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Summary. When the Na electrochemical potential difference across the skin (4 uy,) is
altered by perturbing the transmembrane electrical potential difference or the external Na
concentration, effects on transport and associated oxygen consumption can be described
by the formalism of linear nonequilibrium thermodynamics (Vieira, Caplan & FEssig,
1972, J. Gen. Physiol. 59:77; Danisi & Lacaz-Vieira, 1974, J. Gen. Physiol. 64:372;
Procopio and Lacaz-Vieira, 1977, J. Membrane Biol. 35:219). We now show that with
modifications of Ay, by substitution of Li or choline for Na in the inner bathing
solution, this formalism is no longer applicable. Inner Na by K substitution ((Na x K),)
causes profound alterations in short-circuit current (SCC), J&, K efflux (J&f) and PD.
SCC drops transiently after (Na x K), in Cl and in SO, media, increasing subsequently. In
Cl medium, following the initial transient, there is a late decline in SCC toward a steady
state. The rate of SCC decline in Cl medium is more pronounced than that observed in
SO, medium. (Na x K); causes a transient increase in J. with a peak synchronous to the
minimum in SCC, both in Cl and in SO, media. This was interpreted as due to
depolarization of the inner membrane. In SO, medium, following the peak observed after
(Na x K),, Ji%, drops, to increase again toward a steady state in which SCC and J& are
not statistically different, resembling the control condition before (NaxK),. In Cl
medium, however, the Jif. steady state is approximately 100% higher than SCC. This
difference is due to an important K efflux (J&), which builds up progressively after the
substitution. The apparent K permeability [JE/(K,)] is of comparable magnitude in CI
and in SO, media before (Na x K), and also in SO, medium after (Na x K),. However, in
Cl medium, after (Na x K),, the apparent K permeability increases one order of magni-
tude as compared to the control condition before the ionic substitution. In Cl medium,
the high levels of Ji and of J observed in the steady state after (NaxK), were
interpreted as being a consequence of cell swelling. SCC and PD follow very different
temporal patterns after (Na x K), which are characterized by transients in SCC and a
simple fall in PD. Reasons for these differences are discussed.

The isolated skin of several amphibian species in different experimen-
tal conditions actively transports Na against an electrochemical potential
difference. Different aspects of this transport mechanism have been
studied under the framework of irreversible thermodynamics (Essig &

0022-2631/78/0039-0369 $3.40
© Springer-Verlag New York Inc. 1978



370 W.A. Varanda and F. Lacaz Vieira

Caplan, 1968). Thus, a linear dependence was observed between the rate
of active Na transport and the Na electrochemical potential difference
across the skin (4 uy,) in short-circuited (Danisi & Lacaz-Vieira, 1974)
and in open-circuited skins (Procopio & Lacaz-Vieira, 1977) of Bufo
marinus ictericus. Also, a linear dependence was observed between the rate
of oxygen consumption associated with Na transport and 4pu,,, when
varying skin PD by voltage clamping in Rana pipiens (Vieira et al., 1972)
or varying the external Na concentration in short-circuited skins of Bufo
marinus ictericus (Danisi & Lacaz-Vieira, 1974). Phenomenological coef-
ficients which characterize the transport system and its coupling to a
metabolic driving reaction were evaluated for the skin of Bufo marinus
ictericus (Danisi & Lacaz-Vieira, 1974).

The primary aim of the present work was to test further the
adequacy of the irreversible thermodynamic formalism (Essig & Caplan,
1968) to fully describe the Na transport system of the skin of Bufo
marinus ictericus. If the formalism of linear nonequilibrium thermody-
namics is applicable, an increase in the Na electrochemical potential
difference (independently of its electrical or chemical terms) would
increase net Na transport rate if Na ions were pumped from higher to
lower electrochemical potential level. Therefore, under short-circuited
condition a reduction of inner Na concentration would be expected to
increase the rate of net Na transport. Effects of changes in the inner Na
concentration of epithelial membranes are still controversial. MacRobbie
and Ussing (1961), Ussing (1965) and Rabito, Rodriguez-Boulan &
Cereijido (1973) observed that in frog skin reduction of inner Na
concentration at constant osmolarity is accompanied by decline in SCC.
On the other hand, Finn and Reuss (1975) have shown that the increase
in SCC observed by Lipton (1972) in the toad bladder was due to
osmotic cell swelling rather than lower inner Na concentration. The
present results show that in any circumstance increase in the rate of net
Na transport could be ascribed as being directly related to Na removal
from the inner solution. On the other hand, inner Na substitution was
followed by different skin electrophysiological behavior according to the
ion used to replace Na. The effects of Na by Li, choline, or K sub-
stitutions were studied in relation to short-circuit current and Na and K
movements during the initial phase following the ionic substitution and
until an apparent stationary state was attained. The present results show
that when K is used as an inner Na substitute, long term transients
develop and a final apparent stationary state is reached which is de-
pendent on the anion present in major proportions if chloride or sulfate.
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Materials and Methods

The studies were carried out in modified Ussing-Zerahn chambers (Ussing & Zerahn,
1951), permitting measurement of transmembrane electrical potential difference (PD),
short-circuit current (SCC) and unidirectional fluxes. Abdominal skins of the toad Bufo
marinus ictericus were used by exposing an area of 7.1 cm?. Fig. 1 is a chamber diagram,
The hemichamber to which the isotope was added was connected to an air-lift pump
driven by vacuum applied to its top. The volume of solution in his compartment was
6ml. The other hemichamber (cold compartment) was open to the air and its solution
stirred by an air turbine. The hydrostatic pressure across the skin was balanced to zero
through the compensation of the liquid level difference between the compartments by
reducing the pressure in the air-lift pump. This was accomplished by means of a regulator
connected to the air-lift pump as shown in Fig. 1. With this setup the volume of solution
in the cold compartment was reduced to a minimum. Every two minutes, all the cold
compartment solution was drained into counting vials for >*Na or **K assay. After being
drained, the cold compartment was rinsed with approximately 50ml of solution and
refilled. At the end of each experiment, a sample of the hot solution {100 pl) was collected
and diluted in order to determine its isotope specific activity. Experiments performed in
the short-circuited condition had this condition interrupted for 5 to 10 sec (open-circuited
state) every 2 min during drainage of the cold compartment. Unidirectional ionic fluxes
were calculated as J =cpm/(t-a-sa), where cpm is the counting rate of the whole volume
of solution collected from the cold compartment, ¢ is the duration of each period (110 to
115 sec), a is the area of membrane, and sa is the specific activity in the hot solution.
Fluxes are expressed in their electrical equivalent, pA cm~2 Approximately 50 pCi of
?2Na (New England Nuclear) was added to the external compartment to obtain Na
influx (Ji2). Equilibration periods of at least 1 hr were observed before sampling started.
22Na was counted in an automatic gamma-counter (Nuclear Chicago, mod. 4230). K
efflux (J&'f) was measured by adding approximately 100 pCi of *?K (Institute of Atomic
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Fig. 1. Diagram of the experimental setup



372 W.A. Varanda and F. Lacaz Vieira

Energy, Sdo Paulo, Brazil) to the inner solution. Sampling of the cold side started
immediately following addition of *2K in order to obtain the kinetics of *?K efflux. 42K
was counted in a liquid scintillation counter (Beckman, mod. LS 100) by the Cerenkov
effect. Calibrations were carried out and linearity was observed between isotope con-
centration and counting rate in the range of concentrations used. Electrical measure-
ments were carried out according to the method previously described (Danisi & Lacaz-
Vieira, 1974). An electrometer (Keithley, mod. 615) was used to measure PD and a
voltage clamp unit (Yale University Department of Physiology Electronic Laboratory) to
set to zero the potential difference across the skin. PD and SCC were recorded in a two-
channel recorder (Varian, mod. G-2500). One pair of 3-m KCl-agar bridges, connected to
calomel half-cells, was used to record PD. A second pair, connected to Cu-CuSO, half-
cells permitted passage of current. Membrane total electrical resistance was calculated as
PD/SCC. The solutions used were (in mwm): NaCl-Ringer’s solution: NaCl, 115.0;
KHCO;, 2.5; and CaCl,, 1.0: Na,SO,-Ringer’s solution: Na,SO,, 57.5; KHCO,, 2.5;
and CaSO,, 1.0. Solutions were gassed with air. Na by K, Li, or choline substitutions
were carried out on equimolar bases, all Na being replaced by the other ions. Therefore,
in the K substitution experiments, inner solution KCl was substituted for NaCl, and
K,S0, for Na,SO,. Results are presented as mean +SEM.

Results

1. SCC, J&, and the Effect of Na by Monovalent Cation Substitutions
in the Inner Solution (Cl~ as the Major Anion)

These experiments were performed to test the effects of inner Na
removal on the rate of net transepithelial Na transport. Following a
control period with short-circuited skins bathed by NaCl-Ringer’s so-
lution on both sides, Na in the inner solution was completely replaced by
choline, Li, or K. Choline substitution (Fig. 2) does not significantly alter
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Fig.2. Short-circuit current (@) and Na influx (o) in units of current density and skin
electrical resistance (o) before and after inner Na by choline substitution. The ionic
substitution is indicated by the arrow

i




SCC and Ionic Flux Transients in Toad Skin 373

the temporal patterns of SCC or of Ji.. In the control period, before
choline substitution, mean values for the last 5 measurements were: SCC
=456432 pA cm~? and JiR=421456 pA cm~? which are not
statistically different (P>0.6, ¢ test; n=4). After choline substitution,
SCC and J displayed temporal evolutions similar to that of the control
period. For the first 5 measurements after substitution, SCC=38.6+1.0
A cm~? and Ji2=40.1+2.5 pA cm~? (P>0.6, ¢ test; n=4). The skin
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Fig. 3. Short-circuit current (@) and Na influx (o) in units of current density and skin
electrical resistance (o) before and after inner Na by K substitution. The ionic sub-
stitution is indicated by the arrow. (4): Experiments performed with Cl as the major
anion, (B): Experiments performed with SO, as the major anion
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electrical resistance displayed a slight increase after Na by choline
substitutuion, followed by a slow decline with time.

Na by Li substitution induced skin behavior very similar to that seen
after choline substitution.

However, when Na was substituted by K in the inner solution, a
contrasting behavior was observed as compared to choline or Li experi-
ments. SCC and Ji& showed a very characteristic transient behavior
before attaining an apparent steady state, normally 2hr after the ionic
substitution, as shown in Fig. 3a. In the control period, with NaCl-
Ringer’s solution on both sides of the skin, SCC and J& showed a
behavior similar to that already described. For the last 5 measurements
before substitution, SCC=48.14+54 pA cm~? and Jih=4891+7.9 pA
cm™ 2 (P>009, t test; n=>3). Following inner Na by K substitution, SCC
falls sharply to a minimum of 21.1 +1.9 pA cm™? (approximately 50 % of
the pre-substitution values) 5 min after the substitution. Subsequently,
SCC increases reaching values higher than those in the control period, to
fall again, slowly, toward an apparent stationary state, 90 min after the
ionic substitution. During the transient phase, SCC and J§ display
almost inverse relationships. Simultaneously to the initial decline in SCC,
Jin shows a peak of 44.6+2.3 pA cm™?, which is significantly higher
than the mean of the last pre-substitution values (41.943.2 pA cm™?)
(P <0.05, paired ¢ test; n=>5). Subsequently, J¥, falls, to increase later
toward a stationary state which is simultaneously attained by SCC. In
the stationary state, Ji=51.4+2.1 pA cm~? (for the last 5 post-
substitution values), is approximately 100 %, higher than the correspond-
ing SCC values (204 +6.7 pA cm~?). Inner Na by K substitution is
followed by a slow and progressive decline of the skin electrical re-
sistance, which is 1.44 +0.02 kohm cm? in the control condition and 0.29
+0.01 kohm cm? for the last 5 post-substitution measurements (Fig. 3a).

2. SCC, Ji&, and the Effect of Na by K Substitution
in the Inner Solution (SO, ~ as the Major Anion)

These experiments were performed to test the role played by changes
in cell volume (induced by KCl movement from the inner solution to cell
medium after Na by K substitution) on SCC and J¥, transients described
in Results, section 1. In order to prevent cell swelling, Cl was substituted
in the bathing solutions by SO,, a less permeant anion. Fig. 3b shows
SCC and Ji& before and after Na by K substitution in the inner solution
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in SO, medium. In the control period, the behavior is very similar to that
observed in Cl medium. For the last 5 measurements before the ionic
substitution, SCC=58.1+89 pA cm~? and Ji=59.7+4.8 pA cm~?
(P>0.9, t test; n=5). After the substitution, the transient phases of SCC
and of Ji are very similar to those displayed by the same variables in Cl
medium. SCC goes through a minimum of 33.745.7 pA cm~2 and Ji
through a maximum of 55.0+7.3 pA cm™? which is significantly higher
than the mean of the last pre-substitution values (50.0+7.1 pA cm~?3),
(P <0.01, paired ¢ test; n=>5),-both peaks occurring around 5 min after the
substitution. However, a sharp difference can be noticed regarding SCC
and Ji stationary-state values, as compared to the behavior seen in Cl
medium. In SO, medium, SCC and J are no longer different 60 min
after the substitution. For the last 5 post-substitution measurements,
SCC=33.14+54 pA cm~2 and Ji& =36.746.7 pA cm™ 2 (P>0.7, t test; n
=5). This reflects the fact that in SO, medium there is no latter increase
in Ji as seen in Cl medium and, also, because the SCC does not decline
as fact as it does in Cl medium. Inner Na by K substitution is followed
by a slow progressive decline of the skin electrical resistance which is
1.74 +0.02 kohm c¢m? in the control condition and 0.72 +0.03 kohm cm?
for the last 5 post-substitution measurements (Fig. 3b).

3. J& and the Effect of Na by K Substitution in the Inner Solution

In order to interpret the discrepancy observed between stationary
state values of SCC and Ji in CI, but not in SO, medium, experiments
were carried out to examine the role of an important K efflux after Na
by K substitution in Cl medium experiments to reduce steady-state SCC
to about 50 % of Ji (Results, section 1). In these experiments a control
period was carried out with Ringer’s solution on both sides of the skin,
and *?’K added to the inner solution. Sample collection in the outer
compartment was started simultaneously in order to obtain the rate of
42K appearance in the outer solution and to determine the steady-state
JE A steady-state JE is reached approximately 90 min from the
moment of isotope addition. In Cl medium, steady-state J&'f =(6.4 +0.4)
x107% pA cm~? (n=35), and in SO, medium, steady-state J&f=(1.6
+0.1)x 10~ pA cm~2 (n=4). These values are negligible as compared
to SCC and to Ji observed in similar conditions (Results, sections I and
2). After J& had reached a steady state, Na by K substitution in the
inner solution was carried out, with 4K added to the new inner solution
to give a final isotope concentration approximately equal to that pre-
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Fig. 4. Short-circuit current (@), K efflux (o), and the sum of SCC and J¢f absolute values

(o) before and after inner Na by K substitution. The ionic substitution is indicated by the

arrow. (A): Experiments performed with Cl as the major anion. (B): Experiments
performed with SO, as the major anion

viously present. Sampling of the external solution followed as before.
Figs. 4a and 4b show the rates of **’K appearance in the external solution
as a function of time for skins in Cl and in SO, media, respectively. In
these figures, open circles correspond to the sum of SCC and Jgf
absolute values. Table 1 summarizes the results. As can be seen, inner Na
by K substitution increases steady-state J¢* in Cl and in SO, media. In
the Cl group, this increase is much higher than that in SO,, despite the
fact that the pre-substitution values were of a comparable magnitude.
The ratios JET/K,) (where (K,) is the K concentration in the inner
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Table 1. Steady-state K efflux (J&f) before and after Na by K substitution in the inner

solution?®
Cl medium SO, medium
Before After Before After
JF(wA cm 3 0.10+0.01 37.340.50 0.16 +0.00 6.7+0.16
P (cms™Y) 40 x10-7 33x10-° 6.5 x10-7 59x10-7

* Experiments with Cl or SO, as the major anion in the bathing solutions.

Before: Na-Ringer’s solution on both sides of skin.

After: Na-Ringer’s solution on the outer side and K-Ringer’s solution on the inner side.
P is the apparent K permeability calculated as JE/(K,), where (K,) is the K concentration
in the inner bathing solution, equal to 2.5 mm before and 117.5 after the ionic substitution

solution) are of a comparable magnitude in the Cl and in the SO,
control groups and also in the SO, group after the ionic substitution.
However, it is an order of magnitude higher in the Cl group after the
ionic substitution.

4. Skin Electrical Potential Difference Before and After Na
by K Substitution in the Inner Bathing Solution

These experiments were carried out to test skin PD behavior after
inner Na by K substitution in open- and in short-circuited skins.

(a) Skins kept in open-circuited state. Fig. 5a shows that in Cl and in
SO, media PD falls sharply after the substitution and that a new steady-
state is reached after about 2 min. In Cl medium, PD falls from 63.4 +7.9
mV to 5.5+1.2 mV (n=>5); in SO, from 107.54+8.4 mV to 23.4+2.3 mV
(n=35). Fig. 5a shows that no transients resembling those of SCC (Figs.
3a and 3b) can be seen and that the behavior is similar in Cl and in SO,
media, apart from the levels which are higher in SO, medium.

(b) Skins kept in short-circuited state. Fig. 5b shows the results for
short-circuited skins (kept in the open-circuited state for only 5 to 10 sec
every two min) bathed in ClI and in SO, medium, respectively. These
results correspond to experiments of Results, sections 2 and 3. As can be
seen, no transients are observed, and PD falls sharply after the ionic
substitution, following a slow decline with time. In Cl medium, PD falls
from 63.9+7.7 mV to 6.9+1.6 mV (n=5); in SO,, from 100.4+12.1 mV
to 24.6 +2.9 mV (n=4).
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Fig. 5. Skin electrical potential difference normalized to the initial value (PD/PDy), before
and after inner Na by K substitution. (4): Skins kept in the open-circuited state. (B):
Skins kept in the short-circuited state except for 5 to 10sec in the open-circuited state for
PD measurement. Experiments performed with Cl (@) or SO, (o) as the major anion
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Discussion

The initial aim of this work was to continue our studies in amphibia
skin (Vieira et al., 1972; Danisi & Lacaz-Vieira, 1974; Procopio & Lacaz-
Vieira, 1977) in an attempt to test further in the isolated skin of the toad
Bufo marinus ictericus the irreversible thermodynamic formalism of Essig
and Caplan (1968) for the active Na transport. If the formalism were
applicable, a reduction of the inner Na concentration, increasing the Na
electrochemical potential difference across the skin (4 uy,), would in-
crease the rate of net Na transport across the skin. The effect of changing
inner Na concentration on net Na transport is still a controversial matter
in epithelial membranes (MacRobbie & Ussing, 1961; Bricker, Biber
& Ussing, 1963; Ussing, 1965; Ussing, Biber & Bricker, 1965; Lipton,
1972; Rabito et al., 1973; Robinson & Macknight, 1976a—). In the
present circumstance, a nominal zero Na concentration in the inner
solution, carried out by Li or choline substitution (Results, section I) had
no effect on the rate of net Na transport (measured by SCC) or on the
rate of 22Na appearance in the inner bathing solution (Ji.), despite the
large thermodynamic force favoring active Na transport. This contrasts
with the effects of changes in 4py, caused by changes in the electrical
potential difference across the skin or in the external Na concentration
which alter not only the rate of net Na transport (Vieira et al., 1972;
Mandel & Curran, 1973) but also the rate of oxygen consumption
associated with net Na transport (Vieira et al., 1972; Saito, Essig &

" Caplan, 1973). The results indicate that the formalism of Essig and
Caplan (1968), which successfully describes the transport system in other
conditions (Vieira et al., 1972; Danisi & Lacaz-Vieira, 1974; Procopio &
Lacaz-Vieira, 1977), in the present circumstance does not fit the experi-
mental results of changes in the inner Na concentration. Reasons for the
nonlinear behavior between Na transport and changes in Auy, are
unknown. Asymmetry at the pump level could be responsible for the
observed results; however, other possibilities may also contribute to the
nonlinearity. The results of inner Na by Li or choline substitutions are
consistent with observations of Finn and Reuss (1975) in the toad
urinary bladder, showing that the increase in SCC induced by lowering
inner NaCl concentration is due to an osmotic cell-swelling rather than
to lower inner Na concentration. In the present case, effects of osmolarity
changes were prevented by the ionic substitution, since the control and
test solutions always had the same osmolarity.

Experiments with Li or choline substitution in the inner solution
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indicate that these ions can replace Na even in long term experiments, at
least regarding their ability to sustain SCC and Ji. This behavior differs
from observations of Mandel and Curran (1973) in Rana pipiens, showing
that high inner choline concentration or low Na concentration may
induce decline in SCC. It may, perhaps, reflect species difference.

Inner Na by K substitution, on the other hand, causes marked
transient and stationary alterations in SCC, in Ji&, and in J£', which are
clearly distinct from those observed with Li or choline substitutions. The
stationary alterations are fundamentally dependent on the nature of the
anion present in the solutions, if Cl or SO,, as will be discussed later.
Further, the electrical parameters, SCC and PD distinctly reflect what
follows after inner Na by K substitution. Thus, a transient phase is
clearly seen in SCC (Fig. 3a and b), but is completely absent in PD (Fig.
5a and b), both in open- and in short-circuited skins with brief open-
circuited intervals for PD measurements. An abrupt fall in SCC follows
inner Na by K substitution with a minimum, about 50 % of the presub-
stitution values, 5 min after the ionic substitution. This is followed by a
subsequent increase of SCC which may surpass presubstitution values.
These SCC transients are very similar to those observed by Finn and
Hutton (1974) and Robinson and Macknight (1976a and b) in the toad
urinary bladder, following increase in the serosal K concentration. Fig.
3a and b show that the transients observed in SCC are independent of
the major anion present in the bathing solutions, whether chloride or
sulfate. The SCC fall that immediately follows Na by K substitution in
the inner solution may be interpreted as being due to a transient K flow
from inner solution to cell medium due to rupture of the K equilibrium
across the inner cell membrane as a result of increase of inner K
concentration. This interpretation is consonant with that given by Rob-
inson and Macknight (19764 and b) to explain similar transients in the
toad urinary bladder. The subsequent increase in SCC after the. mini-
mum could be a natural consequence of the transient nature of the K
flow in a system drifting toward a new equilibrium state. Two variables
should be considered in this evolution to equilibrium: changes in the cell
K concentration and changes in the electrical potential difference across
the inner cell membrane. It is reasonable to assume that increase in the
inner K concentration could lead to some increase in cell K con-
centration. Results of Robinson and Macknight (1976b) indicate that this
really occurs in the short-circuited toad urinary bladder following a rise
in the serosal K concentration. Regarding the electrical potential differ-
ence, it is conceivable that the electrical potential well present in the
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short-circuited condition (Whittembury, 1964; Cereijido & Curran, 1965;
Rawlins et al., 1970) could be reduced following a rise in the inner K
concentration, according to the classical interpretation of the inner
membrane potential as being a K diffusion potential (Koefoed-Johnsen
& Ussing, 1958). This interpretation, however, has been challenged by
more recent observations that indicate that the Na pump may be
rheogenic, not only in amphibian skin but in other epithelial membranes
(Frazier & Leaf, 1963; Snell & Chowdhury, 1965; Finn, 1974; Pour-
Hassani & Finn, 1974; Nellans & Schultz, 1976; Varanda & Lacaz-
Vieiral). Even in the case of a rheogenic pump, it is reasonable to assume
that increase in the inner K concentration may lead to reduction in the
inner membrane potential due to a shunting K current from inner to
outer bathing solutions as shown to be present in Fig. 4a and b. Fall in
the inner membrane potential after rise in the inner K concentration may
lead to a new K steady state across the inner membrane with an increase
in the cell K concentration smaller than what would be expected if the
potential had not changed. Therefore, the puzzling fact that marked
transients are observed in SCC after inner Na by K substitution while,
on the other hand, only a fall, without any subsequent increase, is
observed in PD after similar ionic substitution (either in open- or in
short-circuited skins briefly unclamped for PD measurement, both in Cl
or in SO, media (Fig. 5a and b)) may indicate that the new K steady
state is reached due to a large depolarization of the inner membrane and
a small increase in the cell K concentration.

Concomitantly to the fall in SCC, a small transient increase in Ji,
follows inner Na by K substitution, with a peak occurring simultane-
ously to the minimum in SCC (Fig.3a and b). Different processes may
contribute to this transient. The rise may be of an electrical nature, due to
increase in the passive component of Ji from cell to inner solution
and/or to increase in the pumping rate of a rheogenic pump located in
the inner membrane as a consequence of depolarization of the inner
membrane. Certainly, it is not due to a reduction of the inner Na
concentration, since it was absent in the experiments with Li or choline
substitution (Fig. 2). In the toad urinary bladder, Robinson and Mac-
knight (1976a) and Finn (1976) observed only a decline of Na influx after
inner Na by K substitution, despite the fact that the first authors
observed a temporal evolution for SCC very similar to what we have

1 W.A. Varanda and F. Lacaz-Vieira. 1977, Transient transepithelial K fluxes in toad
skin. (Manuscript in preparation)
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seen. In SO, medium, the decline seen in Ji2 after the peak is progressive
and 80 min after the ionic substitution Ji# and SCC are no longer
different (Fig. 3b). This decline could possibly be a consequence of a
reduction in the Na influx at the outer barrier of the skin, due to
depolarization of this membrane as a consequence of depolarization of
the inner barrier by high internal K concentration, by the condition of
voltage clamp. This interpretation is consonant with results showing that
the electrical potential difference across the outer barrier may control Na .
flux across this structure (Biber & Sanders, 1973). The small J¥ peak
may be reflecting a small Na transport pool which is consistent with
results of Finn and Rockoff (1971) and Macknight, Civan & Leaf (1975)
in the toad bladder and of Aceves and Erlij (1971), Cereijido and
Rotunno (1971), Moreno et al. (1973) and Cereijido et al. (1974) in
amphibian skins. In SO, medium, steady-state SCC and Jy. are no
longer different, resembling the control condition with Na-Ringer’s so-
lution on both sides of skin. This indicates that in the new stationary
state after inner Na by K substitution the skin still pumps Na from the
outer to the inner solution and that Na is the major ion responsible for
the SCC. However, with Cl as the major anion in the bathing solutions,
we have observed that a late decline in SCC normally occurs 50 min
after inner Na by K replacement. This decline in SCC is not due to a
drop in Ji, since simultaneous measurements of SCC and of Jg, show
that Ji displays a late increase with a plateau starting 70 min after the
ionic substitution, while SCC falls progressively. In the late steady state,
Jin is approximately twice the SCC value. These results are in agreement
with those of Bricker et al. (1963) in Cl medium, which show the ability
of the frog skin to maintain a short-circuit current when Na was
completely replaced by equimolar concentration of K in the inner
bathing solution. Reversible cell swelling, which takes place after inner
Na by K substitution in Cl, but not in SO, medium (Ussing et al., 1965),
may explain the different behavior according to the anion present in
major proportions in the bathing solutions. Epithelial cell swelling is
associated with an increasing rate of Na transport in frog skin (Ussing,
1965) and in toad urinary bladder (Finn & Reuss, 1975). Hence, it is
conceivable that the late increase in Ji and in J&* in Cl medium might
be associated with cell swelling. Further, as previously noticed by Bricker
et al. (1963) in Cl medium, the difference between J3, and SCC values in
Cl, but not in SO, medium, is due to an important K efflux, which builds
up progressively with time after the ionic substitution. Epithelial cell
swelling may lead to increase of the K permeability of the outer barrier
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of the skin and, thus, to a significant K flow from cell to outer bathing
solution along with the K electrochemical gradient. K efflux measure-
ments in the control condition and after the ionic substitution show that
in the former condition, with NaCl- or Na,SO,-Ringer’s solution bath-
ing both sides of skin, steady-state Jg'* is insignificant as compared to
SCC (JE/SCC=2x1073). Inner Na by K substitution increases Jg',
both in Cl and in SO, media. In sulfate medium, increase in the steady-
state JE* is proportional to the increase in the inner K concentration
(K,). The steady-state J&'/(K,) ratio in control condition (6.6 +0.2) x 107
cm s~1 is not significantly different from that after Na by K substitution
(5940.1)x10~7 cm s~ (P>0.7, ¢ test; n=>5). On the other hand, in Cl
medium a steady-state J&T is not completely attained. However, 1.5hr
after inner Na by K substitution the ratio JZ(K,) (3.3 £0.04) x 10~ ¢ c¢m
s~! is approximately one order of magnitude higher than that in the
control condition (3.2 +0.1) x 10~ 7 cm s~ 1. This indicates a facilitation of
the K movement from inner to outer bathing solution, possibly as a
consequence of an increase of the K permeability of the outer barrier of
the skin, which is the main barrier to K movement across the epithelium
(MacRobbie & Ussing, 1961) due to epithelial cell swelling, similar to
what has been described for Na permeability in the toad urinary bladder
(Finn & Reuss, 1975). A possibility that could also be raised to explain
the transient declines observed in SCC and in Ji! after inner Na by K
substitution would be that both are the result of a transient decline in the
Na movement from the outer to the inner bathing solution, and that the
temporal dissociation observed in Fig. 3a between the transients in SCC
and in Ji would be due to isotopic delay in the tissue. This would not
affect the electrical measurement but would delay the appearance of
?2Na in the inner solution. We think, however, that this possibility is
unlikely to occur for the following reasons: (i) what we first observe after
inner Na by K substitution is a significant increase in Na influx which is
concomitant to the fall in SCC either in Cl or in SO, media. A delay in
isotopic flow could never give rise to this behavior; on the contrary, it
could have masked the transient increase in Ji2 if it were of an important
magnitude. (ii) In Fig. 3a the arca of the SCC transient calculated
between the point where SCC started to decline and the point where it
had returned to the initial value is 20 % higher than that of the transient
of J§., calculated in a similar way, which indicates that a transient
reduction in Ji could not, by itself, explain the transient reduction
observed in SCC, suggesting the participation, as already mentioned, of a
K flux from inner solution to cell medium. (iii) In SO, medium (Fig. 3b)
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a transient, similar to that seen in Cl medium, is observed in SCC.
However, only a decline without subsequent increase is observed in J..
This corroborates the hypothesis that the SCC transient is not due, at
least entirely, to a transient decline in J{. which would appear late in
time due to isotopic delay in the tissue.
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