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Conductive chloride flux across amphibian skin: inhibition 
by indacrinone and cobalt ion 
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W ~  amphibian skin was incubated under conditions in which transepithelial sodium transport was abolished, a 
c o n d t ~ i c e  transepi the l ia l  CI - f lux a r o s e  w h e n  CI - was  removed  f r o m  e n e  o f  the  c o m p a r t m e n t s .  T h i s  f lux was  
matched by short-circuit current and it accounted entirely for transepithelial conductance. C I -  influx was larger 
*.hau elflux; "t was linearly related to the magnitude of transepithelial CI - concentration difference. When applied 
to the epithelial surface of the tissue, divelent metal cations such as Co 2+, and the ethaclTnic acid derivative, 
indacrinone, reduced rapidly and reversibly both transepitheliai C I -  (in)flux and shoct-circuit current. Frog skin 
proved to be more sensitive to these inhibltors than toad skin. Further characterization of transepitbelial e l -  
pathway(s )  should benefit from the fact that CI - across ampi, ibian skin can easily be monitored by the short.circuit 
current method, and from tim avadability of agents which inhibit this passive flux rapidly and reversibly. 

Introduction 

Transepithelia| ohmic conductance, G t, has bet:n 
~eported to decrease rapidly an~ reversibly ~'hen in- 
dacriaone or divalent metal cations were applitM to the 
external surface of frog skin incubated in Ringer's 
s0|udon, even though sodium transport was stimulated 
by these agents [1,2]. The decreas¢ in G, almost 
equalled in e.mgnitude that which resulted from expo- 
sure of the epithelia! surface of the tissue to CI--free 
solution. In fact, G, was r, ot depressed by either in- 
dacrinone or divalent cations in the absence of CI- 
[!,21. 

in view of tbe.~c findings, the role assumed by CI-  in 
tissue conductance, G,, was examined after inhibition 
of sodium transport, by amphibian skin as G1 is thereby 
reduced to shunt conductance, (;'~h" The latter, in turn, 
is known to depend to a large extent op external CI- 
[2]. When CI-  was removed from one compartment 
during incubation of skin preparations prevented from 
transporting .sodium, the t~anscpithelial CI-  fl.ax which 
:csulted, was found to be quantitatively conductive. 
The a~reement between CI- flux ae.d electrical meas- 
uremem~ ia ;hc conditions selected completes obse~a- 

C~rrespondcn~: J. Crabta~. Department of Physiology. U.C.I.. M~..di- 
t..~ ~..i,.mL B-I~)0 Brussels. Belgium. 

tions made initially by Vofite and Meier [3]. Further- 
more, divalent metal cations and indacrinone proved 
capable of interfering readily and reversibly with con- 
ductive CI- flux. This work has been reported in part 
in abstract form [4]. 

Mater ia l  a n n  M e t h o d s  

Studies were conducted on the abdominal skin of 
the toad, Bufo marinus toriginating from the Domini- 
can Republic), or the frog, Rana esculenta. Toads were 
mainWincd on moist peat at ro.'nn temperature and fed 
weekly; frogs wcrc stored in running tap water at 4°C. 
The animals ".vere sacrificed by double pithing where- 
upon their abdominal skin was dissected free and pro.. 
pared for incubation according to Ussing and Zerahn 
[51. 

Incubation media were frog Ringer's solution (com- 
position, in mmol/ l :  NaCI, 115; g-bICO3, 2.5; CaCI 2. 
1.0), or a ~ lu t ion  in which Mg 2+ or K + were substi- 
tuted for Na*. (31,-cotlate or stdphate were used to 
replace CI-  whc;, required. Osmolality was maintained 
at 0.225 mosmol/kg H 2 0  by addition of sucrose when 
divalent ions were used as substitutes. 

The transepithelial movement of CI-  was measured 
#cross short-circuited preparat ions,  using 36CI 
(,~anersham) added to one side, and sampling from 
h'~th sides at appropriate time intervals after 30-60 



min allowed {br equillt.,aGon. The  overall concentra-  
tion of  C I -  wa.~ de ,e rmined  by a potcntic, m,.,tric 
method.  3*CI was counted by liquid sciatillation spec- 
t rometry  for a sufficient t ime to keel~ the statistical 
counting er ror  at 2% or less. 

The  drugs used were: 
on the chorial side: ouabain,  0.1 m m o | / l :  
on  the  epithelial  side: indacr':none, 1 re tool / l ;  
amiloride,  0.1 t~,moi/[; cobalt  aeetcte ,  5 m m o l / I .  

The  da ta  were  analyzed statistically by s tandard 
methods  [6]. 

Results; 

(~) Permeabil;,~ of amFhibian skin to chloride: contribu- 
tion of d, is anion to transepirhelial conductance 

When  chloride permeabil i ty o f  frog and toad skin 
was assessed, C I -  influx and  effiux across matched  
sodium-transport ing prepara t ions  were  of  equal  magni-  
tude in the  short-circuited state (Ta01e 1). This  is in 
keeping with the conclusion that  t ronscutancous C I -  
flux is p~ssive in most  Amphib ia  [7,8]. in these condi- 
tions transepithelial  chloride m o v e m e n t  accounts for a 
sizeable fraction o f  transeplthelial  conductance ,  G~ [10], 
as  i l lustrated by Fig. 1. Indeed,  af ter  removal  of  .~qdium 
f rom the epithelial  side of  toad  skin, so that  G t reduces  
tO Gsh, there  was a l inear relationship be tween  tissue 
conductance  and unidirectional C I -  flux. Fur thermore ,  
the  da ta  suggest  that,  in absence o f  sodium transport ,  
no o ther  iot,~ plays a significant role in t i ~ue  conduc-  
tance.  

(2) Conductice nature of  transepithelial chloride flux 
T h e  relationship be tween  C I -  flux ahd G,h illus- 

t ra ted  above,  indicates that  this flux is largely conduc-  
tive. This  point was examined fur ther  by imposing a 
transepithelial  concentrar~,-e gradient  for C I -  across 

TABLE I 

Tramepithelial CI - fh~x  aclc..s ~cdinm.nunsportin~ omphibiar..~km 
Values are means± S.E. 

CI  qux: I,c G t Jc, 
directiozi ~ (p.Acm -2) (mScm :~ (v, aoicm : s ~)  

Frog (n - b,t 
E[flux 32 ±4 0.47±0.05 49+ 7 
Influx 33 ±J 0.50±0.05 55±12 
Difference b 1.0± 2.~" U.03 + 0.02 6± 8 

Toad ( ,  ~ 3) 
Efflux 10 ±4 0.55±0.07 J8±12 
Influx 12 ±5 0.45+0.04 51±21 
Difference b 2.0+1.2 0.i0±0.04 3+31 

" E~lux:fromchorial to epithehal surface; iliflux: frorn epithelial to 
chorialsurtace. 

b None of the differences (paired experiments) reached statistical 
significance. 
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Fig. 1. Ch!cr!dc flux acrt~.; ;oad skin as a function of Iranscphhelial 
conductance in ~!~enee of sodium traqsp~rt. For this ~erics of 
experimeu'.s, the epithelial surface of the preparation was exposed to 
Ringer's containing MgCI2, 57.5 raM. instead o[ NaC], 115 raM. 
Residual (shunt) condJctance, G,h. appear~ on the ab~i~sa, given 
that G.. h = G, - G~a,. and thai GNu. = 0 in the experimental condi- 
tions selected. When Jo-  is expressed in terms of partial chkwide 
conductance. G o -  [9], th~ following equation obtains: G o -  = 

- 0.03 + 0.78 G t (r  = 0.87; n = 12; P < 0.01). 

the tissue when sodium transport  was blocked by means 
o f  ami lo r ide  and ouabain * ,  o r  when N a *  wa~ replaced 
w i th  K + in Ringer 's  f lu id.  

Removal  o f  C I -  f r om one side o f  toad skin incu- 
bated as described, generated a conduct ive f lux  o f  this 
ion, since it  was associated w i th  an electr ical potent ia l  
d i f ference across the tissue. Th is  C I -  f lux  was matched 
by the current  requi re ,  ~. to  shvrt-~ircut~ the prepara-  
t ion, ,~  (Fig. 2). i n  Ringer 's  solut ion, C I -  f lux  and I,c 
were about  one o rder  o~ magni tude larger when C I -  
was made to move inwarJ  rathec tha= outward. In fact, 
e f f lux  was negl igible,  averaging 19 pmo!  c m -  2 s - t ,  w i th  
/ ~ c ~ 2  I z A  cm -2. Since this asymmetry has been ~.s- 
cz~bed to in t racel lu lar  electroncgat iv i ty [ I  l ] ,  C i -  f lux  
wao measured in K+-Ringcr 's ,  so as to d c p o l a r i ~  cp- 
itileiia.' cells [12]. In  these condit ions, C i -  in f lux  sti l l  
exceeded cf f iux.  O n  the other  hand, bo th  C I -  i n f l ux  
and (main ly )  e.q'lux were o f  larger magni. 'ude than in 
Ringer 's,  as was G t, which is in keeping w i th  an ear l ier  
repor t  [13]. I t  is o f  ,elevance to note that C I -  f lux  
across depolar ized .issue remained  quantitatively Con- 
ductiv¢ (Fig. 2}. 

The  K+-depolarized prepara t ieos  did not appea r  to 
be  irreversibly damaged ,  even after  4 - 6  h. Indeed,  
m e a n  !,c across toad skin examined within 30 rain of  

* Amiloride was added after a t least one hour of ex;msure of the 
skin pregaralicn~- to oua~in. In such conditions the drug usually 
failed to influence I~ any further, which W~LS considered z.s evi- 
dence for complete inhibition of the sodium pump by the 8bee- 
side: furthermore, it tailed to interfere significantly with CI- flax 
that averaged 144 pmol c a - :  s - I  across load skin exposed to 
oaabain alone, ~ad 16~ afier sub~q,_,ent addlfi'm of dmi]oHde 
(A ± S.E.: 24 Fmol ca -  2 s - G + 12; n - 7). 
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TABLE Ii 
C'onducti~e chloride influx across toad skin in abs:nce of sodium 
t r a ~ :  dependmce on chloride coaeentmtiott gradient 
Values are means4-S..L These studies were carried out on eight 
paired toad skin preparations, exposed to Ringer's fluid on the 
basolaterai side (+ouabain), with gluconate replacii;g Ci ". On the 
epitlmiial side, Ringer's (+ amiloride) wa.~ used as such or dilated 
I : I with a solution containing glnconate as the anion. 

cI-  concen- Jo- I~ Ot 
tralion on Lh¢ (pmol (pmol (mS cm "2 ) 
ep.;thelial side ~ -  2 s- ') am-2 s- ' )  

il5 mo]/I 214±5l 2014-55 0.654-0.17 
57.5 mmol/I 1114-31 92+27 0.33:]:0.10 

resuming incubation ~n standard Ringer 's  after  expo- 
sure to K+-kinger 's ,  was 30 p.A era -2, vs. 25 at  the 
outset (A + S.E.: 5 5:6 p.A am-2 ;  n = 5; n.s.). G I was 
likewise barely affected, averaging 0.8 before, and  1.2 
mS cat -2 af ter  depolarization (A :l: S.E.: 0.4 mS cm -2 
+ O.2). 

(3) Transepithelial chloride flux and chloride concentra- 
tion gradient 

"llze conductive CI flux dealt  with here appears  to 
be proportional to the CI-  concentration gradient.  
Indeed, measurements carried out on paired toad skin 
preparat ions incubated in Na-Ringer 's  fluid indicate 
that  Ci -  influx was reduced by 50% when the concen- 
tra-:ion of  this anion on the epithelial side went from 

117 to 58.5 mmol/ I ;  G I decreased to the same extent 
(Table ii). 

(4) Inh~.::m c f  the conductive transepithelial chloride 
pathway 

indacrinonc and divalent metal cations are effective 
inhibitors of chloride-related transepithcliai conduc- 
tance [1,2]. These substances rapidly depressed both I,c 
and CI -  influx across depolarized preparations,  as 
summarized in Table Ill. Frog skin proved consider- 
ably more sensitive to these inhibitors than toad skin, 
in agreer,'~cnt with previous observations [1,2]. There  
was some discrepancy between I~ and CI-  influx dur- 
ing exposure of  frog skin to Co 2+, for no apparent  
reason. 

The preparat ions appeared  essf;;',.~'.'~lly unharmed,  at  
least after  short exposure ( ~  30 min) to *~hese agents. 
Indeed, in the case of toad skin t reated with Co 2+, !~ 
and Gf had returned to control levels within half  an  
hour  (AI~ + S.E.: 1.4 / t A  a m - 2 +  1.4, and 0.05 mS 
a m - z +  0.05, respectively; n = 7). There was no lasting 
effect of  indacrinone on I~ across frog skin ei ther 
(A + S.E.: 3.6 p A  c m - 2 ±  2.3; n = 8); on the other  
hand, G t failed to recover completely (A + S.E.: 0.17 
mS c m -  2 ~ 0 .08) .  

(5) The conductive chloride pathway and transepitheli¢l 
conductance o f  non sodium-transporting amphibF/n skin 

The changes in G I and  in CI-  flux for frog and  toad 
skin examined as described, were closely eorr¢'l.ated. 

Iec (p^. ¢m-2) Imc (~A- cm-2) 
40 80 F ' 

0 13~ 2CC. ~ , 0  400 0 200 400 800 800 

JCX- (pM. cm -2 .  eec -1 ) 

Fig. 2. Relationship belwccn chloride flux and short circuit curr=.:~ across non-sodium-lral:~poning load skin afl©r removal of cHorid¢ on one 
~i&. of lla: |i.~aa. Sets of the abdominal skin of Bufo marinus were ir,,:obaled in Na +-Ringer's tieR) or K +-Ringer's (right). In the former ease, 
sodium tfanbport had been blocked by ouabain, and subsequ©nl addition of amilnride. Net chloride flux resulted fro,n removal o'. CI-  from the 

external (rl)or from Ih© iote raa~ (S) bath. The lines connecl data points from matched preparations. 



TABLE III 

Inhibition by indacrinone and by cobalt of conductire chloride infirm. 
across depolarized amphibian skin 

Values are means±S.E. Short-circuit current (1~) and CI- influx 
(./ca-) were measured on amphibian skin incubated in K+-Ringer's. 
Data were collected for the ~ rain Ix.~cd priol to addition of 
inhibitor (control) and aglin for the 20-60 r~io period which fo:- 
lowed. There were fi-8 w:parations for eada of the four sets of 
experiments. 

Experimental I~ Ja - Gt 
conditions (pmol (pmol (mS cm-2) 

em-Z s-I) cm-Z s-I) 

Frog skin 
Cer,trol 686:t: 92 664:t: 69 1.94+0.{14 
+Co 2÷ 78+ 22 166± II 0.72±0.04 
Inhibition ~ 88± 4 73:E ~. 60 +5 

Control 966±221 951+180 2.35+0.40 
+ Indacrinone 415 ± 169 427± 132 1.33 ±0.32 
Inhibition a: 68± 1O 62± 8 47 ±5 

Toad skin 
Cor,;rol 544± 78 586± 78 !.87±0.23 
+Co :+ 415± 57 47G± 95 1.51+0.18 
Inhibition'9 22± 5 22± 13 18 ±4 

Control 406± 105 425± 97 1.43±0.34 
+lndaci'inone 249± 63 ~.74± 65 0.85±0.19 
Inhibition ": 33± :I 32:t 7 36 ±6 

" Inhibition refers to (I -residual value/control value)x I00, calcu- 
lated for individual preparations, 

ThUS the tentative ccmc!usion was drawlz that even in 
K+-depolarized preparations, K + did not contribute to 
transepithelial conductance. This was borne out by the 
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lack of effect of  Ba z÷ on G, in the c,)nditions ~lected 
(data not ,hown). 

For zoPd skin, whether depolarized or not, there was 
a direct relationship between l~c and G t, in'espective 
of  the direction o f  C ' -  f lux (Fig. 3). This reflects the 
observation that, for a given set o f  preparations, trans- 
epi:helial electrical potential difference appeared to be 
!argc!y independent from the magnitude and direction 
of  net. C ! -  flux. ]:zdeed, values for this parameter  were 
independent  from the direction of CI-  flux in Na- 
Ringer 's  solution, (zl + S.E.: 2.6 mV + 5.3). Further-  
more, the transepithelial electrical potential difference 
across matched K+-depolarized preparat ions ~vas also 
close to the value obtained in Na-Ringer 's ,  again irre- 
spective of  the direction of  C l -  flux. 

IHsem~ioa 

Soon af ter  the demonstration by Ussing and Zerabn  
[5], that  there is a straightforward electrical counter- 
par t  to net. active transport  of sodium by amphibian 
skin. attention was drawn to the role of CI-  in t r a m ,  
epithelial conductance.  Gt [7.10]. Further  work led to  
the conclusion that CI-  movement across 
skin is at least in part  conda~ivc,  ire'airing channels 
[~4,!5] Thus Vo~te and Meier [3] at tempted to  define 
uxperimental conditions in which C l -  flux was re- 
flected by simple electrical par-,uncte~. As .--hown here, 
CI -  flux can be made to he entirely conductive (see 
also Ref. 16). Indeed, when a tran~epithelial C i -  con- 
centration gradient was imposed across toad -,aid frog 
skin in the absence of  sodium transport,  the CI-  flux 
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Fig. 3..~:(elationship I~tween the short-circuit current and t'-'ssnu conductance acm~ toad skin, in absence of sodium transport. "£he data 
correspond to the abdominal skin preparations of 8uy~ nmrM~ dealt with in Fig. 2. Th~ filled s'ImboL~ recreant preparations incubated so thai 

a CI- influx was obsep,¢d, while the opc:n symbols represent matched preparaiions acres wh, eh Ci - ePi ,~.. took place. 
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was matched ~;" ~:ort-circuit current, lncidunt!ly, the 
relationship between CI- flux and G~h on the one hand 
(Fig. i), I~ (,n the other hand (Fig. 2), indicates that 
artifacts (e.g. edge damage) were negligible in the case 
of amphibian =;kin preparations incubated as described. 

CI-  flux across amphibian epithelia is passive in 
most species. Certainly, this appears to be the case for 
the skin of Bufo marinus and Rana esc~tenta (Table !). 
Yet, when preparations w,,:,~ im:ubated in Kingers 
solution in absence of sodium transport, for a given 
transepithelial CJ- concentration difference, CI- in- 
flux was much larger than efflux at short-circuit. Elec- 
tronegativity of the epithelial cells does not account 
alone for this asymmetry [11] since CI-  influx still 
exceeded efflux across K+-depolarized skin [12], The 
reason for the asymmetry observed might lie instead in 
the apparent requirement for CI-  on the epithelial 
.~ide of amphibian skin for activation of apical C!- 
channels [17]. Swelling of mitochondria-rich cells which 
occurs when CI- was present in the epithelial side of 
the tissue, has also been considered in '~his respect 
[3,18]. 

Both CI- influx and efflux were appreciably larger 
across K+-depolarized preparations. This has been as- 
cribed to activation of adenylate q,'clase in K+-Ringer's 
[19]. 

All these data imply that transepithelial CI-  flux 
involves cells of the skin epitheliura. Since the principal 
cells of ampHhian skin lack apical CI- channels [20], 
attention has focussed on the otLer cell population of 
this epithelium, na~aely the mitochondria-rtch cells [15]. 
Admittedly, a paracellular route of passage of CI-  
across the epithelium cannot he ruled out at present 
[21]. Skin glands do not seem to be critically involved, 
as indicated by studies conducted on frog skin epithe- 
lium isolated from underlying chorion [22]. 

Even though a cellular palhw~y for transepithe~ial 
CI- flux is a distinct oossibility, Cl'- influx appeared 
linearly related :o the transepithelial CI " concentra- 
tion ~lifference. This is at vitriance with an earlier 
regort which emphasized the existence of a saturable 
component of CI- flux across frog skin [23]. "Ihe fact 
that the experiments discussed here were condt,etcd in 
absence of sodium transport might account for this 
difference. 

in view of the conductive nature of the trans- 
epithelial CI- flux dealt w~th here, a relationship be- 
tween I~ and G~ could be expected. In fact, the dala 
surges;, that no c,~her ion contributes t~ ';~n:: ,:.-,~t,,.- 
tance in the experimental conditions adopted (Fig. 31, 
As a counterpar! to the relationship observed between 
I,~ and G,, the electrical potential difference recorded 
across a given set of skiii preparati~n~ in the open-cir- 

cuit state, was remarkably little influenced by the ex- 
perimental protocol. 

The conductive CI- flux was significantly reduced 
by Co 2+ and indacrinone added to the epithelial side, 
more so in lhe case of frog skin, as had been observec~ 
previously [1,2]. Furthermore, these substances acted 
on CI-  flux in a readily re,':,csible way. The rapidity of 
the responso, provides an argument fol the apical local- 
ization of the CI-  conductive pathway(s). 
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