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SUMMARY 

I. Short circuit currents and sodium fluxes were measured in isolated frog skins 
bathed by Ringer's solutions of different anionic composition. 

2. When chloride Ringer's solution bathing both sides of the isolated frog skin 
is subst i tuted by isoosmolar sulphate Ringer's there was a sharp decrease in the short 
circuit current. 

3-The lowering of the short circuit current could be accounted for by an 
identical decrease in sodium fluxes, as a good agreement between these two param- 
eters was found in both experimental conditions. 

4. This effect on the short circuit current was reproduced when chloride ions 
were subst i tuted by gluconate ions, but was nmch less evident when chloride was 
subst i tuted by bromide or iodide in the Ringer's solutions bathing both sides of 
the skin. 

5. The results suggest that  at least some of the sodium transport  is anion de- 
pendent in a nonspecific way. 

INTRODUCTION 

The electrical behaviour of the frog skin has been described in terms of an 
equivalent circuit in which a voltage generator with an internal resistance cor- 
responding to the active sodium transport  is shunted by a conduction path for other 
permeable ions moving passively, mainly chloride 1-4. Using UssIx'o's technique in 
which skins bathed on both sides with Ringer's solution and mounted in such a way 
tha t  the open circuit voltage and short circuit current can be measured, the sub- 
st i tut ion of chloride by sulphate in the bathing solutions or the t reatment  of the outside 
surface by vestigial amounts of copper (Cu2SO ~, Io -5 M)* has been reported to show 
an increase in the open circuit voltage without appreciable change in the short circuit 
current2, 5-7. Thus the sodium transport  (equated with the short circuit current) 
maintained itself independently of these two changes in the bathing fluid composi- 
tion which, simultaneously with the higher voltage measured across the skin, could 
be interpreted as due to an increase in the resistance of the shunt path  z. 

The following s tudy will show that  the short circuit current is not independent 
of the anionic composition of the bathing fluids and that  this effect can be masked if 
the solutions used are not corrected for the same osmolality. 

* Some studies of the effect of copper on the frog skin will be the subject of another paper. 
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METHODS 

Frogs, of tile species Rana ridibunda Pallas*, were used unless otherwise speci- 
fied. They were kept in a temperature-controlled room at 6-8 ':, half immersed in 
running tap water. Experiments were performed throughout the 3:ear, and no ap- 
preciable seasonal variation was detected. Frogs were double pithed and the skin 
dissected and mounted in Ussing-type chambers. Often two symmetrical halves were 
used. The exposed skin areas were 0.789, 3.I 4 or 7.06 cmL The time elapsing between 
killing and mounting of the skins did not exceed io lninutes. The compositions of the 
Ringer's solutions used are summarized in Table I. The references in the text to tim 
specific Ringer's being employed are made to the main anion used (see table), except 
in the case of choline Ringer where sodium was substituted by choline. 

The composition of the Ringer's solution was frequently checked. Na and K 
concentrations were measured by flame photometry with the Eppendorf Flame 
Photometer and C1 bv coulometric titration in an Aminco Cotlove Titrator. pH was 
checked with a Radiometer 4 pH Meter. The aerated Ringer's had a pH of 8.2-8.3. 
Sometimes bicarbonate was substituted by Tris buffer and the Ringer was titrated to 
the same pH. 

Osmolality was checked with an Advanced Osmometer. The osmolality of the 
chloride Ringer used was around o.22o (o.218--o.222). When chloride was substituted 
by another monovalent anion, the osmolality remained at that value. When chloride 
was substituted by sulphate, a divalent anion, the osmolalitv went down to o.z4o. 
To obtain isoosmotie sulphate Ringer, 8o mM of glucose was added (in a few control 
experiments urea or mannitol was also used). 

Throughout the text the isoosmolar sulphate Ringer is designated compensated 
sulphate Ringer and the hypoosmotic one, noncompensated sulphate Ringer. 

The potential of the frog skin was measured through two agar bridges (3 % 
agar in the Ringer in which the skin was mounted), placed very close to the skin. 
The agar bridges were linked through saturated KC1 to the calomel electrodes con- 
nected to a high impedance electrometer (Keithley 6IO B). The overall junction 
potential was less than o.5 mV and the resistance between two bridge tips was 
around 7 o~2/cm 2. Short circuit current was measured using two additional bridges 
placed as far as possible from the skin. The circuit between these was completed by 
freshly prepared Ag-AgCI-KC1 electrodes, a current source and a galvanometer. 
Skins were mounted and allowed to equilibrate for two to three hours. Open circuit 
voltages and short circuit currents were measured every five minutes. Experimental 
protocols were only started when a reasonable steady state of these two parameters 
was reached. Experimental periods were timed so that a steady state of wfltages and 
currents could be reached, and whenever possible after an ext)erimental period, a 
control period was allowed with the initial Ringer solution to get a better definition 
of the baseline corresponding to the time evolution of the skin. Sodium fluxes were 
measured by the single-labelling technique using symmetrical pieces of abdominal 
skin. "2Na was used**. Activities were measured in a well-type scintilation detector. 
Samples were counted to zoooo counts. 

* T h i s  is t h e  spec ies  m o s t  f r e q u e n t l y  found  in P o r t u g a l  a n d  is v e r y  s i m i l a r  to  Rana sczdenla. 
** O b t a i n e d  f rom A m e r s h a m ,  1,'.ngland. 
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5 9 0  K. TONNIES GIL FERREIRA 

RESULTS 

The first results described here were obtained froin experiments, performed 
over a period of two years, to study the time evolution of open circuit voltages and 
short circuit currents in 6o different skins mounted either in chloride Ringer or in 
coinpensated sulphate Ringer. The skins were mounted and readings were made every 
five minutes during the experiments. There was a considerable scatter in each group 
but no seasonal variation was detected. The open circuit voltage of skins mounted 
in compensated sulphate Ringer did not reveal the constant high values described in 
the literature when compared with the skin mounted in chloride Ringer. The values 
varied greatly and no definite pattern was flmnd when the two groups were compared. 
The short circuit current, on the other hand was systematically lower in skins bathed 
in compensated sulphate Ringer than in skins bathed in chloride Ringer. The in- 
dividual values obtained were lumped together and the time evolution studied, 
calculating the means of all measurements taken (zero corresponded to the setting of 
chambers) and then taking the average of five adjacent mean values and plotting 
these results at the time corresponding to the central value s. Fig. I shows the results 
of these experiments calculated in the above way for short circuit currents. After an 
initial period the current of the skins in the chloride Ringer tends to settle at higher 
values than the currents of skins in sulphate Ringer. This is for a period of two to 
three hours. After that the currents of the skins mounted in chloride Ringer decay 
with a tendency to reach the steady-state values of the currents of the skins mounted 
in compensated sulphate Ringer. 

In order to confirm the results obtained, paired skins of the same frog were 
mounted simultaneously, one with chloride Ringer and the other with compensated 
sulphate Ringer. After having reached a steady, state, the short circuit current was 
always lower in the skins bathed by the compensated sulphate Ringer solution. 
Steady-state current values obtained with this solution expressed as percentages of 
current obtained in skins bathed in chloride Ringer gave mean values of 42 °'o :': 21 
(io) (the number of experiments is in brackets) with a mininmm value of 13 ° o and a 
maximum of 80 °o (Table I1). 

40 

3c 
0 L 
L 
D u 

2C 

g 
'5 
L 
O 

5 

O o 

o0•••e0a%%%o •11•%%%%•0 e 
O0 

O% ~e%H 
O0 0 

0 QO 

OOOO0000OO000000CQOOOOOQOQOOOOQIOD011D 

Time (rain) 

i 15':: 

~5 

g ' ,'o 'o ~$o A 
l/me (rain) 

Fig. I. Time evo lu t ion  of shor t  c i rcui t  cur ren t  of sk ins  mountec1 in chlor ide Ringer ' s  solut ion (O) 
and in su lpha te  Ringer ' s  solut ion (O).  P lo t  of a mov ing  average  of five ad j acen t  mean  va lues  of 
shor t  cur ren t  expressed  in pA/c in  2. 

Fig. 2. Skin moun ted  in chlor ide Ringer.  Arrow i. Su lpha te  Ningcr on both  sides. Arrow 2. Chloride 
R inge r  on bo th  sides. 
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SODIUM TRANSPORT IN FROG SKIN 591 

In another group of experiments, chloride Ringer and compensated sulphate 
Ringer were tested on the same piece of skin. Skins were mounted in chloride Ringer 
and changes in solution were made when currents and voltages reached a steady 
state. When chloride Ringer was substituted by compensated sulphate Ringer on 
both sides of the membrane, there was in all experiments a decrease of short circuit 
current and a less constant change in the open circuit voltages which sometimes 
increased and sometimes renmined constant or even decreased (Fig. 2 ; Table III).  

To exclude the possibility that this effect was due either to the brand of sulphate 
used or was in some way related to the particular nonelectrolyte utilized for correction 
of the osmolality, a control group of experiments was done in which sulphate from 
different manufacturers (Merck, B.D.H., May Baker) and several different non- 
electrolytes (glucose, nmnnitol, urea) were used (Table III).  

"fABLF. [II 

C H A N G E S  OF S H O R T  C I R C U I T  C U R R E N T  A N D  O P E N  C I R C U I T  V O L T A G E  OF E X P E R I M E N T S  IN %VHICH 

( ' H L O R I D E  WAS S U B S T I T U T E D  B Y  ANOTHE,  R A N I O N  ON B O T H  S I D E S  OF T H E  S K I N  

Resu l t s  were ca lcula ted  as pe rceu tages  of expc ' r imenta l  periods c o m p a r e d  to basel ine of control  
periods ( (Exper imenta l /Control )  x IOO). Means  and  s t a n d a r d  devia t ion ,  h i  pa ren theses  n u m b e r  
of  exper inlents .  

Ringer Short circuit current Open circuit voltage 

Glucona te  22.7 ~ 7.5 (7) 64.9 ± 23 (7) 

Su lpha te  glucose 38.7 T II  (29) 90.2 ± 38 (27) 

Su lpha te  man i to l  55.3 :L 13.3 (6) lO9.6 ± 23.8 (6) 

Su lpha te  urea  61.1 ± 16.2 (5) 119.4 = 27.3 (5) 

iodide 85 ± 43 (I i)  129 -- 67 ( i i )  

Bronlide 87.6 ~ 13. 4 (I3) 114.5 ~ 13.6 (13) 

Su lpha te  (osmolal i ty o.14o ) 88.6 --  20 (11) 153.4 ~ 45 ( i i )  
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SODIUM TRANSPORT IN FROG SKIN 593 

Gluconate was also used as a substitute for chloride (Fig. 3), and as this Ringer's 
solution is almost isoosmolar with the chloride Ringer, no compensation for osmolality 
was needed. It  can be seen in the table in which all the control experiments are 
summarized that the overall results are the same. This was not the case when the 
chloride ion was replaced with sulphate without compensation for isoosmolality in the 
same experimental procedure. In this situation we did not find the changes of short 
circuit current described above. Sometimes there was a small decrease in the short 
circuit current but very often it remained unchanged while the voltages increased. 
The Iesults of eleven such experiments are expressed in Table I II .  Fig. 4 illustrates 
one of those experiments. The skin was equilibrated with chloride Ringer which was 
then changed to uncompensated sulphate Ringer (osmolality o.14o ) and finally to 
compensated sulphate Ringer (0.220). After the first change there was a slight change 
in the open cilcuit voltages but none in the short circuit currents; after the second 
change the typical decrease of the short circuit current could be observed. 

The lowering of the short circuit current described above could be explained by 
the existence of a current component due to an independent active transport of 
chloride that would disappear in the absence of this ion. To test this hypothesis, 
sodimn was substituted by choline in the chloride Ringer in a group of experiments. 
In skins in which sodium was substituted by choline, the current and voltages decreased 
to ahnost zero, suggesting that there was no independent chloride transport. The 
results of 15 such experiments are given in Table IV. '22Na fluxes were also measured 
in paired pieces of skin taken from the same frog. One was used for influxes the other 
for backfluxes, in 3e-rain periods and exposed areas of 7.06 cnl 2. The results are 
summarized in Table V and Fig. 5- These', results showed a good agreement between 

6 

i o 

,." 

p .  .e:: 

o 

t o )  

P I I I 

Sodium f lux 

Fig. 5- P lo t  of short  c i rcui t  cu r ren t  aga ins t  sodiunl  fluxes. Both  scales expressed iu /~equiv of Na  
per 3 ° rain per  7.o6 cnl 2. Inf luxes  on a slope near  uni ty .  Backf luxes  near  the  zero line. 0 ,  NaCI 
and O, Na2SO 4. 

sodium fluxes and short circuit current in both experimental conditions (chloride and 
sulphate Ringer). In this group of experiments fluxes were measured in skins immersed 
from the beginning either in chloride Ringer's solution or in sulphate Ringer's solu- 
tion. This might explain the overlapping of the results of the two groups. However, it 
can be seen from Table V that the average value of short circuit currents is higher in 
skins bathed in chloride Ringer (t test, P < o.o15). This difference is much more 
apparent when short circuit currents are measured using both Ringer's solutions on 
the same skin. Nevertheless in both conditions, the points fall on the same straight 
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594 K. TONNIES GIL FERREIRA 

line with a slope near unity.  Finally,  in order to test  whether the effect of the sub- 
s t i tut ion of chloride ion on the short circuit current was specific, bromide and iodide 
Ringer's solutions were also tested (Figs. 6 and 7). These anions are similar to chloride 
in regard to their permeabi l i ty  for the frog skin ~. In these experiments  variations of 
open circuit voltages  and short circuit currents were also present but nmch less 
important .  In Table I I I  the results of these experiments  are given. 
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Fig. 6, Skin  m o u n t e d  in chloride  Ringer.  Arrow I. Fresh chloride Ringer  on both  sides. Arrow 2. 
B r o m i d e  Ringer  on both  sides. Arrow 3. Chloride Ringer  on both sides. 

Fig. 7- Skin m o u n t e d  in chloride  Ringer.  Arrow i.  Fresh chloride  Ringer  on both sides. Arrow 2. 
Iodide R inger  on both sides. Arrow.  3. Chloride Ringer on both  sides. 

All results described above were obtained with Rana ridibunda and it seemed 
important  to ascertain whether they  could also be obtained in other species. For this 
purpose we choose to test  Ra~za temporaria" because it is the species most  c o m m o n l y  
uti l ized in other studies of this type.  Exper iments  conducted with Ra~a temporaria 
always  showed,  in our hand, the same results that were obtained with Ra~a ridibunda. 
Two typica l  experiments  are i l lustrated in Figs. 8 and 9. In one experiment  (Fig. 8) 
it can he seen that,  after a period of equil ibrium with chloride Ringer, changing of this 
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Fig. 8. Arrow I. Skin  m o u n t e d  in chloride  Ringer .  Arrow 2. Isotope  oil inside.  Arrow 3. S u l p h a t e  
R i n g e r  on both  sides. Arrow 4. i s o t o p e  oi1 iuside. 

Fig. 9. Arrow 1. Skin  m o u n t e d  in chloride  Ringer.  Arrow e. Su lphate  Ringer  (osmola l i ty  o.14o ) 
on  both  sides. Arrow 3. Su lphate  Ringer  (o.22o) on both sides. Arrow 4- Su lphate  Ringer  (o. i4o) 
oll both  sides. 

* K i n d l y  suppl ied by  Dr. ZERAHN. 
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T A B L E  VI  

2~l~-N~& + F L U X  M E A S U R E M E N T S  I N  O N E  S K I N  B A T H E D  F I R S T  IN C H L O R I D E  R I N G E R  A N D  T H E N  IN 

S U L P H A T E  R I N G E R  A N D  C O M P A R E D  W I T H  T H E  S H O R T  C I R C U I T  C U R R E N T  

Resul t s  are expressed  in Hequiv/3o min  per  7.06 cm 2. S.S.C., shor t  c i rcui t  current .  

I~zflux Backfll~x ,\'e! flux 

S. S.C. N a  + f/ux % ,q'. S.C. &:a + flux % o,, 

Chloride Ringer's solution 

3.587 3.748 lO4. 5 5.17o o . i o i  1.95 lO2.5 

3.346 3.509 lO4. 9 5.039 o.o91 1.8o lO3.1 

Sulphate Rb~ger' s solution 

0.709 0.806 113. 7 1.229 0.089 7.24 lO6, 5 

o.8o2 o.971 12t.1 1.371 o.o93 6.78 I I4. 3 

solution with compensated sulphate Ringer also produced a substantial decrease in 
short circuit current. Sodium fluxes measured sinmltaneously again showed a good 
agreement between fluxes and short circuit current in both experimental conditions 
(Table VI). When chloride Ringer's solution is substituted by noncompensated 
sulphate Ringer (Fig. 9) after a transition phase, the increase in open circuit voltage 
with a small increase in short circuit current was observed. Again with compensated 
sulphate Ringer an appreciable decrease of these parameters can be observed. 

DISCUSSION 

Substitution of chloride by sulphate ions in the Ringer's solution bathing both 
sides of the isolated frog skin preparation produced a substantial reduction in the 
values of the short circuit current. The ihigher basal values of short circuit current 
could be recovered in control periods of chloride Ringer (values of experimental 
periods expressed as percentages of control periods were 38.7 ~ i i ) .  The same type 
of result can be seen in experiments where skin has not been submitted to mechanical 
stresses due to changes in bathing solutions. Fig. I clearly demonstrates the different 
behaviours of skins mounted from the beginning either in chloride Ringer or sulphate 
Ringer's solution. 

This was a systematic finding not only in the frog species more frequently 
utilized, Rana ridibunda, but also in the experiments conducted with Rana temporaria. 
Rana ridibunda is a species closely related to the species of Rana sculenta. 

To make sure that  the results obtained were due to the particular alteration in 
the anionic composition of the bathing fluid, special care was taken to insure that  no 
other variable capable of influencing the electrical parameters was introduced. This 
especially applies to the need to maintain conditions of isotonicity. As a mat ter  of 
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fact, lgRANZ et al. 14, LINDLEY et al. 15, MAcRoBBIE et al. 1~ and USSING 17,1s s tudied  ti le 
effect of changes in the osmola l i ty  of the  Ringer ' s  solut ion when appl ied  to frog skin 
and got  a l te ra t ions  in tile thickness of the skin and of the  open circuit  vol tage and 
short  circuit  current .  Hypo ton ic  solut ions ba th ing  the inside of the frog skin, as well 
as ba th ing  both  sides, cause an increase in tile short  circuit  current  and  a swelling of 
the  skin1< 1~, while there is a lmost  no effect when hypotonic  solut ions ba the  ti le 
outs ide  face of the skin alone. \Vhen uncompensa ted  su lphate  Ringer  was used for 
subs t i tu t ion  of chloride Ringer ' s  solut ion on both  sides of the frog skin we ob ta ined  
the results  usual ly  descr ibed in the l i t e ra ture  l, ", a, 7. In  this s i tua t ion  two var iables  are 
changed s imul taneous ly  and tile effect of subs t i tu t ion  of chloride ions b y  su lpha te  ions 
in the  Ringer ' s  solut ion is masked  b y  the effect of the  hypo ton ic i t y  of tile Ringer.  
These effects can be sepa ra t ed  by  using Ringer ' s  solut ions with the sanle osmolal i ty .  

The lowering of the  short  circuit  current  af ter  subs t i tu t ion  of chloride ion by  
o ther  ions could be expla ined  ei ther  by  an independent ,  active,  ou tward  chloride 
t r anspo r t  normal ly  present  in the skin, which would d i sappear  in the absence of this 
ion, or b y  a direct  act ion of the chloride ion on the sodiunl t ranspor t .  

Regard ing  the first hypothesis ,  act ive chloride t r anspor t  has in fact, a l ready  
been described.  ZADUNAISKY 1°, 11, in the South Amer ican  frog, Leplodactvh~s ocellatus, 
and MARTIN 12, in Ra~za sc~de~zta and RaJm pipiet~,s, found a net  chloride influx, hi  
these cases however,  the net  chlol ide t r anspor t  measured  was d i rec ted  from tile 
outs ide to ti le inside solution which is t i le direct ion opposi te  to the one necessary to 
expla in  our results.  A net  chloride ou tward  t r anspor t  was descr ibed by  KOEFOED- 
JOHXSEN et alJa, ~, in Raua temporaria, when adrenal ine  was added  to tile inside 
solution, and  these au thors  assumed tha t  adrenal ine  produced  this effect by  s t imula-  
t ing tile secret ion of the skin nmcous glands. The cont r ibu t ion  of this chloride t r anspor t  
for the  shor t  circuit  cur rent  was in this  case much less than  ti le one tha t  would be 
necessary to expla in  our results.  Tha t  we are not  deal ing with a significant chloride 
t r anspor t  in our s tudies  can be inferred fronl the results  ob ta ined  with  choline Ringer,  
where we got  an ahnost  complete  reduct ion of short  circuit  current  and open circuit  
voltage.  Fur the rmore ,  in exper iments  where sodimn fluxes were measured,  we found 
a good agreement  between short  circuit  cur rent  and  sodium net  fluxes ei ther  in the 
cases where chloride ions were absent  (e.g., conlpensa ted  su lphate  Ringer) or when 
they  were present ;  t ha t  is, low or high currents  could a lways  be accounted  for b y  tile 
net  sodiunl  fluxes s inml taneous ly  measured.  

While  the first hypothes is  can thus  be excluded,  there  does seem to be a direct  
effect on sodium t ranspor t .  This means  tha t  the act ive sodium t r anspor t  or at  least  
some conlponent  of i t  is dependen t  of tile presence of chloride ions in the  ba th ing  
solutions.  Tha t  this  dependence  is not complete  can be inferred since sizeable currents  
can be ob ta ined  in the  absence of chloride. The exper iments  in which o ther  anions 
were used showed tha t  this dependence  is not  specific for chloride anions, since when 
we use iodide or bromide  ins tead of chloride we do not  get  the dras t ic  reduct ion of the 
shor t  circuit  cur rent  observed with su lphate  or gluconate.  

An ionic in terac t ion  of the same type  was found by  ZADUNAISKY 19 in tile r abb i t  
cornea.  In  this t issue there is a t r anspor t  of chloride ions front aqueous fluid towards  
the  tear  side and sodiunl ions, though appa ren t l y  not  t r anspor ted ,  are necessary for 
the  normal  per formance  of the  chloride t ranspor t .  Our observat ions  showed tha t  in 
t i le  frog skin sodium t r anspor t  is in par t  dependen t  on the presence of chloride ions 
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in the bathing solutions, but that this dependence is not specific, as already mentioned 
above, because if we use iodide or bromide in place of chloride ions in the Ringer's 
solutions, the reduction of short circuit current was much less evident. We might 
speculate that some step(s) in the transport process is activated in the presence of 
some anion(s) and that for a particular anion the size of this effect might be dependent 
on the affinity for it of some activating site. Or perhaps as ZADUNAISKY suggests 
sodium and the associated anions are both transported in certain regions of the 
epithelium, the anion being restricted and not showing a conlplete transepithelial 
transport, the different effects produced by different anions depending then on the 
kinetics of their intraepithelial transport by the system. 

CONCLUSIONS 

I. When chloride ions are replaced by sulphate or gluconate ions in the normal 
frog Ringer there is always a sharp decrease in the short circuit current and this effect 
does not appear to depend on the nonelectrolvte used for compensation of osmolality. 

2. In the absence of sodium the short circuit current was practically non- 
existent so that the fall in short circuit current in the absence of chloride could not be 
explained by a simultaneous independent active transport of chloride ions in the out- 
ward direction. 

3. This is confirmed by the good agreement between sodium fluxes and the short 
circuit current. 

4. When chloride ions were substituted by bromide or iodide a smaller decrease 
of the short circuit current was observed, when compared with the effect of sulphate 
or gluconate. 

5. These results suggest that at least a part of the active transport of sodium is 
anion dependent in a nonspecific way. 
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