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SUMMARY 

Electrical excitability, resting potentials, and short circuit currents were found 
in the epidermis (dermal layer removed) of isolated frog skin. Replacement of the 
outside Ringer's solution with Io mM EDTA (calcium-free) Ringer's solution ex- 
tinguishes the all-or-none response in 2 to zo sec and sinmltaneously lowers the skin 
resistance 5-3o %. Excitability can be restored if the EDTA-Ringer 's  solution is 
quickly replaced with a 'calcium-free' solution of relatively low electrical conductivity. 
EDTA-Ringer 's  solution on the inside of skin with the dermis removed requires 
more than 3o nfin to eliminate excitability. Excitation phenomena in 'calciuln-free' 
solutions are discussed in terms of calciuln-dependent leakage paths and menlbrane- 
bound calcium. 

1N TROI)UCTION 

The discovery of tile electrical excitability of isolated frog skin (FINKELSTEIN 1) 
has provided another tissue in which excitation phenomena can be studied. The 
excitation process in frog skin occurs at rather high skin potentials (2oo-3oo mV) 
and thus appears to be unrelated to any physiological function. However, its existence 
seems to be more than a curiosity. Excitation may be a consequence of the specialized 
transport properties of particular tissues, or it may be a general property of all bio- 
logical inembranes which is revealed by proper conditions. 

Frog skin is composed of an epidermis containing z or 2 outer layers of partially 
cornified cells (stratum corneum), 3 to 4 intermediate layers (stratum granulosum 
and stratum spinosum) and a basal layer of cells (stratum gernfinativum). An under- 
lying dermis or corium contains blood vessels, glands and various fibrillar or cellular 
connective tissue. Electron microscope studies of amphibian skin (FARQUHAR AND 
PaLAI)E 2) have revealed belts of cell membrane fusion which obliterate the inter- 
cellular space between adjoining cells of the outermost layer of the stratum corneum 
and bind these cells into a continuous uninterrupted sheet. These tight junctions at 
the outside surface very likely close off the interior of the skin from open comnmni- 
cation with the outside solution. Water, ions, and other substances may be forced 
to move through the cells of the outer cornified layer if they are to reach the inside 
of the skin. Thus tight junctions probably represent high electrical resistance paths 
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which force an applied current to pass through the cell membranes of the outermost 
surface of the epidermis. Studies of other epithelia show that  calcium maintains the 
tightness of these junctions which open in the presence of EDTA (SEDAR AND FORTE 3, 
HAYS, SIXGER A,',D MALAMEDi). Furthermore, t reatment  with chelators irreversibly 
destroys intercellular communication through these junctions (LoEwEXSTEIXS). Al- 
though the essential role of calcium in the excitation of single cells has been recognized 
for many  years, its role in the excitation of frog skin is probably complicated by the 
calcium requirement of multicellular structures to maintain cellular associations. 

Experiments reported in this paper are directed toward a clarification of the 
role of calcium in the excitation of frog skin. Furthermore, by the introduction of 
a 'split '  skin preparation, evidence is presented that  the excitation process resides 
within the epidermis portion of the frog skin. 

M A T E R I A L S  A N D  M E T H O D S  

Grass frogs of both sexes were used during all seasons of the year. To prepare 
split skins, the dermis was removed employing a modified procedure of SI<JELKVALE, 
NIEDER AXD HUF ~. The isolated abdominal skin was placed in Ringer's solution 
(115 mM NaC1, 5 mM KC1, 2 mM CaC12, 8 mM Tris, and 2 g per 1 of glucose (pH 8.o)) 
for 15-2o rain and subsequently laid flat, and pinned to a cork board in a pool of 
4 mM NaHCO 3 (pH 7) with the dermis side up. The dermis could be peeled off by first 
tearing its edge with a scalpel, and then enlarging the edges of the tear by scraping. 
An area larger than 2 cm 2, free of dermis, was easily obtained. Both intact and split 
skins were rinsed in Ringer's solution and mounted between two Lucite chambers 
with I cm 2 of skin exposed to the experimental solutions bubbled with air on both 
sides. A Tektronix type 16i pulse generator in series with IOO k~Q was used to apply 
current pulses to the solution and skin through platinized-silver electrodes. The 
potential difference across the skin was obtained from 2 calomel electrodes wlfich 
communicated through 3 M KCl-agar  bridges with Ringer's solution filled poly- 
ethylene tubes positioned parallel to and against the inside and outside surfaces of 
the skin. 2 high-input impedance amplifiers, a difference amplifier and a Tektronix 
564 storage oscilloscope enabled display of the potential responses. An operational 
amplifier was used to record the current through the skin. The input to the operational 
amplifier was connected to the inside platinized-silver electrode providing a virtual 
ground at this point. The current through the skin was collected at this current elec- 
trode and provided an input to the amplifier. The w)ltage output of the amplifier was 
thus proportional to this current. 

R E S U L T S  A N D  D I S C U S S I O N  

Properties of split skin 
Transport  properties of the split-skin preparation (which consists simply of 

the epidermal layer alone) correspond very favorably with similar properties in the 
intact skin. When bathed in Ringer's solution on both sides the open circuit potential 
across the split skin ranged from 2 to 42 mV (mean -+- S.E. = 22.6 i 1.8 mV) and the 
short circuit current ranged from 9 to I5o/xA/cm 2 (mean ± S.E. z 48.6 ± 5.4 ~A/cm2) 
for 37 split skins. The resistance of split skin ranged from 15o to 600 Q. cm 2. Further, 
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each of these skins displayed the typical all-or-none response characteristic of ex- 
citation (Fig. I). The excitable process as well as the source of short circuit current 
(presumably the sodium pump) occurs in the epidermis without the underlying dermis. 

Role of calcium 
I:INKELSTEIN 7 observed that variations in calcium concentration of the Ringer's 

solution bathing the inside of isolated frog skin have no immediate effects upon the 
all-or-none response, but that excitability is sometimes lost following a 3o-min ex- 
posure to calcium-free Ringer's solution. Effects upon excitability after reducing the 
calcium concentration in the outside Ringer's solution required 5 to 15 rain to develop 
although changes were apparent in a few seconds. He also reported that half of the 
skins were excitable with calcium-free Ringer's solution outside. We have confirmed 
these observations, but we find that excitability occurs very readily with a calcium- 
free isosmolar sucrose solution* containing a small amount of NaC1 (2oo mM sucrose, 
IO mM NaC1, 8 mM Tris, pH adjusted to 8.o with H,2SO4) bathing the outside surface 
and Ringer's solution on the inside. In addition, all-or-none behavior can be induced 
in some inexcitable skins by replacing the outside Ringer's solution with the calcium- 
free sucrose solution. 

Effective removal of calciuln frequently requires a chelating agent such as 
EDTA. When this agent is applied to either the inner or outer surface of intact or 
split frog skin, we find that excitability disappears. The time required for loss of 
excitability in these two cases was measured as an aid in localizing the calcium- 
dependent process. 

In these experiments, the Ringer's solution was modified by substituting IO mM 
EDTA for CaCle to obtain a calcium-free EDTA-Ringer 's  solution. An above threshold 

VR 

I I 

l:ig. i. Electrical excitability of split frog skin (dermis removed).  (Upper traces) Potential  responses 
t)etween the outside and inside surfaces of split skin. (Lower traces) Successively applied rectangu- 
lar pulses of increasing current  through the skin. The spike with min imum latency occurs for the 
highest current  pulse. The t ime interval between successive current  pulses is 5o sec. VR is the resting 
potential.  I ClTI 2 of split skin. 

Fig. 2. Effect on excitability of replacing outside Ringer 's  solution with (calcium-free) E D T A -  
Ringer 's  solution. All-or-none response with Ringer 's  on both  sides disappears in 2 sec when outside 
Ringer 's  solution is replaced with EDTA-Ringe r ' s  solution. In  this and subsequent  figures, solution 
replacement  was made after the skin was out  of its refractory state. Current  pulse ampli tude is 
the same for both  potential  responses. \'R is the resting potential.  1 cnl 2 of split skin. 

* The calcium contaminat ion  in this solution was found to be about  4/~5I by atomic ab- 
sorpt ion spect rophotometry .  
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current pulse was applied to the skin so that an all-or-none potential response was 
obtained with Ringer's solution on both sides of the skin (Fig. 2). Keeping the applied 
current pulse amplitude constant, the outside Ringer's solution was replaced by 
EDTA-Ringer 's  solution and the all-or-none response disappeared in 2-1o sec (mean 
value ± S.E. = 5.o ± o.6 sec for 26 skins). The loss of the all-or-none response is 
complete and is probably not due to an increase in threshold since increasing stinmlus 
intensity up to 3 times threshold produces only a graded overshoot response. A drop 
in subthreshold skin resistance of 5-3o % (mean value ± S.E. = 14.5 ± 0.6 °'o for 
16 skins) also occurs (not shown in the figure) in the interval in which excitability 
is lost. Return of Ringer's solution (containing calcium) to the outside surface after 
the EDTA replacement restores the all-or-none response in less than a minute. This 
reversibility can be demonstrated repeatedly in the same skin provided the EDTA- 
Ringer's solution is not allowed to remain outside for extended periods. The current 
threshold, however, rises after each EDTA treatment. In contrast to the rapid action 
of EDTA in the outside solution, replacement of inside Ringer's solution by EDTA- 
Ringer's solution outside requires more than 45 min for elimination of excitability 
in skin with a dermis and more than 3o rain for skin without a dermis. From these 
results three points are apparent: (I) The action of EDTA confirms the crucial iole 
of calcium in the excitation process. (2) The large difference between the time of 
action of EDTA on the outside from that on the inside suggests that the excitable 
process occurs near or at the outward-facing epidermal surface. This may explain 
why skins which are shedding the outside surface have a low resistance and are fre- 
quently inexcitable. (3) Intercellular conmmnicability through tight junctions was 
reported to be irreversibly disrupted by the action of chelators (LoEwEXSTEINS). Since 
the loss of excitability is reversible after calcium removal, intercellular communica- 
bility through tight junctions apparently is not a necessary requirement for excita- 
bility. 

The observed decrease in skin resistance accompanying elimination of the all- 
or-none response after calcium removal suggests the existence of calcium-dependent 
shunt paths in the skin. These may involve (I) pathways through the tight junctions 
between the outermost cells and/or (2) pathways through the outermost cell mem- 
branes. It is not possible to distinguish between these two possibilities by indis- 
criminately removing calcium. Nevertheless, in either or both cases if a shunting of 
the excitable pathways occurs, it should be possible to increase the resistance of the 
shunt by using media of low conductivity and thereby restore excitability. 

A sequence of outside solution substitutions was performed in order to test this 
hypothesis (Fig. 3, top). Maintaining the current pulse amplitude constant for all 
recorded skin potential responses, the following was observed. ( i )The all-or-none 
response, (a), was recorded with Ringer's solution on both sides of the skin. (2) The 
outside Ringer's solution was replaced with EDTA-Ringer 's  solution and the all-or- 
none response was eliminated, (b), in 5 sec. (3) The EDTA-Ringer 's  solution (outside) 
was then replaced 3o sec after its introduction by the calcium-free isosmolar sucrose 
solution. The all-or-none response reappeared, (c), in 1 min. (4) The sucrose solution 
was finally replaced 2 min after its introduction by a sucrose solution of the same 
composition but with I mM EDTA in addition. The all-or-none response disappeared, 
(d); the response was a graded overshoot with no latency. (This overshoot response 
to sucrose plus EDTA can occur with concentration of EDTA as low as IOo/xM.) 
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These results are obtained when mannitol is used instead of sucrose. In addition, this 
sequence has been conducted with the terminal substitution being calcium-free, 
EDTA-free Ringer's solution* instead of the sucrose solution with EDTA (Fig. 3, 
bottom). In this case, the excitability observed in the sucrose solution (without EDTA) 

100 m v / / ~  

VR2 r 500 ~A 

oJ 1 

Fig. 3. (Top) Potent ial  responses for a sequence of outside solution replacements. The current  pulse 
ampl i tude is cons tan t  for all the potent ial  responses. (a) All-or-none response with Ringer 's  
solution on both  sides. (b) Disappearance of all-or-none response 5 sec after replacement of outside 
Ringer 's  solution with E D T A - R i n g e r ' s  solution. (c) Return  of all-or-none response i min after 
replacing EDTA Ringer 's  solution with low conducting isosmolar sucrose solution. (d) Overshoot 
response I rain after replacing sucrose solution with a sucrose solution containing z mM EDTA. 
Variation of the current  pulse ampli tude showed tha t  this response is graded with no latency. 
(Bottom) Same sequence as top (a-c). (d) Response I min after replacing sucrose solution with 
calcium-free Ringer 's  solution. Only a graded overshoot  response is elicited upon increasing the 
current  pulse amplitude. Val  is the resting potential  for Ringer 's  solution, E D T A - R i n g e r ' s  solution 
and calcium-free Ringer 's  solution; Va2 is the resting potential  for both  sucrose solutions. I cm 2 
of intact  skin. 

disappears. When the subthreshold skin resistance is monitored (not shown in tile 
figure) during this substitution, it falls t o  a value below its initial value in Ringer's 
solution at the beginning of the sequence. Finally, the possibility that these results 
merely reflect fortuitous differences in tire traces of calcium in the calcium-free sucrose 
and calcium-free Ringer's solutions must be accounted for. To exclude this interpre- 
tation, the trace calcium level in the calcium-free Ringer's solution was brought up 
to (4/~M) and beyond (as high as 500/xM) the trace calcium level in the sucrose so- 
lution. The results were not changed; the skin was not excitable in calcium-free 
Ringer's solution, but excitable in the calcium-free sucrose solution. 

It is important to emphasize that these experiments do not bear on the actual 

* The calcium contaminat ion  in this solution was found to be about  L5 /~M by atomic ab- 
sorption spect rophotometry .  
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location of any calcium-dependent shunt that  may  exist. The results are equally 
consistent with a shunt pa thway residing at cellular junctions or within cell mem- 
branes*. However, even with this ambiguity, the opening of simple shunt paths does 
not explain fully the following results of the above experiment:  Excitabili ty occurs 
in the sucrose solution but disappears in a sucrose solution with added EDTA 
(_-> IOO/zM). This would follow if the skin were capable of re-supplying calcium when 
the EDTA is removed. However, this interpretation implies that  excitability should 
return in the sequence terminating with calcium-free Ringer's solution. This did not 
occur (Fig. 3, bottom, trace d). Furthermore, if calcium merely served to reduce 
shunt pathways, then the excitable response should reappear in the calcium-free 
Ringer's solution but at an increased current threshold. This did not occur either. 
Although it is not possible from this data  to determine whether calcium-dependent 
shunts exist in the tight junctions or in the outermost membranes, it appears that  the 
effect of calcium removal upon excitability is probably complex. 

An alternative interpretation is to consider the possibility that  calcium is bound 
to the membrane and participates directly in the excitation process. Following EDTA 
treatment,  excitation does not return in calcium-free Ringer's solution (high ionic 
strength) because the trace amounts of calcium present are insufficient to maintain 
an adequate level of bound calcium. In the calcium-free sucrose solution (low ionic 
strength) calcium is bound more firmly to the membrane so that  excitation will occur 
even though the calcium level in solution is low. 

In summary,  we have not been successful in interpreting all of the results 
solely in terms of calcium-dependent shunts. This does not imply that  these shunts 
do not exist, but it does suggest that  other factors are operative. These may  involve 
more subtle membrane phenomena which require membrane-bound calcium. The dif- 
ferences in excitability observed in these experiments would then be at tr ibuted at 
least in part  to differences in the levels of bound calcium. 
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