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Summary. Amiloride (0.1 mM) as well as Ca + § (10 raM) inhibit Na § transport across frog 
skin by blocking Na + entrance across the outer barrier of the epithelium. The inhibition 
produced by amiloride consists of an "early" and a "late" phase which together account for 
almost a total inhibition of the short-circuit current (SCC). The analysis of the time course 
indicates that the two phases are due to the inhibition of superficially and deeply located Na 
sites, respectively. Ca + § instead, only blocks a fraction of the SCC, and this fraction seems 
to correspond to the inhibition of the same population of Na sites blocked by the "late" 
phase of amiloride effect. The location of the two populations of Na sites as well as the 
possible relationship between them are discussed in terms of maturation of the outermost 
cell layer. 

Amiloride inhibits Na transport across epithelial membranes by 
reducing Na + penetration through the outer barrier (Eigler & Crabb6, 
1969; D6rge & Nagel, 1970; Salako & Smith, 1970; Biber, 1971; Moreno et 
al., 1973). So does calcium (Curran & Gill, 1962). Yet, while amiloride 
decreases the short circuit current (SCC) to almost zero, calcium reduces 
only a fraction of this electrical parameter (Curran & Gill, 1962). This 
reveals a heterogeneity in the population of Na sites of the outer barrier: 
some sites are sensitive to amiloride and to calcium and some others are 
only sensitive to amiloride. The aim of the present work is to obtain 
information on the nature of this difference. 

The analysis of the effects of amiloride and calcium is complicated by 
the existence of a spurious Na pool, which is not located in the main route of 
Na transport, and that introduces a considerable delay in the decay of the 
SCC when amiloride is added (Cereijido et al., 1974). Figure 1 illustrates this 
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Fig. 1. (a): A frog skin is incubated with chloride Ringer's containing 115 mM Na on the 
inside, and 1 m~ Na plus 114 mM choline on the outside. The outer Ringer's is changed at 
10 sec for one containing 50 mg Na and 64 mM choline as chloride salts. The short-circuit 
current (SCC) rises quickly to a new steady value. Two minutes later the addition of 
amiloride decreases the short-circuit current. The shaded area under the curve of decay 
represents a pool of transportable Na +. The amount of Na in this pool can be calculated by 
cutting and weighing the piece of paper under the curve. (b): Once amiloride has completely 
abolished the SCC it can be washed away with fresh Ringer's (not shown) and the skin re- 
incubated with 1 mM Na-Ringer's on the outside. Then the Na + concentration rises again 
as in a, but this time the new Ringer's also contains 10-'~M amiloride. The drug does not 

prevent the transient increase of SCC 

p h e n o m e n o n  and, at the same time, serves to describe the exper imen ta l  

a p p r o a c h  used in the present  article. W h e n  the skin is b a th ed  wi th  1 mM 

NaC1 on the outside,  (Na)o, SCC is low. An  ins t an taneous  increase of (Na)o 

f rom 1 to 50 mM elicits a fast increase in SCC which achieves a new s teady 

value wi thin  0.5 sec. This  shor t  delay is a t t r ibu tab le  to an uns t i r red  layer  

in te rposed  be tween  the bulk  so lu t ion  where  one  adds the drug, and  the  

ou te r  bar r ie r  where  it acts, bu t  no t  to a t ime requi red  to fill a Na-  

t r anspor t ing  c o m p a r t m e n t  (NaTC) .  If, after  several  minutes  (t) of  exposure  

to 50 mM (Na)o one  adds amilor ide ,  the SCC falls exponent ia l ly .  T h e  shaded  

area  unde r  the curve  has the d imens ions  of (and was often ascr ibed to) the 

existence of  a " N a T C " .  The  size of  this " N a T C "  depends  on  the length of  

exposure  to  50 mM (Na)o ; thus,  by  adding the ami lor ide  at t imes (t) rang ing  

f rom 10sec to 10min,  one  can vary  " N a T C "  over  an o rde r  of  magni tude .  

The  op in ion  tha t  this " N a T C "  is a spur ious  poo l  no t  loca ted  a long the main  

rou te  of  N a  t ranspor t ,  s tems f rom the fact that ,  while the new value of  the 
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SCC is achieved in a fraction of a second and remains constant thereafter, 
the size of "NaTC"  keeps increasing independently for some 5-10min 
(Cereijido et al., 1974). Therefore, the time course of the inhibition by 
amiloride, as followed by the decrease of SCC, is distorted by the extent of 
increase of "NaTC" during the exposure to high (Na)o. Guided by the 
assumption that, because of electroneutrality requirements, Na + should 
accumulate in this "NaTC"  with a permeable co-ion, we have previously 
shown that if the whole experiment is performed using a nonpermeable 
anion (gluconate), ~176 NaTC" disappears. Under such condition the effect of 
amiloride is much faster, and the delay can be almost exclusively attributed 
to the unstirred layer. On the basis of those observations, most experiments 
described in this paper were performed in the abscence of CI- and with 
gluconate. 

The first part of the paper is concerned with the effect of amiloride. It 
confirms the observations of previous authors (Cuthbert, 1973; Cereijido et 

al., 1974) that amiloride has an "early" and a "late" effect and affords 
information indicating that this may be due to the existence of two 
populations of Na sites: superficial and deep. The second part deals with the 
effect of Ca + + and its interaction with Na + and suggests that the delay in 
Ca § + effect can be ascribed to the deep location of the Na sites where it acts. 
Finally, the third part combines studies on amiloride and on Ca + § and 
concludes that one of the simplest explanations of the experimental results 
would be given by the existence of Na sites at two different deepnesses and 
that the inhibition of Ca + § as well as the "late" fraction of the effect of 
amiloride are due to their effect on the sites located in a deeper position. The 
discussion analyzes the relationship between the two kinds of sites and 
speculates on whether they represent two stages of the process of 
maturation of the cell layers from the s tratum germint ivum to the s. corneum. 

Materials and Methods 

The experiments were performed on the abdominal skin of the South American frog 
Leptodaaylus ocelIatus. Animals of either sex kept in moist sinks with running water were 
studied at 20-22 ~ The basic Ringer's solution used contained (mM): 115, Na gluconate; 2.4, 
KHCO3, 1.0, Ca gluconat%; and 2.0, glucose. Other solutions used are specified in Results. 

In experiments where rapid change of Ringer's was not required, the skin was mounted 
as a flat sheet between two Lucite chambers of the type designed by Curran, Herrera and 
Flanigan (1963). The exposed area was 3.14 cm 2 and the volume on each side 5.0 ml. When 
fast changes of the outer bathing solution were needed, we used the chamber described by 
Cereijido et al. (1974). In this case the skin was also mounted as a flat sheet, but between a set 
of four individual pairs of chambers. The area of each of these chambers was 1.54 cm 2. The 
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volume of the outer half was only 0.8 ml and that of the inner, 4.0 ml. The outer bathing 
solution was changed by injecting 10ml of the new solution in 0.3 sec through the outer 
chamber. Electrical potential was measured through agar bridges with 2M KC1 connected to 
calomel half-cells and these to a voltage clamp apparatus. This apparatus delivered the 
clamping current through two Cl-coated silver plates. Fast time courses of the short-circuit 
current (SCC) were followed with a 7B polygraph recorder (Grass) or with a dual beam 
oscilloscope with two different sweep speeds (Tektronix, Model 565). Changes were made in 
the outer bathing solution only. This was based both on the necessity of making a change as 
quickly as possible in the solution in contact with the outer barrier and on the fact that many 
changes attributed to this barrier are sometimes due to changes in the inner bathing solution 
(Rabito, Rodriguez Boulan & Cereijido, 1972). 

The diffusion coefficient of amiloride was measured with a technique similar to the one 
described by Kreevoy and Wewerka (1967). Briefly, it compares the escape of amiloride and 
of a reference substance of known diffusion coefficient through a filter paper diaphragm. In 
the present case the reference substance was 22Na. Amiloride concentration was determined 
in an Aminco-Bowman spectrofuorometer. The excitation wavelength was 368 nm. The 
emitted light was filtered (450nm) and received in a second monocromator. 22Na was 
counted in a Nuclear Chicago Autogamma Spectrometer. Na + concentration was measured 
in an EEL flame photometer. Ca + + activity was measured with a Ca-sensitive electrode 
(Orion Research; Cambridge, Mass.). 

Sources of Material 

Amiloride (3,5-diamino-6-chloropyrazinoylguanidine) was from Merck, Sharp & 
Dohme (West Point, Pa.); choline chloride was from Eastman Organic Chemicals 
(Rochester, N.Y.); 22Na was from New England Nuclear (Boston, Mass.). 

Results are expressed as mean___sE (number of observations). 

Results 

As mentioned above, the kinetic of amiloride inhibition at the outer 
barrier, as followed by the change of SCC, is obscured by the presence of a 
spurious Na pool. Since the aim is to study in detail the effect of amiloride, 
we want to get rid of this pool, if possible. To this purpose we planned to use 
gluconate instead of CI-.  In gluconate, Na does not accumulate in the 
spurious pool. In this condition, the transient of SCC after addition of 
amiloride is thought to represent the transport Na § which is already 
present near the Na sites of the outer barrier. This Na § keeps penetrating 
while the amiloride, just added to the outer solution, diffuses through the 
unstirred layer and reaches the Na sites. In order to check this assumption, 
the experiment in Fig. 2 was performed. The abscissa represents the amount  
of Na + in the "NaTC"  as recorded in gluconate Ringer's. The ordinate 
represents Na + present in the unstirred layer and the Na sites, which 
penetrates between the moment  amiloride is added to the outer solution 
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Fig. 2. Relationship between the amounts of Na represented by the area under the curve in 
Fig. l a  ("NaTC"), and in Fig. lb  (Na due to faster diffusion) in skins bathed with Ringer's 
solutions where CI-  was replaced by gluconate, "NaTC" was obtained by adding amiloride 
5 rain after increase of the concentration of 1 mM to a higher one. The experimental points 
correspond to concentrations increased to 10 mM (�9 30 mM (e); 50 mM (n); and 115 mM (e). 
Bars indicate sE; the straight line was obtained by the least squares method: "NaTC" = 0.37 
x 10 -9 mole+0.99 x (Na due to diffusion). The value of r is 0.98. The slope is not 

significantly different from 1 (P > 0.4) 

and the moment  it blocks the Na sites. This amount  of Na + was evaluated 
as follows (Fig. lb). When the outer solution contains Ringer's with only 
1 mM Na +, the value of the SCC is low. When this solution is changed to one 
with 50 m ~  Na + plus 10- 4 amiloride, the SSC rises to a level comparable to 

the one it reaches without amiloride and then decays. This effect, first 
described by Biber (1971), was studied by Cereijido et  al. (1974) and 
attributed to the fact that Na, having a greater diffusion coefficient than 
amiloride, crosses the unstirred layer faster and achieves a considerable 
concentration at the level of the Na sites of the outer barrier before 
amiloride arrives and blocks them. This peak is not observed if amiloride is 
added before Na so that the sites are already blocked when the new (higher) 
(Na)o reaches the outer barrier. Figure 2 compares the amount  of Na 



174 C.A. Rabito, C.A. Rotunno, and M. Cereijido 

I 0 0  

2 5  

,li 
I 
0 i10 210 310 

TIME (sec) 

Fig. 3. Graphical analysis of the decay of the SCC following the addition of 10- ~ M amiloride 
to the outer bathing solution. Amiloride was added 5 min after exposure to 50 mN Na 
Ringer's. The SCC before amiloride is taken as t00 ~.  Filled circles are experimental points. 
Open circles correspond to the difference between the experimental points and the 
asymptote. 75 ~ of the Na sites are inhibited by amiloride with a half time of 0.35 sec. The rest 

are inhibited with a half time of 25 sec 

represented by the  area under the curve of Fig. 1 a (abscissa) and of Fig. I b 
(ordinate). Both groups of determinations were made in the same set of frog 
skins, thanks to the reversibility of the effect of amiloride. The slope of the 
straight line in Fig. 2 is 0.99, which does not differ from 1.0 (P > 0.4). The 
intercept is 0.37 x 10- 9 mole of Na per cm -a  (r = 0.982). The small amount  
of Na represented by the intercept might be due to the fact that, while Na + is 
achieving the same value at the level of the outer barrier that it has in the 
bulk (50 mN), the small amount  of amiloride that has already arrived starts 
to block sites. This is suggested by the fact that the maximum value reached 
by SCC in Fig. 1 b is always somewhat lower than the one in Fig. 1 a. On the 
basis of this set of experiments, gluconate is used as the main anion instead 
of CI- .  

Cuthbert  (1971) has pointed out that the transient following the addition 
of amiloride is either a single or a double exponential. Figure 3 shows that 
this is also the case in the presence of gluconate. The SCC inhibited by 
amiloride may thus be divided into two fractions: An early one constituting 
some 75 % of the control current registered before amiloride, and a late one 
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Fig. 4. Relationship between the logarithm of the dosis and the response to amiloride. 
Ordinate." total fractional inhibition as defined by Eq. (2). Abscissa: logarithm of the molar 
concentration of amiloride. The curve was drawn using a single affinity constant for 

amiloride (k~ = 10- 6 M) 

accounting for the remaining 25 ~. Their half times are 0.35 and 25 sec, 
respectively. This effect might reflect a difference in the interaction of 
amiloride with the sites. However, this is unlikely, because Salako et al. 
(1970), in Rana ternporaria, and Benos et al. (1976), in Rana pipiens, have 
found that in C1- Ringer's amiloride interaction can be explained with a 
single affinity constant. In order to check whether this holds also when 
gluconate is used instead of C1- and in the species used in the present work 
(L. ocellatus), we performed the experiment described in Fig. 4. It shows the 
relationship between the dose of amiloride and the fractional inhibition 



176 C.A. Rabi to,  C.A. Ro tunno ,  and  M. Cereijido 

defined as follows: 

I m I r 
= - -  ( 1 )  

I - I m ~  x 

where I and I' are the values of SCC before and after a given dose of 
amiloride, and Ira, ~ is the inhibition observed at the maximal dosis used. It 
was observed that in gluconate Fax was always close to zero. Therefore, 
Eq. (1) becomes: 

I - - I '  
- (2) 

I 

The value of the affinity constant used to fit the curve was 10- 6 M- 1, 
which compares with 0.2 x 10 6M-1 found by Salako et al., and 0.55 
x 10- 6M- ~ found by Benos et al. This lends further support to the view that 

that component  of the decay curve (Fig. 1 a), which disappears when C1- is 
replaced by gluconate, is related to the elimination of a spurious Na pool 
and not to a change in the effect of amiloride at the level of the Na sites on 
the outer barrier. 

Another  alternative explanation for the two time courses in Fig. 3 is that 
the late components were given by Na sites located in a deeper position. In 
order to evaluate the depth of the Na site blocked by amiloride, one may use 
the following solution of the diffusion equation (Crank, 1956). 

4 o0 ( -1)"  ((2n+ 1)2rc2D~t) 
[A]o= [ A ]  o~ - 2  I-A] ~ y, e x p -  - 

,~ , = 0 2 n + l  4 c  $2 
(3) 

where [A]o is the concentration of amiloride in a barrier located at a depth 
from the bulk solution as a function of time (t), [A] o~ is concentration in the 
bulk, and Dk is the apparent diffusion coefficient of amiloride. 

The value of D~ was measured with the method of Krevoy and 
Wewerka, (1967), as described in Methods: (1.69 +0.23) x 10- 6 cm 2 sec- 1 
The length c5 corresponds to the position of the Na sites where amiloride 
acts, i.e., the depth of the "outer  barrier". Therefore, c5 is common for both 
Na § and amiloride. This parameter can be evaluated with an equation 
analogous to Eq. (3) assessing (Na)o, the concentration at the level of the 
outer barrier, in terms of its effect on the SCC. The necessary modification 
of Eq. (3) is described in the Appendix. The experimental approach consists 
of measuring the SCC in Ringer's with 1 mM (Na)o, then changing 
instantaneously to 50 m ~  (Na)o , using the value of the diffusion coefficient 
for Na (D~a  = 5 • 1 0 -  6 c m  2 s e c -  1 ; Kidder, Cereijido & Curran, 1964), and 
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Fig. 5. Time course of the increase of SCC following a change in the concentration of Na in 
the outer solution from 1 to 50 mM. The theoretical curves were obtained with Eq. (A 1), using 
an apparent Na diffusion coefficient of 5 x 10- 6 cm 2 sec- 1 and the 6 specified on each curve 

adjusting the curve to the experimental points by varying 3 as depicted in 
Fig. 5. In this way 6 is found to be 15-25gm. 

Figure 6 shows the time course of the concentration of amiloride at the 
level of the Na sites of the outer barrier. Full circles represent the 
concentration of amiloride (as read on the curve of Fig. 4) necessary to 
produce the inhibition of the early component  of amiloride (Fig. 3). Open 

circles represent the concentrations corresponding to the late component.  
The lines were drawn with Eq. (3) using the value of D~, measured as 
described above, and several values of 6 which gives the best fit is one which 

agrees with the position of the outer barrier. The late component,  instead, is 
given by Na sites located in a much deeper position. 

As mentioned in the introduction, while amiloride blocks all Na  sites 
and drops the SCC to zero, calcium only inhibits a fraction of the total 
current (Curran & Gill, 1962). The following experiment was designed to 
study whether the fraction of Na sites inhibited by Ca + + corresponds to one 
of the two groups blocked by amiloride. Figure 7 shows the inhibition of the 
SCC produced by amiloride 10-4M in skins bathed with Ringer's with 
different concentration of Ca + § In order to simplify comparisons, in this 
figure the SCC was taken as 100 ~ j u s t  before the addition of amiloride. At 
10 mg,  calcium produces its maximal effect. Fifty percent of this inhibition 
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The values of cS are 20 ~tm (curve a), 25 #m (curve b), and 30 gm (curve c) 

is elicited by [ m u  Ca+ +. At 0, 1 and 10 mM Ca + T, the half times of the early 

component  of amiloride inhibition are 300, 250 and 250 msec, respectively; 

half times of the late component  are 32, 32 and 19 sec. Therefore, Ca + § 

seems to have little effect on the time course, but it does reduce the size of the 

late component.  Thus, while skins bathed in Ringer's without Ca + + (upper 
curve) have a fraction of 26 ~o of sites reachable by amiloride with a slow 

time course, in skins treated with 1 mM Ca-- + these (i.e., the concentration 

which corresponds to the kin) sites are reduced to one half (13 ~o), and with 

10 mM Ca + + they are reduced to less than 9 ~o in 5 rain of exposure to Ca + + 
The view that Ca + § acts on the deeply located Na sites agrees with the 

observation of Curran & Gill (1962) that, in spite of the fact that Ca + + acts 
on the outer barrier, it takes some 10min to develop its maximal effect. 
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Another  characteristic of the inhibition produced by Ca + + is that it 
depends on the concentration of sodium. Thus, at a constant concentration 
of Na +, the inhibition of transport increases with increasing calcium 
concentration and approaches a limiting value, but this maximum degree of 

inhibition depends on the concentration o f N a  + (Curran & Gill, 1962). This 
is illustrated in Fig. 8 where 10raM Ca inhibits the SCC by only 10 ~o at 

15 mM (Na)o , but by 50 ~o at 90 mM (Na)o. The analysis of this phenomenon 

might afford more information on the group of deeply located Na sites. In 
order to perform this analysis, it may be convenient to divide the 
phenomenon into two steps (i) the modification of the Na sites by Ca + § and 
(ii) the penetration of Na + through these sites. Thus one does not know 

whether  the high (Na)o is needed to allow Ca + + to modify the sites or 
whether Ca § + can act by itself, and the high (Na)o is only needed to put in 
evidence the modification. This was studied in the experiment described in 
Fig. 9. On the left hand side of the figure there is a group of skins (open 
circles) bathed in 1 mM (Na)o without Ca + § At a given moment  (Na)o is 
suddenly increased to 50 mM and the SCC raises to more than 100 t.tA. When 
10ram Ca § § is added to this group, the SCC begins to fall with a slow time 
course (filled circles). If(Na)o is increased but at the same time 10 mM Ca § + 
is also added (filled squares), the initial part of the increase of SCC is 
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N a § Notice the slow time course of the effect (as compared to that of amiloride, Fig. 3) and 

higher fractional inhibition elicited at the higher concentration of Na  + 

essentially equal to the one in the previous group, indicating that the state of 
the Na sites is similar to the state they have in the absence of Ca + ~. In a 

couple of minutes though, the effect of Ca ++ begins to show: the SCC 

decreases. A third group of skins was also incubated in 1 mM (Na)o, but  in 
the presence of 10mM Ca + § (triangles). As expected in this low (Na)o, the 

inhibition produced by Ca § § is minimal and not significant. When (Na)o is 
increased the SCC does not increase to the level it reached in the two 

previous groups. Na + finds the sites already modified by calcium, i.e., the 
effect of Ca + + has no delay. This suggests that Ca + + can act on the Na sites 

by itself, and that the enhancement of c~', the fractional inhibition of the 
SCC, produced by the high (Na)o is achieved in a later step. Figure 10 shows 
again the same phenomenon,  except that in this series of experiments, the 
attention was focused in the change from a low to a high ~' as the 

concentration of (Na)o increased at the level of the outer barrier. The right 

hand side of Fig. 10 is a control showing that the addition of 10m~ 
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s imul taneous  values of SCC in the two curves increases as the N a  + concent ra t ion  at  the level 
of the outer  barr ier  increase. Six minutes  later  10 mM Ca + + is added to the outer  Ringer 's  
(arrow 2). This reduces the SCC with a slow t ime course (filled circles) which approaches  the 

value of the skins tha t  had  calcium added from the beginning 

~=0.18 

I n I / / I I I I itO 
0 0 250 500 2 4 6 8 
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Ca + + to the group, which was so far without this ion, produces a decay of 
SCC in the course of several minutes, and not in milliseconds as in the left 
hand side. 

Discussion 

The two-barrier hypothesis of Koefoed-Johnsen and Ussing (1958) of 
Na § transport across frog skin postulates that the outer one behaves as a 
Na-sensitive K-impermeable boundary. It seems now well established that 
this barrier is located at the outer anatomical border of the stratum 
granuIossum: (i) All the K in the epithelium exchanges with 42K in the inner 
solution, indicating that there is no K-impermeable barrier interposed 
(Curran & Cereijido, 1965); (ii) the time course of changes in potential 
difference across frog skin following rapid changes in composition of the 
bathing solutions indicates that most of the delay (0.2-0.4 sec) is accounted 
for solely by unstirred layers and the stratum corneum (Kidder et al., 1964; 
Gebhardt, Fuchs & Lindemann, 1972; Cereijido etal., 1974; Morel & 
Leblanc, 1975); (iii) tight junctions, which confer to the epithelium the 
property of an effective permeability barrier, are located at the external 
border of the stratum granulossum (Farquhar & Palade, 1963); (iv) 
interaction of amiloride, Li § and K § with Na § penetration across the 
outer barrier takes place at the outer anatomical border of the epithelium 
(Biber & Curran, 1970; Rotunno et al., 1970; Cereijido et al., 1972; Moreno 
et al., 1973); (v) the effect of ADH on the Na-sensitive barrier is elicited at 
the outer solution/epithelium boundary (Cereijido & Rotunno, 1971); (vi) 
studies performed with microelectrodes by different workers show a 
considerable discrepancy with respect to the electrical profile found, to the 
value of the well of negative electrical potential recorded under short-circuit 
conditions and on the position of the tip. Yet, all workers found that most of 
the potential change elicited by varying the Na § concentration in the outer 
solution is always sensed between the microelectrode tip and the outer 
solution, regardless of the exact location of this tip in the epithelium 
(Cereijido & Curran, 1965; Whittembury, 1964; Nagel, 1976); (vii) mor- 
phological changes associated with Na § penetration across the Na- 
sensitive barrier and into the epithelium are located at the outermost cell 
layer which is not yet cornified (V6ute & Ussing, 1970). 

However, the epithelium is not a static structure. Since it matures from 
the innermost (stratum germinativum) to the outermost cell layer (stratum 
granulossum), but only this last one has on one of its sides the properties of 
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the "outer facing barrier", it follows that in a given moment  and position the 
cells develop the '~ outer barrier". Also, when the outermost cell layer 
degenerates to form the s. corneum, the replacement cells coming from the 
s. spinosum should, in turn, develop an "outer barrier". 

Under experimental treatment with aldosterone this process is synchro- 
nized, and the skin goes through alternating periods of low (right after 
moulting) and high SCC (Nielsen & Tomilson, 1970). Therefore, when the 
cells of the stratum granulossum undergo a process of cornification, the 
"outer facing barrier" is likely to switch positions (Fig. 11). Although 
moulting is a macroscopic phenomenon in which a whole layer detaches, at 
the microscopic level the cells might be in different stages of cornification or 
might have lost their "outer  facing barrier" in different degrees until the 
whole cell layer is ripe to be shed. 

Figure 11 depicts a situation where two cells (light shaded) in the 
outermost cell layer (dark shaded) are in an advanced state of transfor- 
mation to corneum and those behind are already prepared to take over the 
role of"  outer barrier". In order to reach the portion of outer barrier (bold 
line) on these replacement cells, amiloride might have to circumvent the 
cells which have lost their own outer barrier. This may explain the existence 
of superficially and deeply located Na sites, but not on those in a superficial 
position; it will mean that the difference between the two populations of 
sites would not be only a difference in position, but that it reflects a certain 
process of maturation of the sites. During this process the affinity for Ca + +, 
as compared to that for Na +, may be significantly reduced. 

The effect of Ca + + cannot be explained by a direct competition between 
Na + and Ca + + since, in such case, more sites should be available to calcium 
at low Na concentrations (Curran & Gill, 1962). The possibility exists that, 
in order to reach the deep portion of the outer barrier, Ca + + may need to 
diffuse through a tortuous path lined with negative charges. If because of the 
spacing of these charges Ca + + binds with only one of its valences, it may 
reverse the charge of the path blocking the diffusion of a significant amount  
of Ca + +. A high (Na)o may displace Ca + + from these sites, neutralize the 
charge of the path, and allow Ca + + to reach and modify the deep portion of 
the outer barrier. 

There is no information with respect to why amiloride acts on both 
populations of Na sites but Ca + + only acts on one of them. According to 
Eisenman (1960), the main factor which allows ion exchangers to discrim- 
inate between mono and divalent cations is the spacing between the fixed 
sites. This suggests that the decrease of the ability of calcium to inhibit Na 
sites may be due simply to a change in the spacial distribution of the sites on 
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USL OB 

SC SG 
Fig. 11. Schematic representation of the "'outer barrier" (bold line). USL: unstirred layer 
formed by the outer bathing solution and the stratum corneum (SC). Lightly shadowed cells 
of the stratum granulossum (SG) represent two cells in advanced state of cornification (see 

text) 

the outer barrier. However, in both states the sites would instead prefer 
amiloride to Na +, regardless of their spacing. 

The information obtained in the last years indicates that the picture of a 
uniform outer barrier having a single kind of Na site is an over- 
simplification. Thus Cuthbert  (I973) could not explain the interaction 
between amiloride and Na § in terms of a single homogeneous population 
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of receptors; Benos etal. (1976) have shown that the effect of the ionic 

composition of the outer bathing solution on the SCC and on the inhibitory 

effect of amiloride are exerted at separate and distinct regions on the 
transport sites; and Nielsen et al. (1970) studying Na + transport in skins 
before and just after moulting have obtained some evidence that amiloride- 
sensitive sites are already present in the cell layer which becomes exposed 
when the outermost layer is shed. In conclusion, these observations, 
together with the data of the present paper, complicate our view of the outer 
barrier, but this complication may result in a better understanding of the 
genesis of the outer barrier, which is one of the most important steps in Na + 
transport. 

We thank Mrs. Marisa B. de Gonzfilez Avila and Gracielita A. de Carman for their 
excellent technical assistance. During this work Drs. C.A. Rotunno and M. Cereijido were 
Fellows of John Simon Guggenheim Memorial Foundation. 

Appendix 

When the concentration of sodium in the outer bathing solution is 
instantaneously changed from 1 to 50 raN, the concentration at the level of 
the outer barrier ((Na)oB) changes according to the following equation 
(Crank, 1956): 

4 N ( -1)"  (2n+1)2 2 , 
( N a ) ~ 1 7 6 1 7 6 1 7 6  2 n + i  e x p -  

rC n=0 402 

(A1) 

where D~a is the apparent diffusion coefficient of Na and 6 is the thickness of 
the unstirred layer. This change of the concentration of Na + at the level of 
the outer barrier increases the influx of Na + and the short-circuit current 

(I). The values of I and (Na)o B are related by the following equation (see 
Moreno et al., 1973; Cereijido et al., 1974): 

/max (Na)oB (A2) 
i - (Na)ol 3 +Km 

where /max is the value of I at infinite (Na)o B (in gluconate this value is 
92.2 gA cm-2; Rabito et al., unpublished results) and Km is the value of 

(Na)oB, that gives 0.5 Ima x (in gluconate it is 16.7 mM). Therefore, when the 
value of the concentration ofNa § in the bulk is raised from 1 to 50 raN, the 
value of the SCC increases with time from the value it has at 1 mM (5.22 gA 
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c m - 2 )  to a h igher  va lue  a c c o r d i n g  to the fol lowing equa t ion :  

92.2 (Na )o  B 
1=5.22-}  (A3) 

(Na)o  B + 16.7 

c o m b i n i n g  Eqs. (A 1) and  (A 3) and  ass igning values  to D~a and  ~, a series of  

theore t i ca l  curves  of  I t as a func t ion  of  t ime  can  be drawn.  In  Fig. 5 these 

curves  are c o m p a r e d  to the e x p e r i m e n t a l  points .  
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