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Conductive chloride flux across amphibian skin: inhibition
by indacrinone and cobalt ion
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When skin was i d under conditions in which
conductive transepithelial Ci~ flux arose when Ci~ was removed from mu of the compartments. This flux was
matched by short-circuit current and it entirely for C1~ influx was larger
than efflux; it was linearly relzted to the magnitude of transepithelial Cl1~ concentration difference. When applied
to the epitheliai surface of the tissue, divelent metal cations such as Co?*, and the ethacrynic acid derivative,
indacrinone, reduced rapidly and reversibly both transepitheliai C1~ (in)fiux and short-circuit current. Frog skin
proved to be more seasitive to these inhibitors than toad skin. Further characterization of transepithelial Cl~
pathway(s) should benefii from the fact that Cl ~ across ampi+ibian skin can easily be moaitored by the short-circuit

sodium was abolished, a

current method, and from the availability of agents which inhibit this passive flux rapidly and reversibly.

Introduction

Transepithelial ohmic conductzace, G,, has betn
reported to decrease rapidly anc reversibly when in-
rinone or divalent metal cations were applic.'d to the
external surface of frog skin incubated in Rlngers
soiution, even though sodium t was stimul.

tions made initially by Voiite and Meier (3]. Further-
more, divalent metal cations and indacrinone proved
capable of interfering readily and reversibly with con-
ductive C1- flux. This work has been yeported in part
in abstract form [4].

by these agemts [1,2). The decrease in G, almost
equalled in nragnitude that which resulted from expo-
sure of the epithelial surface of the tissue to Cl -free
solution. In fact, C, was not depressed by either in-
dacrinone or divalent cations in the absence of Cl™
(1.2

in view of these findings, the role assumed by Cl~ in
tissue G,, was ined after inhibition
of sodium transport by amphibian skin as G, is thercby
reduced to shunt conductance, G;. The latter, in turn,
is known to depend to a large extent or external Cl™
[2]. When Cl™ was | fro:n one
during i of skin 4 from
iransporting sodium, ihe t.ansepxlhellal Ci~ flux which
resulted, was found 1o be quantitatively conductive.
The agreement between Cl~ flux ard electrical meas-
urements in the conditions sclected completes observa-
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Studies were conducted on the abdominal skin of
the toad, Bufo marinus (originating from the Domini-
can Republic), or the frog, Rana esculenta. Toads were
maint;ined on moist peat at rcom temperature and fed
weckly; frogs were stored in running tap water at 4°C.
The animals ‘were sacrificed by double pithing where-
upon their abdcminal skin was dissected free and pre
pared for incubaiion according to Ussing and Zerahn
{51

Incubation media were frog Rirger’s so n (com-
position, in mmel/l: NaCl, 115; KHCO,, 2.5; CaCl,.
1.0), or a sclution in which Mg** or K* were substi-
tuted for Na*. Gl:conaie or silphate were used to
replace Cl~ whei required. Osmolality was maintained
at 0.225 mosmol /kg H,O by addition of sucrosz when
divaient jons were used as substitutes.

The transepithelial movement of CI~ was measured
across short-circuited preparations, using *°Cl
{Amersham) added to one side, and sampling from
both sides at appropriate time intervals afier 30-60




min allowed for eyuilit- mmon The overall coucemra-
tion of CI~ was d d by a emetric
method. ¥Cl was counted by liquid su.mllanon spec-
trometry for a sufficient time to keep the statistical
counting error ui 2% or less,

The drugs used were:
on the chorial side: ouabain, 0.1 mmoi/I:
on the epithelial side: indacrinone, 1 mmol ¥43
amiloride, 0.1 mmoi/!; cohall acetate, 5 mmol/I.

The data were L hy d
methods [6].
Results
(1) Pe "'l_v of hibian skin to chlorid T
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tion of ibis anion to transepithelial conductance
When chloride permeability of frog and toad skin
was assessed, C]‘ influx and efflux across matched
were of equal magni-
tude in the shon-clrculted statc (Tavle I). This is in
keeping with the that Ci-
flux is passive in most Amphibia [7,8]. In these condi-
tions ithelial chloride for a
sizeable fraction of transepithelial conductance, G, [10],
as illustrated by Fig. 1. Indeed. after removal of sodium
from the ep:thelial side of toad skin, so that G, reduces
to G‘,,, there was a linear relationship befvmcn tissue
idirectional 1~ fux. Furth
the data suggesl that, in absence of scdium transport,
no other ion plays a significant role in tissue conduc-
tance.

(2} Conductive nature of ithelial chloride flux
The relationship between C1~ flux and G, illus-
trated above, indicates that this flux is largely conduc-
tive. Th|s poim was cxammed further by imposing a
» gradient for CI™ across

TABLE |
Transepithelial C1 = flux acrs scdium-transporting amphibiar. skin
Values are means +S.E.

[CRC G, Ta
direction ® (pAcm™2)  (mScm 77 {pawiem ?s )
Frog (n=t)
Eiflux 32 24 0.47£0.05 49+ 7
Influx 33 34 0.50+0.05 55x12
Difference * 1.0+2.0 0.03+0.02 6+ 8
Toud (n = 3)
Efflux 10 t4 0551007 R4 12
Infivx 12 5 045+004 51321
Difference® 20112 Ci0+004 3131

* Efflux: {rom choriai to epithel:al surface; influx: from epithelial to
chorial surface.

® None of the differences (paired experiments) reached statistical
significance.

in zbsence of sodium transport. For this series of
experiments, the epithelial surface of the preparation was exposed to
Ringer's containing MgCl,, 57.5 mM. instead of NaCl, 115 mM.
Residual (shunt) cond.sctance, G.,. appears on the abscissa, given
that G, = G, = Gy, +. and that Gy,+ = 0 in the experimental condi-
tions selected. When Joi- is expressed in terms of partial chloride
conductancs, G- [9) the following cquation obtains: Gy-=
—0.03+0.78 G, (r =087, n=12; P <001).

the tissue when sodium transport was blocked by means
of amiloride and ouabain *, or when Na* was replaced
with K* in Ringer’s fluid.

Ren.c«'al of C1~ from one side of toad skin incu-
bated as d a conductive flux of this
ion, since it was d witk an electrical ial
difference across the tissue. This CI~ flux was matched
by the current requires. to shurt-circwit the prepara-
tion, /,, (Fig. 2). In Ringer’s solution, CI~ flux and I
were about one order of magnitude Jarger when C1—
was made tc move inward rather thaz cutward. In fact,
efflux was negligible, averaging 19 pmo! cm =2 5!, with
I.<2 pA cm™2 Since this asymmetry has been zs-
cribed to intracellular electronegativity {11}, C1- flux
wa. measured in K*-Ringer’s, so as to depolarize ep-
ititeiiai cells [12). In these conditions, C1™ influx still
exceeded cfflux. On the other hand, both Ci~ influx
and (mainly) efflux were of larger magnitude than in
Ringer’s, as was G,, which is in keeping with an eaclier
report {13} It is of relevance to note that CI™ flux
across depolarized .issue remained quasiiiaiively con-
ductive (Fig. 2).

The K*-depolarized preparaticns did not appear to
be irreversibly damaged, even after 4-6 k. Indeed,
mean I, across toad skin examined within 30 min of

* Amiloride wns added after at Jeast one hour of exposure of the
skin prevaraticns io ouabain. In such corditions the drug usually
failed to influence I, any further, which was considered as evi-
dence for complete inhibition of the sodium pump by the giyco-
side: furthermore, it failed to interfere significantly with Q1™ flux
thut averaged 144 pmol cm™2 s™' across toad skin exposed to
ouabain alone, uad 168 aiter suvscguent adgdition of amiloride
(A1SE:2pmolem~2s ' £12% n= 7).
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TABLE Ii

Conductive chloride influx across toad skin in abs:mce of sodium
transport: dependence on chloride concentration gradient

Values are meanstS..:. These studies were carried out on cight
paired toad skin preparations. expased to Ringer's fluid on the
basolateral side {+ouabain), with glucanate repfaciig Ci°. On the
cpithelial side, Ringer's (4 amiloride) was used as such or diluted
1:1 with a solution containing gluconate as the anion.

C1~ concen- Jer- I, A
tration on the (pmol (pmo} {mScm~2)
epithefial side em s am?sT)
i15 mol/l 214+51 201455 0.65+0.17
575 mmol /1 11131 92427 0.3310.10
bation in dard Ringer's after expo-

sure to K*-Kinger's, was 30 g A cm~2, vs. 25 at the
outset (4 +SE.: 5+ 6 pA cm™2; n=5; ns.). G, was
likewise barely affected, averaging 0.8 before, and 1.2
mS cm "2 after Gepolarization (4 + S.E.: 0.4 mS cm~?
+0.2).

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

The oonducilve Ci  flux dealt with hcn. appcars to
be | to the CI~
lndeed measurements carried out on paired toad skin
preparations incubated in Na-Ringer's fluid indicate
that Ci~ influx was reduced by 50% when the concen-
traticn of this anion on the epithelial side went from

lec (pA.cm™2)

117 to 58.5 mmol/l; G, decreased to the same extent
(Table I1).

(4) Intw...sn of the conductive transepithelial chloride
pathway

Indacrinone and divalent metal canons are effecnvc
inhibi of chloride-related
tance [1,2]. These substances rapidly depressed both I,
and Cl™ influx across depolarized preparations, as
summarized in Table 111. Frog skin proved consider-
ably more sensitive to these inhibitors than toad skin,
in agreerient with previous observations [1,2]. There
was some discrepancy between I and Cl~ influx dur-
ing expasure of frog skin to Co2*, for no apparent
Teason.

The i ially unh: d, at
least after short exposure (< 30 min) to these agents.
Indeed, in the case of toad skin treated with Co®*, I,
and G, had returned to control levels within half an
hour (4[,+S.E.: 1.4 pA em~2+ 14, and 0.05 mS
em ™2 4 0.05, respectively; n = 7). There was no lasting
effect of indacsinone on [, across frog skin either
(A+SE.: 36 pA cm21+23; n=8); on the other
hand, G, failed to recover completely (4 + S.E.: 0.17
mS cm ™2 3 0.08).

(5) The conductive chloride pathway and transepithelic!
of non sodit 5po hibicn skin

The changes in G, and in C1~ flux for frog and toad
skin examined as deacnbed were closely correlated.

Igc &A.cm=2)
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Fi; 2. Relationship between chloride flux and short circuit curre.:t across on-sodium-traiporting twad skin afier removal of chloride on one
side of ih tissuc. Sets of the abdominal skin of Bufo marinus were incubated in Na *-Ringer's (et} or K*-Ringer's (right). In the former case,
sodium transport had been blocked by ouabain, and subsequent addition: of amiloride. Net chtoride flux resulted frorn removal 94 C1™ from the

external (0) or from the in

1®) bath. The iirnes connect data points from matched preparations.



TABLE 111

Innibition by indacrinone and by cobalt of conductive chloride infiic.
across depolarized amphibian skin

Values are means+$.E. Short-circuit current (/) and Cl~ influx
(Joi-) were measured on amphibian skin incubated in K*-Ringer's.
Data were collected for the 4¢ min pcric? priov to addition of
inhibitor (control) and agiin for the 20-60 min pericd which fol-
lowed. There werc 6-8 pr:parations for eacn of the four sets of
experiments.

Experimental I Ja- G,
conditions (pmol ( mol (mS cm~2)
cm-2s71) m™2s7")
Frog skin
Cortrol 686+ 92 664+ 69 194104
+Co?* 8t 2 166+ 11 0.72+004
Inhibition * 88+ 4 B: ¢ 0 +5
Control 9664 221 951+ 180 2351040
+ Indacrinone 415+ 169 427+132 1331032
Inhibition *: 68+ 10 62+ 8 47 35
Toad skin
Corsrol 544t 78 586+ 78 1871023
+Co-* 415 57 476+ 95 1511018
Inhihition *: 2t S 2+ 13 18 14
406+ 105 42512 97 1433034
249+ 63 74+ 65 0.8540.19
Inhibition *; 3£ 1 2z 7 36 +6

* Inhibition refers to (1 —residual value /control value)X 100, calcu-
lated for individual preparations.

Thus the tentative conclusion was diawn (hat ever in
K*-depolarized i K* did not i o
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lack of effect of Ba®* on G, in the conditions selected
(data not siiown).
For 102d skin, whether depotarized or not, there was
a direct i I..and G, i
of the direction of Ci~ flux (l-lg 3). Thls reﬂecls the
abservation that, for a given set of preparations, trans-
ithelial electrical ial difference d tobe
largely ind dent from the and directi
of net C1~ flux. Indeed, valucs for this parameter were

d from the di of C1™ flux in Na-
Ringer’s solunon, (A ;1: S. E 2.6 mV +5.3). Further-
more, the difference
across hed K*-depolarized was also

close to the value obtained in Na-Ringer’s, again irre-
spective of the direction of C1™ flux.

Discussion

Soon aiter the demonstration by Ussing and Zerabn
[5), that there is a i d electrical t
part to net, active transport of sodium by amphibian
skin, atten‘ion was drawn to the role of C1~ in trans-
epithelial conductance, G, [7,101. Further work led to
the fusion that C1™ across.
skin is at lcast in part conductive, involving channels
{14,15] Thus Voite and Meier [3) attempted to definc
cxperimental conditions in which Cl~ fiux was re-
flected by simple clectrical paramcters. As rhown here,
C!~ flux can be made to be entirely conductive (see
also Ref i6). Indeed, wl:en a tmmepnhehal Cl~ con-

transepitkelial conductance. This was borne out by the

dient was i d across toad and frog
skin in the absence of sodivm transport, the C1™ flux

1gc (UA.cw=2) Isc (WA.cm 2
40 80
Na™ - K*
30 / 80|
20 // 40 /
10} 20 o2
el . %.
ok — T ——— ol — - r T
o 0.5 1.0 1.5 o 1.0 2.0 v
G, S.om D
Fig. 3. 1 bstween the sh it cusrent and tissue conduciance acvoss toad skin, in absence of sodium transport. ‘The data
10 the skin of Bufo marinus dealt with in Fig. 2. The filled symbols represent preparations incubated so that
aCl™ influx was observed, while the open symbols represent matcked preparations across which Ci™ eftic iook place.
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was matched ;' short-circuit current. Incident'ly, the
relationship hetween Cl- fiux and G, on the onc hand
(Fig. 1), 1 cn the other hand (Fig. 2), indicates that
artifacis (c g cdge damagc) weie m.gllglble in the case
of amphibian skin bated as described.

CI- flux across amphibian epithelia is passive in
most species. Certainly, this anpears to be the case for
the skin of Bufo marinus and Rana esculenta (Table 1).
Yet, when preparations welc incubated in Kinger's
solution in absence of mdlum transport, for a glven

ithelial C}~ Cl™ 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
veason for the asymmetry observed might lie instead in
the apparent requircment for Cl~ on the epithelial
side of amphibian skin for activation of apical C!~
ckannels [17]. Swelling of mitochondria-rich cells which
occurs when ClI~ was present in the «pithelial side of
the tissuc, has also been considered in this respect
{3.181.

Both Cl™ intlux and effiux were appreciably larger
across K *-depolarized preparations. This has been as-
cribed to activation of adenylate cyclase in K*-Ringer's
[19].

Ali thesc data imply that transepithelial C1~ flux
involves cells of the skin epitheliura. Since the principat
cells of ampkhihian skin lack apical C1~ channels [20],
attention has focussed on the other cell population of
this cpitheli nawely the mitochondria-rich cells {15].
Adamittedly, a paraccllular route of passage of Cl-
across the epithelium cannot be ruled out at present
[21]. Skin glands do not seem 10 be critically involved,
as indicated by studies conducted on frog skin epithe-
lium isolated from underiying chorion (22].

Even though a cellular pathway for transepithelial
Cl~ flux is a distinct possibility, C1” influx appeared
linearly related to the transepithelial Ci~ concentra-
tion difference. This is at variance with an earlier
report which hasi: the exi of a bl
component of CI~ flux across frog skin [23]. The fact
that the experiments discusscd here were conducted in
absence of sodium transport might account for this
difference.

In view of the conductive nature of the frans-
epithelial C1~ flux dealt with here, a relationship be-
tweer [ and G, could be expected. In fact, the data
suggest that no aiker ion contributes t» tssuz ronduc
tance in the experimental condmom adopted (Fig. 3).
Asa to the ip observed t

I, and G,, the electrical potential d|ffercncc recorded

across a "WCI’I sei of sk

he open-cir-

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

The conductive C1~ flux was significantly reduced
by Co?* and indacrisione added to the epithelial side,
more so in the case of frog skin, as had been observed
p y [1,2). Furth these sut acted
on Cl™ ﬂux in a readily rev<isible way. The rapidity of
the response provides an argumcst for the apical local-
ization of the Cl~ conductive pathway(s).
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