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Interdependence Between Sodium Transport,
External Chloride, and Sodium/Calcium Exchanger
in the Isolated Skin of the Rana pipiens

CLAUDIA SOTO,* GUADALUPE AGUILAR, AND LORENA JIMÉNEZ
Departamento de Sistemas Biológicos, Universidad Autónoma
Metropolitana—Xochimilco, Col. Villa Quietud, Mexico

ABSTRACT The aim of this study was to analyze the relationship of the Na+/Ca2+ exchanger,
cytosolic calcium, and chloride to the transepithelial transport of sodium in isolated frog skin.
Sodium transport was measured as amiloride-inhibitable short circuit current (SCC). We studied
the effect of variations in the concentrations of external chloride and of the manipulation of cal-
cium on sensitive amiloride SCC. Modifications in the movement of Ca2+ were induced by an
ionophore, A23187, and a Ca2+ channel blocker, nifedipine. Calcium ionophore A23187 (5 and 20
µM), in a normal Ringer’s solution, increased SCC and transepithelial potential difference (PD).
In contrast, nifedipine (20 µM) reduced SCC and PD. The role of the Na+/Ca2+ exchanger was
studied using dichlorobenzamil (DCB, 50 µM) and quinacrine (1 mM), inhibitors of this exchanger.
They selectively increased SCC and PD on the mucosal side of the skin, with no effect on the
serosal side. This response occurred only in the presence of extracellular calcium. Replacement of
NaCl by sodium methanesulfonate or the addition of furosemide (1 mM) at the serosal compart-
ment, decreased basal SCC and PD and blocked the response to A23187 and the mucosal effect of
DCB and quinacrine. These results suggest the presence of an Na+/Ca2+ exchanger located on the
mucosal side of the frog skin, which participates in the transepithelial sodium transport. The
action of this exchanger may be modulated by external chloride and calcium. J. Exp. Zool. 289:23–
32, 2001. © 2001 Wiley-Liss, Inc.

Cytosolic free calcium plays an important role
in the regulation of sodium transport. Thus, some
authors have shown that an elevation of intracel-
lular calcium is related to a decrease in the so-
dium transport in epithelia (Grinstein and Erlij,
’78). Taylor (’75) reported that the addition of qui-
nidine (an agent that increases the level of cyto-
solic free calcium; Batra, ’74) to the toad bladder
inhibited the net sodium transport and suggested
that this effect was secondary to incremented cel-
lular cytosolic calcium. Wiesmann and Klahr (’77)
observed similar results after the addition of the
calcium ionophore A23187 to the serosal side of
the toad bladder. These findings led to a proposal
for a general model of a mechanism by which in-
creased levels of intracellular calcium could re-
duce Na+ transport in epithelia. However, Nielssen
(’78) suggested that an increase in cytoplasmic cal-
cium may be associated with an increase in so-
dium transport. Thus, experiments in frog skin
with the calcium ionophore A23187 showed a
stimulation of the short circuit current (SCC).
Regulation of intracellular calcium ions in many
cells involves the participation of Na+/Ca2+ ex-

changers. Studies on amphibian epithelia support
the notion that Na+/Ca2+ exchanger plays an im-
portant role in the regulation of active sodium
transport. Taylor and Eich (’78) provided indirect
evidence for a Na+/Ca2+ exchanger at the basal sur-
face of a toad bladder, and they observed that the
degree of inhibition of the SCC (used as a mea-
sure of the transepithelial sodium transport) at a
given reduced serosal sodium concentration, was
found to be a function of the serosal calcium con-
centration. Thus, an increase in the intracellular
sodium concentration is thought to decrease the
activity of the Na+/Ca2+ exchanger mechanism in
the basolateral membrane, which results in an el-
evation of cytosolic Ca2+. This gives rise to a de-
crease in the Na+ permeability of the apical
membrane (Taylor and Windhager, ’79). Bjer-
regaard (’89) found similar results to those re-
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ported by Nielsen (’78), including an increment
in SCC (as a result of the addition of A23187) in
the presence of amiloride which inhibited the en-
try of apical sodium into the frog skin cells. He
suggested that this was due to enhanced chloride
secretion, which was dependent on external cal-
cium. Apparently confirming this suggestion, it
has been reported that prostaglandins of the E
series increased chloride secretion together with
sodium transepithelial transport and induced the
influx of calcium in epithelia (Erlij et al., ’81). Sub-
sequently, it was found that this response to the
calcium ionophore in frog skin was due to the re-
lease of prostaglandin E2 (Erlij et al., ’86; Bjer-
regaard and Nielsen, ’90).

In contrast, the calcium channel blocker verapa-
mil when added to the serosal side of the frog skin
decreased both the SCC and the transepithelial
potential difference (PD) (Bentley, ’74; Natochin
et al., ’91). The findings above described suggested
that changes in the cytosolic calcium modulate
transepithelial sodium transport. The relationship
between the Na+/Ca2+ exchanger and the move-
ments of sodium, chloride, and calcium in frog skin
epithelium has not been fully explored.

The aim of this study was to analyze the roles of
the Na+/Ca2+ exchanger, cytosolic calcium and chlo-
ride on the regulation of transepithelial sodium
transport in frog skin. Therefore, the entry of cal-
cium into the cell was manipulated using A23187
(calcium ionophore) and nifedipine (calcium chan-
nel blocker). The role of the Na+/Ca2+ exchanger was
analyzed using the inhibitors dichlorobenzamil and
quinacrine on SCC and PD. The action of chloride
was estimated by replacing this anion with meth-
anesulfonate and by the use of furosemide.

MATERIALS AND METHODS
Measurement of transepithelial

sodium transport
The experiments were performed on segments

of abdominal skin excised from pithed frogs (Rana
pipiens), which were kept at room temperature
(20–22°C) in tap water. Segments of abdominal iso-
lated frog skins were mounted in Ussing cham-
bers to measure transepithelial sodium transport
as previously reported (Ussing and Zehran, ’51;
Soto et al., ’92). Briefly, skin segments were main-
tained at room temperature and bubbled with O2/
CO2 (95%/5%). Hemichambers were filled with 4.5
ml of Ringer’s solution containing (mM): NaCl, 90;
NaHCO3, 25; KCl, 5; CaCl2, 1; MgCl2, 2; and glu-
cose, 10, adjusted to pH 7.4 and 230 mOsm/kg H2O.

The exposed area was 2.1 cm2. Skin was subjected
to a period of stabilization of at least 30 min.
Ringer’s solution in both chambers was twice re-
moved during this time and replaced by fresh so-
lution. After this period, either the drugs or the
vehicle were added to the chamber corresponding
to the serosal or mucosal side of the skin. PD was
measured using calomel half-cells connected to the
Ringer’s solution in the chamber by agar–Ringer
bridges. Transepithelial current was applied us-
ing platinum wires connected to agar bridges. SCC
was measured by clamping the transepithelial volt-
age at 0 mV. PD and SCC were recorded every 5
min for 30 min, or until stable conditions were at-
tained. Afterward, the experimental work was car-
ried out. In order to estimate the sodium current,
amiloride (100 µM) was added to the mucosal side
of the skin at the end of each experiment. The to-
tal resistance of the skin was calculated from the
SCC and PD values.

Results are expressed as the ratio between ini-
tial value of SCC (Io, before the addition of either
vehicle or drug) and the value of SCC at any sub-
sequent time (It). Values of PD are expressed in
the same way.

Effect of a calcium ionophore (A23187)
In order to examine the effect of an increment

in intracellular calcium on sodium transport, a
calcium ionophore, A23187 (5 and 20 µM), was
added to the serosal side of the skin after the sta-
bilization period (30 min).

Effect of calcium channel blockers
on sodium transport

To study the effect of decreasing the entry of
calcium ions we added nifedipine (20 µM) to the
basolateral side of the skin. After the stabiliza-
tion period, SCC and PD were recorded for an ad-
ditional period of 120 min.

Participation of the Na+/Ca2+ exchanger
The effects of both, 3′,4′-dichlorobenzamil (DCB)

and quinacrine, inhibitors of the Na+/Ca2+ ex-
changer (Niggli and Lederer, ’91) were studied to
examine the role of this exchanger in trans-
epithelial sodium transport. After the stabiliza-
tion period, DCB (50 µM) or quinacrine (0.5 and
1 mM) were tested on each side of the skin (sero-
sal or mucosal). The effects of these drugs were
analyzed in the presence and absence of external
calcium. In this experimental series, the skin was
thoroughly rinsed with a nominally calcium-free
Ringer’s solution and preincubated in it for 30 min
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before adding quinacrine or DCB. DCB was dis-
solved in dimethyl sulfoxide at a final concentra-
tion of 0.025%. At this concentration, no effects
on SCC or DP were elicited by the solvent. The
vehicle for quinacrine was Ringer’s solution.
A23187 and nifedipine were dissolved in ethanol
(the final concentration was 0.1%).

Role played by chloride in the action of
A23187, dichlorobenzamil, and quinacrine
To assess the possible influence of chloride on

the increment in SCC and PD induced by A23187,
we studied the effect of the replacement of exter-
nal sodium chloride by sodium methanesulfonate.
For this purpose the Ringer’s solution in the se-
rosal chamber was replaced by a low-Cl– solution
that contained (mM): sodium methanesulfonate,
90; NaHCO3, 25; KCl, 5; CaCl2, 1; MgCl2, 2; and
glucose, 10, adjusted to pH 7.4 and 230 mOsm/kg
H2O. This solution was also used to study the re-
sponse to DCB (50 µM) and to quinacrine (1 mM),
under low-chloride conditions. Experiments were
performed in the absence and in the presence of
external calcium.

Furosemide (1 mM), which blocks Na+K+2Cl– and
interferes with the influx of chloride was added
to the serosal or mucosal side of the skins, in the
presence of normal Ringer’s solution.

In order to correct the tip potentials caused by
the asymmetrical solutions used in the low chlo-
ride experiments, we measured the potential dif-
ference between these asymmetrical solutions by
means of a “snake skin” membrane (Pierce Chemi-
cals) (Barry, ’89) placed in the Ussing chamber
(instead of a frog skin). The potential difference
values obtained represented 5% of the control val-
ues. This percentage was subtracted from each
value of the transepithelial potential difference in
the experimental series in which low chloride so-
lutions were used.

Reagents
DCB was purchased from Molecular Probes (Eu-

gene, OR). A23187, nifedipine, furosemide, quina-
crine, and amiloride were obtained from Sigma
Chemical Co. (St. Louis, MO). Methansulfonic acid
was purchased from Eastman Kodak Co. (Roch-
ester, NY). Other reagents were supplied at ana-
lytical grade by local dealers (Merck).

Statistics
We used a repeated measures model and sub-

sequently the Tukey and Dunnet tests; P < 0.05
was considered as significant.

RESULTS
Effect of A23187 on sodium transport

Exposure to A23187 (20 µM) added at the sero-
sal side of the skins induced a significant incre-
ment (P < 0.05) in SCC reaching 167% above the
control. At 5 µM an increase in the SCC of 58%
was observed (Fig. 1). PD did not show a statisti-
cally significant difference between A23187-
treated and control groups (data not shown).

Effect of calcium channel blockers
on sodium transport

We assumed that the increment in SCC induced
by A23187 was related to the flow of calcium into
the cell. Thus, we tested the effect of nifedipine
(20 µM), a calcium channel blocker, on SCC and
PD. Nifedipine (20 µM) added to the serosal side
significantly lowered SCC as compared to control
skins (42%; P < 0.05) and PD (69%, P < 0.05; Fig.
2). These results suggest that the increment in
SCC and PD elicited by A23187 is secondary to
the influx of calcium, since nifedipine lowered both
SCC and PD.

Effect of amiloride on short circuit current
In order to assess whether or not the increment

in the SCC produced by the calcium ionophore

Fig. 1. Effect of the calcium ionophore A23187 on short
circuit current. The ratios It /Io are shown (Io = SCC under
resting conditions; It = SCC at any subsequent time). Iono-
phore was added to the serosal side of the skin at two con-
centrations of A23187. The mean initial values of the SCC in
the frog skins were 35 ± 15 µA: (7) control, (Z) A23187 (5
µM, (A) A23187 (20 µM). Means ± SE are shown, n = 5. ***P
< 0.001 with respect to control.
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was attributable to sodium, we added amiloride
(100 µM) to the mucosal side of the skin 120 min
after exposition to the vehicle or any of the tested
drugs. In the control skins (Ringer’s solution as
vehicle) we observed about 90% of SCC inhibi-
tion (Fig. 3, left panel). In the skins exposed to
A23187 (5 or 20 µM) the percentage of inhibition
of SCC by amiloride was similar at both concen-
trations (28% and 20%, respectively, Fig. 3, cen-
tral panel) and was clearly lower than inhibition

induced by amiloride in skins exposed only to nor-
mal Ringer’s solution. In low-Cl– solutions, the
stimulation of SCC by A23187 was inhibited by a
factor 61% (Fig. 3, right panel), suggesting that
the weak effect of amiloride after stimulation with
A23187 was associated with the presence of chlo-
ride secretion (Fig. 3).

Effect of dichlorobenzamil and quinacrine
on sodium transport

Calcium ionophore increased SCC and PD. The
role of a sodium/calcium exchanger in this pro-
cess has not been evaluated. Dichlorobenzamil
has been described as an inhibitor of Na+/Ca2+ ex-
changer in other epithelia (Dominguez et al., ’91;
Shimizu et al., ’92; Tomlinson et al., ’91). This
compound was added separately to both sides of
the skin in order to disclose whether or not there
was a selective location of the exchanger. At the
mucosal side, DCB gradually increased the SCC
up to 2.22 ± 0.58 (It/Io ratio; P < 0.005) at 120
min. This effect was abolished in the absence of
external calcium (Fig. 4A). Removal of calcium
did not change on its own the SCC ratios at 120
min (It/Io = 0.91 ± 0.05 and 0.86 ± 0.1, with and

Fig. 2. Effect of nifedipine on short circuit current and
on the transepithelial potential difference. (A) SCC values
as the ratios It /Io (as in Fig. 1). (B) Transepithelial poten-
tial difference values are expressed as the ratio Vt /Vo (Vo =
PD under resting conditions; Vt = PD at any subsequent
time). Nifedipine (50 µM) was applied at the serosal side of
the skin. The mean initial values of the SCC in the frog
skins were 35 ± 15 µA: (7) control, (5) nifedipine. Each
point represents the mean ± SE, n = 5. *P < 0.05, **P < 0.01
with respect to control.

Fig. 3. Inhibition of short circuit current by amiloride. Per-
centages of SCC remaining after amiloride are shown.
Amiloride (100 µM) was added at the mucosal side of the
skin after the exposition (120 min) to A23187. The left panel
shows the effect of amiloride in skins exposed to normal
Ringer’s solution. The central panel shows the effect of
amiloride on A23187-treated skins, (2) 5 µM, and (7) 20 µM
in normal chloride Ringer’s solution. The right panel depicts
the effect of amiloride on A23187-treated skins in low-Cl–
Ringer’s solution (only at the serosal side). Symbols are as in
the central panel. The mean initial values of the SCC in the
frog skins were 35 ± 15 µA.
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without calcium, respectively). PD significantly in-
creased in the DCB-treated group and this effect
disappeared in the absence of external calcium
(Fig. 4B). These findings suggest the presence of a
Na+/Ca2+ exchanger at the mucosal surface of the
skin cells.

DCB (50 µM) added to the serosal side revealed
a weak stimulation of SCC (at 120 min, It/Io =
1.70 ± 0.30). In contrast to what occurred on the
mucosal side, this stimulation was not related to
the presence of calcium in the media (at 120 min,
It/Io = 1.64 ± 0.30). The behavior of PD values was
similar to that of SCC. The weak effect of DCB
and the lack of dependency on external calcium
suggest a nonspecific effect of DCB on the serosal
side or a very low number of exchangers.

Quinacrine also has been proposed as an in-
hibitor of the Na+/Ca2+ exchanger (Han and
Ferrier, ’91; Niggli and Lederer, ’91; Sheperd et
al., ’91). This drug was tested separately on ei-
ther side of the skin (1 mM) in the absence or in
the presence of extracellular calcium. Quinacrine
elevated SCC only when it was added to the mu-
cosal side (Fig. 5). No effect was observed when
it was added on the serosal side (data not shown).
As in the case of DCB, these findings suggest that
the exchanger is located on the mucosal side. In-
crement of SCC was less marked in the absence
than in the presence of calcium in the media (with
calcium, 1.98 ± 0.33, P < 0.05; in the absence of
calcium, 1.48 ± 0.23, N.S.). No significant differ-
ence in PD was observed after the addition of
quinacrine either with or without external cal-
cium (data not shown).

In summary, actions intended to increase in-
tracellular calcium stimulated SCC. On the oppo-
site side, blockers of the influx of calcium to the

Fig. 4. Effect of dichlorobenzamil on the short circuit cur-
rent and on the transepithelial potential difference. SCC (A)
and PD values (B) are presented as the ratios It /Io and Vt /Vo,
respectively (as in Fig. 2). Dichlorobenzamil (50 µM) was
added to the mucosal side of the skin in the presence or in
the absence of external calcium. The mean initial values of
the SCC in the frog skins were of 35 ± 15 µA: (7) control,
(A) dichlorobenzamil, (Z) dichlorobenzamil without exter-
nal calcium in the media. Symbols are the same in both pan-
els. Each point represents the mean ± SE, n = 6. *P < 0.05
with respect to control.

Fig. 5. Effect of quinacrine on the short circuit current.
Values of the SCC are shown as in Fig. 1. Quinacrine (1 mM)
was added at the mucosal side of the skin in the presence or
in the absence of the external calcium. The mean initial val-
ues of the SCC in the frog skins were 35 ± 15 µA: (7) control,
(A) quinacrine, (Z) quinacrine without calcium in the me-
dia. Each point represents the mean ± SE, n = 8. *P < 0.05
with respect to control.
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cell decreased SCC and PD. Two inhibitors of the
Na+/Ca2+ exchanger increased SCC and PD only
when applied on the mucosal side of the skin, and
this effect was blocked or diminished in the ab-
sence of external calcium. These data indicate the
presence of a Na+/Ca2+ exchanger, mostly located
in the mucosal membrane, in the SCC.

Role of chloride on the effects of A23187,
dichlorobenzamil, and quinacrine

We observed that the addition of amiloride, at
the end of experiments in which A23187 was
tested, only partially inhibited SCC and PD. The
SCC that remains after the addition of amiloride
has been claimed to be due to chloride secretion
in the glands of the frog skin. Bjerregaard and
Nielsen (’87) and Bjerregaard (’89) reported that
the calcium ionophore A23187 increased SCC and
the net secretion of Cl– in amiloride-treated frog
skins. The active Cl– secretion was considered to
be due to changes in SCC. In order to study
whether or not chloride was a determinant of the
remaining current, we reduced the content of this
anion in the incubation media, replacing the so-
dium chloride by sodium methanesulfonate.

In order to assess the dependency of the re-
sponse to A23187 in chloride, we added this iono-
phore (5 or 20 µM) to skins exposed to the low-Cl–

solutions. Under these conditions, the response to
A23187 (20 µM) was not significant between nor-
mal and low Cl– conditions (It/Io 2.43 ± 0.37 and
1.51 ± 0.58, normal chloride and low-Cl–, respec-
tively, Fig. 6). At a lower concentration A23187 (5
µM) did not increase SCC in the skins exposed to
low-Cl– solutions. In fact there was a decrease (It/
Io = 0.35 ± 0.04). Amiloride inhibited the effect of
A23187 (5 µM) in low-Cl– Ringer by 61% (Fig. 3).

DCB (50 µM) failed to increase SCC or PD in
skins exposed to low-Cl– Ringer’s solution on the
serosal side (Fig. 7A,B). It also failed to stimu-
late SCC in the skins treated on the serosal side
with furosemide (1 mM).

The addition of quinacrine (1 mM) to skins ex-
posed to normal Ringer’s solution increased SCC
and PD. In contrast, in low-Cl– Ringer’s with cal-
cium (1.0 mM), quinacrine did not induce this
increment and the values of the two electrical pa-
rameters were not different from those of the con-
trol skins exposed only to low-Cl– Ringer (Fig. 8A,B).

Effect of the treatments on the
transepithelial resistance ratios

The resistance values were expressed as the ra-
tio between the initial value of resistance (Ro, be-

fore the addition of either vehicle or drug) and
the Rt, the value of the resistance 120 min after.
Calcium ionophore, A23187 (20 µM), induced a sig-
nificant decrement (P < 0.02) in the resistance val-
ues in both normal or low-Cl– Ringer’s solution.
In low-Cl– media the resistance ratios were higher
than in normal Ringer’s in all of the experimen-
tal conditions (Table 1).

In summary, the stimulatory effects of A23187

Fig. 6. Effect of A23187 and low-Cl– Ringer’s solution
on short circuit current and on transepithelial potential
difference. SCC and PD are shown as the ratios It /Io (A)
and Vt /Vo (B) respectively (as in Figs. 1 and 2). A23187
was added at the serosal side of the skin. Low-Cl– Ringer’s
was present only at the serosal side. (5) A23187, 5 µM
(SE included within the symbols), (9) A23187, 20 µM, both
concentrations with low-Cl– Ringer’s. (A) A23187, 20 µM,
in normal Ringer’s solution. The mean initial values of the
SCC in the frog skins were 35 ± 15 µA. Each point repre-
sents the mean ± SE, n = 5. *P < 0.05, **P < 0.01, ***P <
0.001 with respect to A23187 (20 µM) treated group in nor-
mal Ringer’s solution.
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on SCC and PD were blunted by the replacement
of chloride by methanesulfonate and by the re-
moval of external calcium. These results suggest
that increment in SCC depends both on calcium
and chloride to occur. The activity of a Na+/Ca2+

exchanger was also dependent on the presence of
chloride in the incubation media.

DISCUSSION
This study addresses the complex interdepen-

dence between the transport of sodium and ex-
tracellular calcium and chloride in the epithelium
of frog skin. The main finding study was the pres-
ence in the isolated frog skin of a short circuit
current partially sensitive to amiloride, that was

Fig. 7. Effect of the removal of external chloride and fu-
rosemide on dichlorobenzamil response. Values of SCC and
PD are shown as the ratios It /Io (A) and Vt /Vo (B) respec-
tively (as in Figs. 1 and 2). DCB (50 µM) was added at the
mucosal side and furosemide (1 mM) at the serosal side. (7)
DCB in normal chloride Ringer’s solution, (2) DCB with low-
Cl– Ringer’s solution (at the serosal side), (A) DCB plus fu-
rosemide. The mean initial values of the SCC in the frog skins
were 35 ± 15 µA. Each point represents the mean ± SE, n =
5. *P < 0.05, **P < 0.01 with respect to DCB treated group in
normal Ringer’s solution.

Fig. 8. Effect of the removal of external chloride on quina-
crine response. Values of SCC and PD are shown as the ra-
tios It /Io (A) and Vt /Vo (B), respectively (as in Figs. 1 and 2).
Quinacrine (1 mM) was added at the mucosal side of the skin.
Low-Cl– was present only at the serosal side, (9) quinacrine
in normal chloride Ringer’s solution, (7) low-Cl– Ringer’s so-
lution at the serosal side, (A) quinacrine with low-Cl– Ringer’s
solution. The mean initial values of the SCC in the frog skins
were 35 ± 15 µA. Each point represents the mean ± SE, n =
5. *P < 0.05, **P < 0.01, ***P < 0.001 of quinacrine treated
group in normal Ringer’s solution with respect to the other
two groups.



30 C. SOTO ET AL.

revealed by exposure to the calcium ionophore
A23187. This current is chloride dependent and
is modulated by manipulations of calcium, such
as the removal of external Ca2+ or the inhibition
of Na+/Ca2+ exchangers.

Cytosolic calcium ions are important regulators
of transepithelial ion and water transport (Taylor
and Windhager, ’85; Graham et al., ’92). In this
study we observed that extracellular calcium par-
ticipates in the modulation of the transepithelial
sodium transport. A23187, a calcium ionophore,
stimulated Na+ transport measured as SCC in-
hibitable by amiloride, whereas nifedipine, a cal-
cium channel blocker, significantly diminished the
SCC and PD. This effect of A23187 is in agree-
ment with the findings of Nielsen (’78), who
pointed out that rises in cell calcium stimulate
SCC. The effect of nifedipine is similar to that
reported by Natochin et al. (’91) in frog skin, with
the same inhibitor. Bentley (’74) analyzing toad
skin and urinary bladder showed that verapamil
(another calcium channel blocker) also lowered the
SCC and PD, suggesting a reduction of sodium
movement.

Is the movement of sodium modulated by cal-
cium related to the activity of a Na+/Ca2+ ex-
changer? We addressed this question by the use
of dichlorobenzamil, an inhibitor of this exchanger.
This inhibitor increased SCC and PD, when added
to the mucosal side of the skin. This effect disap-
peared in the absence of external calcium, sug-
gesting that under inhibition of the exchanger,
more sodium becomes available to be transported
by the Na+/K+–ATPase located mainly in the
basolateral membrane of the epithelial cells. We
tested another compound used as an inhibitor of
the sodium/calcium exchanger, quinacrine, and we
observed similar results to those induced by
dichlorobenzamil. These quinacrine effects were

observed only when the drug was added at the
mucosal side of the skin. When it was added to
the serosal side, there was no effect. These obser-
vations suggest the participation of a sodium/cal-
cium exchanger, located on the apical side of the
epithelium, in the regulation of sodium transport.
Location of sodium/calcium exchangers has been
suggested at the basolateral surfaces of the toad
bladder and renal proximal tubules (Windhager
and Taylor, ’83; Dominguez et al., ’91). However,
Ye and Zadunaisky (’92) proposed the location of
a Na+/Ca2+ exchanger mechanism in the apical
membrane of lens epithelium in dogfish and bo-
vines. It is worthwhile to point out that what frog
skin and lens epithelia have in common is that
under normal conditions they are exposed to ex-
ternal media.

The addition of amiloride with the result that
SCC was increased by A23187 showed that this
compound partially inhibited this current and sug-
gested the participation of other ions in the main-
tenance of the remaining SCC. The idea has been
put forward that the effect elicited by A23187 on
the SCC is due to the stimulation of chloride se-
cretion mediated by the action of prostaglandins
on epithelial cells (Bjerregaard, ’89).

To explore the effect of Cl– on this current, we
replaced the sodium chloride in the Ringer’s solu-
tion by sodium methanesulfonate. Under these
conditions we observed that the increments in the
SCC and PD elicited by both inhibitors of the so-
dium/calcium exchanger were significantly dimin-
ished both in the presence and in the absence of
external calcium. These data show, for the first
time, the effect of chloride on the activity of this
exchanger in frog skin. The increased SCC elic-
ited by quinacrine and DCB may be due to an
increment in the chloride secretion stimulated by
an increase in intracellular calcium, subsequent
to the inhibition of Na+/Ca2+ exchangers. In some
epithelia calcium ionophores and calcium-medi-
ated agonists stimulated transepithelial chloride
transport. Ziyadeh et al. (’86) observed that frog
skin glands secrete Cl– via two mechanisms, one
mediated by β-adrenergic-cAMP stimulation and
the other by activation of prostaglandin synthe-
sis induced by increments in cytosolic calcium,
Bjerregaard (’89) found that a calcium ionophore
stimulated the Cl– and water secretion in frog skin
glands not by a direct effect of Ca2+, but instead,
indirectly stimulating the prostaglandin synthe-
sis, which probably results in an increase in the
cAMP level in the gland cells. Similar results have
been observed in other epithelia. Morris et al. (’90)

TABLE 1. Transepithelial resistance ratios (R t/Ro) in
isolated frog skins in the presence of either normal or

low-Cl– Ringer’s solution

Normal Ringer’s Low-Cl– Ringer’s

Control 1.26 ± 0.11 1.71 ± 0.14**
Control – [Ca2+]e 1.32 ± 0.18 1.51 ± 0.43
A23187 (20 µM) 0.69 ± 0.17* 0.96 ± 0.09*
Quinacrine

1 mM 1.37 ± 0.18 1.92 ± 0.20**
1 mM – [Ca2+] 1.45 ± 0.50 1.78 ± 0.32

Dichlorobenzamil
50 µM 1.04 ± 0.24 2.52 ± 0.20*
50 µM – [Ca2+] 2.63 ± 0.80 3.68 ± 0.48

*P < 0.02 with respect to control normal Ringer’s.
**P < 0.05 with respect to normal Ringer’s.
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demonstrated that chloride conductance was sen-
sitive to increments or decrements in intracellu-
lar calcium in epithelial colonic cells (HT-29).
These changes may be induced by calcium iono-
phores or by the readdition of calcium to solutions
free from this ion. This last effect may be blocked
by lanthanum. Cliff and Frizzell (’90) identified
two secretagogue-induced chloride conductances
with different properties in a T84 colonic tumor
cell line: one chloride conductance is activated by
cAMP, and the other is activated by calcium. Con-
firming this data, Mac Vinish et al. (’93) reported
that A23187 increased the rate constant for the
125I– efflux (used as marker to examine the Cl– per-
meability of the apical membranes) in human co-
lonic epithelial cells, suggesting an increase in
apical anionic permeability. These findings and
our results suggest that a Na+/Ca2+ exchanger
may participate in sodium and in chloride trans-
port, since when the sodium chloride was replaced
by sodium methanesulfonate, the SCC and the
PD showed a significant decrease and the re-
sponse to inhibitors of that exchanger was sup-
pressed. These results are in agreement with the
findings of Duffey et al. (’86) who replaced sero-
sal Cl– by gluconate and reported a reduction on
the SCC in the frog skin. Leibowich et al. (’88)
suggested a cell depolarization that results from
an inhibition of the basolateral K+ conductance
triggered by serosal Cl– removal. The depolariza-
tion might reduce apical Na+ entry and lead to a
reduction in intracellular Na+ concentration. The
cell mechanisms by which replacement of serosal
Cl– by gluconate reduces basolateral K+ conduc-
tance are largely unknown. Cell volume, pH, and
intracellular Ca2+ activity have been considered
as possible mediators of this effect (Civan and
Peterson-Yantorno, ’86).

In summary, our results suggest that a Na+/Ca2+

exchanger participates in the increment in SCC
and PD elicited by A23187. This exchanger is lo-
cated mainly at the apical surface of the epithe-
lium and is modulated by the presence of chloride,
since furosemide and the reduction in the concen-
tration of this anion suppress the effect of quina-
crine and dichlorobenzamil, used to inhibit the
activity of this exchanger.
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