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THE ELECTRICAL NATURES OF FROG SKIN 
FROM THE VIEWPOINT OF 
“TWO MEMBRANE THEORY" 

Y OSHIFUSA 1 TO 

2nd Department 01 Physiology， Nagoya UniversiかSchool01 Medici叫e
(Director: Proj. Ryo Ito) 

It is a well known fact that when the isolated surviving frog skin is in 
contact with appropriate solutions on both sides， the skin maintains a con-
siderable potential difference， viz. the frog skin potential (F.S.P.)， between the 

outside and the inside for many hours. Its magnitude varies considerably 
with the constitutions of the solutions on both sides (Hashida 1922， Motokawa 

1935， Linderholm 1952). 
By applying an external E.M.F. the potential difference across the skin can 

be maintained equal to zero. Then an electric current， namely， short.circuit 

current (S.C.C.) is generated in stead of F.S.P. The current density varies 

with the constitutions of the solutions. Even when Ringer solution is placed 

on both sides of the frog skin， such F.S.P. or S.C.C. develops. Ussing (1949， 

1951) proved that Na ions， and only Na ions， are actively transported from 

the outside to the inside. Consequently， it was confirmed that the generation 
of either F.S.P. or S.C.C. is due to the active transport of Na ions across the 
frog skin from the outside to the inside. 
Linderholm (1952) has proposed “one menbrane theory" on the gener-

ation of F.S.P. or S.C.C.， considering the active transport of Na ions. In order 
to treat these phenomena theoretically， he assumed that the frog skin is a 

homogeneous uncharged membrane. Garby and Linderholm (1954) claimed 

that the lipoid.sieve theory or the pore theory is compatible with the ionic 

permeability of the frog skin. 

Studying the electrical potential gradient through the frog skin which 

was bathed in sulphate Ringer by means of microelectrodes， Hoshiko and 
Engbaek (957) found two， rarely three， distinct potential jumps. They con-
cluded from their observations that the frog skin has two di任usionbarriers 

existing in the regions of the epidermis and the basement membrane. 

Ussing (1958， 1960) studied the electric potental of the frog skin which 

was treated with Cu ←+， or immersed in sulphate Ringer. He found that the 

outward.facing surface behaved like a sodium electrode and the inwardfacing 

surface like a potassium electrode. 

In order to explain these results， Ussing proposed “two membrane theory" 
as follows; 
1) The frog skin has two membranes as diffusion barriers. The inward-

Received for publication，. April 26， 1962. 
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facing membrane is permeable to K ions-and the outward-facing membrane 
to Na ions. 

2) The active pump is located at the inner membrane which can be con-

sidered as a forced exchange of Na ions from the cells against K ions from 

the inner solution. 

Ussing's hypothesis seems to be the most appropriate to account for the 

natures of the frog skin in the various conditions. 

The auther has studied the electrical natures of the frog skin from the 

standpoint of“two membrane theory." 
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METHODS 

FIG. 1. Diagram of apparatus 

AA': Holes through which the frog ~ki~ was 
in contact with the solutions. 

BB': Saturated KCl-caromel electrodes. 
CC' : Ag-AgCl electrodes used for applying 
the external E.M.F. 

VV : Valve-voltmeter. 
μA : Microammeter. .. 

気込



RESULTS 

1. Electric Resistance. In Fig. 2， the electric resistance of the frog skin 
while Ringer solution was placed on both sides is compared with that while 

Ringer solution was placed on one side and the isotonic KCl solution on the 
other. 
Abscissa values (R.R values) of 
all symbols in Fig. 2 give the electric 
resistances of the frog skins against 
Ringer solution in both chambers， and 
ordinate value (R-K value) of solid 
square gives the electric resistance of 
the frog skin when Ringer solution 
in the inner chamber was replaced 
with the isotonic KCl solution. The 
measurements were done after the 
steady state had been reached. The 
average of R-R values of solid squares 
was calculated at 0.75i:0.16 KDcm2• 

On the other hand， the average of 
R.K values of solid squares， 0.18土0.02
KQcm2， is distinctly smaller than the 
former. After the measurement of 
the latter， the KCl solution of the 
inside chamber was replaced with 
Ringer solution and the electric re-
sistance was measured again. The 
electric resistance can be restored， if 
the inword-facing surface of the frog 
skin is in contact with KCl solution 
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FIG. 2. The electric resistances of 
the frog skin under various ionic 
conditions. (see text). 

Y. ITO 

within 1 or 2 hours. Further contact 
ot the skin with KCI resulted in a incomplete recovery of the electric 
resistance. Such a irreversibility seemed to be due to deterioration of the 
inward-facing surface of the frog skin. 
When Ringer solution of the outer chamber was replaced with the isotonic 
KCl solution， the electric resistance of the frog skin became higher. Ordinate 
values (K-R values) of solid circles and of open circles give the electric re-
sistances in the situation that the inward-facing surface of the frog skin was 
in conta¥杭 withRinger solution and the outward-facing surface with the 
isotonic KCl solution. RR and K-R values of solid circles were measured 
before and after the replacement of the outside Ringer solution with the 
isotonic KCl solution， while K-R and R-R values of open circles before and 
after the replacement of the outside KCl solution with Ringer solution. In 
both cases， the electric resistances were measured after the steady state had 
been reached. 
No remarkable difference between the situations of solid circles and those 
of open circles was observed. This fact may be interpreted as that the isotonic 
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KCl solution is not harmful to the outside surface of the frog skin. For this 

reason， we adopted R-R and K-R values of open circIes as weII as those of 

solid circIes for the interpretation of the data. The average of R-R values of 

solid circIes and of open circIes 
was calculated at 0.96:1::0.20 Kncm2_ ，，_. 
On the contrary， the average of 

K-R values was caIculated at 1.72 

:1::0.36 KDcm2_ 

Fig. 3 shows the changes in the 

electric resistance with the concen-

tration of the outside solution. At 

each step， the resistance was 

measured frequently unti1 a new 
equilibrium state had been reached. 

The time interval between two 

successive measurements was about 

10 min. The NaCl solution in the 

outer chamber always caused 

a lower electric resistance than 

the KCl solution of the same 

concentration. 
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FIG. 3. The electric resistsnces of the 
frog skin as functions of the outside NaCl 
(continuous lines) and KCl (broken lines) 
concentrations. The inside solution was 
always Ringer. 

2. Concentration-F.S.P. curve. Fig. 4 shows the relationship between F.S.P. 

and the constitution of the solution in the outer chamber. The solution in the 

inner chamber was Ringer 

solution throughout the ex-

periment and the solution 

in the outer chamber was 

KCl or NaCl solution， 

concentration of which was 

changed step by step. 

The charateristic maxi-

mum of F.S.P. was observed 

at the concentration of 4-20 

mM  of NaC1. Using KCl， 

the increase in F.S.P. with 

the rise in the concen-

tration up to 4 mM  was not 

so remarkable as in the 

case of NaC1. 
These results coincide 

with those reported by 

Hashida (1922)， Motokawa 

(1935)， Linderholm (1952) 

and others. 
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FIG. 4. The potential differences across the 
frog skin as functions of the outside NaCl 
(continuous lines) and KCl (broken lines) 

concentrations. The inside solution was always 
Ringer solution. 

3. S.C.C. and F.S.P. When the inward-facing surface of the frog skin was 

remained in contact with Ringer solution ana the outside Ringer solution was 
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replaced with the isotonic KCl solution， F.S.P. and S.C.C. diminished and kept 
the smaller value after some drift. The magnitude of F.S.P. after this replace-
ment of the solution ranged from ca. 10 to 30 mV， and that of S.C.C. from ca. 
10 to 20μA/cm2 • When the outside solution was replaced again with Ringer 
solution， there appeared once a higher value of F.S.P. (and S.C.C.)， declining 
gradually to the equilibrium within one hour or more. These results are 
illustrated in Fig. 5. 
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FIG. 5. Effects of the substitution of the outside bathing solution 
on F.S.P. (A) and S.C.C. (B). 
Horizontal lines denote the periods in which the frog skin was in 
contact with KCl solution on the outside and Ringer on the inside. In 
other periods the frog skin was in contact with Ringer solution on 
both sides. 
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When the skin was treated with 1・10-5M of ouabain， a specific inhibitor 

of active transport， for about two hours， both the stational F.S.P. (and S.C.C.) 

and the transitional higher F.S.P. (and S.C.C.) did not appear (cf. Fig. 6). 

mγ 「

。I"'-=iJ>"一一一一ごー¥一一一

-60' 0' 60' 120' 180' 240' ヲ00・360' 420' 
FIG. 6. Al1 conditions were the same as Fig. 5. A except that the 
skin had been treated with ouabain. 

When Ringer solution in the inner chamber is replaced with the isotonic 

KCl solution， F.S.P. (and S.C.C.) diminished or disappeared after some drift. 

After a short period the substitute， inside KCl， was again replaced with 

Ringer， then F.S.P. (and S.C.C.) recovered the initial level. On the other hand， 

when the contact with KCl lasted for more than one hour， the recovery of 

F.S.P. was only partial after the exchange of the solution. These results are 

illustrated in Fig. 7. 
By replacement of Ringer solution with the isotonic KCl solution on both 

sides， F.S P. (and S.C.C.) almost disappeared or slightly reversed. The follow-

ing replacement with Ringer solution in both chambers within a short period 

caused higher F.S.P. (and S.C.C.) than that after the equilibrium was reached. 

If immersion of the skin in KCl solution was kept for more than one hour， 

F.S.P. (and S.C.C.) was decreased after a temporary rise to nearly 0 mV within 

one hour and recovered usually very slowly to near the initial level. These 

are illustrated in Fig. 8. 

DISCUSSION 

Ussing's assumption that the outside.facing membrane of the frog skin 

has a high permeability to sodium and the inside-facing membrane has a high 

permeability to potassium is consistent with our results on the electric re-

sistance of frog skin. 
The relation between the frog skin potential and the constitution of the 

outer solution makes it possible to analyse the ionic permeabilities of the 

outside facing membrane. 
Assuming that the membrane potential may be approximated by the e-

quation drived by Hodgkin and Katz (1949)， the frog skin potential can be 

approximated as follows， 

RT L pNa(Na)o + PK(K)o+ PCl(Cl)o E == "'~.L ln:_ Na，\_"'_'~!\) 1': ~ ~~ 
F ... PNa(Na)o + PK( K)c +POl(Cl)。

RT. PNa'(Na)o十PK'(K)o+ Pol'(ClL 
+一一lnF ---PNa'(Na) i十PK'(K)i+ P01'(Cl)<; 
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where PNa， PK and PCl are the permeabilities of the outer membrane to the 

respective ions， P~.， P~ and Pbl are those of the inner membrane， while ( );， 

( )0， and ( )0 denote the concentrations of the respective ions enclosed in 

brackets， in the inside， in the outside bathing solution， and in the cell， 

respectively. 

There are nine unknown (PNa， PK， PCJ， Pk.， Pk， Pbt and (Na)o， (K)c， (C])c) 

in this equation. As it is di伍cultto get the concentration-potential curve 

concerning with the inside surface of the frog skin， it is hard to get the ionic 
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FIG. 7. AlI conditions were the same as Fig. 5. except that the 
frog skin was in contact with Ringer soIution on the outside and KCI 
soIution on the inside during the periods denoted with horizontal lines. 

fwo exc巴ptionalcases are illustrated too; 
(a) There appeared once a high F.S.P・. The inhibition of the active 
transport has been considered to be incomplete. 
(b) The F.S.P. did not recover， because the inside surface of the 
frog skin was in contact with KCI too long. 
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period denoted with horizontal lines. 
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permeabilities of the inner membrane. Moreover the values of the unknown 
should vary in some extent according to the constitutions of the extracellular 
solutions. Therefore it is unavoidable that some degree of freedom takes place 
with the determination of the values of the unknown. An example of a set 
of the values tentatively obtained has been shown in Table 1， where PNa is 
larger thanPK， Pk larger than Pka， the cellular K concentration is high and 
the cellular Cl cencentration is low. Theoretical curves calculated from these 
values are shown in Fig. 9. These curves resemble comparatively well to the 
experimental curves in Fig. 4， excepting the concentration of NaCl solution of 
the outer chamber above 5 mM. It is noteworthy that K permeability of the 
outer membrane cannot. be zero in spite of the existence of some degree of 
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TABLE 1. A Set of the Values， tentatively obtained， of the Ionic 

Permeabilities of the Outer Membrane， Inner Membrane 

and the Ionic Concentrations in the cell 

Permeability to Na 

of the outer membrane 
of the inner membrane 
Cellular concentration of 
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FIG. 9. The potential differences across the frog skin as functions 

of the outside NaCl (A， B) and KCl (C) concentrations. 
(A， C) : Theoretically obtained by using a set of values in Table 1. 

(B) : Experimentally obtained. 

freedom accompanied by the determination of a set of the values. This fact 

and the high concentration of K ions in the cell seems to be able to explain 

Steinbach's observation that K ions can be transported across the frog skin 

and be more easily transported from the inside to the outside than from the 

outside to the inside (Steinbach， 1937). 

As the concentration of NaCl solution in the outer chamber becomes higher， 

the exprimental curve begins to deviate downward from the theoretical curve 

passing through a maximum. Many researchers have tried to explain this fact 

(Hashida 1922， Motokawa 1935， Linderholm 1952). The two membrane theory 

throws a new light on the elucidation of this phenomenon. 

In the situation in which the concentration of the outside solution is low， 

the ionic constitution of the intracellular fiuid may be considered to be 

constant， a$ the $ituatiun is not $0 di百erentfrom the physiological conditiQn 
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for the frog skin. Under a situation like this， it is considered that the quanti開

ty of ions which fiow into the cel1 must be smal1 and can be pumped out com-
pletely by the active transport， which has been assumed to be a forced ex-

change of Na ions from the cel1s against K ions from the inner solution (HUF， 
Doss and Wi11s 1957， Johnsen， Ussing and Zerahn 1958). 
As the concentration of NaCl solution in the outer chamber become 

higher， the infiux of NaCl into the cell from the outside must increase， ex四

ceeding the capasity of the active mechanism to pump them out. Then the 

intracellular concentrations of Na ions and Cl ions increase and that of K ions 

decreases. These changes in ionic concentrations act to diminish the frog 
skin potential. 
When the concentration of K ions in the outer solution is increased the 

infl.ux of KCl does not increase so much as in the case of NaCl， not affecting 

the ionic constitution of the cellular fiuid， because the permeability of the 
outer membrane to K ions is small. It therefore does not affect the frog skin 
potential remarkably. Those conditions relating potential changes are illus-

trated schematically in Fig. 10. 
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0.19 0.96 -4-.8 2-4-.0 120 d 

FIG. 10. Schematic illustration of the generation of the frog skin 

potential (see text). 
Eo : Membrane potential across the outer membrane. 
Ei : Membrane potential across the inner membrane. 
Upper series: The outside solution was NaCl. 
Lower series: The outside solution was KCl. 

The short-circuit current which is generated when the outward-facing 

surface of the frog skin is in contact with isotonic KCl solution and the 

inward-facing surface with Ringer solution can be explained as follows: 
Under such a situation the intracellular concentration of Na ions is kept low 

by the e丘ectof the active transport. Though Cl ions are in equilibrium at 

tne snort-circuited state， K ions and Na ions are facing to each other across 
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the inner cell membrane， which is more permeable to K ions than to Na ions. 

Then passive diffusion of K ions through the inner membrane is greater than 

that of Na ions in the opposite direction. S.C.C. from the outside to the inside 

is generated as the result of it. The generation of F.S.P. can be similarly 

explained. When the active process is interrupted by ouabain， the intracellular 

concentration of Na ions is increased and that of K ions is decreased. S.C.c. 
(and F.S.P.) diminishes accordingly. 

When both chambers are filled with the isotonic KCl solutions， the intra-

cellular Na ions are replaced with K ions so that K and Cl ions should be dis-

tributed according to the Donnan's equilibrium if K and Cl ions is not actively 

transported. As the result， F.S.P. (and S.C.C.) disappears. But it seems to be 

possible that the slight reversion of the potential di妊erenceis caused by active 

potassium transport decoupled from active sodium transport. 

It is noteworthy that high F.S.P. (and S.C.C.) appears (Fig. 5， 8) after KCl 

solution in the outer chamber or the both chambers are again replaced with 

Ringer solutions. It can be explained as follows: The intracellular K ion level 

has been elevated and the intracellular Na ion level has been suppressed in 

such a situation. Though the extracellular K ions is removed by the replace-

ment， K ions yet remain higher and Na ions lower in the cell. This situation 

causes high F.S.P. (and S.C.C.). As the consititution of the cellular fiuid ap' 

proaches an equlibrium after the inverse replacement， F.S.P. (and S.C.C.) also 

approaches the equilibrium value. 

The diminution or the disappearance of F.S.P. (and S.C.C.) after the re-

placement of Ringer in the inner chamber with the isotonic KCl solution can be 

partly explained by Ussing's hypothesis. Fukuda's results that the removal of 

K ions from the inner solution causes a temporary elevation in F.S.P. and the 

addition of K ions to it causes the diminution of F.S.P. (Fukuda， 1942) can be 

explained similarly. 
However， it is possible that another factor takes part in the diminution of 

F.S.P. and (S.C.C.) after the substitution of the inner KCl solution for Ringer 

solution. The inverse replacement of the inner KCl solution with Ringer 

causes only low F.S.P. (and S.C.C.) as shown in Fig. 7， when the former substi-

tution of KCl solution lasts for more than one hour. So it is considered that 

the concentration of the cellular K ions has been lowered and the concen-

tration of the cellular Na ions has been elevated. Such a situation can be 

considered to be due to interruption of active transports. Therefore it may 

be concluded that the forced exchange is inhibited when the ionic circum-

stance is not appropriate， as in the case of erythrocytes reported by Post et al. 

(1960). 

SUMMRY 

1) The electric resistance of the frog skin while Ringer solution was placed 

on both sides of the skin was compared with the electric resistance while 

Ringer solution was placed on the outside and KCl solution on the inside. 

The result was that the resistance of the former was greater than that of 

the latter. 
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When the resistance of the former is compared with that in case of KCl 

on the outside and Ringer on the inside， the former was smaller. 

These results are easily explained from the Ussing's assumption that the 

outer membrane has a larger permeability to Na ions than to K ions and the 

inner membrane a smaller permeability to Na ions than to K ions. 

2) The relationship between the electric potential and the constitution of 

the outside solution was applied to analyse the ionic permeabilities of the 

membranes. The results tentatively obtained are illustrated in Table 1 

Characteristic Maximum in the outside NaCl concentration.potential 

curve can be considered as the result of an increase of the cellular NaCl 

concen tra tlOn. 

3) Assuming that the cellular concentration of K ions is always high as 

the e妊ectof the active process， the frog skin potential when it was in contact 

with KCl on one or both sides can also be explained as the sum of the dif. 

fusion potentials across the inner membrane and that across the outer 

membrane. The short.circuit current in the same situation can be explained 

similarly. 
The small potential di任erencein the case of KCl solutions on both sides 

is interpreted as the result of decoupling of the active K transport from the 

active Na transport. 
4) Transitional phenomena following the replacement of immersing so・

lutions can be explained assuming that the cellular ionic constitution has a 

tendency to shift toward the extracellular ionic constitusions. 

It is neccessary to postulate that the elimination of Na ions from the 

inner solution causes an interruption of the active transport. 

In conc!usion， these electrical natures of the frog skin can be explained 

from the viewpoint of Ussing's“Two membrane theory." 

The auther wishes to thank Professor R. Ito for his helpful discussions and advices. 
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