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su\n in�xv

\\‘hc-nn anniloriolo- is ntdtic�d to) ti-nc- soluntionn bathinng ti-nc- exto-rniai stirfaoc’ c-if frog skinn the-re

is an iunmediate an-id ne’vc’rsiblc’ innhibitionm of the short-circuit current. Howo’vt’r, if the cx-

t c’rnal surfac-c- is bat hedi in-n calcium-frc’e solutionms c-c-nt ainning o’t hyic’nmc’ glycol bis($-aminmo-
et hvl o-t imer) -N , .V’-t et raaco-t-ic acidi (EGTA), ti-no’ inthibit on�’ o-ffo-t-t s of amilorido- are severt-iv

reduced on abolished. If talc-mm is rc-admitt ccl to) ti-nc’ e-xtc-�nnal solution, time inhnibitorv c-ffe-ets

c)f :tnniloricio’ arc rc-stored. Otho-r nuns (Mg�, 51.2+, T�3--, an-id Mnm�) can substitute for cal-

oiiunu mmtint-so- interatticunns. Quanmtitativc- (-onnsiderationns stuggc’st that anniloride’ may form it

tertiary e-omplc-x vitin (1a� an-id a mt-mbranc- receptor eont-roiling the ac-c-c-ss (-if sotliunn to tine

trannspc-irt neeinainisn.

I NTI(Ot)U( ‘TtON

TIne i)0t assiurn-sparing diurc-t ic anDic)ridlo-
I 1 - (3 , 5-tlianitic-(�-chlorc-i��’rntzinoyl)guian-ii -

din-ic’] inhibits sc�liuun trannsport in-n t-j)itI�’linu

such as fre-ig skit-i anti toad bladdc-r. Amiic)ri(Ic’
is 1)rc-sun-ic-di to) inmtc-ratt. -i��iti-i re-cc’ptc)rs in-i ti-nc’

outc-r surfacc’ to prcvc-tmt a(.ed’ss c-if sodiunn to

ti-ic transpc)rt nne-chntnnism (1-5). Aniiloridc-

can also inhibit t ho- sodium-dcpc-nnd’nnt

oxygc-nn ronnsunnptionm c-if tcmad bladders, n-ii�

t houghm this innhibit ion rce iui rc’s ti-ne pro�st’n-ico-

of (‘a� mnti-ne bathiinig solution-i ((i).

Inn this pntpe-r ti-nc- rccjuiremcnt- of Ca+ for

tFic- e’ffce-t c-if amiioridc on sodium trannsport

in frog ski-in is dc-seribt-d. It is showin that

calcium ic-inns are- nno’tc’ssarv for amilorido’ to

be c’ffc-ctivc in blockinng tho’ ac-co’ss of sodium

to the transport mc’ohannism. Onc difficulty
with epitheha inn raleiunm-frc’c’ solution-is is

that the cells sc-paratt’ n-in-idtranmso’pithelinui

tranlsj)ort fails.The-sc’ effect-s art’ hastc-nnc-d by

‘ l�’c’ipic’mmt of a \Iec!ital Research Cmnitncil

Scholarship for t-mnnimminig in research met hools.

ealciunn-chnciating age-nnts, such as E( VFA ,2

anid devc’loi) nc-irt’ c1utio-kiv in-i toad bladder

f-han in frog skin (7, 5). To ovc’rcomc’ th(’st’

difficulties ti-ic’ innnno-r surfaot’s c-if t’piti-nc’lia

wo’rc- bathe’d with t-alciun-eo)nmtaining soiu-

tio)nns, m�’hih’ ti-ic- oute-r surfae-t’s wero- bat-bed

it-i taiciun-frt’t- solutiotns ooritainming E(’�FA.
IJnntIc-n� ti-no-so’ conntlitictns sodium trannsport-

rtrriainndcd steatlv for sc’vc-rai ilc)urs, -i�hilo’

ti-ic’ o-oncc’ntratic-in of calcium in the o-xtc-rnnai

solution was ke’pt at a low value-. Thus the

procc’dure buffered anny calcium pcno’tratinng
to ti-ic- outer surfao-e from the innnnc-r solution

aind probably rc’movo’d bound t-aic-ium from
the outer surface of ti-nc’ ee’lls.

it ETH0)I)S

Expc-rimt-n-its \��oq’c pc-rforn-ied ut-i tine’ nub-

dominal skin-is of frogs (Raita tem-porana). In

addition a few c-xpc’rimcnuts tvo-rc- Performed

usinmg tin’ isoiato’d urinary bladdc’rs of toads

2 The abbreviation used is: E( ;TA, ethylene

glycol his (ui-aminnoethyl c’t i-icr) -.V, .V’-tetmntacetic

acid.
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( Bufo inai’inus). Sodium transport ��‘as nneas-

ured as short-circuit o-urre’nt (9). A Perspc’x

chambc’r (skin-n area, 3 tn-i2) was constructed

so ti-in-it the inuner surface could be’ perfusc’d

wit-h Ilinnger’s soiut ion previously cclui ii-
brated with air. rflnt ficv rate’ was adjuste’d

so that the innt’r soluticnn ,y� e-hanmgcd every

minute. This ennsurc-d that anmv EGTA j)t’nne-

trat-ing from tint- ouutc-r solutioni would be

quickly removed. Tho- c)uter surface was

bathed in-n 5 ml of Itinigt-r’s soiutionn of various

compositionms aind was binbblc-tI with air. The

mixinng time ()f drugs added to tinis solution-i

ns’as virtually innstantanic-oims. Thc’ outer solu-

tion could bc- withtlrawn by suction and

replaced wit-lint a fo-� sc’c-onds.

Trat-isepit i-nc-lint! pot c-tnt 11115 �vo-rc ncasurcd

usinng ec)n-nven-ition-ial KC1-agar bridges which

led via caic)mc’l t(’lls te) a Itadionmctcr PH

nctcr. This potenntiai could also) be switched
tc) a short-circuiting tlevice, c-o)nsisting of

two d)peratic)nmal amplifier feedback c-ircuit-s

whic-h dc’livo’red eurr-nt t o t he t issue through
two AgCi electrodes anti two KC1-agar
bridges. Ti-ic’ currennt- dc’livcrc’cl to-i time tissue
w’nts monnitc)red (-itt a i)otentiOme’tn’iO recorder

( Bryan-i 27000 seric-s) as tlw I)oto’ntial dc-

veloped across nun aeo�uratd-ly known resistor.
SO1UtW1i-S. Tint- Itingcr’s .solutionn used haci

ti-ne following o-c)mpositic)n : NaCl, 1 12 mit;

i-;:ci, :�.s mit; Ca(1i2 , 1 ruin ; XaH2PO4 , 0.OS

n-u ; NaHCO:, , 2.4 nnmi ; annd gluo’oso’, 11.1

t-n�1M. This solutie)nn inati a pH of 7.6 wheni

equilibrated witin air. To nnn-ke E(�FA-

Rinnger’s solutioun, Ca(1l and glucose wcn’e
omitted, an-nd EGT.-� (5 ninmi, previously neu-

tralized wit-h XaOH to-i pH 7.6) was added.

Glucose was omitted from this solut-ic)t to

keel) ti-ne- tonmn-ity approximatc-ly oonstanmt.

Tris-Ringer’s solutiot-n yy� prepared by sub-

stituting Tris bneso’ for phosphato- n-it-nd bi-

carbonate, tic- pH beinng adjusteti to) 7.6 with

HC1.

Solutionns of numiloride (10 mit) (Merck
Shari) & Dohmc-) inn distilio-d �vate-r were

pu’epn-iro�d frc-shly fcr each eXl)(’rimt’nt. The
drug was addc-d onmiy to the’ so)lutionm bathing

the outer surfacc’ c-if skin-is.

RESULTS

Role of calcium. Whenn the t)utt’r surface c)f

frog skit-i was bathed inn EGTA-Rinngt’i”s

while tine innnmc’t’ surface- ��nts i)O’n’fust’ci with

Ringt’r’s se)lution, the innhibitory o’ffeo-t of

anniloritle O)t-i slurt-circuit curro-tnt mvas grc’at-ly

retlin-ed. A typi(al expc-rinu-nnt is illustrated

in-n Fig. 1 . Inn -urve a the cffc’e1 c-if cunDulative

dost’s of anmiion’ide on-n short -circuit (-urrt-nt

for n-i skit-n bat-ho’d urn both sides with Hunger’s

sOhntic)n is shownm. Ti-nt- rcspo-iriscs to animiloridie
mvo-rc ro ‘atli i\’ n’vers-tl by rine’mi nng wit in

Itingc-r’s soiutionn. In curve b tint’ o)uto’r solu-

tic)nm had bec’ni cinanmgecl to) E( TA--Hinmget”s.

(1onnc-cntrations of amiloride icIt’tntit�al �vitin

those’ givc’nm for curvc’ a nmov i)rt)dutc(-dl c)Imiy a

nninor dec-reast’ inn short-circuit currc-nnt . i’ime

ntdtlition O)f (1a+ at tinis tin-ic’l)uc-i(Iuc-(’tla

rapid incrc’asc inn t-I-n�-anu)unnt of inhibition.

ii’i-ne’ tin-ic course of flit- c’xtra inhibition

protluc’ed by CaS+ in ti-nc’ absenmce of ntnniioritle
is showun itt cun’ve- c. Finally, after bathing tiu�

outer surface inn Rinngc’r’s sd)iutic)n for a.

further 45 nuini n-in-id aftc-n uo’nnoval of’ the

EC�-TA-Ringer’s solut 1O)tm , the rt’sponis-s to

amiioride mvc-t.c’ nt’storc(1 (ourvc- d).
Ti-ic results of 1 1 sirnilnur o’xI)c’rinlo-nts have

beeni collected annd are simowin as nu scnuttc-r
cliagratn in-i I’�ig. 2 ‘The’ curve-s rc-I)rc-so’nlt t he

lines c-if best fit c’a.iculatc’cl usinmg tiu- mc-tinod

c)f li-ast squaro’s. Ti-ic’ 510)1)05 of ti-ic’lino-s ro’-

lniting ti-nc pct’ce’ittntgo-inlnibitit)tn c-ifsinout-

cit’e�tit (-tnrrennt to tint’ c-onnccnnt n�atmonn c-if

annlon’ide’ n-inc h�uigiily signuifio-annt ly eiiflc-r(-nlt-

it-n ti-ne l)rc�seI1de atntl absc’nnc of (‘nu� (/) <

0.001). �rhc� slopes (percc’nntage innlnibitioti/
[anniloricle� X 10]mi) are 28.41 ± 2.75 (sI�:)

inn ti-it�’ l)os(’nR-c- of (‘nu2+ (1 ni-nit) an-it�i 12.15 ±

2.38 inn ti-ic’ ntbse’nc-o’ of (1nu. �I’l�- cc)no-o’nitna-
tion of ntnilonidc- �)re)dluc-inmg50 � itminil)itionl

of short -circuit c-urro’nnt � 0.24 j.nmn in-i tine

pres�-n-nco- c-if (1nt� (1 nmt) , whc’ro-as t In’ o-on-
centrationn ro’c1uiretl in-n the abst’nn-t’ c-if Cu2�

ivas 94)proxitflato’ly 0.1 nu. 1”rc-im l”ig. 2 it

can be scenm that somt’ 1)rm-parnutie-inns failc’d to)

respond at n-nil tc) arniioridc foiiovinmg (‘a2±

removal. It-i four expcrimennt-s cn toad biaol-

ders the rc-sults were similar to tint-iso’ wit hi

frog skin-n.

TI-ne nmost in-nt c-rest i nng results cnumc’ fronu

cxperinu-nt-s in-n which tine rc�spcnso’ to)

arnilorido- was not compieto’ly dc-pro’sst-d by

bathinng tint- outer surfacc’ in-i EGTA--llingc’r’s

solutionm. Ann example is sinowni in-i Fig. 3. Ho--

nnoval of (1a+ noved the log dosc--rc-spotmse
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Fmc;. 1. Effect of cuimmuuilatire mioses of ammuiloride on frog skin

Amiloride was added at the times shown by t he clots to) produce final coni(’enitrationus of 1, 6, 16, 36,

amid 136 X 10-i M bathing the outer surface. In curve a the outer solmut ion, was Ringer’s, whereas in-i curves
h and c it was EGTA-ltinger’s. CaCl solutionn was added at the arroweci dots to proelmuce a final concen-

triG ion of 1 mM ionized! calcium. The result sinown in curve d was obtainied after exposimig the outer sur-

of FGTA-Ringer’s solution. The tim-n-ne scale is in

224 CUTHBERT AND WONG

F

Ca
#{149}#{149}#{149}S #{149}$

face to l1imuger’s solmut iomn for 45 mimn after removal

mnimiintes (mn).

curve to the right itt a nonnparallel mn-it-in-nc-i’.
Also the maximal attainable response’ with

amiloride was depressed. A doubie-reciprocnd

plot of the results produced straight lines
whio-h initersected on the abscissa. Further

tests were made to see whether this result

would be confirmc-d in other experiments.

Tine data from the 1 1 experiments iilinst rat-ed
it-i Fig. 2 were used to conmstruct plots of

Ian-n-iuloridel/percetit age i n-ihibit-ionn vs. [a.milor-

ide]. In five experiments the datnu gave

straight lines when fitted by eye. In all these

experimenmt s the lines derived from dat a

obtained in the presennce an-id n-ibsen-ice of

calcium intersected on the abscissa. In four

furt 1-ncr experiments, in-n whici-n amilorido2

produced very little or n-no inhibit-ion in the

absence of calcium, the values of [amiloride],-’

percentage inhibition could n-notbe obtained.

In ti-ne other two experiment-s the dat-a could

not be fitted to straight lines. Data from the

first five experiments w’ere further analyzed

as follows. Lines of best fit using the least -

squares met-mod were obtained, together ivith

ti-ne valu- of tie mean ± standard error of

the intercept on ti-ne abscissa. Studo’nnt’s I-

test- was used to con-ipare the values of the.

inntercepts inn the prcsenwc aind absetico- of

c�akium. Inn no (‘xperiment were time values

of the intercepts significantly different. These

data a-re summarized in Table 1.

bits substituting fat calcium-. Lxperimennts
-is’ere carried out to see if otiner ion-is could

sinbst-itute for Cal+ in promotinng the in-

Inibitorv action-i of an-iuloride. It-i these experi-

ment-s Tris-Ringer’s solution was used to

lrevent the precipitatic)nm of ho-avy met ntis.
In the expc’riment illustrated in-i Fig. 4 the

substitut-ioni of La+ for Ca+ was tried. In

curve a the response of ti-ic skit-n to am.iloride

when bathed onn both sides with Tris-

Ringer’s solution-n containing Ca2� (1 mM) is

shown. The skin was thctn exposed to

EGTA-Ringcr’s solutio-inn on the outer sur-

face only, while ti-ne it-in-ncr surface corn-

t-inued to be bathed in-i Tris-llingt’r’s solu-

tion. After 30 mit-i the responses to amiloride
were tested again annd found to be severely

depressed (curve b). Tris-Ringer’s solution

containing Lam+ (1 mm, n-is chloride) was then

substituted for EGTA-Ringer’s solut.ion on

the outer side of the skin. The responses to

amiloricic mvo’rc fully ro’stored after a 30-nun

exposure (crnrvc- c).
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F’mc�. 3. Results fu’oumt a single experimmiermt- showing eJJccts of aummilori(le on- slmort-clrcuil- current with outer

.Sultf(lCe bathed in J?irmgei’’s soluition (tipper left) and 30 muuin after e.rposuire ofoutler surface to EGT.1-Ti’in get’s

.smulut tiomm (lone r left)

Lcg conmcemmtrationi-response curves are shosvmi in the middle Panic1 and a double-reciprocal 1)101 of

hue rc’suilts is depicted on time right. Timc- latter gives a valtue of 0.9 X t0� mn’ for thc’ aflinuitv commstant of

umnilomicle (.1 ) . I’he t imne s(’ale is in-i mmnimi;ut es (mum).
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FIG. 2. Scatter diagramn showing percemitage

inhibiliomu of short-circumit cuirreni (ordinate) as a

function o.f concentration. of am iloride (abscissa)
for 11 experimmments omi frog skin

#{149},Ringer’s sc)lution bathed the outer suurf ace;

0, FGTA-llimiger’s smulut ioti hatined the outer

surface for 30 mmminm.The m-nmean short-circuit current-

before amiloride addition-i was 109.7 ± 40 �A/3 cnn2

in norunal Rinnger’s solutiou, and 63.1 ± 13.3

,�A/3 cmn after incubatiomi for 30 nnimi in ECTA--

ilimigers sm)luutiori.

�J 1�

5m

1QpA

5m 0

The c-xperimctmt-s in-i this sc’rics shomved

several interesting features. First-, the resting

short-circuit current- values for ti-ne batch e)f

frogs used in these experiments w’ere much
higher ti-nan ti-nose used for the first experi-

mennt-s, although ti-ne dependence on-i Cal+ for

tic amiloride respotsc remainc-d the same.

Second, with low conwentrnitionms of nunniloride,

the responses showed “fade” (see Fig. 4) ; in
fact , the short--circuit cun’rent- often-i rose to-i a
higher value after tl-ie initial inhibitory ef-

feet of a low concentration of amiloride had

disappeared. I’ade wa.s inot- apparc’nmt when

high concenntrnt-ions of the drug wo’re used.

Fi nnaily, Lnt+ itncreased t he short -circunit

current- wheun applied to the out-r surface.

Timis was noted in ot-he’r (-xpcriments wheni

La+ was applied to tho’ cxt-crtmal surface of

isolated toad bladders (10).

Experimennts such-n n-is the ut-ic just described

may be criticized becarnsc trace amounts of

Ca2+ occur in-i ti-ne’ Tris-Ringer’s solution

conntntininng La�, an-id alse Cal+ may pene-
trate to the outer surfaco’ from the Ca2+_

contnunning inner solutionn. The restoration of

ti-ne response n-iny t hercfou’c hn-ivc beet-i due to

Ca2� nurising from tlmo’se sources, rather ti-nan

to La+. This c-ritio-ism c-an be met- by eon-

siderat ion of ti-nc’ foilowinng experinent. Re-
spotmses to an-ni lonitle’ in-n Ca+ c’ont ainni n-ng



Tris-Rinngc’r’s atnd EGTA-Ringcr’s solution-is

wo-re obtained as before. The outer solution

was then repiaec’d wit-h Cal+�free Tris-
Hinngcr’s solution-n but without EGTA. After

30 nnin the responmscs to amiloride were
re’to’stc’d, annd it- was clear ti-nat somo- restora-

Values of immtercepts frommi plots of Iammuiloridel/

percen (age inh ibitiomm u’s. [ammniloride

Intercept X 108 M (±SE)

C
S S S #{149}#{149}S

226 CUTHBERT ANt) WONG

Tknn�E 1

Ringers solution EG’IA-Ringer’s
solution

9.15 ± 0.52 10.15 ± 1.30 NSa
5.53 ± 1.17 6.35 ± 2.25 NS

2.33 ± 0.17 7.82 ± 3.82 NS

5.18 ± 1.41 9.20 ± 2.76 NS

6.29 ± 3.42 10.t�) ± 7.26 NS
Meani 5.70 ± 1.09 8.8 ± 0.78

Meanu 6.76 ± 1.01

NS, nnc)t signmuficanit

tiot-i of ti-nc rcsponses had cs-turned. Howe’ver,

the restorationn was smnn-hlo-r than those ob-

t am-ned foliowinng a furt her 30-mm exposure
t 0) Lnt:t+_con-itntin-iun-ng Tris-Hinger’s Sc)lut ion-n.
This c’xlx-rimetnt is illustrato’d it Fig. 5, anmd

indionutes incidentaiiy tiutt EGTA per se is

nnot responsible for inhibitinng the responnst’ to

amiloride.

The inhibitory responst’ to) nuniloride could

also be restored by addition of ions other

than-i Ca.2+ or La+. Figuro- 6 shows a com-

parison-i of the results fot’ La*, \lg2�, aimtl
/‘ Mn� (1 nnt). All thrc’e ic-in-is, n-it this c-on-

centrationn, were able to rc’sto)rc fully the

inhibitory response to amiloride’. Similar
results were also obtained for Sr+ (1 mit).

n)nscussnoN

Whc’n frog skin is bathed on both sides

with Ringer’s so)lution, ti-no- nc’t transport of

sodium from c)utsitlc to innside is given by the

short -ci n’o-uit currc’nt. Sin-ni iarl�’, in tid- pies-

ent-e c-if anniloride anti at stc-nutly stnnto’, ti-ic n-net

b
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Anmiloride was added (as shown b� t he clots) to the ouuter soliutiomi to proohuuo-e fiuial t’om,ccmit ratiomis of

1, :3, 8, 18, 38, 138, nnnd 338 X 108 M mi ciurve a. mu obtainmimug curves b and c the responise to 1 X 10�

mmaniiloride was not tested. For curves a anmd c the mnuter solutions were Tris--Hunnger’s containing I nm-nit

Ca� and I n-nM La�, respectively. For ciurve b tine ounter soliut ion-n was E(;TA-lflnmgers. Thirty minuutes

were allowed four eoiinilihratimumi betweemi o-unrves a and b and luetweenu curves b :inieh c. Time tin-ne scale is

in-i miminiuutes (mu).
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sodium flux is given-i by ti-nc short-circuit

current (2, 3, 11, 12). The system tan bo’
considered as a thrc’o’-c-ompartment- c)te conn-
sisting of the outsidc’ solutic)tm, the skin, and

%1

I’m�;. 5. Log comtcemu tratwn-percen ta#{231},c�un/u ibition

comics for ammuiloride

The outer sumlutiomms were Tris-ilinger’s wit im 1

mnmn (‘a2’ (curve i) 1’( TA- it iluger’s (cuurvc- ii),

ealciurmm-free iris -Ringer’s (curve iii), and Tris-

Ringer’s witim I nnmi La’ (curve it’). Thirty minutes

-iu’ere allouirecl for equilibratiomu after each soliut ion

c’hnange. i’he curves were determni mmd in numerical

order.

tinc- itmside solutionn. \Vinc’nn nunniloritlo’ is nttitlcd

to-i the outer somutie)ni it i)rodutct’s its maximal

c-ffo-ct in 30 sc-connds. Howc’vo’r, sodium con-

tinnu’s to novo- c-i-i-it c-if ti-ic’ niddlo- conipntrt-
no-nnt n-it ni rn-itt’ inn o-xcc’ss c-if ti-ic’ slno)rt-circuit
currc’nmt- for 10-15 n-nit-i, unntil tine n-i-ni(ldio’
cc-innj)ntrtunc-nmt rc’aclme’s n-i nic’w stc’nuclv state

(3, 4). In tht-sc o’xpc-ninnc’nnts ounnulntive

doses c-if annilonith’ � nnlclc’d nt 60- on’ 00-

st-c. inutc’n’vntls, so-i thnnut the m�’hohc’ mc’quc-nmo-c--

w.ntS t-o)ni)lete-d in-i 10- -iS ninitu. At c-nut-h close

lo’vo-l , t inen’c’fon’c-, t ho- shc)u’t -c-intuit o-urro’tnt

� at stcad� state ��hilt’ tio’ c’fflux in-ito-i the

innsidc’ w.n�-is nnc)t . If tin’ o’fflux innto the innsidc’

solution � alit-itvt-tlto) tt’ttti a stc’acly

st i-ito’ between doso’s, t ho’ sc’otuo’nno-c’ would

tako- 3-4 hr during which tin-nc- appn’c’ciable

nun-no-mint s c-if calcium would have’ bet-ni t ranns-
ferro’cl tO) tio’ o)ut sitlt’ (13, 14). Tho-ic’f�ro- tiu’

st c’nuciy-st ate short -circuit c’iurrt’nnt s ro’concic-d

in-i tint-se e’xpc’rimt’nnts ro-pn’o-so’tmt the nato’ of

socliun o-ntry fron tin- outsidc’ solution itnto

tic- c’pithe’hun-i n�nthmo-n� than time’ no’t tnanus-

c’pithclial flux.

It hmas beenm shown tlnat ti-ic’ innhibitorv no--

spouse to amilon’ido’ do-petnds c-in-i tio- pt’t’so’t-ioc’

o)f o’aiciunn c-it somo’ o)thc’r po-iiyvaicn-nt c-nut ic-in-i.

l’hrco- co�uat ionms tlc’so-n’ibitig the conbinnut it-inn

Fmc;. 6. Log concentraliomm-percemmtuge i,mhibition cturi’es for amumiloride

The curves were oleterminued first with Tris-Itiniger’s solut ion (‘omit aimmimug I mm (�nn2� (0) bathing the

outer scurface, then wit h E( TA-itimuger’s stilt-it imun h)at hinug ti-ne outer surface (�) amid finally witim Tris-

ltimnger’s solut ion c’omit aininig a I mM c(uulcenit rn-it i�un of the approupriate ion (Lnt#{176},Mg2�, or Mmi2�) hat iuing

tine outer surface (S ) . Ti-ni rt V mmminuut(-s were allowed for equiilibrat iounu n-if-icr each su hut iom (‘hange.



f-hat the intercept- is independent of ti-ne metal

ion-n concentration, and rec1uiro-s that K1 =

K3 affinity constant for amiioridc (Eq. 6).
This would be so if cntlcium annd anuiloride

interacted separately with the receptor eon-
tn’olling sodiunn entry, n-in-id provided ti-nat

neit-her induced some fon’m c)f nuliosteric
ehannge in the binding site’ for ti-ic other. If

calcium does change the affinity of amiloridc

for the receptor, it must be by ann numount-

unndetectable by the preset-it methods.

We have demonstrated (10) it EGTA-
( 1 ) treated bladders that 10 1)m1 Ca� is sufficient

to redue-e the sodium-dependent oxygen

19\ e’c)nlsunnptionl by 50 Inn ti-no’ pn’t’so’nmce of

8�..�) at-itidiuretic horn-none, whic’h stimulates so-

dium tranmsport in this tissue, a 10-fold in-
( 3) c-reuse in Ca� is required to inthibit ti-ic

oxygen-i o-on-nsumption to ti-ne san-ic do’gtcc. We

concluded that high-affinity caicium-bindinng

sites may be involved in gat-ing sodium

etmt-ry to the trannsport mechanism. Vet, in

the same tissue untreated w’ith EGTA,

amiloride was without effect on oxygen
consumpt iOti when t he Ca� c-oncenit ration

was reduced to 10 �.nit. Inn frog skin-n responses

te) amiloride often persisted o’vcn in-i ti-ne

presence of EGTA, m�’hen tho’ o-aicium con-

cen-it rat ion must- have been considerably

ic)wo’r than 10 �.nii. It- is probable that- more

than on-ne type of calcium-binding sitc’ n-nay

be involved in-n regulating sodium en-it ry to

both these tissues, and there is evidence for

n-iOre than-n on-ne transport path for sodium in

epithelin (15) . Amiloride an-nd Ca2�’ could

interact with the various pnUhways in-i dif-
feren-nt w’ays. Recently w’e summarized the

differenmces between frog skin an-nd toad

bladder w’ith respec-t to sodium tratsport-,

hydro-osmotic flow’, an-id Cam+ o-oncent rn-it ion

(10). Finally, it is probable that- the trans-

port processes in frog skin are not carried
out- by the most superficial n-in-nd eon-unified

(�) layers, but by deeper iayers, perhaps the

stratum granulosum (16). EGTA might

hastcnm the removal of calcium from suth

deeper layers, while exposure to calcium-free

solutions would have’ little effect- since cal-

cium-binding sites could be replenished from

the massive stores in the submucosa [78.5
(6) mmoies/kg in R. tern poraria (14)] or from

the inner solution. Clearly the relationship

bctw’eenn Cam+ and sodium transport in

1 - 1 ri + MK2

z - A L MKK

[K1 + MK2K
+ [ MKK3

The intercept on-n the abscissa w’ill be given

by

1 - -(K1 + MKK3)

A 1+MK
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The analysis presented earlier suggests

of amiloride an-nd metal ions with receptors
inn ti-ic outer surface of frog skit-n may be

envisaged:

A +R�AR

if + R MR

�‘t + MR ;::± AMR

where- A , ii, and R refer to amiloride, metal

ions, and receptors, respectively. These re-

n-ictionms can be described by kinetic eoiuations

as follow’s:

L’� //i
I��1 -

[A}[1 - y’ - Y-n

K 2 [Mill - yi - /12 Z]

z

= [A�{y]

where K , K , annd K are tint’ affinity con-

stants for ti-ne three react-ionms and Yn , Y2

and z n-ire the frac-tions of receptors occupied
respectively by amiloride, metal ions, an-id

amiloride plus metal ions. If it is supposed

that- the inhibition-n of short-circuit current

is caused only by ti-ne fraction of receptors in

the ternary form, i.e., z, and Ecis. 1-3 are
solved for z, then

- AMKK (4
- 1 + AK1 + MK + AMK2 K3

This equation-i predicts that at low n-net-al

ion concentrations the re�sponses to amiloride

at all concentrations will be less than the

responses obtained at high metal ion-i con-

centrations. Also Ec1. 4 predicts that the

response curves for these two conditions will

not be parallel.

A reciprocal plot of 1 /z vs. 1/A will be a

straight lit-ne of the form



atd P. I)e Weer, Pfluegers .4rc/i.

Physiol. Menschen Tiere 313, 197

and W. Nagel, Pfluegers .4rch.

Physiol. Menschen Tiere 321, 91
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We are grateful to Merck Sharp & Dohn-ne for

a gift of arniloride.

cJ)ithc’iia is complex. In tins study we hnnuve

examin-no’d ti-ic eff-cts of numiloridc onniy at
calcium conmco’n-ntrations of 1 mit or approach-
ing zero. It-i additionm, tino- cxl)o-rimcnts hnnuvc
been cn-irrio-d out rapidly to ro-duce change’s
in t-hc’ calcium conc’ntrat-ionms as a ro-sult of
the stc-e’p calcium gradio’nt- fronn inside to

outside. Eve-nm so, it- must be’ rc’membc’red
that in-i the prc’senwe’ of EGTA some Ca+ will
remain-n it-i solut-ion, n-ni-id sit-ice son-ic sitc’s Inave
a very high affinity for calciunn th’y may ne-

main-i occupied even whe-n tho- outer solution
contains EGTA.

There have been-i n-nanny suggestion-is (for
rcfcrcnc-es, see ref. 10) tiat calcium is able
to cotitrol the permeability of membratcs to
monovalent ions. A recent paper (17) sug-

gests ti-nat Cam+ must be displaced in order
for Xa± to gain-n access to ti-ne pcrnwability
channels. Such a mechanism may operate in
the outer surface of sodium-transport in-ng
Apithclinu, an-id indeed in n-ian-ny experiments

the addition of EGTA-Ringc’r’s solution-i in-n-

creased the short -circuit current, although
this increase was gt’ncrally follow’ed by a

decline to a steady value, low’er ti-nan ti-ic
initial short -circuit c-urrennt. Amiioride may

prevent sodium entry to the epithelium by

binding in a w’ay whit-h prevents calcium

from beit-ng displao-cd. This w’ould suppose

that amiloride binding could occur in-n ti-ne
absence of calcium, but without affecting the
sodium channels.

ACKNOWLEDGMENT

REFERENCES

1. J. Crabbe
Gesamle
(1969).

2. W. Nagel and A. I)brge, Pflucgers Arch.

Gesamle Physiol. .h!ensche,m Tiere :117, 84
(1970).

3. A. Dorge

Gesamle
(1970).

4. A. W. Cuthbert, Phil. Trans. Roy. Soc. Lommdon

Ser. B Biol 5cr. 262, 103 (1971).

5, J, T. Gatzy, J. Pharmacol. Exp. 7’/mem’. 176,
580 (1971).

6. A. W. Cuthbert and P. 1. D. Wotig, Biochi mmt.
Biophys. Ada 241, 713 (1971).

7, II. 1�tI. Hays, H. Singer and S. Malamed, J.

Cell Biol. 25, 195 (1965).
8. P. F. Curran-n, J. Zadunaisky and J. It. 0lii!,

Biochini. Biophys. Ada 52, 392 (1961).

9. H. H. IJssing and K. Zerahn, Ada I’hysiol.

Scand. 23, 110 (1951).

10. A. W. Cuthbert an-nd P. Y. D. Wong, J. I’hysiot.

(London). 219, 39 (1971.)

11. L. A. Salako and A. J. Snit-in, Bril. J.

Pharmmiacol. Cheniother. 38, 702 (1970).

12. L. A. Salako and A. J. Smith, Bull. J.

Pharmacol. Chemother. 39, 99 (1970).

13. M. Walser, Biochin,. Biophys. Aria 225, 64

(1971).

14. J. A. Zadunaisky and M. A. Lande, Proc. 2514

mt. Physiol. Congr. (Munich) 9, 615 (1971).

15. P. J. Bentley, J. Physiol. (London) 196, 703

(1968).

16. C. L. Votite and H. II. U’ssinmg, J. Cell fbI. 36,

625 (1968).

17. S. N. Fishman, B. J. Chodorov an-nd M. V.

Volkenstein, Biochini-. Biophys. Acta 225,

1 (1971).




