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Summary. Biologic membranes display rectification of electrical current, as well as 
other properties, in many respects similar to precipitation membranes. The experiments 
reported here, performed in frog skin, show that these characteristics are dependent upon 
the presence of calcium. Upon elimination of calcium from the bathing solution, the property 
of electrical rectification is lost, the current-voltage relation assuming a linear form. Read- 
ministration of calcium brings about complete recovery of the rectification pattern. This 
behavior is analogous to chemical deconditioning of precipitation membranes. Our findings 
support the assumption that the binding of calcium in biologic membranes produces 
electrical effects characteristic of precipitation membranes. 

Rectification of electrical current has frequently been observed during 
the study of the current-voltage (I,A 9g) relations in biologic membranes. 
Precipitation membranes display rectification, as well as other properties, 
similar to those of biologic membranes (Hirsch-Ayalon, 1965; Katzir- 
Katchalsky, Hirsch-Ayalon & Michaeli, 1973). In this study we show 
that electrical rectification in the frog skin depends on the presence 
of calcium and reversibly disappears upon its removal from the external 
bathing solution. In precipitation membranes the characteristic rectifica- 
tion pattern similarly converts into a linear function upon the reduction 
of the concentration of their generating ions to below a certain minimum 
(Hirsch-Ayalon, 1979). These findings support the assumption that the 
binding of calcium in biologic membranes produces electrical effects 
characteristic of precipitation membranes. 
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Materials and Methods 

The abdominal skin of the frog Rana esculenta was mounted between Lucite chambers, 
with an exposed surface area of 1.5cm 2. Ringer's solution, containing ll0mMNa, 
112 mM CI, 2.5 mM K, 2.5 mM HCO~, 1 mM Ca, and 10 mM glucose was bubbled with air 
in gas-lift chambers on both sides of the skin. 

Calcium-free conditions were produced by Ca-free Ringer's and the application of 
EDTA (10 mm) for 1 --2 rain to the mucosal side. 

The potential difference (A ~v) across the skin was measured by two saturated calomel 
electrodes, and the current was applied by Ag-AgC1 electrodes, both through 4.4-M NaC1- 
agar bridges. 

The electronic measuring device has been described previously (BS, hr, 1967). I, A gU- 
curves were measured in the range from 40 ~tA/cm 2 in the depolarizing zone to about 
40 ~tA/cm 2 of hyperpolarization. The current in this direction was disconnected just before 
electrical breakthrough occurred. The duration of one sweep was 75 sec. 

After the skins had been mounted and allowed to stabilize for 45 - 60 min, with calcium- 
containing Ringer's solution, an I,A T-curve was taken. The second current-voltage relation 
was measured immediately after the treatment with EDTA and calcium-free conditions, 
and the third curve was taken 10- 15 min after reapplication of calcium-containing Ringer's. 

Results are expressed as mean values + SE, and statistical significance was determined 
by the student t test. 

Results 

The  initial I, A t/ ' -curve clear ly  displays rec t i f ica t ion;  the  cu r ren t  in 

the depolar iz ing  zone  being m a r k e d l y  grea ter  t han  tha t  at an  equal  hyper -  

polar iz ing  po ten t ia l  (Fig. 1). T h e  electrical  rect i f icat ion,  expressed as the 

rat io,  Q, o f  ma x ima l  res is tance in the hyperpo la r i z ing  zone  (Rmax) to  

the min ima l  res is tance in the depola r iz ing  zone  (Rmin) , being 4.89 _+ 0.56 

( n =  12). Skins which did no t  display a clear rec t i f ica t ion  pa t t e rn  were 

discarded.  

Af te r  t r ea tmen t  with E D T A  in calc ium-free  condi t ions ,  the rectif ica- 

t ion  pa t t e rn  d i sappea red  in all membranes ,  giving way to  an  a lmos t  

l inear  I ,A U-re la t ion  (Fig. 2). M e m b r a n e s  in which t r e a tm en t  with E D T A  

was too  shor t  still d i sp layed  some rect i f icat ion.  Q decreased  f r o m  

4.89_+0.56 to 1 . 4+0 .08  ( p < 0 . 0 0 1 )  (Table  1). 

U p o n  re s to ra t ion  o f  the initial condi t ions  with ca lc ium-con ta in ing  

Ringer ' s ,  the  I , A ~ - c u r v e  r e sumed  its or iginal  f o r m  (Fig. 2) and  Q re- 

ga ined its initial value  o f  4.36 + 0.56 (p > 0.5) (Table  1). 

T r e a t m e n t  wi th  ca lc ium-free  so lu t ion  plus E D T A  could  be r epea ted  

in the same skin 2 - 3  t imes,  with recovery  o f  the non l inea r  I ,A 7J-curve 

each t ime, u p o n  r eadmin i s t r a t i on  o f  calcium. 
T r e a t m e n t  with o u a b a i n  ( 1 0 - ~ M  at serosal  side for  1 hr) r educed  

the shor t -c i rcui t  cu r ren t  (Is~) and  AToe a lmos t  to  zero,  and  increased 
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Fig. 1. Typical LA~U-relation of the frog skin clearly displaying rectification of electrical 
current. A ~oc = open-circuit potential difference. Rm~n = minimal resistance in the depolariz- 

ing zone. Rmax =maximal resistance in the hyperpolarizing zone 
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Fig. 2. Representative experiment of current-voltage measurements in the frog skin: a =ini- 
tial I,A 7J-curve with calcium-containing Ringer's solution, displaying rectification, b=l in-  
ear I,A~P-relation after treatment with EDTA and calcium-free solution, c=recovery of 

the rectification pattern after readministration of calcium-containing Ringer's solution 
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Table l. Maximal resistance in the hyperpolarizing zone (Rmax), minimal resistance in the 
depolarizing zone (Rmin) and the rectification ratio (Q)a 

Initial with catcium Calcium-~ee+EDTA Recovery with calcium 

Rm,x 6088 • 1246 • 87 6113 • 
Rmi n 1272 • 78 893 • 1445 • 97 
Q 4.89• 0.56 1.4• 0.08 4.36• 0.56 

a Initially in calcium-containing Ringer's solution, then in calcium free conditions after 
treatment with EDTA, and finally after readministration of calcium-containing Ringer's 
(n= 12). (R=f~ cruZ.) 

Rma x and  Rn, in ( p < 0 . 0 0 1 )  due  to c losure  o f  the  act ive  p a t h w a y .  The  

rec t i f ica t ion  p a t t e r n  was  m a i n t a i n e d ;  Q in o u a b a i n - t r e a t e d  skins be ing 

s imilar  to t ha t  o f  n o n t r e a t e d  skins (p > 0.2). L ike  in skins w i t h o u t  pre-  

t r e a t m e n t  wi th  ouaba i n ,  ca lc ium-f ree  cond i t ions  wi th  E D T A  t r a n s f o r m e d  

the c u r r e n t - v o l t a g e  re la t ion  into  an  a l m o s t  l inear  func t ion  (p > 0.5), and  

r e a d m i n i s t r a t i o n  o f  c a l c i um  rees tab l i shed  the rec t i f ica t ion  p a t t e r n  (Fig. 3, 

T a b l e  2). 
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Fig. 3. Current-voltage curves in ouabain pretreated skins: a=initial /,A~U-curve with 
calcium-containing Ringer's solution, now passing approximately through/~c = 0; A ~oc = 0. 
b = linear LA U-curve after treatment with EDTA and calcium-free solution, c = re-establish- 

ment of the rectification pattern after recovery in calcium-containing Ringer's 
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Table 2. Maximal and minimal resistances and the ratio Q between them, expressing rectifi- 
cation, in ouabain treated skins a 

Initial with calcium Calcium-~ee+EDTA Recovery with calcium 

Rma x 8196 • 1338 1277 +_217 7084+_248 
Rmi n 2106 +_ 373 901 +_ 114 1727 
Q 3.92+_ 0.12 1.41 +_ 0.16 4.24 

a Initially in calcium-containing Ringer's, then in calcium-free conditions, and finally 
after recovery in calcium-containing Ringer's (n= 3). (R= f~ cm2.) 

The resistance at short-circuit current (R~o) in calcium-free conditions 
with EDTA decreased by 53% (p < 0.001), Isc increased by 28% (p < 0.001) 
and A ~u decreased by 45% (p < 0.001) (Table 3). 

Table 3. Electrical parameters in calcium-containing Ringer's and in calcium-free conditions 
(n = 12) 

Initial with calcium Calcium-free + EDTA 

Rl~c (f~cm 2) 1985 +_207 931 +54 
Isc (gAcm z) 15.3+_ 2 21.2-+ 1.5 
AkUoc (mV) 43 +_ 3 23.2• 1.6 

Discussion 

Properties o f  Precipitation Membranes 

Precipitation membranes form spontaneously by diffusion controlled 
precipitation of sparingly soluble electrolytes within an inert carrier mem- 
brane. Counter diffusion of calcium hydroxide vs. oxalic acid, or vs. 

phosphate, barium hydroxide vs. sulfuric acid, as well as many other 
combinations, produce precipitation membranes (Hirsch-Ayalon, 1956). 
They act as ion selective barriers and display rectification of electrical 
current (Hirsch-Ayalon, 1961a, 1965, 1973). The "condit ioned" precipi- 
tation membrane consists of an electrically charged bilayer; the charges 
being those of the adsorbed surplus ions of the species that form the 
precipitate (Hirsch-Ayalon, 1961 b). These charges are not fixed, however, 
and can easily and reversibly be desorbed. Desorption, and thus decondi- 
tioning, can be brought about by the reduction of the concentration 
of one of the generating ions to below a certain minimum (Hirsch-Ayalon, 
1979), or by the application of a depolarizing potential which draws 
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the charges away from the precipitate (Bfihr & Hirsch-Ayalon, 1974). 
The characteristic rectification pattern, in both instances, transforms into 
a linear I,A 7~-relation. Re-establishment of the initial conditions brings 
about reconditioning, with recovery of the rectification pattern. 

Current-Voltage Relations in Biologic Membranes 

Rectification of electrical current has been demonstrated by Coster 
(1965) in cell membranes of Chara australis and Nitella species. This 
is followed by an electrical breakthrough at high hyperpolarizing poten- 
tials, with I,A 7~-curves very similar to those of precipitation membranes. 
Candia (1970), who studied the I, A T~-curves in isolated frog skin, ob- 
tained comparable results. He further showed that rectification and 
breakthrough were not affected by inhibitors of the active Na transport 
mechanism. Fuchs, Larsen and Lindemann (1977), who calculated the 
I,A~-curve of the Na channels in frog skin by subtracting the shunt 
current from the total current, obtained almost complete rectification. 

Time variant changes in resistance have been described to occur in 
frog skin, when LA U-measurements are rapidly run through in the depo- 
larizing zone. When the measurements are carried out at a slower rate, 
a flat traject appears, followed by a breakthrough at high depolarizing 
potentials (Finkenstein, 1964; Fishman & Macey, 1969a). Analogous 
electrical phenomena can be obtained in precipitation membranes (G. 
Bfihr, unpublished), with I,A 7J-curves very similar to those reported in 
frog skin (Fishman & Macey, 1969 a). The flat traject in the depolarizing 
zone is a steady-state condition, due to diffusion-limited currents. 

The Role of  Calcium 

Calcium plays a major role in the determination of the passive electri- 
cal characteristics of biologic membranes. Mandel (1978) pointed out 
that calcium increases the entry barrier of Na into the cells. The decrease 
in resistance, and increase in I~c, observed in our study, correspond 
well with Mandel's findings. Mandel and Curran (1972) suggest that 
rectification depends on the presence of calcium in the external bathing 
solution of the frog skin. Fishman and Macey (1969c) showed that 
the time variant resistance changes were also dependent upon the presence 
of calcium. Upon removal of calcium, a state of low resistance is entered 
with a resultant collapse of the N-shaped LA 7J-relation to a nearly linear 
function. Readministration of calcium quickly reverts the I, A T~-curve 
to the original form. 
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The reversible changes in the rectification pattern observed in this 
study are in striking analogy to chemical deconditioning of precipitation 
membranes, caused by reducing the concentration of their generating 
ions to below a certain minimum. In this respect, the biologic membrane 
behaves like a calcium-precipitation membrane, which becomes reversibly 
deconditioned by removing calcium, one of its generating ions, from 
the bathing solution. 

Application of depolarizing potentials causes similar effects, the skin 
entering a low resistance state, with a nearly linear I,A 7J-relation. Upon 
removal of the applied potential, the initial state is re-established (Fish- 
man & Macey, 1969 b). This, again, is analogous to electrical decondition- 
ing of precipitation membranes (BS, hr & Hirsch-Ayalon, 1974). These 
phenomena correspond well with Fishman and Macey's suggestion that 
this is due to unbinding and subsequent rebinding of calcium to mem- 
brane sites (1969 c). 

Rectification of electrical current was observed in artificial membranes 
produced by polyglutamic acid and calcium (Huang & Spangler, 1977). 
In gramicidin channels in lipid bilayers, calcium and barium produced 
similar electrical effects, with I,A %curves similar to those of precipitation 
membranes (Bamberg & Lfiuger, 1977). 

Theoretical Considerations 

Various theoretical explanations for the rectification phenomena in 
biologic membranes have been proposed. Coster (1965) carried out a 
theoretical analysis of the current-voltage relations, based on a membrane 
consisting of two fixed-charge regions of opposite sign in contact. He 
considered the ionic pn-junction as a basic structure of biologic mem- 
branes and derived its electrical characteristics in close analogy to those 
of the electronic pn-junction of semiconductor physics. Adam (1970) pro- 
posed a modification of the above model with an ionic psn-junction 
as a model for the squid axon membranes, based also on layers of 
fixed charges. Stark (1973) tried to explain electrical rectification on 
the basis of a simple carrier model. 

Precipitation membranes, with calcium as the precipitating cation, 
may serve as a model for some of the passive electrical properties of 
biologic membranes. A quantitative theoretical analysis of the rectifica- 
tion behavior of these membranes has been formulated by Katzir-Kat- 
chalsky et al. (1973). In contradistinction to the previous models, consist- 
ing of fixed charges, the electrical bilayer of precipitation membranes 
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is f o r m e d  by  cha rges  which  are  not  fixed, a n d  can  easi ly and  revers ib le  

be deso rbed ,  thus  m a k i n g  d e c o n d i t i o n i n g  and  subsequen t  r econd i t i on ing  

possible .  
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