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Summary 

Isolated frog skins (without  chorion) were incubated with 42K÷ Ringer's solu- 
tion, bathing the internal surface for 2 h. 

All the K ÷ contained in the frog skin was equilibrated in specific activity 
with external 4:K÷. 

The kinetics of  the washout of 42K* from the internal surface of  the skin 
exhibits one fast and one slow exponential component .  

Amiloride reduces the release of  42K÷ corresponding to both  components  
wi thout  affecting the K ÷ content  of  the skin. 

Ouabain increases the loss of  42K÷ of the slow component  by 200%. Since 
the total K ÷ in the skin decreases to 25% of  its original value both  compart- 
ments are affected. 

The results suggest that  two distinct functional compartments  exist defined 
by two 42K÷ release ratios and that because of  the large K ÷ contents  of  these 
compartments  both  are intracellular. 

The relation with the transepithelial Na ÷ transport  and the morphological 
identification of  these compartments  is discussed. 

Introduct ion 

Earlier studies [1--4] established that  the potential  difference across the 
internal membrane of  epithelial cells was originated by  an active electrogenic 

* This work is part of a Ph.D. Thesis submit ted  to  the  Universi ty  o f  Cambridge. 
** Present address: Grupo de Bioffsica, Centro de Biologla, Instituto Gulbenkian de Ci~neia, Oeiras, 
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transfer of charge and not  by a K t diffusion potential as had originally been 
suggested by Koefoed~Johnsen and Ussing [5]. 

Independent  studies on the coupled exchange of internal Na ÷ for external K ÷ 
through the Na ÷ pump in isolated cell systems showed a Na ÷ : K ÷ stoichiometry 
of about 3 : 2 with net extrusion of positive charges [6--13]. 

A variable coupling ratio for Na ÷ : K ÷ transport has been postulated in a 
variety of cells [14--16]. In epithelia, Biber et al. [17] investigated the corre- 
lation between transepithelial Na ÷ transport  and the 1 min uptake of 42Kt at 
the internal surface of the isolated frog skin and found Na ÷ : K ÷ transport  
ratios ranging between 3 and 6. Robinson and Macknight [18] using one hour 
uptake, described at least two rate constants, only the faster being related to 
the transepithelial sodium transport. By comparing the K ÷ fluxes obtained in 
these experiments (3.04 mmol • min -1 • kg -1 dry wt.) with the Na ÷ fluxes ob- 
tained from the short circuit current measured in a separate g rouFof  bladders 
(mean 36.1 mmol • rain -1 . kg -1 dry wt. ranging from 8.7 to 120) one can see 
that  the ratio of Nat/K ÷ is always higher than uni ty ranging from 3 to 40 with 
a mean value of 12. 

The main problem with the assessment of the Na ÷ : K t stoichiometry in 
epithelial cells as opposed say, to similar estimates in single cells [13] is that  of 
cell heterogeneity. The kinetics of 42K÷ uptake reveals a mult icompartmental  
distribution [18,19] and the correlation between any particular compartment  
and the transepithelial Na ÷ transport  is rather arbitrary. 

A further complication arises from the existence of slowly exchangeable K ÷ 
compartments which do not  equilibrate with the tracer within the experimental 
periods [18]. 

In the experiments reported here, we tried to relate the K ÷ effluxes and the 
Na t transport under spontaneous conditions, and the variations introduced in 
both parameters by substances known to affect the transepithelial Na ÷ trans- 
port namely amiloride and ouabain. 

The efflux measurements were performed on isolated epithelial membranes, 
without  basement membrane and supporting chorion, while simultaneously 
recording the short circuit current. 

The advantage of this technique is that  it avoids the use of extracellular 
markers, and artefacts due to large unstirred layers. 

The rationale behind this experimental design is that  under steady-state, 
active and passive K t influx equals the measured 42K* effluxes. By comparing 
the pharmacologically induced variations in Isc and 42K÷ effluxes, the stoichi- 
ometry of the transepithelial Na ÷ transport could eventually be assessed. 

Methods 

Frogs of  the species Rana temporaria were used. They were kept in a cold 
room at 4°--6°C. Isolated skin epithelia which had been separated from the 
chorion, were obtained by using a modification of  the technique described by 
Aceves and Erlij [20]. Skins were mounted  on a funnel shapped perspex holder 
and immersed in aerated stirred Ringer at 25°C for 2 h. The chorion side was 
facing the inside of the funnel and Ringer with 80 U/ml of colagenase type III 
Sigma were used. At the end of the incubation period with colagenase a slight 
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pressure was exerted by blowing gently through the hole of the funnel until 
blisters appeared separating epithelium from chorion. The dissecation was then 
finished with blunt scissors and forceps. 

The isolated epithelium was mounted in Ussing-type chambers with an area 
of 3.14 cm 2. The short circuit current was measured with an automatic voltage 
clamp device. When the Isc reached a steady state, the Ringer containing 42K÷ 
was added to the internal side of  the skin (chorial face of  the epithelium) and 
was left for 2 h. 

Preliminary experiments indicated that  all the K ÷ in the skin had reached 
equilibrium in the specific activity with the 42K÷ of  the loading solution during 
that  period {see also Results). 

After 2 h the radioactive Ringer was removed and both sides of the chamber 
were quickly washed three times in 1 min and the washout of  42K÷ was started. 
Samples were collected every 10 min from the inside and every 30 min from 
the outside, for 2 to 3 h. The volume of Ringer used each time was 4 ml, mea- 
sured with a calibrated syringe and collected directly into counting vials. At the 
end of the experiment the skin was carefully cut out of the chamber, blotted, 
weighed and put into a counting vial with 4 ml of 0.1 N nitric acid and 
counted. The labelled Ringer was diluted twice and counted as well. Samples 
were counted in a gamma-counter with a preset count of 104. 

Determinations of  K ÷ in the Ringer and in aliquots of the nitric acid solution 
where the skins had been digested were made by f lamephotometry,  and the 
total K ÷ content  of the skin at the end of the experiments was calculated from 
these measurements. 

The composition of the Ringer was in mM: Na ÷, 112; CI-, 119; K ÷, 3.0; 
Ca 2÷, 1.0; Mg 2÷, 1.0. 

Amiloride was used at 10 -4 M, ouabain at 10 -~ M and pitresin at 100 mU 
per ml of Ringer. 

The aerated Ringer's solution was titrated with Tris buffer to a pH of 8. The 
total amount  of counts in the skin at the beginning of each collection period 
was calculated by adding back the counts lost in successive washout samples. 

A semi-logarithmic plot of total remaining counts in the skins versus time 
was made and the rate constants of the various exponential components was 
calculated by successive linear extrapolations. 

The total initial K ÷ content  of the skin was calculated from the total initial 
activity in the epithelium and the specific activity of 42K÷ in the loading solu- 
tion. The initial K ÷ content  of each flux compartment  was calculated from the 
extrapolated activity at zero time. The K ÷ efflux from each of the compart- 
ments was obtained by multiplying the K ÷ content  of that  compartment  by the 
corresponding rate constant. 

The extracellular water-space was determined with 6°Co-EDTA [21] in a 
parallel group of experiments. Total extracellular water was measured by 
adding the marker to both sides. In some experiments only the internal water 
space was determined. For these experiments the Ringer contained 0.5 mM 
EDTA and 0.35 • 10 -4 mM of 6°Co and no Ca 2÷ or Mg 2÷, to avoid displacement 
of  Co from EDTA. Under these conditions only about 1 • 10 -18 M of cobalt is 
free in solution [22]. 

After incubation, the isolated epithelia were removed from the chambers, 
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blot ted with filter paper, weighed, dried to a constant  weight at 100°C, 
removed into vials and counted for 6°Co. 

The results of  eight experiments expressed in kg/kg dry weight are: for total  
water content  (3.72 + 0.025);  extracellular water (1.38 + 0.142); extracellular 
water estimated by adding the marker to the inside only (0.524 +-0.021); 
intracellular water (2.33 -+ 0.125).  These values were used to evaluate the K ÷ 
concentrat ions in the total  skin and in each of the different  compartments .  

All the results are expressed as means and standard errors of  the means. 

Results 

Fig. 1 shows a typical result of  a 42K+ efflux exper iment  and of the effect  of 
ouabain added after 2 h, and Table I shows the collected data f rom 23 such 
experiments.  The results obtained with ouabain in the same experiments will be 
considered later. The  amount  of  42K+ that  is washed out  to the outer  side of 
the skin is 1.27% + 0.22 of  the total  42K+ of  the skin and probably a part  of  
this was washed out  to  the internal side and moved to  the external  fluid via the 
shunt  path. 

Therefore  we consider the results as representing the K ÷ efflux from the 
internal face of the skin. It can be seen that  we obtain two exponential  rates of 
tracer release which are interpreted as representing the K ÷ efflux from two 
different  compar tments  the nature of which will be considered now. 

After  2 h incubation with 4:K+ f rom the inside of the preparation all the K ÷ 
in the skin is labelled, if one compares the K ÷ labelled with the K ÷ measured 
chemically (0.625 +- 0.046 versus 0.551 -+ 0.035 pequiv. /cm:)  (0.2 < P < 0.4) 
or (365.0 + 20 versus 314.0 + 20 mequiv./kg dry wt.). From the values of intra- 
cellular and extracellular water described in the methods,  the value of the wet 
weight (8.28 + 0.45 mg/cm:)  and the K ÷ content  the concentra t ion of  K ÷ in 
each compar tment  could be calculated. 
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Fig.  1. Kinet ics  o f  42K+ release  f rom the  internal  s ide o f  the  i so la ted  sk in  e p i t h e l i u m  and the  e f f e c t  of  
o u a b a i n  (a typ ica l  e x p e r i m e n t ) .  A s e m i - l o g a r i t h m i c  p lo t  o f  t o t a l  r e m a i n i n g  c o u n t s  in  the  sk ins  versus  t i m e  
was  m a d e  and the  rate con s tan t s  o f  the  various e x p o n e n t i a l  c o m p o n e n t s  ca lcu la ted  by  success ive  l inear  

e x t r a p o l a t i o n s .  
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T A B L E  I 

C O M P A R T M E N T A L  A N A L Y S I S  O F  T H E  K + E F F L U X  C O M P O N E N T S  

C o l l e c t e d  d a t a  f r o m  23  e x p e r i m e n t s  ( F o r  d e t a i l s  o f  t h e  c a l c u l a t i o n s  see  M e t h o d s ) .  T h e  K + c o n t e n t  o f  t h e  

t o t a l  s k i n  e p i t h e l i u m  w a s  0 . 6 2 5  -+ 0 . 0 4 6  g e q u i v . f c m  2 o r  3 5 6 . 1  -+ 2 0 . 2  m e q u i v . / k g  d r y  w t .  

C o m p a r t m e n t  1 C o m p a r t m e n t  2 

R a t e  c o n s t a n t  ( m i n - 1 )  

P o t a s s i u m  c o n t e n t  in  t h e  s k i n  ( # e q u i v . / c m  2 ) o r  m e q u i v . /  

k g  d r y  w t .  

P o t a s s i u m  e f f l u x  f r o m  t h e  i n t e r n a l  f a c e  o f  i s o l a t e d  f r o g  
s k i n  ( w i t h o u t  c h o r i o n )  ( p e q u i v .  • c m  -2  • h -1) 

( c a l c u l a t e d  f r o m  K+/k  i n  e a c h  e x p e r i m e n t )  

T r a n s e p i t h e l i a l  N a  + f l u x e s  ( p e q u i v .  • c m  -2 • h -1) 

( c a l c u l a t e d  f r o m  t h e  i n t e g r a t e d  l s c  m e a s u r e d  d u r i n g  

the 1s t  a n d  2 n d  horn '  o f  t h e  w a s h o u t ,  respectively) 

0 . 0 5 4  -+ 0 . 0 0 1 6  0 . 0 0 1 7  _+ 0 . 0 0 0 6  

0 . 2 2 0  -+ 0 . 0 1 6  0 . 4 1 1  -+ 0 . 0 2 4  

1 2 5 . 4  -+ 9 .1  2 3 4 . 2  +- 1 3 . 7  

0 . 7 0 7  -+ 0 . 0 5 4  0 . 1 8 2  +_ 0 . 0 1 4  

1 . 0 1  -+ 0 . 0 7 0  0 . 7 9 6  -+ 0 . 0 5 7  

Assuming that  one compartment  is extracellular and the second intracellular, 
their K ÷ concentrations are respectively 243 + 20.2 and 101 -+ 5.0 mequiv./1. If 
one assumes both compartments to be intracellular the average K ÷ concentra- 
tion is 156 + 8.1 mequiv./1. 

The hypothesis that  compartment  one is extracellular leads to implausible 
values of extracellular K ÷ concentrations. Even if we assume that  there is a 
gradient in the intercellular spaces, and that  the K ÷ concentration near the cells 
is higher than in the bulk solution, the concentration of K ÷ in this space can 
never be higher than that  in the cells. Furthermore,  the computed intracellular 
K ÷ concentration, based on the first hypothesis, is low compared with the data 
from the literature, while the values obtained according to the second 
hypothesis fall in the range described by other authors [20,23--26]. 

To ensure that  the two compartments are genuinely in the isolated 
epithelium and not  just in concealed chamber compartments (i.e., agar bridges, 
contaminated recesses) two skins were incubated with radio isotope during the 
collagenase incubation, which also takes 2 h, and not  in the chambers where 
the washout was performed. The skind were then dissected and mounted  in the 
chambers, and the washout performed as usual. 

The results obtained for two skins showed again clearly the distribution of  
K ÷ in two compartments,  namely for skin I 0.117 and 0.297 and for skin II 
0.211 and 0.196 expressed in pequiv./cm 2, or for skin I 66.7 and 169.2 and for 
skin II 120.2 and 111.7 expressed in mequiv./kg dry wt. 

The results therefore seem to suggest that  there are two K ÷ compartments 
and that  both are intracellular. 

We concluded therefore that  all the K ÷ is intracellular and if evenly distrib- 
uted in the whole cell water the intracellular K ÷ concentration is 156 + 
8.1 mequiv.fl. The kinetic behaviour of  the K ÷ efflux can be due either to a 
compartmentalization of the K ÷ within the cells themselves [27] or due to the 
existence of  two functionally different cell populations with different K ÷ 
permeabflities. The first hypothesis was not  confirmed by Rick et al. [28] who 
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d e m o n s t r a t e d  identical  concen t ra t ions  for  Na ÷ and K ÷ in the nucleus and cy to-  
plasm under  all exper imenta l  condi t ions .  

The  morpho log ica l  ident i f ica t ion o f  the  two  funct iona l  d i f ferent  cell types  is 
diff icul t  to  do  under  the  present  c i rcumstances .  

By dividing for  each skin the  Na ÷ fluxes ob ta ined  f rom the Isc by the  K ÷ 
fluces bo th  cor respond ing  to  the first per iod o f  washou t  one obtains  a rat io of  
1 .39 + 0.107.  

I f  one  assumes tha t  the Isc is an underes t imat ion  of  the rate of  Na ÷ pumping  
by  the Na*/K ÷ p u m p  and tha t  the  first washou t  fluid m a y  conta in  a small 
a m o u n t  o f  i so tope tha t  remained  in the  chamber ,  the observed rat io is no t  
incompa t ib le  with a 3/2 s to i ch iome t ry  (0.2 < P < 4). 

In order  to obta in  a be t te r  es t imate  of  this s t o i ch iome t ry  we studied the 
re la t ionship  be tween  s imul taneous  changes in I~c and in K ÷ effluxes.  

We used amilor ide and pitressin, two  substances  tha t  act  on  the permeabi l i ty  
o f  the  external  barrier to  Na ÷, and ouaba in  as a p u m p  inhibi tor .  

The  effect  o f  the addi t ion  o f  amilor ide at the beginning of  the w a s h o u t  
per iod and consequen t ly  on the first rate cons tan t  was investigated first. Na ÷ 
fluxes were calculated f rom the  Isc measured  immedia te ly  before  amiloride was 
applied.  The  K ÷ effluxes f rom the first c o m p a r t m e n t  were calculated as 
descr ibed in me thods .  T w o  skins were studied.  In one  skin the  Na ÷ flux mea- 
sured just  before  amilor ide was applied was 1.9 pequiv.  • cm -2 • h -1 and K ÷ flux 
co r re spond ing  to the first ra te  cons tan t  was 0 .169  pequiv.  • cm -2 • h -1. In the 
second  skin the Na ÷ f lux was 1.66 and the  K flux 0.161 pequiv.  • cm -~ • h -~. In 
b o t h  skins the  I~c came to  zero af ter  amiloride t r ea tment .  

Since it is no t  possible to measure  in the same expe r imen t  values for  the fast 
rate cons t an t  before  and after  amiloride,  we have to  compare  these results wi th  
the  K ÷ fluxes ob ta ined  under  normal  cond i t ions  as presented in Table  I ( to a 
mean  value o f  Na ÷ f lux of  1.01 pequiv.  • cm -2 • h -~ cor responds  a K ÷ flux f rom 
the  first c o m p a r t m e n t  of  0 .707 pequiv.  • cm -2 • h -1). 

To  the  above men t ioned  Na ÷ fluxes the cor respond ing  K ÷ fluxes wou ld  be 
(all in p e q u i v . - c m  - 2 . h - 1 ) :  to  a Na ÷ flux of  1.9 a K ÷ f lux o f  1.33 and a 
decrease wi th  amilor ide o f  1 .161,  and for  a Na ÷ f lux of  1.66 a K ÷ f lux o f  1 .162 
and a decrease wi th  amilor ide o f  1.001.  

These results showed,  therefore ,  t ha t  amiloride s t rongly  inhibits  the  K ÷ 
fluxes f r o m  c o m p a r t m e n t  one. 

The  results ob ta ined  when amilor ide was added  in the  third h o u r  o f  the 
wa shou t  are shown  in Table  II. 

I t  can be seen tha t  the K ÷ eff lux f r o m  c o m p a r t m e n t  2 is also decreased 
a l though  m u c h  less than  the eff lux f rom c o m p a r t m e n t  1. 

The  results o f  the ef fec t  of  pitressin on the Isc and the  K ÷ ef f lux o f  the slow 
c o m p o n e n t  can also be seen in Table II. In this case to  an increase in I~  corre-  
sponds  as well an increase in K ÷ effluxes. 

This means  tha t  b o t h  c o m p a r t m e n t s  are involved in Na ÷ t r anspor t  bu t  to  
d i f fe ren t  extents .  

Ouaba in  and high potass ium were on ly  tes ted on the slow c o m p o n e n t  of  the 
K ÷ eff lux since the  e f fec t  o f  ouaba in  on Isc takes a lmos t  1 h while the  first com-  
p a r t m e n t  is washed ou t  wi th  a t ime cons tan t  o f  app rox ima te ly  20 min. 

Table  I I I  summarizes  the  results o f  two  exper iments  (skins 1 and 2) while 
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T A B L E  II  

T H E  E F F E C T  O F  A M I L O R I D E  A N D  P I T R E S S I N  O N  T H E  K + E F F L U X  O F  T H E  S E C O N D  C O M P A R T -  

M E N T  ( S L O W  C O M P O N E N T )  

Resu l t s  e x p r e s s e d  as # equ iv .  • c m - 2  • h -1. The  N a  + f luxes  w e r e  ca l cu la t ed  e i ther  f r o m  the  Isc  m e a s u r e -  

m e n t s  dur ing  t h e  K + e f f l u x  pe r iods  or  in  the  case  o f  a m i l o r i d e  jus t  b e f o r e  the  a d d i t i o n  o f  ami lo r ide .  

C o m p a r t m e n t  f luxes  in  pequ iv .  • c m - 2  • h -1 

Co n t r o l  va lues  A m i l o r i d e  D i f f e r e n c e  

0 N a  + OK + 0 N a  + OK + 0 N a  ÷ 0K + 

Skin  1 0 .701  0 .196  0 .624  0 .111  0 .624  0 . 0 8 5  

S k i n  2 0 . 9 0 4  0 .213  0 .758  0 .127  0 .758  0 .086  

Pi t resc in  

Skin  3 0 . 6 6 6  0 . 2 1 2  1 .38  0 .311  0 .713  0 .099  

Sk in  4 1.48 0 . 3 1 5  3 .57 0 .464  2 .08 0 .149  

Fig. 1 shows  one  comple te  exper iment  where ouabain  was added in the  third 
hour.  

A considerable increase in K * f luxes is observed despite  a decrease in Isc. 
In Fig. 2A we can compare  the  effect  o f  ouabain  on the  t ime course of  Ise 

and the  K ÷ eff lux.  It can be seen that  whi le  the  ef fect  on  K ÷ was rather fast, 
the  abol i t ion  of  the Is¢ t o o k  a longer t ime.  These  results are probably  due  to 
the  fact that  after the  Na÷/K ÷ pump is inhibited by ouabain  the  e lectrochemi-  
cal gradients o f  Na ÷ and K ÷ be tween  the  intracellular compar tment  and the  
external  compartments  are gradually dissipated by an inf lux o f  Na ÷ across the  

T A B L E  I I I  

T H E  E F F E C T  OF  O U A B A I N  A N D  H I G H  S E R O S A L  K ÷ C O N C E N T R A T I O N S  O N  T H E  S L O W  COM- 

P O N E N T  O F  T H E  K + E F F L U X  A T  T H E  I N T E R N A L  B A R R I E R  OF  T H E  I S O L A T E D  E P I T H E L I U M  

Values  exp re s sed  in  # eq u iv .  • cm  -2 • h -~. The  values  fo r  Na  + f l uxes  w e r e  c a l c u l a t e d  f r o m  the  values  o f  Isc  
m e a s u r e d  d u r i n g  the  pe r iod  o f  42K+ w a s h o u t ,  or  in  the  case  o f  o u a b a i n  jus t  b e f o r e  t h e  a d d i t i o n  o f  oua- 
ba in .  

F luxes  (equiv .  • c m  -2 • h -1) 

N o r m a l  0 N a  OK O u a b a i n  D i f f e r e n c e  

0 N a  0 K  0 N a  OK 0 N a  OK 

Sk in  1 1 .07 0 .153  0 .949  0 .672  0 .949  

Skin  2 0 .796  0 .183  0 . 7 1 3  0 .389  0 . 7 1 3  

50 m e q u i v . / l  K ÷ O u a b a i n  

Sk in  3 1 .18 0 . 1 0  0 . 8 2 5  0 .229  0 .943  0 .437  0 . 9 4 3  

20  mequ iv . /1  K + 

Sk in  4 0 . 8 6  0 .119  0 . 6 9 4  0 . 2 0 5  0 .729  0 .662  0 .729  

10 mequ iv . /1  K + 20 mequiv . /1  K ÷ 

Skin  5 0 .631  0 .169  0 .589  0 . 2 2 5  0 . 7 0 7  0 . 3 2 2  

50  m e q u i v . f l  K ÷ 

Skin  6 0 . 7 5 5  0 . 1 1 6  0 .707  0 . 1 6 0  1 .003  0 .457  

0 .519  

0 . 2 0 6  

0 . 2 0 8  

0.4 57 



20 

mucosa l  barr ier  and  an e f f lux  of  K ÷ across  the  serosal barr ier .  Under  shor t  
c i rcui t  cu r r en t  the  d iss ipa t ion  o f  these  gradients  p roduces  a falling cu r r en t  in 
the  ex te rna l  circuit .  In e f f e c t ,  while  dur ing  the  first  2 h the  K ÷ con t en t s  o f  the  
skin r emains  cons t an t  and  t h e r e f o r e  the  t w o  ra tes  of  t r ace r  e f f lux  r ep resen t  
the  s t eady  s ta te  K ÷ e f f lux  f r o m  t w o  d i f f e ren t  c o m p a r t m e n t s ,  a f t e r  add i t ion  of  
ouaba in  the  to t a l  K ÷ c o n t e n t  o f  the  skin fell f r o m  a b o u t  0 .60 p e q u i v . / c m  2 or 
342 m e q u i v . / k g  d ry  wt .  to  0 .15  and  0 .17  p e q u i v . / c m  2 or 85 .5  and  97 mequ iv . /  
kg d ry  wt.  in two  d i f f e ren t  e x p e r i m e n t s .  T h e  fall in t racer  c o n t e n t  o f  the  skin 
a f t e r  ouaba in  is largely due  to  a ne t  K ÷ loss (75%).  T o g e t h e r  wi th  a decrease  of  
in t race l lu lar  K ÷ c o n c e n t r a t i o n s  an increase  in Na  ÷ is descr ibed  [26 ,28  ]. 

An a l te rna t ive  e x p l a n a t i o n  is p re sen ted  b y  Cala e t  al. [29]  w h o  where  able 
to  re la te  the  inh ib i t ion  of  the  Isc wi th  the  b ind ing  t ime  of  ouaba in .  Never theless ,  
i t  m u s t  be  e m p h a s i z e d  t h a t  t h e y  used  a c o n c e n t r a t i o n  of  ouaba in  o f  10 -6 M. 

In Fig. 2A where  Na ÷ f luxes  and  K ÷ f luxes  are expressed  in t h e / s a m e  uni ts  
and  are fo l lowed  over  one  h o u r  a f t e r  app l i ca t ion  of  ouaba in  the  K ÷ f luxes  show 
similar  values to  Na  ÷ f luxes  a t  10 and 20 min  and  exceed  Na ÷ f luxes  a t  30 min .  
As the  in t racel lu lar  K ÷ unde r  these  cond i t ions  is decreasing,  the  K ÷ f luxes  m a y  
be  ove re s t ima ted .  

T h e  increase in the  ra te  of  t r ace r  e f f lux  induced  b y  ouaba in  could  be due  to  
the  inh ib i t ion  of  42K÷ recyc l ing  f r o m  an uns t i r red  layer  near  the  cells via the  
Na  ÷ p u m p .  In such  case, the  e f f lux  of  4:K÷ is in fac t  equal  t o  the  d i f fe rence  
b e t w e e n  the  e f f lux  and  the  in f lux  on  42K÷ at the  inner  surface  of  the  cells due  
to  the  fac t  t h a t  the  specif ic  ac t iv i ty  of  K ÷ nea r  the  cells is n o t  zero.  By 
inhib i t ing  the  p u m p  this recyc l ing  should  s top  and  m o r e  4:K÷ should  be  washed  
out .  

T o  tes t  this  hypo thes i s ,  high K ÷ c o n c e n t r a t i o n s  were  used  in the  in terna l  
Ringer  t o g e t h e r  wi th  ouaba in ,  the  idea be ing  t h a t  an increase in the  K ÷ con- 
c e n t r a t i o n  wou ld  decrease  the  specif ic  ac t iv i ty  o f  42K+ near  the  cells and  thus  
r educe  its rec i rcu la t ion  and  u n m a s k  a d i rec t  e f f ec t  on the  p u m p .  Unde r  these  
c i r cums tances ,  one  wou ld  e x p e c t  ouaba in  to  decrease  the  K ÷ ef f lux .  

Howeve r ,  the  e f f ec t  o f  ouaba i n  was still qua l i t a t ive ly  the  same at  K ÷ con- 
c e n t r a t i o n  as high as 50 mequiv./1.  (See Tab le  I I I  (skins 3 and  4) and  Fig. 2B).  

Ris ing in te rna l  K ÷ b y  i tself  also increases  the  42K÷ ef f lux .  This  was clear ly 
observed  at  10 mM K ÷ and sa tu ra t ed  at  a m a x i m u m  ef f lux  of  0 .34  pequiv.  • 
c m - :  • h -1. The  resul ts  o f  such e x p e r i m e n t s  are given in Tab le  I I I  and  Fig. 3 
( n u m b e r  o f  e x p e r i m e n t s  in b racke t s ) .  

Bo th  high in te rna l  K ÷ and  o u a b a i n  inh ib i t ion  m a y  ac t  a t  least  in par t ,  t h r o u g h  
the  same m e c h a n i s m :  n a m e l y  b y  depo la r iz ing  the  cell m e m b r a n e  [30 , 31 ] .  In  
e f f e c t  the  e lec t rogen ic i ty  of  the  Na  ÷ p u m p  has been  shown  in a n u m b e r  o f  
sys t ems  [13 ] .  Acco rd ing  to  Cerei j ido and  Cur ran  [1] and  Nagel  [30]  even wi th  
c o n c e n t r a t i o n s  o f  K ÷ as high as t he  cell c o n c e n t r a t i o n ,  the  m e m b r a n e  is n o t  
c o m p l e t e l y  depo la r ized .  I t  m a y ,  t he r e fo re ,  be  t ha t  the  ouaba in  inh ib i t ion  o f  
t he  Na  ÷ p u m p  has still a depo la r iz ing  e f f ec t  a t  high K ÷ c o n c e n t r a t i o n s .  T h a t  
wou ld  expla in  the  e f f ec t  o f  ouaba i n  on the  K ÷ e f f luxes  also a t  high in te rna l  K ÷ 
concen t r a t i ons .  

B o t h  ami lo r ide  and  ouaba i n  inhib i t  the  act ive Na  ÷ t r a n s p o r t  bu t  while  one  
subs t ance  decreases  the  K ÷ e f f luxes  a t  the  in te rna l  bar r ie r  the  o the r  increases 
these  f luxes.  I t  was a l ready  m e n t i o n e d  t h a t  ouaba in  depolar izes  the  cell m e m -  
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Fig. 2. (a and  b)  E f f e c t  o f  ouabain  and high internal  K + on the  isc and 4 2 K + e f f l u x  o f  the  i so la ted  frog 
skin  ep i the l ium,  l s c  and 4 2 K +  expressed  as ~equiv.  • cm -2 - h -1 versus t ime .  A r r o w s  s h o w  the  m o m e n t  
ouabain or  K + is i n t r o d u c e d  in the  s y s t e m .  

brane. It is also known that amiloride hiperpolarizes the epithelial cell, mainly 
by a decrease in the Na ÷ conductance at the external barrier as suggested by 
Nagel [32] and Schultz [33] .  

This may affect per se the K ÷ effluxes across the serosal membrane. But 
although the electrochemical gradient is changed, under these experimental 
conditions there is no variation in K ÷ content of  the epithelial cells (0.58 + 
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Fig. 3.  R e l a t i o n  b e t w e e n  p o tas s iu m  c o n c e n t r a t i o n  in the  Ringer  bathing  the  internal  side o f  the  frog skin 
and 42K+ e f f l u x e s  f r o m  the  s a m e  side.  ( In  bracket s  n u m b e r  o f  e x p e r i m e n t s ) .  
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0 .04  be fo re  ami lor ide  c o m p a r e d  wi th  0 .63 + 0.05 p e q u i v . / c m  2 a f t e r  ami lor ide ;  
P > 0.5,  or  330  -+ 22 versus 359 + 28 m e q u i v . / k g  d ry  wt.) .  

F u r t h e r m o r e ,  the  var ia t ions  in the  Na ÷ f luxes  and in the  K ÷ e f f luxes  are in 
the  same d i rec t ion ,  suggesting t h a t  w h e n  the  supp ly  o f  mucosa l  Na  ÷ for  the  Na  ÷ 
p u m p  is b locked  sudden ly  by  ami lor ide  the  p u m p  works  at  a m u c h  reduced  
ra te  d e p e n d i n g  then ,  on  the  serosal Na  ÷ leak. Hence  the  r educ t ion  in t racer  42K+ 
e f f lux  observed  a f t e r  ami lor ide  could  in fac t  be  d i rec t ly  re la ted  to  this e f fec t .  
Similar  analysis  can be m a d e  for  the  s t imula t ions  of  the  shor t -c i rcui t  cu r r en t  
and K ÷ e f f lux  induced  b y  vasopress in .  

Due  to  the  cons ide ra t ions  above  we t r ied to  c o m p u t e  the  Na+/K ÷ s to i ch iom-  
e t ry  of  the  Na  ÷ p u m p  using the  changes  o b t a i n e d  in I~e and K ÷ eff luxes .  

This  can on ly  be regarded  as an a t t e m p t  since it is based  on few e x p e r i m e n t s  
and  the  da ta  were  n o t  o b t a i n e d  f r o m  the same skin. 

Based on the  e x p e r i m e n t a l  da ta  t ha t  the re  are t w o  func t iona l ly  d is t inc t  K ÷ 
c o m p a r t m e n t s  and t h a t  b o t h  r e s pond  to  changes  in t ransepi the l ia l  Na ÷ f luxes 
wi th  changes  in K ÷ eff luxes ,  we assume:  

(1) T h a t  the  to t a l  t ransepi the l ia l  Na ÷ t r a n s p o r t  is divided in to  t w o  f rac t ions ,  
each  f rac t ion  being re la ted  to  one  of  the  K ÷ c o m p a r t m e n t s  descr ibed  above  

x + y = l  

(2) T h a t  the  Na+/K ÷ s t o i c h i o m e t r y  has to  be  the  same for  b o t h  c o m p a r t -  
m e n t s  

( x .  ACNa~)/A~bK~ = (y • ACNa~)/A~bK~ 

were  A~bNa~ and  A~bK~ * are var ia t ions  i n t r o d u c e d  s imu l t aneous ly  in the  Ise 
and  the  42K÷ e f f luxes  re la ted  to  the  first  c o m p a r t m e n t  and ACNa~ and ACK: ** 
are s imu l t aneous  var ia t ions  i n t r o d u c e d  in the  Isc and the  42K+ ef f luxes  re la ted  
to  the  second  c o m p a r t m e n t .  

Fo r  the  K ÷ f luxes the  two  c o m p o n e n t s  are ident i f ied  a t  least  func t iona l ly .  
F o r  the  Na  ÷ f luxes  the  who le  Isc is a lways  measu red  and  a l though  all the  Na  ÷ 

has  to  f low th rough  the  ex te rna l  bar r ie r  in to  the  m o r e  superf icial  cells it can 
then  be p u m p e d  e i ther  d i rec t ly  in to  the  in tercel lu lar  spaces,  or  first  d i f fuse  in to  
the  cells o f  the  d e e p e r  layers  and be p u m p e d  a f te rwards .  

T h e  n u m b e r  o f  Na ÷ p u m p s  of  each  cell or  cell layer  t h a t  c o n t r i b u t e  to  the  
t ransep i the l ia l  Na t r a n s p o r t  is still a m a t t e r  o f  s tudy .  S o m e  m a y  have m o r e  
p u m p s  or a bigger t u rnove r  involved in this t r a n s p o r t  t h a n  others .  

As we have two  dis t inc t  K ÷ ra te  cons t an t s  b o t h  sensit ive to  changes  in Na  ÷ 
t r a n s p o r t  we dec ided  to  re la te  a f r ac t ion  o f  the  Na ÷ t r a n s p o r t  to  one  K ÷ com-  
p a r t m e n t  and  a n o t h e r  f rac t ion  to  the  second  c o m p a r t m e n t .  T h e r e f o r e ,  the  t o t a l  
Na ÷ f luxes  are mul t ip l i ed  b y  a f a c t o r  x or y .  

Tab le  IV s u m m a r i z e s  the  c o m p u t e d  values and  the  da ta  f r o m  whe re  the  
ca lcu la t ions  were  made .  

I t  can be seen t ha t  the  f rac t ion  of  Isc t ha t  f lows t h rough  the  first  c o m p a r t -  
m e n t  is m u c h  bigger and t h a t  the  Na÷/K ÷ s t o i c h i o m e t r y  is in a g r e e m e n t  wi th  
the  value c o m p u t e d  above  and  n o t  incons i s ten t  wi th  a 3 /2  s t o i c h i o m e t r y .  

* S e e  p .  1 8 .  

* *  S e e  T a b l e  I I .  
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T A B L E  IV 

C O M P U T E D  V A L U E S  OF T H E  Na÷/K ÷ S T O I C H I O M E T R Y  AND OF T H E  F R A C T I O N  OF Na + T H A T  IS 
PUMPED BY C O M P A R T M E N T  1 (x) AND C O M P A R T M E N T  2 (y)  

The f luxes,  expressed in pequiv .  • c m  -2  • h - l ,  are  the transcription of  the results presented on  p. 6, for 
c o m p a r t m e n t  1 (A~bNa i .  A~bK1) and Table  II for c o m p a r t m e n t  2 (A~Na2 t, A~bK2) . 

Example A~Na~ ASK~ ACNa~ A~K~ x y Na*/K ÷ 

1 1.9 1 .161 0 .624  0 . 085  0 .82  0 .18  1.34 
2 1.66 1.001 0 .758  0 .086  0.84 0 .16  1 .40  
3 1.78 * 1.081 * 0 .713  0 .099  0.81 0 .19  1.34 
4 1.78 * 1.081 * 2.08 0 .149  0 .89  0.11 1.47 

Means 0 .84  0 .16  1.39 

* Means of  the t w o  values above.  

Discussion and Conclusions 

The aim of this work was to find a relation between the transepithelial Na ÷ 
transport and the K ÷ movements at the inner barrier of  the isolated frog skin 
preparation. 

Isolated epithelia were used. They were incubated with 42K÷ from the inside 
for 2 h. Efflux of 42K÷ was then measured for 2 to 3 h. 

The relation between Ise and K ÷ effluxes were considered under spontaneous 
conditions and after simultaneous changes introduced in both parameters. 

The results reported here show that:  
Ca} All the K ÷ contained in the isolated frog skin epithelium equilibrates in 

specific activity with external 42K÷. There are no excluded K ÷ compartments.  
(b) Most of the 42K÷ is released to the internal bathing medium. Only 1.27% 

of the total 42K÷ of the skin is washed out to the external side, a fraction of this 
probably coming from the inside medium via the shunt path. 

(c) The kinetics of tracer release exhibit one fast and one slow exponential 
component .  

(d) We suggest that  they correspond to two functionally distinct compart- 
ments both eventually cellular with a homogenous K ÷ concentrations 
(156 mequiv./1 cell water) but with different K ÷ permeabilities. 

(e) Both these compartments seem to be involved in the transepithelial Na ÷ 
transport since a change introduced in this parameter affects any of the two K ÷ 
rate constants. 

if) Amiloride reduces the release of 42K* corresponding to the fast com- 
ponent  {85%) and of the slow component  (58%). As the first rate constant is 
much faster, in absolute values the effect is much bigger. Furthermore,  the K ÷ 
content  of  the skin is not  altered by amiloride. 

(g) Ouabain accelerates the loss of 42K÷ by 200%. The loss of tracer in the 
presence of ouabain represents net K ÷ loss from the epithelium and this affects 
the K ÷ contained in both compartments (intracellular K ÷ decreases to 25% of 
its original value. 

(h) A tentative calculation of the Na÷/K ÷ stoichiometry for the transepithelial 
Na ÷ transport gave a value of 3/2. 



24 

(i) The morphological counterpart  of the two functional compartments 
defined above is more difficult to evaluate. 

In the last years two main hypothesis have been put forward regarding the 
importance of the different cells or cell layers in the transepithelial Na ÷ trans- 
port in frog skin. 

One is that  the first reactive cell layer is the only or major layer involved in 
the active transport of Na*, because this layer is the only that  responds by 
swelling to a number of different experimental conditions (short-circuiting, 
reversed current injection, hydrostatic pressure to the inside of the preparation 
[ 34--36]. Alternatively they may have lost their capacity of osmoregulation. 

The other is that  the epithelium functions as a syncytium where all the cells 
are involved in the transepithelial Na ÷ transport,  and is based on the experi- 
mental evidence that  all the cells have similar Na ÷ and K ÷ concentrations, 
change simultaneously these concentrations under experimental conditions 
[28], have ouabain binding sites in all their basolateral cell membranes, 
although more in the St. spinosium and germinatium [37] and show a con- 
siderable amount  of low resistance communications between them [38]. 

In our case it is difficult to fit the first compartment  in the first reactive cell 
layer (R.C.L.) as defined by Voute and Ussing [34]. If the first reactive cell 
layer is one cell layer out  of three to five cell layers of the whole skin it could 
only have between 33 and 20% of the whole K ÷ measured and in fact the first 
compar tment  defined by us has a mean value of  35%, unless one assumes that  
this layer has a higher K ÷ concentration, which is unlikely. 

Alternatively, [39] as the cells approach the surface of the frog skin in the 
process of differentiation and shedding they are first transformed from non- 
polar cells into asymmetric cells where the outer membrane gets more and 
selectively permeable to Na ÷, they get linked to each other by tight junctions 
forming a well defined barrier in relation to the exterior, and eventually the 
internal facing cell membrane gets more permeable to K ÷. These cells are not  
identified with the first R.C.L. but they may start to differentiate already at a 
deeper level of the epithelium. If this is correct this group of differentiated cells 
may be more specialized in the transepithelial Na ÷ transport than the non-polar 
cells. 

The observation of an identical behaviour of all epithelial cell layers 
regarding Na ÷ and K ÷ concentrations and ouabain binding does not  mean 
necessarily that  all epithelial cells share to exactly the same extent  the trans- 
epithelial Na transport. 

To that  observation may contribute the fact that  the homocellular regula- 
tion of Na ÷ and K + composition and the active transcellular Na* transport are 
accomplished by the same Na*-K ÷ ouabain sensitive exchange pump located in 
the inner or basolateral cell membranes, and the profuse connections between 
the cells themselves. 

Evidence for two distinctly accessible compartments for Na ÷ from the 
external medium were described by Morel and Leblanc [40]: one rapidly 
accessible comprising the stratum granulosum and the other less rapidly acces- 
sible representing the deeper layers of the epithelium. 

We may conclude that  the syncytial functioning theory is quite well 
documented and convincing, although it does not  allow us to exclude the 
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possibility of some cells being more involved in the transepithelial Na ÷ trans- 
port than others. 
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