i ons bet ween 0 . 5 and 12 AM, f r om whi ch t he PDS
yi el ded t he r el at i onshi p bet ween [ A] and 21r f ~ . As shown i n Fi g . 3, t he
r el at i onshi p was st r i ct l y l i near , i n accor dance wi t h Eq . 2 . Wher eas t he koi

est i mat ed f r om t he sl ope was pr eci se, t he ki o at t he or di nat e i nt er cept was
i n absol ut e val ue cl ose t o zer o and t hus i mpr eci se . Hence, i t was i mpossi bl e

L

	

I

	

I

	

1

	

1

	

I

	

I

	

1

	

1

	

I

4 6 8 10 12

[ A7, /. LM

FI GURE 3 . Rel at i onshi p bet ween [ A] and 2uf ~ . Pai r ed det er mi nat i ons
t aken f r om cont r ol and ADH+ t heophyl l i ne- t r eat ed st at es of an epi t hel i um
ar e shown . Not e t he smal l but consi st ent i ncr ease of f ~ at al l [ A] af t er ADH
+ t heophyl l i ne . Not e al so t he l ow val ues of kol of t he i nt er cept at t he
or di nat e .

t o obt ai n r easonabl y val i d est i mat es of t he K, , . Despi t e t hi s, we obser ved
i n f our pai r ed st udi es t hat t r eat ment of epi t hel i a wi t h ADH+ t heophyl l i ne
f or - 1 h caused an i ncr ease of t he ki o ( see Tabl e I ) wi t hout a change of
t he koi , whi ch l ed us t o suspect t hat ADH + t heophyl l i ne causes an
i ncr ease of t he K, p ( see bel ow) .

As shown i n Tabl e I I , t he mean k ol was unchanged by t r eat ment of
epi t hel i a wi t h i ndomet haci n ( ^- 2 h) and/ or ADH + t heophyl l i ne . The
k, o ' s wer e not , on aver age, si gni f i cant l y di f f er ent f r om zer o, al t hough i t
was appar ent , as not ed above, t hat ki o was i ncr eased by ADH + t heoph-
yl l i ne .

To ci r cumvent t hi s pr obl em i n t he est i mat i on of t he K. I , , we t ur ned t o
st udi es of t he [ A] dependency of t he I ~ c t o est i mat e t he Kaf P accor di ng t o
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TABLE I

Ef f ect s on ADH+ Theophyl l i ne on ko, and k, o

t he f ol l owi ng r ear r anged Mi chael i s- Ment en equat i on ( Engel , 1977 ; and
see Di scussi on) :

01r, = - Ka. XP
[ A] +

AI M
aX.

	

( 8)
( ~I - -

The I . , c was det er mi ned at [ A] r angi ng bet ween 0 . 5 and 50 AM, f r om
whi ch t he Kaf P was est i mat ed f r om t he l i near sl opes, as shown i n Fi g. 4 .
For t he t ypi cal exampl es shown, ADH + t heophyl l i ne caused t he K P t o
i ncr ease f r om 0 . 111 t o 0 . 342 A. M. I ndomet haci n caused a r el at i vel y smal l
i ncr ease of t he KaßP f r om0 . 156 t o 0 . 238 AM, wher eas ADH+ t heophyl l i ne
caused a l ar ge f ur t her i ncr ease of t he Kay t o 0 . 813 AM. The r esul t s of al l
st udi es ar e shown i n Tabl es I I I and I V. For t he t wo gr oups of st udi es
descr i bed bel ow, t he mean Kaf P' s wer e 0 . 207 and 0 . 269 AM. I ndomet haci n
caused no consi st ent change of t he Kt P, wher eas ADH + t heophyl l i ne
caused i ncr eases of t he mean Kaf , P t o 0 . 468 and 0 . 614 A. M. Thus, i n
accor dance wi t h t he dat a above, ADH + t heophyl l i ne appear ed t o cause
an i ncr ease of t he K, t hat coul d be at t r i but ed t o an i ncr ease of t he kl o .

TABLE I I

Val ues of ko , and k, o under Var i ous Exper i ment al Condi t i ons

ko, kj o ki o/ koi

r adi ans/ s- AM r adi ans/ s AM

Cont r ol 15 . 8 2. 55 0. 161
ADH+ t heophyl l i ne 17 . 0 6. 26 0. 368

Cont r ol 17 . 5 2. 00 0. 114
ADH+ t heophyl l i ne 17 . 0 3. 83 0. 225

Cont r ol 17 . 8 1 . 01 0. 057
ADH+ t heophyl l i ne 17 . 9 4. 25 0. 237

Cont r ol 20 . 8 - 1 . 79 -
ADH + t heophyl l i ne 21 . 3 3. 00 0. 141

Mean ± SE
Cont r ol 17 . 9±1 . 1 0. 94±0. 96
ADH + t heophyl l i ne 18 . 3±1 . 0 4. 34±0. 69
Exper i ment al / cont r ol 1 . 02±0 . 02 ( 4) 2. 85( 3) 2. 81( 3)

kol

r adi ans/ s " AM

kj o

r adi ans/ s

Cont r ol ( 9) 16. 4±0 . 9 0. 7±0 . 5
I ndomet haci n ( 4) 16. 2±l . 7 0. 2±1 . 4
ADH+ t heophyl l i ne ( 4) 18 . 3±1 . 0 4. 3±0. 7
I ndo + ADH+ t heophyl l i ne ( 3) 15 . 9±1 . 2 0. 3±l . 2
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Af t er a cont r ol per i od wi t h 2 AMami l or i de i n t he api cal sol ut i on, dur i ng
whi ch sever al spect r a wer e obt ai ned, t he t i ssues wer e t r eat ed wi t h ei t her
ADH+ t heophyl l i ne ( gr oup I ) or wi t h i ndomet haci n f ol l owed by ADH+
t heophyl l i ne ( gr oup 11) . Spect r a wer e obt ai ned at i nt er val s of - 5 mi n
unt i l t he JA

Na appear ed t o r each a near - st abl e val ue . For gr oup I st udi es,
ami l or i de was r emoved f r om t he api cal sol ut i on f or measur ement of t he
I N. , and subsequent det er mi nat i on of t he exper i ment al K' . , FP ( ADH +
t heophyl l i ne) . For gr oup I I st udi es, t he KaßP and I N. wer e det er mi ned
af t er i ndomet haci n t r eat ment of t he epi t hel i a . Ther eaf t er , 2 uMami l or i de

ADH+ Theophyl l i ne and I ndomet haci n on i N. and N"

a

	

B

FI GURE 4 .

	

Det er mi nat i on of t he K. FP of cont r ol and t r eat ed epi t hel i a .
Dat a wer e pl ot t ed i n t he f or m of an Edi e- Hof st ee pl ot ( Engel , 1977)
accor di ng t o Eq . 8 . Val ues of AI x ar e i n mi cr oamper es ( nomi nal chamber
ar ea of 0. 72 cm2 ) . Each dat a poi nt i s l abel ed wi t h cor r espondi ng [ A] i n
mi cr omol ar . Not e l ar ge i ncr eases of KaßP af t er ADH+ t heophyl l i ne t r eat -
ment al one of t he epi t hel i um or af t er i ndomet haci n .

was r et ur ned t o t he api cal sol ut i on, and wi t h i ndomet haci n st i l l pr esent
i n t he basol at er al sol ut i on, t he epi t hel i a wer e t r eat ed f ur t her wi t h ADH
+ t heophyl l i ne . Agai n, t he I N. and K. FP wer e r edet er mi ned af t er t he
combi ned t r eat ment s of i ndomet haci n and ADH + t heophyl l i ne . The
r esul t s of t ypi cal exper i ment s ar e shown i n Fi g . 5 .

When epi t hel i a wer e t r eat ed onl y wi t h ADH + t heophyl l i ne ( Fi g. 5A) ,
t he 1, . a I Na ( 2 j M ami l or i de) i ncr eased af t er a del ay of sever al mi nut es,
t oget her wi t h t he Sa r eachi ng new pl at eaus i n ^ - 30- 40 mi n. The cor ner
f r equency r emai ned unchanged, as woul d be expect ed i f k, o << ko , [ A] .
When epi t hel i a wer e t r eat ed wi t h i ndomet haci n, t he I , c = I Na decr eased
mar kedl y, f al l i ng t o l ow val ues i n - 100- 150 mi n. The

so
decr eased i n
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par al l el wi t h t he I , , i n t he absence of a change of j c . Af t er det er mi nat i on
of t he I N. and Kai p , r est i mul at i on of t he JA

Na by ADH + t heophyl l i ne was
agai n accompani ed by a par al l el i ncr ease of So wi t h no measur abl e change
of t he f e .

A summar y of al l dat a i s shown i n Tabl es I I I and I V, t oget her wi t h t he
cal cul at ed val ues of i Na and NA . I Na , i n t he absence of ami l or i de, was
i ncr eased by ADH + t heophyl l i ne ( gr oup I ) i n si x of seven t i ssues, wi t h
st i mul at i on ( exper i ment al / cont r ol [ E/ C] ) Of I Na r angi ng bet ween 1 . 05

TABLE I I I
Ef f ect s of ADH+ Theophyl l i ne on j Ava and N"

and 2 . 64 . Wi t h 2 uMapi cal ami l or i de t he I Na was si mi l ar l y i ncr eased by
ADH+ t heophyl l i ne, al t hough i n ever y case t he i ncr ease of I Na was l ar ger
t han t he i ncr eases Of I Na ( E/ C) , r angi ng bet ween 1 . 73 and 4 . 26 . Thi s
di f f er ence i n t he r esponse of t he I Na and I Na t o ADH + t heophyl l i ne coul d
at l east i n par t be at t r i but ed t o t he i ncr ease of KI, caused by ADH +
t heophyl l i ne, si nce 2 l uM ami l or i de was const ant dur i ng measur ement of
t he JA

N. r esponse t o ADH + t heophyl l i ne .
Wher eas t he So showed i ncr eases par al l el t o t hose of I S, , t hef t r emai ned

unchanged by ADH + t heophyl l i ne . As not ed above, t hi s woul d be
expect ed i f kl o << k, o [ A] .

Ski n I N, K% I N. f

[ A]

So x
1020

= 2 pM

t N,
N" x 10' ,

channel s/ cm'

A t - sl pAl I N, I
NAl cm

2
KM uA/ cm2 Hz L, a 2 channel ON- po) I N, l 1N

1 Cont r ol 16 . 8 0 . 221 1 . 32 7 . 1 6 . 2 0. 59 22 . 6 28 . 5
ADH+ t heophyl l i ne 24 . 6 0 . 698 3 . 50 7 . 1 14 . 5 0. 62 21 . 7 39 . 7

2 Cont r ol 9 . 5 0 . 154 0 . 97 6 . 3 5 . 3 0. 59 23 . 2 16 . 1
ADH+ t heophyl l i ne 12 . 8 0 . 283 1 . 88 5 . 6 8 . 7 0. 47 32 . 5 27 . 2

3 Cont r ol 36 . 7 0 . 320 5 . 40 5 . 8 38. 4 0. 75 52 . 2 46 . 9
ADH+ t heophyl l i ne 45 . 3 0 . 572 9 . 33 5 . 7 48. 9 0. 60 69 . 6 75 . 5

4 Cont r ol 11 . 6 0. 110 0 . 99 6. 2 5. 1 0 . 53 36 . 3 21 . 9
ADH + t heophyl l i ne 30 . 6 0. 342 4 . 22 5 . 6 16 . 6 0 . 41 71 . 4 74 . 6

5 Cont r ol 13 . 7 0. 247 1 . 39 5 . 3 9 . 5 0 . 64 19 . 8 21 . 4
ADH + t heophyl l i ne 21 . 6 0. 437 4 . 94 5 . 4 26 . 1 0 . 55 50 . 5 39. 3

6 Cont r ol 23 . 3 0. 240 4 . 10 4 . 5 18 . 6 0 . 36 106 . 4 64 . 7
ADH + t heophyl l i ne 24 . 4 0. 417 7 . 76 4 . 3 38 . 7 0 . 41 110 . 6 59 . 5

7 Cont r ol 8 . 8 0. 159 0 . 50 5 . 4 3 . 7 0 . 68 10 . 1 12 . 9
ADH + t heophyl l i ne 12 . 0 0. 526 2 . 07 5 . 1 9 . 7 0 . 47 21 . 0 25 . 5

Mean t SE
Cont r ol 17 . 2 0. 207 2. 10 5 . 8 12 . 4 0 . 59 38 . 7 30. 4

±3 . 8 ±0. 027 ±0 . 71 ±0 . 3 ±4 . 7 ±0 . 05 ±12 . 4 ±7 . 1
ADH + t heophyl l i ne 24 . 5 0. 468 4. 81 5 . 5 23 . 3 0 . 50 53 . 9 48 . 8

±1 . 5 ±0. 054 ±1 . 06 ±0 . 3 ±8 . 8 ±0 . 08 ±12 . 3 ±8 . 0
Exper i ment al / cont r ol 1 . 52 2. 39 2 . 88 0 . 96 2 . 28 0 . 87 1 . 62 1 . 83

±0 . 20 ±0. 29 ±0 . 41 ±0 . 02 ±0 . 26 ±0 . 06 ±0 . 22 ±0. 29
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The cont r ol I Na was cal cul at ed t o aver age 0 . 59 pA/ channel . The I Na

was not changed consi st ent l y or si gni f i cant l y by ADH + t heophyl l i ne,
al t hough i n f i ve of seven t i ssues, t her e may have been a smal l decr ease of
t he I Na . I n vi ew of t he r el at i ve cer t ai nt y of t hese est i mat es of I Na ( see
Di scussi on) and because of i ncr eases of t he I N. , t he densi t y of api cal
membr ane Na channel s must have i ncr eased . The cont r ol NA cal cul at ed
f r om I Na/ Na- P. ) aver aged 38 . 7 x 10' / cm' , and when cal cul at ed f r om
I N,

/ 1Na~ N

	

aver aged 30 . 4 x 10' / cm' . Af t er ADH + t heophyl l i ne, t he

TABLE I V

Ef f ect s of I ndomet haci n and ADH+ Theophyl l i ne on I Na and N"

mean NA i ncr eased t o 53 . 9 and 48 . 8 x 10 6 / cm2 , r espect i vel y, f or bot h
met hods of cal cul at i on wi t h pai r ed mean i ncr eases of 62 and 83%.

A si mi l ar anal ysi s was car r i ed out f or f i ve t i ssues t r eat ed f i r st wi t h
I ndomet haci n and t hen wi t h ADH + t heophyl l i ne ( gr oup I I ) . The dat a
ar e shown i n Tabl e I V . I n t hi s gr oup t he changes of I Na and JA

Na wer e
consi der abl y l ar ger t han obser ved wi t h ADH + t heophyl l i ne ( gr oup I ) .
I ndomet haci n caused t he mean I Na t o decr ease f r om 26 . 2 t o 5 . 5 I , A/ cm2

Ski n I N. KK I HzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" f

[ A] =

So x I Oso

2 t pM

i N.
NA x 10 - ° ,

channel s/ cm2

pA/ cm2 AM KA/ cr n s Hz As - s/ cm2
pA/

channel

I N

( j Aa~Po)

l

I Nal 1N.

1 Cont r ol 37 . 8 0 . 231 5 . 42 4 . 7 35 . 0 0 . 53 98. 3 71 . 3
I ndomet haci n 9 . 2 0 . 284 1 . 06 5 . 0 7 . 4 0 . 63 13 . 5 14 . 6
ADH+ t heophyl l i ne 19 . 0 0 . 481 3 . 64 4 . 6 24 . 1 0 . 59 31 . 6 32 . 2

2 Cont r ol 18 . 3 0 . 219 2 . 11 6 . 5 9 . 4 0 . 50 42. 5 36 . 6
I ndomet haci n 4 . 6 0 . 285 0 . 36 6 . 8 2 . 1 0 . 72 4 . 2 6 . 4
ADH+ t heophyl l i ne 15 . 3 0 . 586 1 . 74 6 . 3 10 . 8 0 . 80 9 . 6 19 . 1

3 Cont r ol 17 . 6 0 . 150 1 . 67 5 . 8 8 . 0 0 . 47 48. 8 37 . 5
I ndomet haci n 3 . 1 0 . 238 0 . 38 6 . 4 1 . 7 0 . 51 6 . 9 6 . 1
ADH+ t heophyl l i ne 25 . 7 0 . 813 5 . 19 6 . 1 23 . 1 0 . 60 30 . 0 42 . 8

4 Cont r ol 26 . 0 0 . 302 3 . 83 6 . 6 14 . 5 0 . 45 64. 7 57 . 8
I ndomet haci n 8 . 2 0 . 395 1 . 03 6 . 5 6 . 0 0 . 72 8 . 7 11 . 4
ADH+ t heophyl l i ne 20 . 7 0 . 531 2 . 97 6 . 3 14 . 3 0 . 60 23 . 5 34 . 5

5 Cont r ol 31 . 1 0 . 436 5 . 56 5 . 8 25 . 4 0 . 51 61 . 2 61 . 0
I ndomet haci n 2 . 8 0 . 341 0 . 43 6 . 6 1 . 6 0 . 46 6 . 5 6 . 1
ADH+ t heophyl l i ne 19 . 7 0 . 659 3 . 22 5 . 8 12 . 5 0 . 47 27 . 7 41 . 9

Mean t SE
Cont r ol 26 . 2 0 . 269 3 . 72 5 . 9 18 . 5 0. 49 63 . 1 52 . 8

±3 . 8 ±0 . 048 ±0 . 81 ±0 . 3 ±5 . 1 ±0 . 01 ±9. 7 ±6 . 8
I ndomet haci n 5 . 5 0 . 309 0 . 65 6 . 3 3 . 8 0 . 61 8 . 0 8 . 9

±1 . 3 ±0 . 027 ±0 . 16 ±0 . 3 t 1 . 2 ±0. 05 t 1 . 6 ±1 . 7
ADH+ t heophyl l i ne 20 . 1 0 . 614 3 . 35 5 . 8 17 . 0 0. 61 24 . 5 34 . 1

±1 . 7 ±0 . 058 ±0 . 56 ±0 . 3 ±2 . 8 ±0 . 05 ±4 . 0 ±4 . 3

Exper i ment al / cont r ol
I ndomet haci n/ cont r ol 0. 215 1 . 241 0 . 188 1 . 07 0 . 225 1 . 24 0 . 124 0 . 168

±0 . 038 ±0 . 13 ±0 . 032 ±0 . 03 ±0 . 056 ±0. 12 ±0 . 009 ±0 . 019
ADH+ t heophyl l i ne/ 4 . 65 2 . 09 6 . 46 0 . 93 6. 44 1 . 02 3 . 19 4 . 43

I ndomet haci n ±1 . 26 ±0 . 35 ±1 . 97 ±0 . 02 ±2 . 02 ±0 . 06 ±0 . 46 ±1 . 04
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and ADH + t heophyl l i ne r est i muaat ed t he mean I Na t o 20 . 1 AA/ cm2 . I Na
( 2 AMami l or i de) was decr eased f r oma mean of 3 . 72 t o 0 . 65 wA/ cm2 by
i ndomet haci n, and af t er ADH + t heophyl l i ne t he mean I Na was i ncr eased
t o 3 . 35 uA/ cm2 . I n par t , t he i ncr ease of I Na by ADH + t heophyl l i ne was
due t o an i ncr ease of KI D, f r oma mean of 0 . 309 t o 0 . 614 AM.

No si gni f i cant changes wer e obser ved i n t he val ues of f , but t he So
changed mar kedl y, f al l i ng f r om a mean of 18 . 5 X 10 - 2° t o 3 . 8 X 10 - 20

A2 . s/ cm2 af t er i ndomet haci n and r et ur ni ng t o 17 . 0 X 10- 20 A2 . s/ cm2
af t er r est i mul at i on of t he I c by ADH + t heophyl l i ne . Despi t e t he l ar ge
changes of I N. , JA

Na, and So , t he i Na r emai ned essent i al l y const ant wi t h a
mean cont r ol val ue of 0 . 49 pA/ channel . Thus, t he changes of Na t r ans-
por t caused by i ndomet haci n and ADH + t heophyl l i ne must have oc
cur r ed vi a al t er at i ons of t he densi t y of Na- conduct i ng channel s at t he

- 4

0"
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I sc l

40- 4- 0
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FI GURE 5 .

	

Changes of So and I , ( JANa) caused by ADH + t heophyl l i ne or
i ndomet haci n f ol l owed by ADH+ t heophyl l i ne .

api cal membr anes of t he cel l s . Cont r ol NA cal cul at ed f r om I Na/ ( ZNa . Po)
aver aged 63 . 1 X 10 6 , and t he NA cal cul at ed f r om I Na/ ZNa aver aged 52 . 8
X 10 6 channel s/ cm2. Af t er i ndomet haci n, t he mean NA' s decr eased t o
8 . 0 and 8 . 9 X 106 / cm2 . An anal ysi s of var i ance i ndi cat ed t hat no si gni f i -
cant di f f er ences of i Aa exi st ed bet ween t r eat ment gr oups, wher eas t he
di f f er ences of NA wer e si gni f i cant ( Tukey mul t i pl e r ange t est ) at P <
0 . 01 . Thus, i t seemed cl ear t hat , despi t e t he uncer t ai nt y of t he val ues of
KI , , and P. , t he pr i nci pal changes i n api cal membr ane per meabi l i t y t o Na
occur vi a al t er at i on of t he densi t y of el ect r i cal l y conduct i ve, ami l or i de-
i nhi bi t abl e Na channel s .

The pr i nci pal ai m of t he pr esent wor k was t o eval uat e wi t h f l uct uat i on
( or noi se) anal ysi s t he mechani sms by whi ch al t er at i ons of cycl i c AMP
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met abol i sm i n f r og ski n, by ADH and pr ost agl andi ns, change t he api cal
membr ane per meabi l i t y t o Na . I ndeed, i t woul d seem cl ear t hat t he
pr i nci pal mechani smof act i on i nvol ves a change of t he densi t y of el ect r i -
cal l y conduct i ve Na channel s i n t he api cal membr ane of t he cel l s dur i ng
bot h t he i nhi bi t or y and st i mul at or y phases of act i ve t r ansepi t hel i al Na
t r anspor t . To t he ext ent t hat l ar ge changes of channel number densi t y
occur over r el at i vel y shor t per i ods of t i me, r ecr ui t ment of Na channel s
seems hi ghl y l i kel y, wi t h cycl i c AMP i nvol ved i n t hi s pr ocess . Thi s concl u-
si on i s i n essent i al agr eement wi t h Li et al . ( 1982) , who st udi ed t he ef f ect s
of oxyt oci n on t oad ur i nar y bl adder depol ar i zed by hi gh ser osal K
concent r at i ons .

Wher eas i t i s cl ear t hat ant i di ur et i c hor mone and t he pr ost agl andi ns
exer t t hei r ef f ect s on Na t r anspor t i n a number of t ar get epi t hel i a, t he
mechani sm( s) of t hei r act i on appear s compl i cat ed by ot her f act or s t hat
ar e not yet wel l under st ood . For exampl e, i n f r og ski n, vasopr essi n causes
a sust ai ned i ncr ease of t he I , , c af t er a del ay of a f ew mi nut es, wher eas i n
t oad ur i nar y bl adder t he I , , i s hi ghl y t r ansi ent , r eachi ng a peak i n a f ew
mi nut es and decl i ni ng t her eaf t er t o cont r ol val ues ( Fi nn and Kr ug, 1973 ;
Macchi a and Hel man, 1979) . Tr ansi ent st i mul at i on by ADHof t r ansepi -
t hel i al Na t r anspor t has al so been obser ved i n i sol at ed r enal cor t i cal
col l ect i ng t ubul es ( Fr i ndt and Bur g, 1972) . Wher eas pr ost agl andi ns ap-
pear t o st i mul at e Na t r anspor t i n f r og ski n, t hey appear t o i nhi bi t Na
t r anspor t i n cor t i cal col l ect i ng t ubul es of r abbi t s ( St okes and Kokko,
1977) . I n cont r ast t o t he t r ansi ent st i mul at i on by vasopr essi n of t he I , C i n
t oad ur i nar y bl adder bat hed symmet r i cal l y wi t h i dent i cal Ri nger sol u-
t i ons, vasopr essi n and oxyt oci n cause a sust ai ned i ncr ease of t he I x of
bl adder depol ar i zed by hi gh ser osal pot assi um concent r at i ons ( Fi nn and
Kr ug, 1973 ; Li et al . , 1982) . The r easons f or such di f f er ences of r esponses
ar e not known, and i n t hi s r egar d i t i s pr esent l y i mpossi bl e t o pr esent a
coher ent pi ct ur e of how vasopr essi n and t he pr ost agl andi ns i nt er act i n
t he r egul at i on of t r ansepi t hel i al Na t r anspor t . Accor di ngl y, i t woul d seem
pr udent t o avoi d gener al i zat i ons f r om t he r esul t s of st udi es of any par t i c-
ul ar epi t hel i um. I n f r og ski n, i t woul d seemcl ear t hat vasopr essi n and t he
pr ost agl andi ns ar e syner gi st i c, st i mul at i ng Na t r anspor t by act i ng ul t i -
mat el y and pr i mar i l y, i f not sol el y, at t he api cal membr anes t o i ncr ease
t he densi t y of t he Na channel s and hence l eadi ng t o a sust ai ned Na ent r y
i nt o t he cel l s, wi t h t he r at e of Na ent r y det er mi ned by t he exi st i ng
el ect r ochemi cal pot ent i al di f f er ences . I n t hi s r egar d, t he r esul t s of t he
pr esent st udi es ar e i n accor dance wi t h pr evi ous el ect r opbysi ol ogi cal st ud-
i es of t he f r og ski n ( El s and Hel man, 1981) .

El ect r ophysi ol ogi cal Consi der at i ons
We chose speci f i cal l y t o st udy t he f r og ski n wi t h f l uct uat i on anal ysi s
because i t s el ect r ophysi ol ogy was known, especi al l y under condi t i ons t hat
wer e essent i al l y t he same as t hose used i n t he pr esent st udi es . I ndeed,
wi t h ski ns bat hed symmet r i cal l y wi t h a Cl - HCO3 Ri nger sol ut i on, bot h
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vasopr essi n and pr ost agl andi ns cause an i ncr ease of t he api cal membr ane
sl ope conduct ance wi t h l i t t l e or no change of t he basol at er al membr ane
emf ( sl ope f or mal i sm, Theveni n emf ; see Hel man and Thompson, 1982)
or i t s sl ope conduct ance at physi ol ogi cal l y negat i ve i nt r acel l ul ar vol t ages
t hat aver age bet ween - 80 and - 100 mV f or epi t hel i a i n t he shor t -
ci r cui t ed st at e ( Hel man and Fi sher , 1977 ; Hel man et al . , 1979 ; El s and
Hel man, 1981) . I t has been suggest ed t hat pot assi um depol ar i zat i on of
t he basol at er al membr anes yi el ds an epi t hel i al pr epar at i on wher e t he
basol at er al membr ane i s r emoved as an i mpor t ant bar r i er t hat possesses
negl i gi bl e el ect r i cal r esi st ance and vol t age ( Fuchs et al . , 1977) . I t has not
been possi bl e t o conf i r mt hi s assumpt i on i n f r og ski n ( Fi sher , 1979 ; Nagel ,
1979 ; Fi sher et al . , 1980 ; D. Benos, per sonal communi cat i on) , so t he
cont r i but i on of sul f at e- Ri nger - bat hed, K- depol ar i zed basol at er al mem-
br anes t o t he r at e of Na ent r y at t he api cal membr ane of t he cel l s i s
unr esol ved . K depol ar i zat i on appar ent l y al so causes a subst ant i al i ncr ease
of i nt r acel l ul ar cycl i c AMP ( Cut hber t and Wi l son, 1981) , t her eby causi ng
an i mpor t ant per t ur bat i on of t he syst em bei ng st udi ed . Accor di ngl y, we
made st udi es of noi se anal ysi s of t he f r og ski n under t he usual cont r ol
condi t i ons wher e t i ssues ar e bat hed i n vi t r o symmet r i cal l y wi t h i dent i cal
Ri nger sol ut i on at t he api cal and basol at er al sur f aces of t he t i ssues .

Under t hese condi t i ons, t he ami l or i de- i nduced cur r ent noi se PDS of
cont r ol and exper i ment al l y t r eat ed epi t hel i a wer e near i deal , showi ng
Lor ent zi an t ype spect r a . Compar ed wi t h pr evi ous st udi es of K- depol ar i zed
ski n mount ed i n a r api d- f l ow chamber ( Li ndemann and Van Dr i essche,
1977) , l ow- f r equency noi se ampl i t udes ( 1/ f ) wer e much smal l er ( W. Van
Dr i essche, per sonal communi cat i on) . Whet her t hi s was due t o di f f er ences
of chamber desi gn or t o scr api ng away t he t el a subcut anea and under l yi ng
cor i um i s unknown, but i t was cl ear t hat si ngl e Lor ent zi an- t ype PDSwer e
r eadi l y obser ved i n epi t hel i a bat hed symmet r i cal l y and shor t - ci r cui t ed .
The ami l or i de- i nduced noi se under al l cont r ol and exper i ment al condi -
t i ons was concent r at i on dependent , wi t h t he pl at eau var yi ng i nver sel y
wi t h t he [ A] and t he cor ner f r equency i ncr easi ng l i near l y wi t h [ A] , i n
accor dance wi t h t he expect at i ons of a t wo- st at e model of ami l or i de
bi ndi ng t o Na channel s . Anal ysi s of t he [ A] - 27r f ~ pl ot s i ndi cat ed cl ear l y
t hat t he associ at i on r at e const ant kol r emai ned unchanged despi t e l ar ge
changes of api cal membr ane Na t r anspor t caused by i ndomet haci n and/
or ADH + t heophyl l i ne . We al so obser ved f r om noi se anal ysi s and t he
[ A] dependency of t he I c t hat ADH + t heophyl l i ne caused si gni f i cant
i ncr eases of t he equi l i br i umconst ant , Kvs, whi ch conf i r med t he f i ndi ng of
Cut hber t and Shum ( 1974) . I n vi ew of t he const ancy of t he koi , we
i nf er r ed t hat ADH + t heophyl l i ne caused an i ncr ease of t he ami l or i de
r ecept or compl ex di ssoci at i on r at e const ant , kl o . Why t hi s occur s i s un-
known, but i t coul d be due t o changes of cyt opl asmi c i oni c composi t i on
or ot her f act or s t hat pl ay a r ol e i n api cal membr ane st r uct ur e and
f unct i on . Not hi ng i s yet known of such mechani sms and t hei r r el at i onshi p,
i f any, t o api cal membr ane f unct i on .



HELMAN ET AL .

	

Hor monal Act i on and Fl uct uat i on Anal ysi s of Na Channel s

	

21 5

Det er mi nat i on of t he K. , , i s compl i cat ed by t he exi st ence of t he basol a-
t er al membr ane and hence cr eat es some uncer t ai nt y i n t he cal cul at i on of
t he magni t udes of t he i Na and NA. Under i deal ( si ngl e- bar r i er model )
ci r cumst ances, t he K- , , can be eval uat ed f r omt he AI , , , caused by ami l or i de
wi t h t he K. , est i mat ed at t he [ A] t hat causes 50% i nhi bi t i on of t he I c .
However , i n t he f ace of t wo ser i es membr anes, bot h el ect r i cal l y act i ve,
t he I Sc i n f r og ski n i s gi ven by

I x = E; / ( R. + Ri ) ,

	

( 9)

at t he usual negat i ve i nt r acel l ul ar vol t ages, wher e E; i s t he Theveni n emf
of t he basol at er al membr ane, Ro and R; ar e t he sl ope r esi st ances det er -
mi ned f r om AV/ Al , and t he f r act i onal t r anscel l ul ar r esi st ance i s JRo =
R. / ( R. + R; ) = OVo/ OVT. Hence, i f ami l or i de act s al one t o i ncr ease t he
Ro ( or decr ease api cal membr ane sl ope conduct ance, Go) , t he I .C wi l l be
det er mi ned not onl y by changes of t he Ro but wi l l i n par t depend on t he
R; and E; . Assumi ng i n t he si mpl est case t hat E; and R; ar e const ant , and
assumi ng mor eover t hat t he Go - [ A] r el at i onshi p f ol l ows Mi chael i s-
Ment en ki net i cs, i t can be shown t hat

DI . C = -
AAX

( K~, 1JR. ) + OI Sax9

	

( 10)

so t hat t he appar ent equi l i br i um const ant , KTP, wi l l over est i mat e t he
act ual K. , , :

Kaf P = K~i pl f Ro .

	

( 11)

I n f r og ski n ( R. pi pi ens) , t he JR. aver ages - 0 . 75- 0 . 85, and t hus t he
Ka~P' s det er mi ned i n t hi s way ar e pr obabl y over est i mat ed by - 15- 25%.
A mor e di r ect appr oach t o t hi s pr obl em woul d be t o eval uat e di r ect l y t he
OGo caused by ami l or i de, but t hi s r equi r es i nt r acel l ul ar mi cr oel ect r ode
t echni ques t hat wer e not avai l abl e t o us i n Leuven at t he t i me t hese
st udi es wer e done . Thus, i t can be shown t hat

OGo = - ( [ A] ~
K~, 1,

+
OGoaX( 12)

and i ndeed t hi s has been ver i f i ed exper i ment al l y ( S. 1 . Hel man, unpub-
l i shed obser vat i ons) . Thus, f or t he pur pose of eval uat i on of t he pr esent
st udi es, we have t aken t hi s uncer t ai nt y i nt o account i n t he i nt er pr et at i on
of t he dat a, as shown bel ow.

Wi t h r egar d t o t he cal cul at i on of t he i Na, t he P, i s under est i mat ed .
Wi t h a KI P of - 0 . 2 AMand a [ A] of 2 AM, t he P, i s 0 . 909 . Assumi ng a
wor st possi bl e case wher e t he J" o i s 0 . 5, t he K, , woul d be 0 . 1 AMand t he
P, woul d be 0 . 952 . Accor di ngl y, at t he ver y most , t he i Na woul d be
over est i mat ed by ^- 5%, t her ef or e yi el di ng good est i mat es of t he i Na under
al l exper i ment al condi t i ons . On t he ot her hand, t he val ues of Po = 1 - P,
ar e subj ect t o consi der abl e uncer t ai nt y i n val ue of K~, , . Under compar abl e
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condi t i ons, t he Po t aken f r omt he 0 . 2 AMval ue of Ka7P i s 0 . 0909, wher eas
t he act ual Po at maxi mumuncer t ai nt y woul d be 0 . 048, yi el di ng an ^- 90%
under est i mat e i n t he val ues of NA. I n an at t empt t o ver i f y t hat such er r or s
di d not compr omi se t he i nt er pr et at i on of t he dat a, we cal cul at ed t he NA
i n t wo addi t i onal ways t hat avoi ded t he uncer t ai nt i es i n val ue of Ky, . Fi r st ,
we assumed t hat t he i Na was const ant at al l [ A] so t hat t he i Na was t he
same bot h i n t he pr esence and absence of ami l or i de i n t he api cal sol ut i on .
Thus, N= I Na/ ZNa " Compar i son of t he val ues of N̂ ( see Tabl es I I I and
I V) cal cul at ed i n t hi s way showed r el at i vel y mi nor di f f er ences, especi al l y
i n vi ew of t he l ar ge changes of I N. and r el at i ve const ancy of t he i Na .

The NA was cal cul at ed al so wi t h dat a of t he mean val ues gi ven i n Tabl es
I I , I I I , and I V usi ng Eq . 2 of Van Dr i essche and Li ndemann ( 1979) .

A _ So( 2 1r c) 2
ZNa

4I Na( k01[ A] ) "
( 13)

Si nce t he kol coul d be det er mi ned wi t h pr eci si on ( Tabl e I I ) , a mean
val ue of i Na coul d be cal cul at ed f or cont r ol and exper i ment al condi t i ons
by t aki ng cor r espondi ng mean val ues of So , f ~, and I Na ( Tabl es I I I and
I V) . As al l val ues wer e f ai r l y cer t ai n, t he i Na so cal cul at ed shoul d al so be
a r at her good est i mat e of t he mean si ngl e- channel Na cur r ent . As shown
i n Tabl e V, t he mean i Na was 0 . 6 and 0 . 52 pA/ channel f or bot h gr oups
of st udi es, and t hese val ues compar e r emar kabl y wel l wi t h t hose of t he
mean i Na gi ven i n Tabl es I I I and I V. Wher eas i n pai r ed st udi es ( Tabl e
I I I ) ADH + t heophyl l i ne caused no st at i st i cal l y si gni f i cant decr ease of t he
ZNa , t he mean i Na ( Tabl e V) appear ed t o decr ease f r om 0 . 6 t o 0 . 4 pA/
channel . Si mi l ar l y, f or t he i ndomet haci n- and ADH + t heophyl l i ne-
t r eat ed epi t hel i a, no si gni f i cant changes of i Na wer e obser ved upon per -
t ur bat i on of t he I ~c ( Tabl e I V) ; however , as shown i n Tabl e V, i ndomet h-
aci n appear ed t o cause an i ncr ease of t he mean i Na f r om0 . 52 t o 0 . 71 pA/
channel , wher eas ADH + t heophyl l i ne caused a r educt i on of i Na t o 0 . 53
pA/ channel . These changes of 2Na , i f r eal , put i n t he per spect i ve of t he
l ar ges changes of JA

Na and I N. , ar e r el at i vel y mi nor , but i n f act coul d be
i mpor t ant i n t he over al l eval uat i on of t he mechani sms i nvol ved . Despi t e
our i nabi l i t y t o r esol ve t hi s, t he NA cal cul at ed f r om t he mean I N, , and i Na

showed l ar ge i ncr eases of NA , f r om 28 . 9 t o 62 . 0 x 106 channel s/ Cm2

af t er ADH + t heophyl l i ne al one, wher eas i ndomet haci n caused t he NA t o
decr ease f r om 50 . 4 x 10 6 t o 7 . 8 x 10 6 channel s/ cm2 and t o i ncr ease t o
38 . 0 x 10 6 channel s/ cm2 af t er ADH + t heophyl l i ne ( Tabl e V) . These
val ues ar e r emar kabl y si mi l ar t o t hose r epor t ed i n Tabl es I I I and I V, but
her e we r el i ed onl y on t he est i mat es of ko, of t he [ A] - 2r f ~ pl ot s .

El ect r ochemi cal Pot ent i al Di f f er ence and Si ngl e- Channel Conduct ance

I n gener al , and f or t he shor t - ci r cui t ed f r og ski n epi t hel i um, t he api cal
membr ane vol t age, V'0 , i s gi ven by ( Hel man and Fi sher , 1977 ; Hel man,
1979) :

Vö = E, ) ( 1 - JR. ) - E; ( . Î R. ) ,

	

( 14)
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wher e t he Eo and Ei ar e t he Theveni n equi val ent emf s of api cal and
basol at er al membr anes, r espect i vel y . At hi gh val ues of JRo , especi al l y wi t h
ami l or i de i n t he api cal sol ut i on, t he f Ro appr oaches uni t y and t hus t he
Vo - * - Ei . Accor di ngl y, t he api cal membr ane vol t age i s det er mi ned
pr i mar i l y by t he Ei of t he basol at er al membr ane and hence t he i Na i s
subj ect t o var i at i on wi t h Ei , i f and when changes of Ei occur . I n t hi s r egar d,
vasopr essi n and i ndomet haci n have l i t t l e or no consi st ent ef f ect on t he Ei
( El s and Hel man, 1981) , and t hus, despi t e changes of Ro and NA , t he i Na

was not subj ect ed t o a si gni f i cant change of pot ent i al di f f er ence acr oss
t he api cal membr ane . Ther ef or e, under t he ci r cumst ances of t he pr esent
st udi es, wi t h t he Vo essent i al l y const ant , t he i Na was si mi l ar l y essent i al l y
const ant , gi ven t he uncer t ai nt i es st at ed above . Al t hough t he Va wer e not
measur ed di r ect l y i n t he pr esent st udi es, t hey wer e pr obabl y i n t he vi ci ni t y
of - 90 t o - 120 mV wi t h 2 AM[ A] i n t he api cal sol ut i on dur i ng measur e-
ment of t he I Na ( Hel man and Fi sher , 1977 ; unpubl i shed obser vat i ons) .

I t i s known t hat ami l or i de causes a subst ant i al decr ease of i nt r acel l ul ar
[ Na] c i n t he epi t hel i um of f r og ski n t o r el at i vel y l owval ues of ^- 5 mMor

TABLE V

Cal cul at i on of i v. and N" f r omMean Dat a of Tabl es I I , I I I , and I V

l ess ( Ri ck et al . , 1978) . Thus, a si gni f i cant chemi cal pot ent i al di f f er ence
exi st s t oget her wi t h t he Vo t o pr ovi de t he dr i vi ng f or ce f or Na ent r y i nt o
t he cel l s ( Hel man, 1979) . I t i s unknown t o what ext ent , i f any, t he [ Na] ,
i s changed by i ndomet haci n and/ or ADH+ t heophyl l i ne wi t h a [ A] of 2
AM. However , assumi ng t her e i s si mpl e di f f usi on and an el ect r ochemi cal
pot ent i al di f f er ence of - 180 mV ( Vo = 100 mV, SNa = 90 mV) , t he Na
f l ux r at i o i s ^ - 1, 000: 1, and hence Na ent r y i s di ct at ed vi r t ual l y al one by
t he api cal sol ut i on [ Na] o of 100 mMand t he Vo . Thus, i n t he f ace of a
l ar ge el ect r ochemi cal pot ent i al di f f er ence dr i vi ng Na i nt o t he cel l s, phys-
i ol ogi cal changes of i nt r acel l ul ar [ Na] c woul d not be expect ed t o cause
si gni f i cant changes of t he i Na . Hence, i t woul d seemsaf e t o concl ude t hat
t he r el at i ve const ancy of t he i Na r ef l ect s a l ack of maj or ef f ect s of ADH+
t heophyl l i ne and i ndomet haci n on t he si ngl e- channel Na cur r ent at t he
negat i ve api cal membr ane vol t ages, al t hough mi nor ef f ect s cannot be
r ul ed out compl et el y .

Gi ven t hat i nt r acel l ul ar [ Na] c i s not known wi t h cer t ai nt y, i t i s i mpossi bl e
t o det er mi ne wi t h pr eci si on t he si ngl e- channel conduct ance . As a r ough

i Na

pA/ channel

N"

x 10 - 6 channel s/ cm'

Cont r ol 0 . 60 28 . 9

ADH + t heophyl l i ne 0 . 40 62 . 0

Cont r ol 0 . 52 50 . 4

I ndomet haci n 0 . 71 7 . 8
ADH + t heophyl l i ne 0 . 53 38 . 0
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appr oxi mat i on, t he si ngl e- channel " chor d" conduct ance accor di ng t o
Hodgki n and Huxl ey ( 1952) can be cal cul at ed f r om

Thus, gA, i s - 3 . 3 pS/ channel at 100 mM [ Na] . and at a V0' of about
- 100 mV.

The cor r espondi ng " sl ope" conduct ance ( AI / AV) accor di ng t o Thev-
eni n' s t heor em ( Theveni n, 1883 ; Chua, 1969 ; Hel man and Thompson,
1982) at t hese negat i ve vol t ages i s gi ven by :

GNa
- ZNa - 0 . 6 X 10 - t 2

	

( 16)

and i s i n t he vi ci ni t y of 6 pS/ channel .

S. I . H. and T. C. C. ar e especi al l y gr at ef ul t o Dr s . W. Van Dr i essche and R. Cast eel s and
t he Labor at or y of Physi ol ogy i n Leuven f or pr ovi di ng f aci l i t i es f or conduct of t he pr esent
wor k and f or t he hospi t al i t y ext ended t o us dur i ng our vi si t ( Januar y 1981) . We ar e most
gr at ef ul t o Mr s . Li eve Jansens- De Handschut t er f or excel l ent t echni cal assi st ance .
Suppor t ed i n par t by U. S . Publ i c Heal t h Ser vi ce gr ant s AM16663 and GM07357 .
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