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SUMMARY

1. The abdominal frog skin was mounted between two chambers con-
taining Ringer with 1 mM-Na on the outside and 115 mm-Na on the inside.
When the Na concentration of the outer solution ([Na]o) is instantaneously
raised from 1 to 50 mmM, the short circuit current (I) increases to a new
value in less than a second, and becomes essentially time-independent.
Only in a few experiments was it observed to increase further, although
at a much slower rate.

2. At a time ¢ after this increase, the addition of 10— M amiloride to the
outer solution produces an exponential decrease of I. The area under this
exponential curve is generally taken to reflect the existence of a Na-
transporting compartment (NaTC).

3. The amount of Na represented by NaTC is a function of ¢: it
increases from 1-7x 10—° mole.cm—2, at ¢ = 10 sec, to 22:8 x 10~? mole.
cm—2 at ¢{ = 10 min.

4. In view of the fact that (a) I is not a function of the size of the
‘NaTC’ and (b) that whereas I reaches a steady value in a fraction of a
second the size of NaTC keeps increasing for minutes, it is proposed that
the ‘NaTC’ represents an amount of Na which is not located along the
main route of transepithelial transport.

5. On the assumption that the NaTC is located in a cellular com-
partment and that, in order to accumulate in this compartment Na should
be accompanied by a permeable anion, a series of experiments were per-
formed with Ringer in which Cl- was replaced by gluconate. It was ob-
served as expected, that NaTC in gluconate is 164 times smaller than
in CI-, but I only decreases to one half its value in Cl- Ringer.
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INTRODUCTION

The concept that, in order to be transported across the epithelium, Na
penetrates passively through the outer barrier of the cells, and is pumped
inwards from there across the inner barrier (Koefoed-Johnson & Ussing,
1958) has played a key role in our understanding of the process of ion
movement across epithelial membranes. Ironically, this fruitful concept
‘seems to present more difficulties in the case of the frog skin for which it
was originally proposed than for most other epithelia’ (Ussing, 1970).
The main difficulties are concerned with the number and nature of the
barriers traversed by Na+, and the size and location of the Na-transporting
compartment (NaTC) that would be located between these barriers.

The difficulties with respect to the nature of the barriers arise from the
fact that Na can penetrate the outer border of the epithelium in a net
amount from diluted solutions, and this apparently occurs in the absence
of an electrochemical potential gradient (Rotunno, Pouchan & Cereijido,
1966). In order to overcome this difficulty several hypotheses have been
proposed: (a) that Na is translocated through a series arrangement of
compartments of progressively higher Na concentration, each one possess-
ing an inwardly oriented pump (Biber, Chez & Curran, 1966); (b) that at
the outer barrier Nat is exchanged for another cation (Leblanc & Morel,
1972); (c) that the outer barrier might possess an inwardly orlented Na
pump (Biber & Curran, 1970; Cuthbert, 1972).

As regards the NaTC, the difficulties are related mainly to its size and
location. The estimated size of the pool varies widely, depending on the
different experimental approaches used. It ranges from less than 10-° to
1720 x 10~° mole of Nat per square centimetre of epithelium (Hoshiko &
Ussing, 1960; Andersen & Zerahn, 1963; Curran, Herrera & Flanigan,
1963; Aceves & Erlij, 1971; Cuthbert, 1972; Moreno, Reisin, Rodriguez
Boulan, Rotunno & Cereijido, 1973). Moreno et al. (1973) have recently
compared the uptake of Na in the presence of amiloride, with the uptake
in the presence of ouabain. On the basis that amiloride stops penetration
of Na across the outer barrier, and ouabain stops Na extrusion at the
inner barrier, the difference between the two uptakes was expected to
reflect the sizé of the NaTC. Yet they found no difference between the
two sets of measurements, and concluded that either the NaTC does not
exist (except for the Na bound to the mechanism operating the trans-
location), or else that in the presence of ouabain the Na permeability of
the outer barrier is drastically reduced, so that both amiloride (directly)
and ouabain (indirectly) stop Na penetration at the outer barrier. One
may conclude that the available information on the nature and size of
the NaTC, if not controversial, does not offer a clear picture.
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In this paper a new approach is used to evaluate the size of the NaTC.
It is based on two sets of observations: (1) when the concentration of Na
in the outer solution ([Na),) is suddenly increased from 1 to 50 mm, the
electrical potential difference and the short-circuit current (I), which is
thought to reflect the active translocation of Nat, rise to a new steady
value with a delay due mainly to unstirred layers (Kidder, Cereijido &
Curran, 1964; Dainty & House, 1966; Biber, 1971). This means that,
as soon as [Na], achieves its new (higher) value at the outer barrier, I
reaches 80-100 9, of its new (higher) value; (2) when the penetration of Na
into the epithelium is instantaneously interrupted by adding amiloride
to the outer solution I decays exponentially. The area under the transient
of I is generally taken to represent the NaTC (Cuthbert, 1971, 1972).
The approach used in this paper consists in (@) increasing [Na], from

Il 1mm 50 mM [NaJ,

Amiloride

NaTC

I

t

(10 sec to 10 min)

Fig. 1. Experimental protocol to study the t;imé course of I. The skin is
initially bathed in Ringer with 1 mM-NaCl on the outside and 115 mm-NaCl
on the inside. At zero time (interrupted line) the concentration of Na on
the outside [Na], is instantaneously changed from 1 to 50 mm. After a
given period (t) of exposure to 50 mM-NaCl, amiloride 10—* M is added at
the outer bathing solution. The area under the transient of the curve
(shaded) is thought to reflect the size of the NaTC.

1 to 50 mMm, thus eliciting an increase of I (Fig. 1) and (b) after a given
period of time (¢) ranging from 10 sec to 10 min adding amiloride with
the consequent drop of 7. It is observed that, whereas 80-1009, of the
new value of I (I, in Fig. 1) is reached in a fraction of a second, NaTC
is a much slower function of ¢.. Data and arguments are presented on the
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relationship between I and NaTC which suggest that NaTC is either not
directly involved in transepithelial Na transport or else not placed along
the main transepithelial route.

METHODS

The experiments were performed on the abdominal skin of the local frog Lepto-
dactylus ocellatus. Animals of either sex were studied at 20-22° C. The basic Ringer
solution used contained (mm): 105 NaCl, 2-4 KHCO,, 1-0 CaCl,, and 10 Na piruvate.
Other solutions used are specified in Results.

The abdominal skin was mounted as a flat sheet between a set of four individual
pairs of chambers. In each pair the exposed area was 1:54 cm?; the volume of the
outer half was 0-8 ml., that of the inner half, 4-0 ml. Electrical potential difference
was measured through agar bridges with 2 M-KCl, connected to calomel half-cells.
These, as well as the terminals in contact with the silver plates, were connected to
a voltage clamp apparatus devised by Dr Joaquin Remolina at the Centro de
Estudios Avanzados (Instituto Politécnico Nacional, México).

The skin was mounted with control Ringer on the inside, and Ringer with
1 mM-Na (made isotonic with choline chloride) on the outside. Once the value of I
was steady, 10 ml. Ringer with 50 mM-Na (made isotonic with choline chloride)
were injected into the outer chamber in 0-3 sec. Since, as mentioned above, the
volume of the outer chamber was 0-8 ml., the change of Ringer was considerably
fast. It produced an increase of I in less than a second. After a given period of time,
10 ml. of the same Ringer with 50 mM-Na, but containing amiloride 10-% M, was
injected into the outer chamber in 0-3 sec. Amiloride produced an instantaneous
drop of I. Both transients were recorded on a 7B polygraph recorder (Grass). In
order to analyse in more detail the increase of I which followed the change from 1
to 50 mm-Na, a set of experiments was performed in which the transient was
followed on a dual beam oscilloscope with two different sweep speeds (Tektronix
Model 565).

Sources of material. Amiloride was obtained from Merck, Sharp & Dohme (West
Point, Pa): choline chloride was purchased from Eastman Organic Chemicals
(Rochester, N.Y.) and all other chemicals used were of A.R. grade.

Results are expressed as mean + s.E. (number of observations).

RESULTS

Biber (1971) observed that if the solution used to change [Na], from
1 to 50 mmM contains amiloride, I climbs to almost the same level that it
reaches without amiloride, but then decays back to basal level. Fig. 2
shows an experiment in which Biber’s observation is confirmed. In this
case, the increase of Na concentration elicits an increase of I of 104 xA;
but amiloride cancels this response in less than 2 sec. Fig. 3 shows that if
amiloride is added before the increase of Na concentration, the increase of
I is prevented. This suggests that the transient response observed in
Fig. 2 is due to a difference in diffusion speed between Na*+ and amiloride
in the epithelial structures located outside the Na-sensitive barrier, i.e.
is given by the Na* that reaches the barrier before amiloride stops the
penetration. Since I is generally considered to be proportional to the size
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of NaTC (Cereijido et al. 1964), it comes as a surprise that it should reach
a near maximum level with the amount of Na+t that can outrun amiloride
in a distance of a few microns (the amount of Na represented by the area
under the curve in Fig. 2 is 2:23 x 10~® mole cm~2). Further, if the NaTC
is so small, what is the meaning of the area under the I-curve of Fig. 1
which, as discussed above, was also thought to reflect a NaTC?

i |
:Y.,*,QMM,*@.,},@.% =

i

Fig. 2. Transient of I which follows a change of the outer Ringer (with
50 mm-Na and 10— M amiloride). Ordinate: slow sweep 50 uAfcm, fast
sweep 42 uAfcm?. Abscissa: slow sweep 1 sec/em; fast sweep 0-2 sec/em.

For the purpose of clarifying the nature of the NaTC a series of
experiments were performed following the protocol already mentioned in
the Introduction and depicted in Fig. 1. Fig. 4 shows a typical change in
I following the increase of [Na], from 1 to 50 mm, as well as its decay upon
addition of amiloride 7 sec later. Figs. 5 and 6 show some responses that
were also observed occasionally. Fig. 5 shows in a single experiment most
of the pecularities observed individually in other records. I, is the current
measured with 1 mM-Na in the outside Ringer. All other currents are
measured with 50 mm-Na. [, is the current at the peak of the overshoot.
It was present in 70 %, of the cases. I, is a depression in the I curve
which was observed around 1 sec after the overshoot in 37 9, of the cases.
In the remaining 639, of the cases the current after the overshoot
achieved a steady value. I, is the current immediately before injecting
amiloride. T4 is the current recorded once the inhibition produced by
amiloride has achieved a steady value. Fig. 6 shows a delayed and transient
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Fig. 3. Change in I which follows a change of the outer Ringer (with
1 mm-Na) for another containing 50 mM-Nat (upper trace) or 50 mm-K+
(middle trace). The lowest trace corresponds to a change from 1 to
50 muM-Na, but with amiloride present throughout the experiment.
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Fig. 4. Changes of I according to the protocol of Fig. 1. Ordinate: slow
"+ sweep 100 pAfem, fast sweep 82 uAfem. Abscissa: slow sweep 5 sec/ecm,
fagt sweep 0-5 secfem. .
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increase of I4 that was observed only in experiments of 10 sec of exposure
to 50 mM-Na (see also Fig. 8, open circles). The values of the different
currents are listed in Table 1.
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Fig. 5. Record of I as a function of time which shows together, in the same
experiment, most of the pecularities of I observed (see text).
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Fig. 6. Time course of I following the instantaneous addition of amiloride
to the outer solution. The skin had been exposed to 50 mm-Na for 10 sec.
Notice the delayed and transient increase of I which follows the initial
depression.

A series of experiments was designed to explore the nature of the current
response which follows the increase from 1 to 50 mm of the concentration
of Na in the bathing solution. In order to compare the results obtained
in the different experiments, these are expressed in terms of the increase
in I as a fraction (F) of the maximal increase as detailed in the Appendix.
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TasLE 1. Values of the different currents shown on Fig. 5

Time of
exposure to
50 mm-Na I 1, I.. I, I n
(#A .cm~2)
10 sec 16-4 +2-5 118+13 99+11 9+ 7 31+1 16
30 sec 13-9+1-6 111+ 8 88+ 7 92+ 7 31+2 13
1 min 18-4+3-2 100+ 11 89+ 9 95+ 6 31+2 14
5 min 18-2 +2-7 115+ 17 91+ 16 103+ 10 43+5 9
10 min 22:5+ 57 104+ 19 96 + 22 101 +20 3547 6
10
F
05

Dpa=5%10"¢ cm? sec™!

] ] ] ] 1 ] ] ]
0 02 0-4 0-6 0-8 10
Time (sec)

Fig. 7. Fractional change in I following an increase in Na concentration in
the outside solution from 1 to 50 mM. The curves were calculated from

eqn. (3) and (4) as described in the Appendix, using the values of Dy, and
& shown on the curves.

In agreement with previous observations on the time course of the elec-
trical potential difference (Kidder et al. 1964; Dainty & House, 1966;
Gebhart, Fuchs & Lindemann, 1972), it is shown (Fig. 7) that the delay
is that expected for an unstirred layer some 20-30 ym thick. Thus, the
site where the increase of I is achieved must be located at the outer
barrier. Also, since the response is abolished by amiloride (Fig. 3), and this
drug is a specific inhibitor of Na* sites (Eigler & Crabbé, 1969; Gebhardt
et al. 1972; Aceves & Cereijido, 1973) I must be due to Na movement.
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This is further indicated by the experiment in Fig. 3, where K fails to
elicit an increase of I similar to the one elicited by Na. Furthermore, an
increase of the concentration from 1 to 50 mm-Na produces an increase
of the Na influx from 0-2 to 1-8 gmole h-! cm~2 (Moreno et al. 1973). In
order to increase the concentration of Nat in the outer chamber, Nat was
injected as Cl- salt. However, it is unlikely that the variation of I was due
to Cl-, because the concentration of this ion is kept constant. For the same
reason the fact that the skin of Leptodactylus ocellatus has a small inward
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Fig. 8. Time course of I (expressed as I —I%) following the addition of
amiloride to the outer solution. The curves correspond to experiments
where the skin has been exposed to 50 mm-Na for 10 sec (O); 30 sec ([]);
1 min (Ml); 5 min (A) and 10 min (@).

transport of chloride (Zadunaisky, Candia & Chiarandini, 1963) should
not modify the change in I elicited by Na. One may conclude that the
increase of I when one changes from 1 to 50 mMm corresponds to an increase
of Na penetration across the outer barrier.

The value of I following the addition of 10-* M amiloride very seldom
dropped to zero, or to the value it had in 1 mM-Na. In a few experiments
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in which higher doses were tested, the inhibition of I was not total either.
The data in Table 1 shows that the effect of amiloride does not depend on
the length of exposure to 50 mm-Na.

No systematic study of the nature of the overshoot (Ip) and of the
depression (/,,;,) was performed. The current just before the addition of
amiloride (I,) is essentially the same in skins exposed to 50 mM-Na for
10 sec and for 10 min. The lowest I, recorded (at 30 sec) and the highest
(at 5 min) differ by 109, (0-15 < P < 0-20).

Fig. 8shows the time course of 4, recorded in the different experiments.
As first pointed out by Cuthbert (1971), the transient following the addition
of amiloride is either a single or a double exponential. This was also
observed in the present study. In most cases there was more than one
exponential.

I (4A.cm"2)
1
v
NaTC (mole 10~°.cm™?)

0 1 1 -0
0 5 10
Length of exposure (min) to 50 mM[Na]

Fig. 9. Comparison between the value of the short-circuit current (1) just
before adding amiloride (filled circles) and the NaTC (open circles). The
values of NaTC were calculated by weighing the area under the transient
curve (see Fig. 8) as described in the text.

Fig. 9 shows the area under the transient of the current curve after
adding amiloride, as well as the value of I.

The results in Figs. 8, 9 and Table 1 indicate (1) that, except for the
small delay attributed to the unstirred layer (Fig. 7) the steady-state value
of I in 50 mm-Na (/) is not a function of the time of exposure, (2) that
the area under the I curve (NaTC) increases with the length of exposure
to Na with a time course much slower than the establishment of a steady
I, (3) part of the transient must be due to the delay in amiloride effect
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due to its diffusion in unstirred layers on the outside. If one takes the area
under the curve of Fig. 2 as an expression of this delay, and subtracts the
2-23 x 10~° mole.cm—2 that it represents, the value of NaTC achieved
is 2:3x 10~® mole.cm—2. Assuming that the concentration of Na in the
epithelium is around 20 mm (Aceves & Erlij, 1971; Zylber et al. 1973;
Rotunno et al. 1973) the NaTC of 2:3 x 10~8 mole.cm~—2 corresponds to
a piece of epithelium 1 cm? wide and 12 gm thick. This would correspond
to the Na contained in a fraction of epithelium somewhat thicker than
the outermost cell layer which is not yet cornified (stratum granulosum).

Outside Cells

Inside
_{’ Interspace
17 =P AN
J
S
\\ ) NaTC

Fig. 10. Schematic representation of a portion of the epithelium with the
two routes of Na transport discussed in the text. Route 2 crosses through
the cytoplasm of the epithelial cells. The NaTC would correspond to
the Na contained in the cytoplasm of these cells.

The fraction of the epithelium occupied by NaTC may be in fact some-
what larger, because the 12 ym refers to the fraction of NaTC inhibited
by amiloride and, as mentioned above, this inhibition is not total. The
fact that on one hand a steady current (I,) is achieved as soon as [Na],
reaches a stable concentration at the outer barrier, and that on the other
the NaTC is a much slower function of time, suggests that the Na in
this NaTC is not the one primarily involved in transcellular Na
movement.

Fig. 10 offers a provisional interpretation of the results presented above,
and may be used to describe the rationale behind the experiments which
will follow. It proposes that the Na represented by the area under the
I-curve (Fig. 1 and 8) corresponds to Na in the epithelial cells, and that
the main route of transcellular Na movement avoids the cytoplasm of
these cells. One of the requirements of this view is that Nat accumulates
in the NaTC with an accompanying anion. A corollary of this require-
ment is that if one performs the experiment with an anion larger than Cl-,
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the NaTC should be greatly diminished. Accordingly, several experi-
ments were performed with Ringer in which Cl- was substituted by
gluconate.

Fig. 11 shows the results obtained in paired observations using Cl-
(open circles) and gluconate (filled circles) in both the outer and the inner
bathing solution. The experiments were performed in skins exposed 5 min
to 50 mM-Na on the outside. Two points are evident: (1) gluconate
reduces the value of the steady-state current () obtained with 50 mm-
Nat. This was expected as several authors have demonstrated that Na

|

60 I Chloride

1 (4A-cm=2)

20
Gluconate

ol 1 1 1
0 50 100 150
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Fig. 11. Time course of I following the injection of amiloride in a group of
skins bathed in Ringer with Cl- (open circles) and in another group bathed
in Ringer with gluconate as anion (filled circles).

transport and I are sensitive to the nature of the anion (Lindley, Hoshiko,
1964 ; Gill Ferreira, 1968; Huf, 1972), (2) the area under the curve in the
case of Cl- is 19:7x 10~ mole Na em~2 and in the case of gluconate is
0-12 x 10~° mole cm~2. Hence while current drops by a factor of 2, the
‘NaTC’ decreases by a factor of 164.

DISCUSSION

As soon as the Na concentration reaches a steady value at the outer
barrier, the current I, which reflects Na penetration, achieves a value
that in most cases is independent of time. This current is not a function
of the size of the NaTC (Fig. 9). The size of the NaTC, in turn, is not a
function of I but a function of the time of exposure to high Na on the
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outside (Fig. 9). This suggests that I might not be directly related to
NaTC.

It seems therefore necessary to re-define NaTC. For the sake of dis-
cussion we may adopt the following definition: NaTC is an amount of
Na located somewhere in the epithelium that, upon interruption of Nat
supply from the outside, will be pumped into the inner side, thus origi-
nating an I. The evidence obtained both in frog skin and urinary bladder
is convincing enough to suppose that these membranes have a NaTC
located intracellularly (Schwartz & Snell, 1968; Nagel & Dorge, 1970;
Doérge & Nagel, 1970; Vanatta & Bryant, 1970; Finn & Rockoff, 1971).
The delay in achieving a maximum steady value of NaTC (Fig. 9) might
be interpreted as the time required to fill up the cellular compartment
through route 2 (Fig. 10). In this case one would expect the I curve to be
like the one in Fig. 5, i.e. one in which I keeps increasing as the contri-
bution of route 2 becomes more important. Yet, as discussed above, the
curve in Fig. 5, although observed in several opportunities, is not the
most frequent one. The general case is that I, and I, are similar
(Table 1) and that the curves look like those in Figs. 1 and 4. Therefore,
two main possibilities are open: (1) that the contribution of route 2 slowly
increases I but this increase becomes masked by the spontaneous variation
of the I curve over the period of 10 min; (2) that the pump was rate-
limiting. In this case, only after the penetration across the outer barrier is
blocked with amiloride could the pump extrude the Na contained in the
NaTC. However, this interpretation must be taken with reservations,
as Cereijido et al. (1964) have obtained some evidence that the active
mechanism is not rate-limiting.

Route 1-in Fig. 10 would behave essentially as a single asymmetrical
‘barrier’, i.e. a step or series of steps without the involvement of an
appreciable amount of Na. This view would agree with previous results
obtained in this laboratory (Moreno ef al. 1973) as well as those of Mandel
& Curran (1973).

As mentioned above, NaTC corresponds to a band of epithelium
somewhat thicker than the amount of Na contained in the first reactive
layer of the epithelium. Na inside the cells is thought to diffuse to inner
cell layers via cell contacts (Ussing & Windhager, 1964). When the con-
centration of Na in the outer solution is high enough, or when the intra-
cellular potential inside the cells is made negative by passing a short-
circuit current (Cereijido & Curran, 1965) Nat is expected to penetrate
passively into the NaTC. This would agree with (@) the analysis of
Fromter & Diamond which suggests that the characteristics of passive
fluxes across the frog skin correspond to those expected across a cell
membrane (these passive fluxes should not be confused with those occur-
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ring through the shunt pathway demonstrated by Mandel & Curran (1972)
and which are thought to pass extracellularly), (b) the fact that the first
reactive layer swells when Na is being translocated (Voute & Ussing,
1970) and (c) with the data in Fig. 11 which indicates that, in order to
penetrate into the NaTC, Na* depends on a permeable co-ion.

Cereijido & Rotunno (1968) have proposed a working model with two
transepithelial routes: one transcellular and another extracellular. The
data in this paper agree with these views. Cuthbert (1972) has presented a
theoretical model of epithelium which assumes the existence of an active
step at the outer border. Such a model would also agree with the data
here presented. However, epithelial membranes are very rich in physical
variables, possible interpretations are numerous, and a thorough dis-
cussion would be considerably lengthy. It seems advisable to postpone
such a discussion pending experimental evidence on other aspects of the
phenomena described here.

We wish to express our indebtedness to Professor Joaquin Remolina from the
Centro de Estudios Avenzados (ITN) of Mexico who designed and built the voltage
clamp apparatus used in this study, and to Mrs Marisa B. de Gonzalez and M.
Gonzalez A. de Carman for their valuable technical assistance. M. Cereijido and
C. A. Rotunno are Career Investigators of the National Research Council of
Argentina (CNICT). This work was supported by research grants from the CNICT
and the Public Health Service of U.S.A.

APPENDIX

When the concentration of Na in the outer bathing solution [Na], is
changed from 1 to 50 mm, the current changes from I/, to I,,. The fractional
change of current may be expressed as

I-1,

F=1— (1)

The relationship between I as well as the influx of Na across the outer
barrier and [Na], is given by an equation of the form

_ Imax [Na']o
T Nal K, @

where I,  is the value of I at infinite [Na]o, and K, is the value of
[Na]o at which 7 is equal to 0-5 1, .. Combining eqns. (1) and (2) and
taking the value of K, as 9 mm (C. A. Rabito et al. unpublished results)
one obtains

_ ___[Naj :
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[Na], at the outer barrier as a function of time after an instantaneous
change of concentration in the outer solution is given by

~ 4 © (—1)» 2+ 1)272 Dy, ¢
[NaJo = [Naor +~ ([Na]o — [Na]ow)n§0 mr1%XP~ (—W_N_)’

(4)

where [Na], and [Na]o, are the concentrations of Na before (1 mm) and
after (50 mm) the change, Dy, is the effective diffusion coefficient of Na
and ¢ is the length of the diffusion path (Crank, 1956). By combining
eqns. (3) and (4) and assigning values to Dy, and J, a series of theoretical
curves of F as a function of time can be drawn. In Fig. 7 these curves are
compared to the experimental points.
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