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SUM ‘snA iii

(‘U’nHm’sEm’s’m’, �\. \V.: Imito’nmicti(mmms of somdiumn cimanmnielsins tranmspoirtinsg epithelia: a tivom-

stmst(’ t’s’s(idIO’l. Mo!. Pb,ai’uuiaeol. 10, 892-903 (1974).

A twol-stat(’ (allostonic) model based mm that for allomstenic proteins is prolp(msed loin the somdium’s’s
io imi-t rmsnmslocat-ing mech’samusn’s of t ramispontimmg (‘pithelia. The model supposes that tho’ meciia-

mmismmio’amm exist imi twom alternmative configunatioimss: omtt(’ fmrn’s which’s (‘arm tramislocate S0(liufl’s

bIns through thio’ cell men’sbnanse, amid amiother fomnn’s which is ummmmhle to do) this. Interactiomns
bo’two’eti a mtumuber of substanico’s whiicim either imm(’nease on decrease sodium fluxes through’s the

mi’suc(Isal n’sembramio’s are considered in tennis of the m(idel. The behavior omf th’so’ n’sodel was

foutnid too mirror th’sat oil actual epithehia foin a mmun’sber of experimental situatiomms. At the

pno’sent tiniio’ tIme fomlhmwing inmteractiomms with tin’ tram’ssloeation m’s’sechammisn’s (‘mtmmi)e best cx-
plainiod mm to’m’nis (if th’so’ twom-state model: amiboinido�_Nm’s+, am’s’sibomm’ide -Na’-msmmtidiuro’tic hmoir-

monie, Cm’s+i, Cmi�-ant idiunetie huomnmnotme, arid Ca_�+��am’siiboinide.

I NTROI)UCTION

This papo’n at-tem’s’spts to explain hmomv the

imitena(’tilmns oil m’snunil)o’n (if substan(’o’s with

the mu’sumcomsal n’sembnammo’s omf sodium -tramis-

portimmg opithelia affect the tratmsl(mcatiom’s of

sodiummm’s iomms throiugh those membram’ses. In

particimimsn attemitiot’swill he focuso’dl omi the

prmpentio’s of the m’s’sucosai mo’nibnano’s of two
amliphimh)iami epithelia, the vemmtnal skim’s of the

frog timid th’so’ unimuary bladder of time toad.

Time mieed to) c(im’ssider a two-state n’soidei

for the somdiuni chanmiel aroso’ when data had

accumulated which weno’ not consistent with

the M iciumso’lis-\ lenten approach toi interac-

tions at drug recept(mns; that is, in this in-

stammo’e, mit tho’ sodium i(mmi-translomcatim’sg

mechammism. After th’se momdel had evoilved it

was found tom accon’smodate omther data which

This work was supported by a grant fron’s the
Medical Besearch Council.

mti’senmvise fitted withim’s a m�mne comuventional

framework. Ti’sus the n’sodel appears tom have

more gemio’rah applicability th’san \\.�‘s5 antici-

Pat(’d.

Time both’ of tl’se paper con’ssists oil twoi main

parts. The first deals with difficulties asso-

emated with the \lici’sao’lis-� lenten approach

to drug im’st(’ractiom’ss at sodium channels,

whibo’ the secommd 1)art presemits ti’so’ mm’soidel amid

discusses its applicability. Ti’so’ t(’rnmi channel

is used imm this paper as ms ph’so’mmon’so’nomhogical

commcept to) mean the mi’sechmmnmsm translocat-

im’sg sodium’s’s mom’ss across the im’semi’sbrane.

Further comitsideratiomi oil tho’ miature oil the

t nanslo mention mechanism is givemm under

GENERAL DISCUSSION.

METHO uS

Details of th’se m’s’sethods uso’d loin n’so’asurimug

sodiun’s trat’sspo)rt am’sd chamim’sei dem’ssity in
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am’s’sphii)iamu (‘pithio’litt are pro’s(’mmto’(l itt dlo’tail

elsewhere (1 ), immchlmdlmmig the pro’co’ding i)mii)�’r

(2).

RESULTS ANt) t)IS(’USSION

1)ifflcul/ies ui//i //oe it ic/iae!is-�hIen ben ;l p-

proacli

Centaimm fiumdimigs do’scnii)e(l immthe �)recedimmg

pap(’r (2) are diffi(’ult tom necomtucil(’ �vitii the
i\Iichaeiis-1\ I emuten h’sypomthesis whemm colmismd-

o’nimmg mntenactiolmms of somdiunm cimaisnels imu

trmumspo)rtim’sg opithehia. Thmeso’ findimigs aro’

that ai’st idiuret mc i’sonmoi’se do es i io)t increas(’

the chatii’sel demisity (more strictly, the mmumi’s-

i)er oil am’sulormde b)immdimmgsito’s) it’sthe mucoisal

fade oif iro)g skimi, whilo’ the commco’mmtratmo Iti-

inhibitiom’s cumnve foor amilom’ido’ is nm(ived to

th(’ night alomuig the cotucemmtratioimt axis (see

Fig. 7 o)fref. 2).

Given these fimmdimigs, the immadequacies oil

ti’se mass-acti(mn t V po’ o mf approa(’h’s beco m’se

clearer as I)omssii)l0’ explanations for th’so’ fimmd-

ings are explored. Thmo’re aro’ thro’e o’xplamsa-

tiomis to i)e considered loin ti’se lack of effect oil

ADH’ on tho’ number oof ch’sammmmels, while

millowim’sg loin ti’so’ umcnease itm trmim’sspont folbolw-

imig horn’somme, as fmllo mws

1. IlEloinmmiommuo’increases the fractiomu (If (hiatt-

u’sels which are openativo’ (opo’n), omr incro’ases

the proportiomn olf timne dunmmmg which th’so’y mire

operative. Phmeniomno’m’soological lv these two I �mp -

tiom’ss are imidistimiguishahile, givemm mm fixed

m’sumben of cimammmmels.

2. Hoirmoime mmmcno’mms(’sthe nato’ omf hmsmmdlimmg

of somdiumiu by o’mmci’s (‘hammnel, This omptioln

could he o’(luivalo’mit to tho’ sO’(’Oiiid altermmatiyo’

of optiomm’s 1 ummidlo’m’sonio’ cim’cummistances.

3. Hort’sioiiio’ causes formmiatiommm olf a small

(um’sdetectablo’) mmunibo’r oil mmo’w o’h’smummmels

which handle sodium at msn o’xtreniuo’ly imighi

rate.

Ojtiomm’s 3 (‘titi bo’ o’litiiimmmttod, smn(’e tho’ f’omr-

matmo)m’s of ms f’o’w new chaimiiehs woiuld nmeed tom

1)0’ responsible loin the shuif’t o�f ti’se imiisil)itio am

The mobbreviati Otis used are Al )11 , ammt i -

di uret u’ lmornmolne ; ,�CC, sh rt -circuit o’urrenmt

E(’F�\, et lmvlemie glv’ool his (�1-atnitioet hvl et her) -

�‘s,,’�s’-tetraa(’etio’ a(i(l;\I\V(, \Iolmma(1, \Vytmmatm amid

C1matige�t x.

curvo’ to m mstmmiloorido’, y(’t t lie inihmibitio Iii o’nnn’ve

mtfto’m’ homrmi’sommme is m’s n)omlmomtollnmic lummictiomi oil

(‘0 Imic(’flt rat io itu , ‘ouiggo’st Immg a hmoti’s(Igo ‘ti( ‘0 (its

l)(mpulatioiim omf (‘hmtnmuels. ()ptioim 2 is eo�ually
umnto’nai)lo’,alti’soughi a situipbo’‘‘�videnmimig’’ of’

the (‘h’sammno’ls, tomgethio’n �vitii ro’dumco’d mifliniity

tol mtm’siilomnido’, is msppeahiimgly simimple. Hoowo’\.(’n

this ti’sO’(’hmiiiisti(’ vie�v is toom immuve, smmice time

chatuno’ls nemimaimi 51)0’(’ifio’ folr sodliumtmi mitten

��I)�HI. l”umrt imermu’soore, mimiiilo(ride imihsibit iomit

o’urves wo’ro’ alwmt\’s t’siommioitotmi(’ after A1)H,

m’equmnimmg o’ ommiplete (‘omm�’o’m’siooim of tho’ o’Ismsts-

miels to ti’s�� �vid’mmed folnimi, a ver�’ ummihikely

situimlti(Iii. F’imually, timo’ sto mich’sioimimo’ttv be-

t wo’en Na� timid msm’suilom’ido’is 1: 1 hoot im I mob oro’

mumd alter hmonnmomumo’. If time ch’sammiio’hs msno’

widened too hmammdlo’ nmomre somdiun’s io Ins, thus

simomumldi be m’eflo’o’to’d by an immeremiso’ itt timo’

numbo’r of anm’silo(ride I)mmidnmg sites,

Amu alto’ntmmttive form omf’omptioli 2 is tismit time

mechanism trmumslo ocat ing soI(liultii i(ItiS opo’t’-

mites at a imisten rate, witho out altenimig the

ProiI)Om’tiomti oof time during which time miioelma-
nismim is ompem’msti’s’o’. If the tm’amislocatio oh nno’ehua-

imismim immy ihvo’s a tmnmbilo’ o’mmnniem’, tii(’ ha ot’mimo)mie

niigh’st imuflumemico’ ti’se o’nviro Immn’semit oof t iso’ eat’-

ncr ims suo’h a way timat nioobiiitv immo’remsscs.

LTnder th(’s(’ circummmmstammo’o’s the m’educo’d

affinity ior amiiilonido’ mmmighmt be duo’ to mi no’-

ductiomim mm the statist io’aI chatmco’ (If mi suo’o’o’ss-

fumi immtenmtctioti betwo’o’im tsmmuiloirido’ msnmol t lie

carnio’m’ at the ooumter surf’ao’o’ If the mo’mmihmm’msmme.

()mm t l’so’ omt hen h’sand, iimo’m’o’mmsimmgflumidizat i 0mm(of

the muio’mi’sbrammo’ womimid alsom m’o’duce tin’ o’imamiee

of ti’so’ cam’n’io’m’ picking up a so odiutmu io mni, so o that

the do’gno’o’ of imihmibitioomi by msmnihoom’ido’, amid

h’semmco’ its msffitmitv, \\.( ould ito mt umeo’essam’ibv lie

alteno’d by flumidizmsti on. This arguimmmemit inn-

plies ti’sat iiomm’mnoimmo’miiust effo’ct alten’mmtiolmms
whichu no’sumlt in a (hmfTero’ntial o’iimimigo’ in

affinity omi the tramlsloleatiomn mechaimisnu loon

soidiuni timid mmnlmloni(lo’.

()mio’ furtimo’r, o’xtro’nimo’ altenmmmttii’e of ojitioon

2 is thiat timo’ o’hammmmels olperative mitten’ Al)H

mire hoot ti’so’ satin’ as its thmo’ o’mistnool stmite ; that-

is, A1)H to’tiip(Inanibv imimmo’tivates Oti(’ set (If

sito’s amid act ivato’s a sec(itmd s’t wimi(’h immsil(li(’

iommms f’mmster timid havo’ a ro’dueed msffimmitv for

an’siiomn’i(lO’. l’h’sis (‘mini pn’oml)mmbly ho’ m’o’jo’eted,



894 A. \V, CUTHBERT

Sihi(’(’ tho’ro’ \Vomul(1 mmo’o’d tom be (‘o)mmmplo’t(’ (‘01’s-

V(’h’slO)h 1 1)0’t w(’emi t \\‘(I st mito’s if t h’so’ ini’sibitiomm

cumm’yo’s 1.0It’ mslm’siloim’idl(’�vo’no’ toi r(’m’smamm’sa nmoimso-

tOhmi(’ futsetmon (If comti(’(’imtratiOmm, l”um’th(’m’-

m’smono’, thus tmmako’s it difficult tom umidersta-mmd

1’som�v grmm(le(l ro’spommsso’s to hormm’sommme mire (ii)-

taimie(l, amid it w(mumld 1)e euri(ius if the mmunmbo’n

oil sito’s its the two sets were o’qual.

()ptioomi 1 woiuld ms�)pear tol 1)0’ th( nmomst

l)imtlmsmiiio’ o’xplanatmomn Ion the effo’cts oil �\.I)FI.

This simi)�iomso’s that a fixed mmunimbo’r oil (‘han-

mseis camm oxist in �mpen omn clois(’dl f’onn’ss timid

that AI)H alters tiio’ pnoportiolmm wi’smch are

0i90’hi ((In alterimativo’lv imicremiso’s the tinic

51)(’mmt iii th’se Opd’ii eommfigunati(mmi). This domo’s

nomt, howo’v’r, explmtin tho’ shift mu ti’so’ amilom-

rido jtihmlimtmon curve caused v AI)H. As-

sunmimmg that amm’sihmnide bindmmmg occurs by

Laimgmmsuir type adsorpt ion, lo muir types of

im’steractamms mire pomssmh)le. Amilomnide n’sight

bims(l (mu) to opei’s channels only, (b) tol closed

chimumtiels oltily, (c) to omp(’ii and ebomsed (‘hal’s-

mmo’hso’qttmtlly, mr (d) to opemi and closed chan-

mm(’ls unequally. Alto’nnative (b) can i)e

discarded witi’sin ti’se \ lichaehis-\ I (‘ntemm

fnamo’w om’k, smn(’e imom mmmhibitiomm (ml transport

would occur, ummmlo’ss colmubination’s with closed

chmimimmels leads to alteratiomm of the o’quihih-

riimm h)o’tweemu the two fomrms (so’e below).

Altenimative (a) is mslso ulmacceptabh(’, since

AI)H wolumld cause am’s increase im’sti’so’ o’stin’sate

of chmmmmmsehdensity, tumid the im’shibitiommm (‘urve

wOul(l malt be shifted. Alternative (c) would

give imom mmio’nease im’s th’so’ nut’s’sber of chammmmels

after ADH, mmor would the imshibitioomm (‘urve

be si’silted. Aitermmative (d) givo’s o’itho’n amm

immcrea-s(’ (mr decrease in ch’sammimel demmsity (de-

pem’sdimmg 01’s whether the affim’sity for amilonide

is gro’ater loin the open or (‘hosed (‘hammm’sels),

i)ut again the im’shibitioim’s curve womuld be

umsahtero’(l. To ‘xplaim’s the o’xperimnental data

it- is imo’co’ssmmnv to assume bomth that mimnilonide

bimids ummmequally to ompeti amid closed chmtmmneis

am’sd thiat thmo’r(’ is m’sdymmmsmic o’quihiiiniummm’s be-

tweemi timo’ twom fomrmmms,

The twom-state mimoidol omuithimio’d belomw is

cOt’smpmstil)lO’ with’s the o’xiienimentmsl dmsta, amid

forums mm framework iii which tol commsider

othier mt ena(’tions with’s t Ftc sodiumt’s (‘hanmu’l.

The A!!os/ei’ic iIo(/c!

The I)1’OPOsttl is thimit time chaiimso’l is miii iii-

lostenic i)r� it(’imt posso’ssing n’sultipli’ stereo-

specific sites loin several liga-imds mimid is based

on tI’se smmplo’ momdlo’l discussed by Monod,

Wyn’smimu, tumid (1htmngeumx (3). The femmtumres of

ti’se model are that pnoto’imt (‘am’s o’xmst in (mmmd’of

two (‘0 mmmfomntmitstioiimaI stato’s timid ti’sat bimmdim’sg

sito’s ro’miimuimmo’qumivalo’mit umpoim’strammsfomrmation

betwo’emm tho’ two states, butt that tho’ micro-

sc(mpic (liss(mciatiol’s eommstam’sts fomr a given

higand may ho’ diffo’remmt imm the twoo states.

�\ I mit hemat io’al appn mmsches t(m t wo-st mite

mimodeis too explaimi time actions of (lnulgs and

hormones iiav’ beo’m’s nmado’ liv sevo’ral auth’sors

(4-5). Fomrmulation oil a model for tin’ sodium’s’s

chmui’snel may be comssidered as fol loiws. Let

ti’s(’re b)o’ two conformatiom’sal stmstes (If tI’se

chai’sno’l, tin’ oipett (H) fomrm and thi(’ (‘losed

(7’) form. It is assun’sed that chaminehs it’sthe

R formi’s are able to tramislocate sodium ioins,

irro’spective (If what ligmmmmdsare hmumnid, while

the chamimiels im’sthe 1’ fonm’s’s are uiiablo’ umider

any circumstalmc(’s to transl(icate s(mdiuimi’s

iom’ss. Thus ti’se transloeatiomm oof somdiun’s iommis

will depend oii the r(’hatmv(’ proportions oil R

amid T forms. The relativo’ proportiomns omf the

H amid T forms will ho’ ahto’red by higai’sds

which com’s’sbimme pnefenentimsily with ommmeforum

for examnple, ligai’sds witim mmhigher affimsity

for the R form will incremiso’ the hinopomrtmoli

oil that ionm,

Let each chiammnel hmmvo’ n o’qumivaleiit sites

loin bimsdimmg mmnmilomnide (A), and let tho’ tnicr(m-

scopic dissociatiomi constatits be K� amid

K1� for the H am’sd 1’ forms, respectively. Tho’

fraction of (‘i’saminels irs the R lomrm’s’s is givo’mm by

the state fuimctiomm (3)

[1+ L (1±)b]1 (1)

whmo’re L = T�,/R0, amid is the equilibrium

cormstai’st of the two stmmtes imu thi(’ absemmee (If

ligand, and! a = K (H/KIT amid a = [A ]/K111.

It was showmm (2) that somdiunm (‘OItmihiO’ti-

tivo’hy inhibited ti’so’ actiomns omi an’siloinide mtmi(l

that ti’se appmmno’tst stomio’hmioimi’setny with the

chatit’sel loin these twom suih)stam’sc(’s is I 1.

\lodmfyimig � 1 too imu(’lumdo’ the commi’spetitmve



mmumm’s’sbens (if oipems timid closed chiamimiels o’xist

in the rostimig st-ate. It is usual for A1)H to)

caumse a d(iublimig or trebimmig of sodiumn’s tnamms-

l)ont in frog skimm amid tomad bladder. 11 va-humo’s
of L were choseim m’s’such hanger thami 1, bigger

increases ins tnatmsport with ADH would lie

possible. With’s values of’ L smaller than 1 the
response to AI)H would lie correspondingly

smimall.

The ratio oil the dissomcmation commstants for

the H amid T fomnm’sis of the (‘hmstmmuei w’ith

100 -a

100 b

�

� 4ii/r�

�j,I

(3)

(1 + (‘y -I

�1 + �

50

io9 io-7 io-�

1’n (�. 1 . Tb, corel mca/ inhibit ion cu noes’ for am i/o-

ri(/e in the pneseuooc of bow (i, ii) (110(1 high- (iii, io’)

sodium co,uce,ot nations aiod in the ab.s’euoce (i, iii) aiod

pneseoo(e (ii, iv) of oz,otidioirelu hon,no,,e, c0111 pooled

from Eq. 3

The ordi tmate expresses I he pcro’ent age reduct ion

of k, and time abscissa, I lie :Ltuiiloride cmtio’ent ru-

ti(mmi. J�Af?-K.(T �,O.S 1(XX) in a arid o’ amid 1(X) in b,
Values of K1 �‘ were taken as 10#{176}.Kx� = KNST

102 in a and I); �ti o’, Ks,, T = 102 and � = 103.

Throughout (1 + c�,) (1 + y) was takeni toi equal

0.1; in amid ii = 1; amid low amid high sodiummu commmo’en-

trati(mris were takens as 10’ and 120 X 19-’, respeo’-

tively. The pero’emitage ino’rea,ses ins L’ in the ab-

set-ice of amiloiride caused by hoorimmoonme were

in a and b and 47� (10-i Na) timid 10� (120 X 19-s

Na) irs (‘.
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n’steractiomm bet wo ‘o’mm am’siilonido’ amt(1 Na�,

we oI)taim’s

/? = [1 + L (� � aa ±�Y1 (2)
L \1+a+�JJ

where b = KNaR,�KNOIT amid �3 = [Na] K\001?.

\Vhei’s Ai)H remicts with’s time seno)smtl sumnface

of epithelia like froig skin amid toad bladder

the pern’seability oil the mucosal lace to

sodium’s’s increases, Tue gemmenal view is that

ADH generates a secommd (immtnmucellumlan) m(’S-

seng(’r (9), which th’so’m’seithmo’r directly (in in-

directly is responsible for the increase its

pern’seability. Witi’sout spo’cilyitig the nmitune

of the mi’sessem’sg(’r, X, which o’ventually miter-

acts wit-h the m’s’sucosal m’s’seml)rane, let it biisd

to in sito’s (other thamu the n sites wimich in-

t-eract with Na-� amid am’s’silonide), with’s mismero-

scopic dissociatiomi constants KXR amid K.VT,

with the R and T fonm’s’ss of chmam’snel. The pre-

diction is that in tue Preset’sce (if horn’soIlme the

fractiomm oil chai’sm’sels in the H form will i)e

givemi by

/ \fl 50
= I � + L (1+ aa + )$

L

0

100

where e = KXR-�KXT amid ‘y = [XJ/KxJ?.

Siimco’ ati’silonide interacts with the timuicoisal

met’sihramte to immh’sihit sodiumm o’i’stry, the value

of a will be greater thai’s 1, butt c will have a

value less thai’s 1, since ADH mticreaso’s

sodium permeability.

Three sets of s()lutions tom Eq. 3 wore (‘Oitii-

puted for a range of a-milonide commcemitratiotms

(Fig. la-c). If it is assumed that Xa� trans-

port- is a lunct-iomt of H, suici’s that Z =

wimere Z is time (‘o’lluiiar respom’sse, then the

results shown imm I”ig. 1 shiould mirror the

inhibitiomm of sodium transport by an’siloride,

iii the presence amid absence of hormone amid

at varying sodium commcem’stratiomis. The

theoretical curves cleanly resem’smble the ox-

penimental findings (see Fig. 7 of ref. 2),

Com’s’sm’s’so’mitm’s’sust 1)e i’s’sade omm the various

panami’seters of Eq. 3 ami(l how tho’y were

chosen to produce Fig. 1. It has ijeen as-

sun’sed throughout that L = 1; i,o’,, equmsl
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a-niilomnide (J%!:A T/KIJ?) wo’n(’ takemi as 0010 iii

Fig. la ttti(l (‘, amid as 0.01 imi Fig. lb. Th’sis

assunu’s th’sat the affimiitv o�l amnilonido’ loin

tin’ (,lo)50’(l ( 7’) f(mrmsm (if time cham’smiel is greater

thami loin timo’ Ol)(’ti (H) form by a factor of

eiti’sen 1000 �on 100. Nearly Parall’h shifts (If

th’so’ imsi’sihiitimmm cunvo’s wore obtamno’d in all

itustam’sco’s, but w’hn’ms the nmstio was 0.01 (I”ig.

11)) amliilomni(!(’ caunsed hess imshibitioi’s im’s time

Imomnmmmoimie-stinmuilmtto’d (‘ommditi(mmi than it’s tin’

msb)so’mieo’ of ininmmmomie, (Ins fact, thus i�’as mihso-i

tnuo’ wiso’ms thio’ nmutiom ivmis 0.001, i)ut tin’

difl’eremmee is t5( ot o Ibvmous,) It siuo iusld i mo’ no’-

mo’mbo’ro’d thmst if a ligammd binsds o’o�uia-lly to

boithm H msmmd7’ bormiis, it wounld h’smsvo’tiO) eflect

omm tue l)nomp(mntiommis of tiio’ twom fomrms. Jiofen-

(‘flee tom time ro’sults omf’Salmtkoo timid Smuiitiu (10)

amid tis(is(’ of tIme preco’dimmg paper (2) will

simoiw thirst it is comnimnon loin hugh concentra-

ti(mtis oml amnilomnido’ tom fail tom (‘auso’ (‘ofliphote

mtiiuil)iti(iti oil soldmumn’stramispolnt imm timo’ pro’s-

(‘ti(’O’ omn mshiso’msco’ oil AI)H, Hoiweven, tue

diffo’no’mico’s betwo’ems (‘oml’splo’to’ im’shibitiomm amid!

tho’ amnoummits of inmh’sibitioii ombtainied at high

dnumg (‘oncem’stratmommus are sm small ti’sat it is

tiot pomssible to I say wi’setimo’r thies(’ difl’enemmees

aro’ real (mr dumo’ tom o’xp(’nmnmo’mit-al erromr.

The expo’nimisem’stal results shoiw t hmut AI)H

caused appnomximatelv a 3-flild shift imi time

imii’sml)itiomu curve whso’ti’sen (in miomt thio’ simdium

(‘omm’sco’nt-ratiomu was 1 oir 110 miiEof/liten (2).

\Vhether the shift mit diffo’ro’mit sodiummmi (‘(ml’s-

(‘emitnatiomis is o’xactly the samo’ is difficult to

o’stal)lmsh ‘xpeninuio’mitally. By assummimimig t immmt

tin’ affimiitv oil Na is time samno’ loon tho’ 1? and
7’ fomnti’ss oil the chamimuel (mo’., K Nail1 KNST =

1), o’xacthy tiuo’ satin’ shift is oml)taimso’d (1”ig,

it’s mumsdFo). If, how’vo’r, th’so’ affiniitv 0)1 Na�

vanio’s hiv mss little mss 10-iomhd, umtmo’qumal sh’sifts

are (ibtammied (Fig, Ic, KN,!?/KN,T = 0,1),

Timuis, ii the mmiodo’l is o’olnro’ct, tiuo’ affimiitio’s oil

Na+ Ion th’so’ I? timid 7’ f’onmns mmmust In’, mit lo’mmst,

miemurlv equal, A lum’t lion (‘omiso’quo’nco’ o�f hmmuv-

imig (‘(fumah affitiitio’s I)o’t \V(’(’tiNm’s* amid tin’ H

tumid 7’ fomm’mmmsis that time po’ro’o’imtmuge imicm’o’ase

ins tramusport cmsuso’d by A1)H is ti’so’ satin’ at-

all soidiumm’sm o’ommuco’mstrmutiolmms, This wtss fomummmd

too 1)0’ so o’xpenimemmtmullv (11),

In tine o’oimmmpuitatiomms umsedl fomr l”ig. 1 , a

valuo’ ool 0,1 was giveii toi the Inactiommu (1 +

e-y)1- (1 + -y), �fhui A�, tin’ unkmiow’mu factomn

g(’mso’nmsto’d l)y h’somrn’soiue, ‘svmumld be reo1uired to

hsmsvo’ omilv a modestly higho’n (10-fold) msffimm-

itv loin tiio’H (Ivo’r tin’ T form oil th’so’ (‘Iialiti(’l.

The f’msctors in amid n- havo’ beemi tako’ms tus

1 loIn timo’ results showis in Fig. 1. If mmi(1(’o’(l

in ami(l ii tune 1, there camm be muo coioopo’nmutivmtv.

If thio’m’o’ is coopenativity, it will ho’ n’smi-m’ko’d

ii L is Iminge (> 1) (3), In mmii mitt(’tmipt to

msscertaimm wh’s(’ti’sen (in not immteraet nomms at

soidiuuuu ehamsmuo’ls in tramuspomnting epithelia

immvoike o’oioipo’rative efk’cts, Hill 1)10its were

nsms(lo’ f’romnu tin’ data comstaummed hi mu miun’sber

mf’ mumsmilomride mmshmibitiomm curvo’s selected rut

nm’sndo mmii’

For tomad bhaddo’n th’s(’ slopes oil Hill plots

wo’ro’ mslwavs approximately 1, amid this was

trumo’ toioo oIl frog skin when the soidiunm (‘0mm-

cent rmmtioms was I n’sEq/liten. Foon f’roog skimi

at 111 mnEq- liter of Xa�, the n’so’mumm�‘mu1ue oil

the shomin’s was greater thai’s 1, alti’somumglu in-

(hmvidlmal values were n(mt mnvarial)lv so. Time

data tune summmanized imi Table 1, Fnomn these

fiisdimmgs it is eomtisidem’ed timat- no eoiolpo’rativity

wmss pno’so’mst under th’se comiditions iii wh’sich

msnmiilomnide 1)mmsdmmug was mo’astmn(’d as described

its tin’ �n(’c(’d1it5g pai)(’r (2). The coopo’natmvit-y

iietweeii cimalstm(’ls in frog skin at high sodiun’s

eommmeeimtnatmomis is small and, when pro’sem’st,

msiigh’st mmsdmcate ti’sat soiiiio’ oil the ciuammi’sels

occur in chumstens. Figure 2 shows a Hill I)lot

loin a lroog skimu showing a maxit’ssal chammge its

slolpe (‘aumso’dI by (‘i’sangimsg the sodiummmi comu-

T�nLt: 1

hi/b (oI(’J/i(’Zen ts fi’o,,o aini/onide inhibit Hill oil �teS

‘l’issue Na�i Hill coefficient

Mean No. of Range
� SE ol)serva-

tions

‘Foad 111 0.96 ± 0.02 8 0.92-i .03

hladdem’ 1.1 0.95 2

Frog 111 1.22 ± 0.13 5 0.9-1.64

skims 1.1 0.92 ± 0.02 6 0.86-1.0
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., frog skimi iti the presen(’e (If 1.1 (left) amid 111

(right ) mnEq, hiter oof Na#{176}; 0 , uoad bladder in t lie

preseno’e of 111 nulq --liter of Na+.

cemit rmit him’s. It i’s’sust be ren’so’n’s’siio’ned , i’sowo’vo ‘n,

that a- so�oi’s’sewhm’st differem’st o’xplamiatiomm for

the (‘ha-l’sge iii slope 0)1 the imihuibitiot’s (‘umrves

was described I)r(’vi(musl�’ (2).

Interactions -toil/i ealcinni. It hm’ss b(’(’mm

knomwn for some tim’s’se that when (‘alciumtml is

removed from t hue m’s’sucosal solutioms bat himug

sodium’s’s-transportim’sg epithelia the inhibitory

effect of amilonide is reduced or abolish’sed

(12-14). However, ii’s order tom alter the semmsi-

tivitv of the mucosal membramse toi amilonide

in this way it- is necessary to) remove both

calcium Iron’s the solution and that i)oulid to

n’su(’osal sites by using a chelating agemmt.

When calcium is restored to the bathing

solution the inhibitory o’ffect of an’sihonide

reappears; imideed, other pomlyvalei’st catmons

(Mg�, Sr2�, and La3�) can restore the semssi-

tivit-v to arniloride (15). When the mucomsal

surfaces of epithehia are treated with cal-

ciun’s-chelating agents the SCC ii’scneases

(16), although this increase m’s’say iuot be

m’s’saintaimued, perhaps as a result of locmsemming

between the epithehal tight j ummctioi’ss.

Thus, as imi other biological situations, it is

comusidered that the (‘xtemmt of m’s’sonovalemmt

cation’s po’rmeahility may be commtnolled by

l)olyvalo’mut- cations, such as calciumi’s (15).
1mm gem’seral, sodium transport through toad

bladder is not miffected by changes imi cal-

ciumi’s com’scent rat ion aroumid t he physio )lo mgmcal

ram’sge (17). However, in frog skim’s thi(’no’ is

sonic do’pendemice (ml somdiumn tramisport on

calciumi’s com’scemutnatiomm at- phuysioilomgicmml levels

(18-20), buit it is ummuhikely that the sito’s imu-

yomlyo’oltine limo’stuhii(’mis thioso’ frommi \Vhii(’hi

o’mslciumiu hmts to In’ renuo’s�’o1 tm affect t hmo�

ro’spomtiso’ too msnimiloom’molo’.‘fi’seno’ is o’videimce that

soiolmumns gmtimss ao’o’(’ss t(m tin’ tratsspont appmsr-

mit ums h):\� oliffo’ro’mit miie(’hsmtmiistiis at high’s ami(1

l(i\V salt (‘oomso’o’mmtrmstmomms (21 ), Time (‘ffe(’t oof

calciutmis n(’nmiomvtsl on thu(’ anmilonide respommso’ is

hro’semitat bmw (2) amid high (13) sodiummii (‘Olti-

centntttnmtis, amid ti’sums th(� tumilo mnidlo’ effo’et- ims

frog skimm is (1(’h)(’tmd!o’hit (In huigh’s-affimsity sito’s

fimn (‘aleiuimmi, \Vhsi(’h are m’elevamit at o’miviroomi-

mi’semutt’sl stilt o’oommo’emutratio otis, In tomid bltuddo’r

u\’e havo’ shuoiwmm that sosdiumt’si tramispomrt, tii(’tis-

ured as sodiutmn-deixu’sdemut omxygenm (‘olisuitmil)-

tion, is semisitmvo’ too calcium’s, but at o’ooiuco’mi-

tratiomms inn bo’lommv tiso’ jii’sysiomlogical (15).

‘lTit(’ pumzzlo’ is imoomviuigii-affimsity sites for (‘UI-

ciuni (‘miii ho’ rehevrsm’st tom the control uI somdiuimu’s

permo’tibihmt V wit hi (‘al(’iumni co mmicemmtrations imm

the physioloigieal range. ‘Fho’ m’snswen misighut

be, if the two-state model of the s(odmummiu

channel is correct, that tho’ affim’sity (of (‘a!-

cium’s’s for time o)p(’n timid closed fonmi’ss is similar,

but in favor 0)1 the closed form. In thus way

sodium’s’s tramisport would be semisitive to cal-

cium at low con cent rations, while immero’a$ing

concentrtut ions woumhd be withoumt mun�’ fur-

ther effect.

Considenimig the effo’cts of calciumum aho ommeoom’s

epithehia, time prcop(intiomn oil chamimmels imi the

opems forum will h)e givetm by H, wi’so’no’

= [i + L �

where d = KCSR/KCST ai’sd #{244}= [CtuJ/K�511.

Assuming timat the ami’sount of sodium tramis-

port- is proportiomual to H, the fractional no’-

ductioit its tramispomnt iron’s a mi’saximiimil vmulue

will be given by (1 - 1?). Valuo’s oil (I -

I?) againmst calciuni eotscem’stnatiomm (‘mulcumliuted

fron’s Eq. 4 are givemm ill Fig. 3a-c.

Figuire 3a shows cumnves ohtaitmo’d tussut’s’s-

imig that the affimiity o�l ealcium’s’s loin the 7’ form

of the ci’sammmme!is 100 tim’s’ses greater timams loin

the I? lomnm, Results loin values oil L betweem’s

1 and 0.001 are si’s(mwti. If calciummsm domes in-

deed act as at’s mslhmsto’nic mmsaetmvatomr oil the

sodiuni chuamsel, removal of ealciummi’s would



////

-001
� � � I I

1.o� _----1000
- -100

- -33

0’5� -10

-3.3

0 �

1’O �
-10

(..�)

898 A. �V. CUTIIIIERT

7

Q � I I LI

oio12 io�0 io-�

FiG. 3. I�ractio,oa/ ehaioge.s in 7’ i.e. (1 - /s’) nith

(‘0/Cm 110 (‘000 (‘eli Ira tioois coiio pioted from Eq. 4

a. Variatiotis of L with Kl’,11 = 19-#{176},K.,� =

10#{176},and p = 1. b. \-ariatiomis iti d wills L fixed at

0.1. Throughout Kr, r = 10-it while Ko’�,? was

greater by 3.3-1000-fold, and p = 1. o’. As for b,

with KC,I#{128}3.3-10 tinimes greater than K(.,r, 1)tmt with

p = 2. The solid bars show the limits foor zeroo and

infinite calo’iuni concemmtratiomis.

ino’ro’ase the proopomnti(mmu of the H fomnm. The

value mf L = I takemu iii rums earlier so’ctioimm

w muld corro ‘spo mmmclto t imo’ iuomrti’sah pimysio olomgi -

cal (‘omiditio)mm, with o’alciumn pno’setst, and

with AI)H able too imm(’nea-se transp(mrt 2- or

3-fold. Umiden time abnormal c imm(lmtio)n, iii

whmich calcium’s is neminoved, tu lower valuno’ oil

L is apprompniato’. It- (‘miii ho’ seeti from Fig.

3mm th’sat with values of L < 0.05 timid mu the

absemmce of (‘alcmumnu H ap�)romao’hmo’s 1 . lio’nmova.l

of calcmun’s ivomumld be o’xpo’(’tO’d to itio’ro’ase

so(liumn tnmumispont Oil’ so)o!iumn-do’po’mido’mit omxv-

geti o’oiimsun’spt iommm,as humus 1)o’o ‘mu diso’unsseol jire-

viously. lunthentusomne, it woiutlol 1)0’ o’xpo’o’ted

that the honmommio’ wmumld lie umtmablo’ tom cause

amiv further imso’no’tsse mm tnrsmmsp(ont mi tue

e otmil)lO’t(’ mui)s(’mio’(’ (If o’tslcmum, mis hmtms l)o’(’hm

loumsol (15), altimoiughm alto’nmimstive bio oeh’so’mical

o’xI)Itsmiati(mmmsnit-tv 1)0’ fonwarded loin this no’-

suIt. l”igumro’3b shsoIws thmo’effects of the vtsria-

tioimi oIl II otm the imihibitiomm’s cunm’ves tsito’n fixing

L mut 0. 1. Quito’ small differences in affinity

(lO--33-fomld) of cmslciummmi fomn tiuo’ twoo fomrms of

timo’ cI’stunstso’l pro mdumce imuhihitiomn cumnvo’s o ol the

f’on’msm s(’(’ti expo’m’imetstailv (15), wiuo’mm L is

tmsketi m’ss0.1. Homwevem’, it shooumld ho’ imo)to’d

that evo’mm smaller difi’o’reno’es in affinity (3.3-

10-to old) (‘titi promduco’ th’s(’ san’se pmstto’nnu omf

iimisihiitiomn with L = 0.1 if the vtmluo’ oil p is

imtcro’a”o’d froimisI too 2 (I”ig. 3c).

A I)H-calciuno intei’aeli-ons. C’omiiitmitmg Eq.

4 wit Is tho’ homnna instil factor fnomm’s’sEq. 3 givo’s

/? [1 + 1 � + (I#{244}�”= __

(1 + �‘�Y’\”1
�1 + �) j

If tin’ lmictomn [(1 + (‘�‘) (1 + ��)Jm is gmvemm

thuo’valuo’ of’ 0.1 tus bo’fone, thmo’ o’ffo’o’t oil h’soir-

mmiotio’ ommi time calcium inhibitiomm cum’ves (‘mii’s

ho’ so’o’ts f’m’ot’s’s Fig. 3ms. Additiomu oof iuoormoone

o’ffo’ctivo’ly neduco’s tiuo’ value oof L by 10

times. Thuuts i’soonmoomio’ momvo’s the o’muicmum

immhihiitioin curvo’ to tim nigh’st. Usimig tomad

hmlmuddo’r it was f’omuimmol that hormmommo’ did

immdeo’d aff’o’ctthe o’alciumm’s itih’sil)itiomu oil oxv-

gems o’omnsumisptiomi imu this way. Over a hin’sito’d

co mms(’o’ntnatiomm’s rmunge th’so’ calcium hiimibitiommi

cumnvo’ was momved to t ho’ night in a noumgi’sIy

ptsnmsllo’lmam’smmer amid by mubo)ut otme ordo’n oil
niagmsitude (15).

Rmlyvahent mo’tah ions omthen than o’mslciuntmn

(Mg2�, Snl+, LaO+, Euii±) were also slumwmm to)

imavo’ o’ff’ets liko’ calciuns---that is, thmo’v imm-

liii iited somdium’s’s-depemido’nmt oxygem’s c(otisumnp-

tioots -tumid the itii’sii)itiooti (‘urves were ni’sodi-

fio’d by I’sormi’sone. F’igure 4 is commstnucto’d from

dmttms oil Cuthbent timid \Vommig (15). TIme o’tmnvo’s

shmoow tho’ penc(’i’stago’ iiuhmibitiomm’s of somdiun’sn-de-

po’mido’mnt omxyg(’ml o’ommisumiiption cruised hiy

ohiffo’m’o’mmt o’(mmuco’ntrmutiomms oil t’smo’tal io mis (ni’semus-

umno’(l usimmg EGTA hiunifers). The arromw’s im’sdi-

o’mito’ thmo’ olireo’tiomm atmd o’xtemnt oil timo’ shift in

th’se imslimbitm(mmu o’umnvo’s c’aunsed by a maximally
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Bladders were treated first with E(TA atid

then bathed mu lGTA-bufl’er soluti(on o’o)mmtaining

mumetal i((n’sS mit o’olntroolled o’ommucent-rations. Time ar-
rows show the directioomm and extent oof the shift

camnsed by a miiaximuallv efTective (‘o)mio’etitrmitioui of

Al)H. Constructed fromniu data given by Cmnthhert

amid Woing (15).

o’ffective comicemmtm’atmo mm’soil hormomie. \\‘hmiho’

Ca-24 timid Sr24 displace the cumnves to the

nighut, La34, Eu3�, timid \Ium2� displace th’so’

curves to) tho’ left, thmo’h’soonnnom’sebeim’sg with-

out effect omi the inuhuihitiommm curvo’ to muiag-

nesmum. These resumlts tomoi o’an be mu(’coonioi-

dato’d withimu time two o-stmute n’sodel.

It may be suppoiso’d ti’sat the bitudimig oil

ommie higamid too a I)roto’iti mnolo’cuilo’ will affo’ct

the bim’sdimmg site loin othn’m ligatids via cots-

lomnuatioi’smul chamigo’s in the mi’saeromoilo’cumlo’,

Sinmeo’ ADH does nomt affect tI’so’ inu’sib)itiomni

curve loin m’ssagno’siummui,one explaiiat io0mm is

that the h’somrmnoiial imictoir, X, huas mimi equtmul

affim’sity loin its sito’s ommm iioith time H mimic! ‘r

forums oil the mnacnoomomlo’cumles iii the 1r’so’mmeo’

of � Oms the oithmo’r hand, X’ womuld be no’-

quined to have a highmo’r affimsity loin timo’ 1?

fomnu’s in tin’ i)no’so’micO’ oof (1a24 timid Sn24, �vhmihc’

ins the ptesetiee oil Lmu-i�, Eu3�, on’ \llni lImo’ ‘1’

f’om’msmwomunid pomsso’ss thi(’Isighn’n tsffitmityfoot’ .V.

Bemstley (22, 23) t’oumnid tismut tomid hlmsddo’t’s

bathed mi soiltntiomismu which mtsgmio’siumsmn’o’-

plmso’o’(�l o’msleiunmi ivo’m’o’ mnnmablo’ toi nespo mid too

ti f’nnmdinmg ins ao’coon’d ivitlm thmo’ singgo’s-

tiomnistiitt(l0’tihio)V(’,

(1ah’iuni ic/ease jrouii toii�ling si/es. Inn t ho’

nuiom(Io’l pn’o ih)( osed mi t Isis pmt�n’m’ cmtlciummmm acts mis

mmmimullosto’m’Io’ insimibitoim’ of’ s(o(himnnii iomni tt’mtmns-

locatiommi hi,y mmmcm’emssimogtlmo’ pn’opomn’tiommi oot’ thmo’

7’ iomnnsis oot’ tin’ o’lmatotmo’I. (‘oiiivo’m’so’ly Al)Il,

mscting mis mmmimslhmsto’nic muo’tivmston, �vill imsenemsse

tue 1)roPomntiomm’s (if H formmi, rut tu’so� o’xpemiso’ oil

the 7’ him’s, Sinco’ time affinity oil calciummu is

lowest loin tho’ H lormun, the n(’t (‘otiversmoomm of

7’ to) 1? o’iiamimiels m’nutst resuilt in tue release oil

l)mirt oil the houm’so! calcium’si.
It humusbeo’mi si’somwmu (24) that Ai)H causes

tsmmin(’n(’tmse(l effluix oil 4)Ca fnommn thmo’ mnucomsmil

surface oil tomttd bltsddo’ns �neviously loaded

with thus isomtopo’. Similmur results were oh-

tmuim’so’d loin fnomg skin.2 Wiiile it cannot be

pn#{176}iv(’d umn’qumivo ically t limit t he immcno’ased
o’alciumnii efflumx is lromn menimi)nal’se reco’ptons,

timo’ (lo’to’(’tion oil mini imucretised efflux is in

tiecond with the preolietiommis oil the t woi-sttste

niodel.

Ca/ciun, -aiui i/oride interact ions. In thio’ pre-

vmous so’ctiomss it was pnoposo’d that amnihmnide

timid! calciumii act ins commco’rt- to imscrease the

jmnopoirtiomm oil tIn’ 7’ forni omf flit’ chtmmimso’h

The o’ffects of (‘alo’mulm tune comisidened too ho

miiaximiial at physi mlomgieal (‘oimm(’emutrati(onm, ml

result oil proposing a high affitmitv loon o’til-

(‘mum loon boitim forms oil timo’ (‘h’satiti(’l, butt ��‘it-h

a no’lrutivelv smntsll pro’fo’rem’sce for the 7’ lomnniu.

If this is som, o’milo’iutmiis hound so o’ffeo’tivel

to tIme mo’nmbnane thmat it might be conmsido’no’d

Part of time tmn’msihmramso’ stntmo’tumre. Ho’co’nmtly
()so’Immmsamm atmd \Vall (25) demunommistnated cal-

(‘muslimhmimudimig muetivity by electroomu tiiicnooscoopv

itt mi miumnmhmo’noof o’pitimo’lialo’o’lltypo’s, whio’im

appo’mired too satmnnmsto’ mit bow o’aieiumtss eons-

O’(’mmtntutioons. Alt huoumgii tIn’ I)mmudimig sito’s rip-

l)(’turo’d to 1)0’ 0115 t Iso’itisi(lo’ oof’ time m’sio’nmbnatie,
they disti�mpo’mured mu the l)ro’so’miee ol tIme

ehelmstinsg msgo’mmtE l)TA.

Ann O’(iUtit i( on no ‘bat inng intl enmmo’to Otis (of’

aniiilo on’iolo’ mtni(l o’mmlo’iunui wit Is t lie (‘pitIio’lial

summ’tao’o’ ii itLV in’ tt( lduco’d I my o’oonmibimiinig Eo is.

I amid 4. Tin’ i’o’lo’va-mit (‘Ofittiti(iti is

/? = [1 + L (11 +

(i + #{237}i�

+ � )l)]

((‘I

I\tiiiloot’i(lo’-s(o(hiuLiiilito’t’tt(’ti(Onls Iuavo’ Ii(’I’ni
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ignore(l iou’ simsipimeity. Thums it cmiii be so’ems

that tue effect oof calciutmi m’emsmovmul is effec-

tively tom reduno’o’ the valume oil L, tha-t is, tom

im’scremusetimo’pnmpmntmoimu ool thio’ H fomnn’s with

respect to time 7’ f’omnm. Figuno’ 5ti amid b shows

twoi solutions ooi Eq. 6 loin timo’ po’no’emmtrugo’

inhibitioms oil I? ins the presetmco’ mimic! absence

of calcium. The tsmodo’l pro’dmo’ts thmmmt calciutmis

rem’sioval mno’r(’ases thie 5CC, d’cro’tuso’s time

100 a

50 /CQ

b

iO�0 io-8 iO”6

Fio. i. Effects of (ab(’iolm 0,, ne.c’polose to oi,,oi/onide

Time ordimsate shows the pero’entage reductioms of
ft vs. anmilooride o’omicemmtration calculated from Eq.

6. In each set oif curves the nnppernuolst represents

respomises ins the presemice of calcium. Lower curves
represemit respomnses mi the presen(’e oif a o’helator

whio’lu is assumumed too remove (‘alciums’s o’ommnpietely (a

and b) and partially (o’) frotn himidimsg sites ooim or

msear I-he o’hamomsel (see the text foir full expianat iomu).

a and b. K.4� = 10’#{176}amid K.4R = 10�, p = 1( = 1.
a. L = 0.001 and (1 + do)/ (1 + #{246})= 100 mmmaximmmally.

b. L = 0.01 amid (1 + d#{246})/(1+ �) = 10 mnaximally.

o’. KA 7 = 10’ and KAR = 10�, L = 1. Tom the right
of eao’h pair of curves is a sinmulated commmo’entration-

response curve. Each stel) represents a 10-fold

increase in anniloride (‘(onscent ration. These show

how o’alciumsu removal affects the basal sodium

transport. The s(’ale is as for the o’urves. This figumre

shounid be comimpared with the experitssemitab results

imu Fig. 6.

tismsxinnal imihuibitiomi 1)no)dumceol 1�’ an’silonide,

tuhi(l in rsdditioomm immcrea-ses tIm miiacroscopic

inmidiiig commistant, the so-called K,,, of the

L’sI io’iimu’lis-i\ I emmtems t(’rniim’sology.

Noormna! frog skirts si’so)w mum’s altere(! re-

51)0 mnsivo’msess t(i munmilonide whmemi time n’sumcosal
sumnfmuee is treated with mu (‘alciumn-ch’selmtting

ago’nt. ITtsdo’r tho’se c’o)n(iitio)mms tIn’ S(’C is

incno’ased runt! nsaximunai imihibitioms is ne!uced,

sonmetimo’s too zo’noo (i.o’. , amisilioride is without

efI’o’o’t omms tnmtmispomnt), bitt \Vith’s 150) appreo’imub)le

efi’o’o’t oimm tihiptin(’iit affimmity. Its mumu earlier

I)apor (13) it was suggo’sted that anuilo)nide
lornseol mm-fermsar�-’ coin’splo’x wit-hi o’milciumni arid

time (‘h’samitmo’l amid timtut o)lily this o’coiiipbo’x was

O’tiptsl)lOi’ 0(1 blomo’kimig sodiut’si o’mitny. Thus re-

stnietiommi o!i(! msoot preclude the lonniatiomu � .

hiinmary (‘ommiipbex oil mst’s’silomnide and the c’h’sa-mummel,

exco’pt thrmt this comiiplo’x wmus mmot ruble to

bloick the tnanslocat-ion of soc!iumn iomms. This

c(mnventio onmil explmuiiatiouiu, based ott �\ Iich’saehis

kimn’tics, fits timo’expo’nitii(’tmtaldata well,

but if a sim’siibmurrestnictiom’sis applied the data

camm be explained using the two-state m’s’sodel.

Thus, if time ro’strietiomi is imitroduced! that

tho’ 1? foonmu eati ho easily eommvo’rted to the

7’ fomnm on’sly with emtl(’ium i)Ound, no chamige

its msppar(’mit affituity for am’suilonide ��ihl he

olitmuimmo’d. Commsido’n mu-Partial rea(’tiomm to1 the

systemim thus:

nCaT it - yCaH + yH + yCa-

With (‘abo’ium pro’so’tmt, amibonido’ (‘mutt imihihit

traiispomnt (‘ommpleto’ly by conventimmg all the

chammmn’ls toi th’se T form. Iii the Pn(’semmco’ oil a

cho’hatinig agent- Eq. 6 would still mip�)ly; that

is, L womuld imot he (‘hanged, h)ut ommly a f’nac-

tiO)mi oil tho’ o’iuaiuno’ls could be easily con-

vo’nto’d tom tho’ 7’ fomrm. Figure 5c illutstnates

solutio)mmsoil Eq. 6 with this rest-nmctiomm, and

sitoiws that imicneaso’d SCC and neductioim of

minaximmial imihibitions with no chatige im’s ap-

pano’tst affinity are expected. Figure 6 shows

thuo’ nesumlt of a typical o’xperiment ommfrog

skim’s. Exposure oil the mucosal surface to

calciumn-iro’e solution coimtainuimug 1 m�i

EGTA reduced the mi’saximal imiu’sihitiommm and

imscreased SCC. The effect of EGTA was
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j)nogn(’ssive bumt comuilol ho’ reversed i�’ addimmg

calciunt The j)nognessive effect is �vhmat

i’suigi’st be rea-soommmub)hy (‘xpected if IX 1’F1�

slowly remiioived o’alciumns Incumis hmighm-afhimiity

himudim’sg sit(’s. Cuniomuisly, although o’alciuitim

restores the blockitig (�ff(�(t of ai’s’silonide, its

act-imtm is rapidly n(’vens(’d! again by E( TA.

As 1’�ig. 6 shows. the mupparemit ruffimmity of

anuiloride n(’mi’sanms co om’sst ant in sit ummutioin is

u�’here appre(’ial)lo’ i)lomckadd’ oil transport cmsms

i)e (Ob)tmiiiied, There is somnie sugg(’stiomtm ti’smit

the affinity is reduced at bom��’ levels 0)1 1)10)0k-

ade (curve 4, Fig. 6b) milti’soughm accumrtito’

ms’seasureti’setit is difficumlt at- this levo’h.

Recemutly it was fomumid that the respotiso’ omi

m’so�vlv n’solted skins to) ami’silorido’ undo’n

ciuti’s-iree comms(!itmomms resembles the results

givem’s itt Fig. 5a timid hi; tiuat is, bouth m’s’smixinimtil

inhihitiommi tumid affiumitv tint’ ne(!ueed w’ho’no’as

the SCCs run(’ o’ommmsmst(’m’sthy high. When cmii-

cium’s’s is them’s addo’d!, time respomise tom amiboonide

becom’s’ses m’somnt’s’sal�vith’simm a fo’w homurs.2 It tip-

Pears tI’sat bitsd!im’sg oil calcium to tiewly

molted skitms mmiv be hart of aim agimmg pnomco’ss

reqummro’(I befoire tho’ ehamummels bo’havo’ noun-

mmully to mmtmiilomnide. Thus suibtle diffo’m’o’tmo’o’s

bet ‘vo’o’mi mi(’wly tnolted also! mmonniual ski mis

retu’saimm to lie explored. It woould tuppetur thtst

flit’ twoo-stmit(’ mn(mdel might- o’xplmuims tito’ ho’-

haviomn omf bomth typo’s of skin umiden iiotuiitially

calciutnm-iro’o’ o’omisditions, o’vemi thoumghm I hue

behavior of msomnmal skin iii this commmditioomm

camm alsoo b)e um’sderstooid o’qumablv �s’o’ll withm limo’

comsvemitmom’smul appn maci’s.

It’s the pm’o’cechmug l)aP(’r (2) it- �vrus simomwmm

flint whibo’ calciummu no’n’soval nedumo’o’d thmo’

im’shibitomm’v o’ffect of an’silonido’ ti’so’ mimmuotitit od

labo’l iioummd toi cimatimio’bswas moot m’o’duio’o’ol.

Otto’ of the prompo’m’t I(’5 oof ti’set-\VOm-stmit(’ on mdcl

is that- thmo’ stat(’ lumsction (1?) and tue bind-

big fummetiommm(lV) d!Oi not necessarily cooimmcido’.

Thmo’ h)itsd!mtug lumnctiomn I (i.o’., fm’mio’tmomms(If

ligaiR! sites 000’(’uipieo! in I? mimic! 7’ f’omnmuus) is

given by

#{231}- a(1 + La)

- 1 + a + L(1 + aa)

tioimualno’dumctiommuits I?) atmo! )“ vminv with’s thuo’

comio’entratioms oof timilonide imi tue pneso’mio’(’

and abs(’tic(’ oil o’tubciuum. \Vhile tho’ne is mu

close correspo mndo’tice I et wo’o’mu t lie lnactmo)turul

ro’duio’tiotm it’s 1? and I its time h)n(’s’imce oof

o’mtlciumt’s’s, this does tmout hobo! for (‘alo’ium-fneo’

a ‘ 4

1 2
3

b

‘�

0 100200 500

(xlO”8M)S

F’i o; . 6. (‘a/rio, iooaooi i/ori(/e iootoraet io,,s in fo’oq

a. (otmisomb at ive roiticctnt-m’al iomms-response o’ut’ves
to ansilooriole ottS( ‘( (of fn’omg ski mi. S010’(’essive (‘urves

wem’c obtaitocd mit aimproxitriatclv hmoomnrlyintervals.

The so’quo’too’e oof atmmi b oride comnu’emo I n’at io otis used
was 1, 2, 5, 10, 20, 50, 1(X), 200, .m00, ans(l 1(U) X 10-0

in. The vo’rt ical bars ro’lireso’tlt 20 �aniip, amid I iso’

hot’izoonot al ii too’ is zero 0 ront’retit . Skin area was 7.1

cmii2. Imi o’onrvo’s 1, 2, anal 4 tImetsimicosalsolmil ion was

cain otnts -free atod (‘0 tot Ii tied 1 muM 1�( �TA. N( ormal

liitsgers soolul 1(Otl was used foor curve 3. 1 tilt ial ‘ut’-

remit s were 25(’o, 251’,, 176, atod 216 Mamiip, r(’spe(’ -

tivclv, foor o’onrvois 1 -4.
h. Log o’onio’etit nat ioto-itihibit moomi o’imn’vesfor time

results (of Fig. 6a , ( ootio’o’titrat iomnos o’atsi tog StY ,� of
the tsiaxiniial imilsihit ((ti lmomssible foor earls o’oniolitioons

are tiiarked with a vert io’al line.

o’ . Ploot s 0 of atimilooride o’oota’ent rat ioomi mmgai most

ratio of atimi lom’ide o’oonmo’emit rat loots Oo Per’(’tit age

imshi bit iooms fo or cmnrves I , 2, amid 3. No o’isatige iii ap -

parent K,,, iS SO’(’ti.
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::� �L
0 �I II�I

i08 io-4 1o� i�-�

FIG. 7. Fractional redou’tio,, i,, state ,fo,,,elio,o.

(./i’) and the l0i1i(/Uif/ foi,oo’tio,, ( 1’ ) i-’s’. ami/oride eoii -

(‘C Ii trat io,o iii hoe prese hoe a nil (1!).o’(’ n (‘C of ta/cia ii,

ca/eu!atedfroi,,o Eqs. 6 (1)0(/ 7

Tue caicionnim fao’tor (1 + (1)1) (1 + #{246})was takeom

as 1000, arid L as 0.0()1 . Thins the effeo’t of remi’soving

ealo’imnrmiis tom redmnce L froons1 1 too 0.001. Throughout

KA 7’ iitiol K -,i, svere takems OLS 10� amid 10�, resp(’o’-

tivebv, amid p atoolii were takemi too equal 1.

comiditioomms, Unsolen thus (‘Ootiditi(iti the o’ouiivo’n-

siooms of H t(i 7’ by tumilomnido’ is insupamred,

wimile timo’ m’o’btutiommmbo’tweo’n I tumid mmmilonido’

cotit’o’nitratiomms is moved tom tho’ righit. Thus,

umido’r (‘al(’iumm-lneo’ o’omuditiotss, flit’ R ions’s

bimsds atiuibomnic!o’ but the commbilex is utiahie

too prevent somdium ioom’s tramsslocationm. This

po mssmbly �)n� ovido’s a satisfmsetory 0‘xpl aunt ioms

loin tho’ lack oil effect oil calciumm no’nioval omi

mumibomnide hituditug mit tIme o’ootio’o’totm’atioimss

studied previously (2).

Imscido’ntally, when oooperaf ivo’ effects are

preso’tit, 1? amid V funo’tions cantiot o’oiiiscide.
Sinco’ mill tIme previtiusly ro’ponto’d bimuding

studies went’ tarried out under (‘oonditiommms in

which mio0 (‘oiop(’nat mve o’ffe(’ts were disco’rmsihle,

a 1: 1 relatiotssh’sip betwo’en usums’sben of (‘han-

mmels amid mmunmben of bummdimmg sites is more

temsal)Ie.

Translocation of sodium. Time competition

between sodiummi’s and an’siloride has bo’emm

relenno’d to o’arlio’r. One uimanswero’d quo’stioms

is wi’sether flit’ stidiumn’s which’s comi’spo’tes with

at’s’silonide is th’se same soodiun’s destined for

traimslocation. From binding studio’s (2) it

was showmm flint calcmm remomval did not-

affeo’t ati’silonicle hinmdimmg, vo’t sodium traits-

Iiomnt was m’sot gro’atly imii’sil)it(’d. lht’ tOt’s-

(‘lusioti was flit-ut under these o’incutmmstance.s

am’s’siboride was hound to tho’ 1? fomnmi’sof tho’

chiammmst’i, froti’s whmch it nmust ho’ comnmeluoled

that Na4 mmcd iitmt- i)imi(l too ti’sis site loon tnans-

location. Alternatively there may i)e m’s’sul-

tiPl(’ muttmu�’l’snin’m’st- sites for am’s’siloride, omme of
whio’hm is the sit(’ (ml Nmu� h)imidii’sg. If fibs is so,

ti-to’ lom\ver(’d muffimmity oil amimilonide for the R

fomrmis mummy n(’sl�mlt mon’s thoi unavailability of

this site, w’huio’h is thmems fret’ to interact with

Xa�.

i’huo’ relatiomnu i)o’tweo’n somdiumn’s ion I)elietrtu-

tioiti (26, 27), somdiuimi’s tntu1’ssport (11, 25), and

sooliuti’s (‘o)iic(’lit ratio )ti is ti curvihim’serur one,

which e ouR! r(’pr(’semit m’s’smuss-tictiomu kinetics

I)et\\’oS’mi Nmu amid thi(’ H lorn’s ool the ch’sanm’sel.

GENERAL DISCUSSION

A plaumsihile m’s’sodel of tl’se somd!iulm’s’sci’sam’smmelin

tnamisj)o)ntnug epithelia- has I �et’m’s pneso’m’sfed

w’h’sio’h’s is h)ased om’s the MWC model four allo-

stenic j)noteimms. The i\l\VC miit)do’l is omue of a

large clmiss oil two-stato’ models (see ref. 7)

w’hich predict resuilts 0)1 th’se san’se form as

givemi in this pmipen. Ami miportamit task for

tho’ future is to d!eviso’ o’xperin’sents w’hich

n’sigi’st distinguish amomng vmuniomus two-state

t’s’sodels a-mid hietween them and classical

minodels.

Timroughouit this paper the tern’s ci’sam’sel

has beem’s used to) mcmii’s the mechanisni by

which sodiun’s iomss tune traisslocated across

tiio’ muo’oosal mo’mbrane oil epith’selia. Sinmi-

lanby, flit’ to’rni opemu imidicates wht’mm this

mt’(’l’sammisn’sis omperat ivo’, w’hile tho’ t t’rn’s

doused mm’s(hm(’ato’simuactive mechanisms. It

mumust 1)0’ realized f hat do’tailed know’ledge of

t-ranspomnt mTieci’sai’sisms ion iomis across bio-

loigica! min’mbnanes is not-- availablo’, I)ut

sommeti’simig niay be !eanm’sed from results with

n’sodel membranes. Im’s lipid bmlayers a mmuti’s-

ben oil ma(’rocyclic compouimds can facilitate

ions n’sovet’s’sei’sts acroiss bilayers, and these

compouim’sds can lunctioimu either as carnio’rs

(e.g., valinon’sycin) our as t’i’sam’sels (e.g.,

graniio’idin and ahanmeth’sicimm).

Imi this paper the tenti’s cannier might have

b)o’o’mm used as mu substitumte loin channel. Fomr

ti’so’ nTuodel tom apply to a o’arrier typo’ (Of sys-

ten’s ther’ w’ould need to) he two coimlunmi’sa-

tioiis of tho’ carrier with’s diffcnemmt affimiities

for a givemu ligamid, tumid hoirn’sone woumld be
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required to) imicnemuse the prool)ortio)mm of those

conlonm’s’sers mul)le tom tramuslcueate s(udiummim iomms

across the n’senmb)ramm(’. It muust l)e o’m’sipimmi--

sized that- the appro machi mado’ in this paPo’n

does u’sot distinguish hetw’eo’n tanner mimic!

eIla-nns(’l nieo’Imatiisiiis.

Im’s sunmmi’smury, time nmomdlel l)noiPoused here

suggests that sodhumtl’s miioivemiment across the

i’s’sucosal n’sembra-ne of epithehimu clepo’mmds on’s

the relative proportions ouf time two commsfourma-

tioins of a transport niechuamsismim, w’iti’s the

R form designated as actmvo’. Substammees

which may affect tue stm-it-e luinuction R, such

as calciunu, ADH, mind amilomnide, thus affect

the l(’V(’l of sodiumni tramisport. Iii coimstnast,

bnmdimig studio’s usitig {‘4CJanmiloinide are con-

sidered am’s itidicatioim oil the l)inding function,

Y, and mire not- necessarily nt’lafed to the le-

vel oil fnrunsport-.

Three types of I)immdmmug sites on the mmmecl’sa-

i’sism’s’s are imeco’ssarv in tho’ momclo’l. First is tue
bim’sding site fo)n sodium amid amilonide, the

latter acting as mu competitivo’ antagoim’sist.

A secon’sd bim’sding site is requino’d for the

higand generated by tho’ hornuone, this ligamid

behavimug as an allosto’nic activator. Calcium

is considered to be a-mi allosteric inhibitor

acting at a third independent sit-c.

AC KXOWLEI)GMENT

My thanks to 1)rs, J. mumidB. Maetz br hospital-
ity during part of this work.

REFERENCES

1. Cuthbert-, A. W. (1973) J. Physio/. (Load.),

228, 681-692.
2. Cuthbert-, A. W. & hum, W. K. (1974) Mat.

Pharonaeo/., 10, 880-891.

3. �oionod, J., Wyman, J. & Chansgeux, J.-P.
(1965) J. Mo/. Bio/., 12,88-118.

4. Monod, J., Chamsgeux, J.-P. & Jacob, F’. (1963)

J. �1Io/. Biol., 6, 306-329.

5. Karlims, A. (1967) J. l’heor. Bio/,, 16, 306-320.

(.0. Thrnn , C . I ). (1973) .lJo/. 1�/oar1)o(zo’o)/, , 9 , 1 -9.

7 . Comiquhoun , I ) . (1974 ) 1�r(o(’, I)�?o)/, (‘on ion!

�S1111!/). J)ruq. Re(’eptor.\’, 149-182.

S. Ransg, IT. 1�, (197:3) Br. 1. l’har,naeol,, 18, 475-
495’

9, ()rlooff, J, & llmimi(blem’, J. (1967) A on . .J. .lfe(/.,

42 ,Th7 7(38.

10. Saimuko, L. A. & SnssitIi, A. 1. (1970) Br. J.

Phar,,,ano/. , :19, 99- id)).

11. Frazier, 11. 8., l)empscv, F. F’. & Leaf, A.
(1962) .1, Ge,,. Ph/soot., 45, 329-343.

12. Cuthmbert, A. W. & \\rootig, P. V. 1). (1971)
Biochi,,o. Biop/o�js. Acta, 241 , 713-713.

13. Cut hsbert, A. W. & Woong, P. V. Ii. (1972 .)Io,’.

P1,ar,,oacoml., 8, 222-229.

14. Ctt hbert , A. \V. (1974) Proc. Biol, (‘o,�,,ni/

,Spiop. Drugs and Trai,s port Processes,

173-184.

13. Cut hbert, A. W. & Wotog, P. V. 1), (1971) J.

Physio/. (Loud.), 219, 39-36.

16. Curran, P. F., Zadunaiskv, J. & t ibl, J, II., Jr.

(1961) Bioehnn. Bioph�1s. Ao’ta, 52, 392-393.

17. Andersotm, J. & Toitumlitusoomm, H. W. S. (1963) J.
Plo ysio/. (Loud.), 177, 133-139.

18. Curranm, P. F. & Uibb, J. IL, Jr. (1961 ) 1. Gen.

Ph!Jsioo/., 45, 625-641.

19. Curratu, P. F., Herrera, F’. C. & Flamiigan, \V. J.

(1963) .1. Ge,,. Phu,sio/., 46, 1011-1027.

20. Herrera, F. C. & Currans, P. F’. (1963) .1. Ge,,.

Physmo/., 46, 999-1010.

21. Bentley, P. J. (1968) J. Plojsiol. (Lund.), 196,
703-711.

22. Bentley, P. J. (1939) J. E,othu’rino/., 18, 327-

333.

23. Bentley, P. J. (1962) J. Eu,doeri,,o/., 21, 161-
170.

24. Cutthbert, A. W. & Wonmg, P. V. Ii. (1973) 1.
Ph/soot. (Loud.), 230, 61-62P.

23. Osciumati, J. L. & Wall, B. J. (1973) imi Trauos-

port Mechau,is,uos iii Epitloelia (Ussing, II. 11.
& Thorn, N. A., eds.), p� 392-403, Mutiks-

gaard, Compenhmagetu.
26. Erlij, I). & Smith, M. W. (1973) .1. P10!/5i01/.

(Lonol.), 228, 221-239.

27. Fergusommu, I). H. & Stimith, M. W. (1)72) J.

E,,docriu,oi/., 55, 195-201.

28. Cereijido, M., Ilerrera, F. C., Flatsigant, W. .J.

& Curran, P. F. (1964) J. Gen. Physio/., 47,

879-893.




