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A s s T R A C X The binding of  [SH]ouabain to the serosal side was studied in a 
chambered  preparat ion of  frog skin, free of  connective tissue, while the short  
circuit (I~) was concurrent ly monitored.  Both ouabain binding and 1~ inhibition 
proceeded as hyperbolic functions of  time. A plot of  the number  of  ouabain 
molecules bound vs. the corresponding values of  Iae inhibition (percent) yielded a 
straight line, yet showed that one-third of  the binding occurred before any 
inhibition of  Ise. Upon separat ion of  the skins into two groups based upon  initial 
I se( l~l ) -h igh,  >20 /~A/cm 2 and low, <10 /~A/cm 2, we observed two distinct 
populations.  The  high I~t skins bound very little ouabain before inhibition of  lsc 
whereas low Isel skins bound one-half  of  the total number  o f  sites before exhibit ing 
any inhibition o f l ~ .  These observations strongly suggest that (a) the Na,K-ATPase 
is directly involved in the generation of  Ise, and (b) at low Ise, inhibition of  some 
pumps by ouabain causes a "recruitment" of  other  pumps to increase their  
turnover  rate and maintain Ise relatively unaffected.  In addit ion,  the binding of  
ouabain also displayed various characteristics that were consistent with known 
propert ies  o f  the Na,K-ATPase:  (a) increased intracellular K/Na concentrations,  
whether  achieved th rough  the addit ion of  amiloride or  removal  of  Na from the 
outside medium, led to a significant decrease in ouabain binding rate relative to 
paired controls; and (b) ouabain binding,  ei ther with normal  or  decreased 
intracellular Na, was significantly reduced in the presence of  elevated K in the 
serosal bathing medium.  Finally, the number  o f  ouabain molecules bound  to the 
frog skins was not correlated with their  initial Ise values, indicating that the 
spontaneous skin-to-skin variation in lae was not related to the number  of  functional 
pump sites but, ra ther ,  to their turnover rate. 

I N T R O D U C T I O N  

I n  1958, K o e f o e d - J o h n s e n  a n d  Uss ing  i n t r o d u c e d  t h e i r  now "classical"  m o d e l  
fo r  act ive Na  t r a n s p o r t  ac ross  the  f r o g  skin  f e a t u r i n g  a pass ive  N a  e n t r y  s t ep  
f o l l o w e d  by active e x t r u s i o n  t h r o u g h  a se rosa l ly  l oc a t e d  p u m p ;  this  l a t t e r  s t ep  
was c o n s i d e r e d  to o c c u r  t h r o u g h  the  N a , K - A T P a s e .  E q u a t i n g  the  N a , K - A T P a s e  
with  t he  " N a  p u m p "  in f r o g  sk in  was h igh ly  specu l a t i ve  at  the  t ime  a n d ,  o v e r  t he  
yea r s ,  on ly  i n d i r e c t  e v i d e n c e  has  s u p p o r t e d  this  idea .  A l t h o u g h  the  p r e s e n c e  o f  
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Na,K-ATPase in frog skin (Bonting and Caravaggio, 1963; Kawada et al., 1975) 
and the ouabain sensitivity of  I~ (Nakajima, 1960) are well established, it is not 
clear that the Na,K-ATPase is directly involved in the generation of lse. 
Alternatively, it may be argued that the Na,K-ATPase of  frog skin is functioning 
to maintain cell volume and ion composition (Tosteson and Hoffman,  1960), 
and is thus providing the proper  environment for Na extrusion by another 
pump. Attempts to relate Na extrusion through the serosal border  with K entry 
through the same border  produced mixed results: a 3:1 stoichiometry of  Na to 
K could be measured under  some conditions, but this relationship broke down 
when the external Na concentration was reduced and in the presence of  
amiloride (Biber, Aceves, and Mandel, 1972); thus, the existence of  an active, 
serosally located Na-K exchange system in frog skin and its role in the 
generation of  I~ is still unclear. 

Investigators studying cellular systems (Dunham and Hoffman,  1971; Brading 
and Widdicombe, 1974; Baker and Willis, 1972) have made use of  the tritium- 
labeled cardiac glycoside ouabain as a powerful tool in gaining understanding 
of  kinetic and molecular events associated with active Na-K transport. Because 
ouabain is a potent inhibitor of  the Na,K-ATPase (Shatzman, 1953; Albers et 
al., 1968; Schwartz et al., 1968; Schwartz et al., 1975), and because that enzyme 
has a high binding affinity for ouabain, it has been possible to expose biological 
membranes and membrane fragments to [3H]ouabain, wash unbound inhibitor 
from the incubation media, and monitor ouabain binding to the Na,K-ATPase 
as a function of  enzyme inhibition. Thus, investigators have been able to calcu- 
late the number of pump sites, their rate of turnover,  and homogeneity and, in 
addition, determine the basis for differences in pump rate from tissue to tissue 
(Dunham and Hoffman,  1971). Such studies are fairly difficult even in relatively 
homogeneous cell suspensions, as a result of  ouabain interactions with mem- 
brane components other than the Na,K-ATPase, i.e., nonspecific binding. 
Studies of  ouabain binding to epithelia are therefore,  complicated by an exten- 
sive cellular organization, which is characterized by irregular extracellular 
spaces and, in most cases, thick layers of  connective tissue. As a result, extra- 
cellular and adsorbed ouabain may constitute a major fraction of the total 
amount associated with the tissue, severely limiting the resolution of  the specifi- 
cally bound fraction. 

This communication reports the results of  experiments in which the binding 
of  [aH]ouabain to the serosal side was studied in a chambered preparation of  
frog skin while the short circuit current was simultaneously monitored. 

To obviate a large source of  error  due to nonspecific binding, the present 
studies were performed on frog skins from which all connective tissue had been 
removed after treatment with collagenase. In addition, an extracellular space 
marker ([14C]mannitol) was used to correct for extracellularly distributed, yet 
unbound,  ouabain. Data are presented which demonstrate that at least 80-90% 
of  the bound ouabain is specifically interacting with Na,K-ATPase. A high 
correlation is observed between ouabain binding and inhibition o f l~ ,  providing 
direct evidence for the involvement of  the Na,K-ATPase in active transepithelial 
Na transport. Further, alterations in the ionic milieu are shown to affect both 
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o u a b a i n  b i n d i n g  a n d  I~  i n h i b i t i o n  in  a m a n n e r  cons i s t en t  wi th  k n o w n  p r o p e r t i e s  
o f  t he  N a , K - A T P a s e .  

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

Procedure for Splitting and Mounting of Skins 

Skins were excised from the abdomen of  bullfrogs (Rana catesbiana) and split from 
connective tissue by utilizing a modification of  the method of  Aceves and Erlij (1971). 
Briefly, the skins were tied as a d iaphragm over the orifice of  a glass chamber ,  serosal 
side inward.  The  inside of  the chamber  was filled with regular  Ringer to which crude  
coUagenase (Sigma Chemical Co., St. Louis, Mo.) at a concentration of  200 ~g/ml had 
been added ,  while the entire chamber  was placed in a beaker  filled with regular  Ringer 
which bathed the external  surface of  the skin. A hydrostatic pressure (~30 cm of  H~O) 
was appl ied to the collagenase containing Ringer bathing the serosal side of  the skin. The  
skins began to blister in 21 h, at which time the skins were removed and the connective 
tissue was separated from the epithel ium. The  skins thus split, were mounted  as flat 
sheets in a lucite chamber  fitted with Sylgard washers (Dow Corning Corp. ,  Midland, 
Mich.) to minimize edge damage;  the exposed skin area was 0.785 cm ~. Structural  
suppor t  for this thin epithelium was provided by a sheet of  filter paper  mounted  between 
the washer and the external  surface of  the skin. The  serosal surface was in direct contact 
with the bathing medium.  Each half  of  the chamber  held 1.0 ml of  bathing medium 
which was well stirred and oxygenated with water-saturated air at 22~ The  open circuit 
potential  and I~ were moni tored  as previously described (Mandel and Curran ,  1972). It 
was found that in this prepara t ion  short-circuited skins deter iorated at a more rapid  rate 
than those which were open-circuited;  therefore ,  the studies to be described were 
pe r fo rmed  upon skins which were open-circuited except for the short t ime periods when 
1~ was measured.  

Three  bathing solutions were utilized in these experiments;  their  composit ions are 
listed in Table I. The  regular  Ringer solution containing NaCI was utilized for the 
incubation with coUagenase; the low-K and high-K solutions containing Na~SO4, were 
utilized dur ing  the remainder  of  the exper imenta l  procedures .  

Procedure for Measuring the [14C]Mannitol Space and [3H]Ouabain Binding 

The skins were allowed to equilibrate in low-K Ringer until their  electrical characteristics 
stabilized (---45 min). To begin an exper iment ,  [14C]mannitol (2.25 ~Ci) and [SH]ouabain 
(4.5 /.~Ci) were added to the serosal medium and allowed contact with the skins. At the 
end of  a prede termined  interval,  20-~1 aliquots of  both bathing solutions were taken and 
placed in glass scintillation vials. The  chambers were aspirated free of  bathing media and 
were connected to solution reservoirs (Schultz and Zalusky, 1964) such that the total 
circulating volume in each half-chamber was 12 ml. The  half-chamber bathing the 
outside of  the skin was refil led with low-K Ringer while the half-chamber bathing the 
serosal surface, previously containing [3H]ouabain and [14C]mannitol, was filled with 
high-K Ringer. The serosal wash medium was replaced three times at 15-min intervals. 
Thus,  the serosal surface of  the skin and chamber  previously exposed to 1 ml of  tracer 
medium was washed for 45 min in a total volume of  36 ml of  high-K, tracer-free medium.  
The  elevated K was utilized in the washing solution because pilot exper iments  demon- 
strated that 30 mM K had a significant effect in depressing the rate of  ouabain binding 
and I~ inhibition dur ing  the wash period.  We were, consequently, able to increase our  
time resolution of  ouabain binding and I~ inhibition. The  percent  inhibition of  Ise was 
calculated by dividing Isc just  before washing by the I~ recorded just  before the addit ion 
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of ouabain and mannitol to the serosal bathing medium. It was important  to obtain the 
Ise before washing in that the wash procedure often produced mechanical damage to the 
skins with consequent deterioration of Ise. 

At the conclusion of the wash period the chambers were dismantled and the washers 
were removed with the skin in place. Using a sharp punch with an inside diameter of 1 
cm and the washer as guide, that portion of skin exposed to bathing media (0.785 cm 2) 
was removed. The skin was then placed in a preweighed glass scintillation vial and heated 
overnight in an oven at 70~ The vials were then removed from the oven, placed in a 
dessicator, allowed to equilibrate at room temperature,  and weighed, and the weight of 
dry cell solid (dcs) was determined by difference. [aH]Ouabain and 14C-mannitol were 
extracted by placing the dried skins in 0.5 ml of 1 N NaOH for 24 h followed by 
neutralization with an equal volume of 1 N HCI. 

After extraction and neutralization, 20 ml of Bray's solution was added to the scintillation 
vials containing the skins and the bathing media and was counted by an Intertechnique liquid 
scintillation spectrometer equipped with an external standard (model SL 30, Intertechnique 
Ltd., Fairfield, N. J.). Using the external standard in the channels ratio mode, quench 
corrections were made for all samples and efficiencies were calculated based upon quench 
curves established for each new batch of counting cocktail. The range of efficiency for the 3H 

T A B L E  I 

COMPOSITION OF RINGER SOLUTIONS 

K Rinser 

NaCI Ringer Low High 

112 mM NaCI 56 mM Na~SO4 41 mM Na2SO4 
2.5 mM KHCOa 2.5 mM KHCOa 2.5 mM KHCOa 
1 mM CaC12 15 mM K2SO4 

1 mM CaSO4 1 mM CaSO4 
56 mM sucrose 56 mM sucrose 

associated with the skins was 17-24% while the 14C efficiency was consistently ~30%. 
Calculation of extraceUular space utilizing [14C]mannitol required an accurate determi- 
nation of the disintegrations per minute found in the skin relative to those in the bath. 
Inasmuch as precise measurement  of extracellular space was not dependent  upon exact 
knowledge of the mannitol specific activity, mannitol was added to the bathing media as 
undiluted stock solution obtained from the supplier (New England Nuclear, Boston, 
Mass.). On the other hand,  knowledge of the specific activity of [3H]ouabain was of 
primary importance in calculating the number  of ouabain molecules associated with a 
given number  of disintegrations per minute. A value for the specific activity of 
[aH]ouabain was provided by the supplier (New England Nuclear); however, the 
precision of this value is uncertain. In order to decrease (halve) this uncertainty, half of 
the ouabain added to the serosal side was added as tracer stock whereas the remainder  
was freshly prepared unlabeled ouabain. 

The total number  of ouabain molecules per mg of dry cell solids present in the skin 
was calculated by the equation: 

.4=  
Xom 100 ' 

- - ' W  
[o1,.- v (E ore) 

where 
A = total ouabain molecules present in the skin per milligram dcs 
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Xos = counts per minute of [ZH]ouabain in skin, corrected for a4C spillover 
Eos = efficiency at which the SH in the skin was counted 
Xora = counts per minute of [3H]ouabain in bathing medium, corrected for 14C 

spillover 
Eom = efficiency at which the 3H in the medium was counted 
W = the skin weight in milligrams dcs 
N = Avogadros number: 6.03 x 102a 
V = volume of medium counted in liters 
[0]ra = the ouabain concentration in the serosal medium. 

The extraceilular space was calculated with the use of the following equation: 

100 
X m s  �9 - -  

(Eras) V 
S =  

100 W ' 
Xrara " (Emm) 

where 
S 
x ~ s  

Eras 
X~m 
Emm 
V, W 

= space in liters occupied by [14C]mannitol in the skin (liters/milligram dcs) 
= counts per minute of [14C]mannitol in the skin 
= efficiency at which the 14C in the skin was counted 
= counts per minute of [14C]mannitoi in the bathing medium 
= efficiency at which the ~4C in the medium was counted 
= as above. 

The number of ouabain molecules bound to the skin after correction for those trapped 
in the extracellular space was calculated from 

B = a - (S .  [ O ] . ' U ) ,  

where B = number of ouabain molecules bound per milligram dcs. 

R E S U L T S  

Determination of Optimal Experimental Conditions for Specific [3H]Ouabain 
Binding to Split Frog Skin 

In a t tempt ing to relate specific [nH]ouabain binding to the inhibition o f  active 
t ransport ,  it was absolutely crucial to select a ouabain concentrat ion which would 
lead to minimal nonspecific binding. The  experiments  shown in Fig. 1 were 
pe r fo rmed  with this end in mind.  The  f igure depicts ouabain "binding" 
(uncorrected for extracellularly t rapped and nonspecificaUy bound  ouabain) 
and simultaneously measured  inhibition o f  lse at ouabain concentrat ions f rom 
10 -6 to 10 -4 M, after  a 60-min exposure  to the drug.  It is readily apparen t  that 
above 5 x 10 -6 M ouabain,  fur ther  increases in concentrat ion p roduced  
relatively slight increases in inhibition o f  I~,  yet large increases in apparent  
ouabain binding. Thus ,  at ouabain concentrations >5 • 10 -~ M, interactions 
between ouabain and the frog skin are primarily nonspecific in nature: i.e., 
ouabain is binding to membrane  sites which are not involved in genera t ing l,e. 
The  binding experiments  could probably have been pe r fo rmed  at 5 x 10 -5 M, 
yet as seen f rom the graph  in Fig. 1, we would have been working close to the 
region where the nonspecific interactions appeared  to be dominant .  In  addit ion,  
inasmuch as binding rate is propor t ional  to concentrat ion,  the analysis of  
binding vs. Isc inhibition data may have been complicated by ouabain binding to 
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the epithelia du r ing  the wash per iod.  As concerns  ouabain  concentra t ions  < 10 -6 
M, we would certainly have expec ted  to decrease any nonspecif ic interact ions,  
yet at 5 • 10 -~ M ouabain  a 60-min exposu re  p roduced  only a 10% decrease in 
Ise. Consequent ly ,  exposu re  times necessary for  high levels o f  inhibition would 
have had  to be much  longer  than 90 min.  Associated with long exposu re  of  skin 
to ouaba in  is the uncer ta in ty  as to what is p roduc ing  decreases in Ise; ouabain  
b inding or  spontaneous  decay.  Thus ,  the chosen concentra t ion  of  10 -6 M 
ouabain  represents  a c o m p r o m i s e  because at this concentra t ion  the rates of  
b inding  and  inhibition are slow enough  to be convenient ly measu red  and still 
p roceed  at a rate which is high relative to that  o f  the spon taneous  decay o f  Ise. 
In addi t ion,  it will be d e m o n s t r a t e d  elsewhere in this publication that  the u p p e r  

"~ I00 

o 

~o 

~0 

I0 - I  lO-i 10 -4 

[Ouabain] (moles/li~er) 

FIGURE 1. Ouabain binding (uncorrected for nonspecific interactions) and inhi- 
bition of Ise measured in the same skins as a function of serosal ouabain 
concentration. All values were obtained from skins bathed in low-K Ringer plus 
ouabain (at the concentrations indicated) for 60 min followed by 15 min of washing 
in high-K Ringer. Data expressed as mean - SEM for four experiments. 

limit for  nonspecif ic b inding  at 10 -6 M ouabain  is 17% of  the total, a value which 
will not  detract  f rom the a r g u m e n t s  to be made  herein.  

Al though it would a p p e a r  that  10 -6 M ouabain  leads to relatively small 
amoun t s  o f  nonspecif ic binding,  it is doubtless that  some t r app ing  of  
[ZH]ouabain in the extracel lular  spaces occurs leading to elevated estimates of  
b o u n d  d rug .  T h u s ,  we decided to correct  for  t r apped  (yet u n b o u n d )  ouabain  
using [14C]mannitol as an extracel lular  space m a r k e r  (Biber, Aceves, and  
Mandel ,  1972; Biber,  Cruz and Cur r an ,  1972). In addi t ion,  au to rad iograph ic  
studies of  f rog  skin (Wong and Biber,  1974) showed that  manni to l  r ema ined  
exclusively in the extracel lular  space. Fig. 2 shows the volume of  distr ibution for  
[14C]mannitol on the serosal side o f  the skin as a funct ion of  t ime. I t  is a p p a r e n t  
f rom these data that  ---30 min of  exposu re  is necessary for  manni to l  to 
equil ibrate with the extracel lular  compar tmen t ( s ) .  T o  test mann i to r s  suitability 
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as a m a r k e r  for  extracel lular  ouabain ,  we utilized the virtual irreversibility o f  
the ouaba in  b inding  react ion of  the N a , K - A T P a s e  I to p e r f o r m  the following 
expe r imen t :  a high concent ra t ion  (5 x 10 -5 M) o f  cold ouabain  was initially 
added  to the serosal side o f  the skin for  45 min to obtain comple te  inhibit ion o f  
the Is. and  saturat ion o f  all b ind ing  sites with cold ouabain .  Subsequent ly ,  
[3H]ouabain and  [14C]mannitol were  added  to the serosal side for  60 rain to 

0.7 

O.E 

e a ~  

8 O.4 
o 

o.~ 

o 

�9 0.2 

m 

0.1 

i I i I i I , l I I t I 
0 I0 20 30 40 50 60 

Time (minutes) 

Mannitol space as a function of time for skins bathed in low-K Ringer FIGURE 2. 

with mann i to l  a d d e d  to the  serosal  ba th ing  media  only. T h e  values are  m e a n  +-- 
SEM for  six e x p e r i m e n t s .  

T A B L E  I I 

E X T R A C E L L U L A R  SPACE M E A S U R E D  W I T H  [14C]MANNITOL 
A N D  [ S H ] O U A B A I N  A F T E R  60 MIN E X P O S U R E  T O  5 x 10 -~ M 

O U A B A I N  

Extracellular space 

~/~g &s 

Mannitol Ouabain 
0.37• 0.32• 

* - - S E .  

measure  the extracel lular  distr ibution of  both  molecules.  T h e  results o f  this 
e x p e r i m e n t  (Table I I )  demons t r a t e  that  ouabain ,  in the absence of  b inding,  has 
the same extracel lular  vo lume  o f  distr ibution as manni tol .  T h e r e f o r e ,  we 

1 Under physiological conditions, ouabain binds so tenaciously to the Na,K-ATPase that significant 
dissociation of the ouabain-Na,K-ATPase complex requires hours of incubation in ouabain-free 
medium (Baker and Willis, 1972; Boardman et al., 1972; Glynn, 1964). In the present experiments, 
no degree of washing could reverse ouabain binding which had already occurred. 
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conclude that [14C]mannitol is a good marker for extracellular ouabain. One 
implication of  this conclusion is that the time for ouabain equilibration through 
the extracellular space is also ~30 rain. This is an important consideration for 
the understanding of  ouabain binding kinetics. The average correction for 
ouabain trapped in the extracellular medium was 22 - 2%. 

One of  the problems encountered early in this experimental project was that 
of stopping binding of  extracellular ouabain during the wash period. When the 
skins were washed in normal NaCI Ringer or low-K Ringer (both containing 2.5 
mM K) ouabain binding appeared to continue during the wash period as judged 
by two criteria: (a) the Ise continued to decline during the washing period; and 
(b) there was little observable difference in ouabain binding as a function of 
incubation time in the ouabain-containing solution. To minimize this problem 
we made use of  the fact that the rate of  ouabain binding to the Na,K-ATPase is 
decreased by the presence of elevated K (Boardman et al., 1972; Baker and 
Willis, 1972; Glynn, 1964; Skou, 1965; Whittman and Wheeler, 1970); thus 
washing with high-K Ringer (32.5 mM K) considerably decreased the rate of 
ouabain binding during the wash period. Consequently, we were able to 
increase our temporal resolution of binding and Ise inhibition. It is difficult to 
estimate quantitatively the amount of  ouabain binding still occurring during the 
high-K Ringer wash; however, qualitatively, it was observed that no fur ther  
decay of  Ise occurred after the wash was initiated, thereby substantiating the fact 
that ouabain binding had been minimized. 

The effectiveness of  the high-K Ringer in decreasing the rate of  ouabain 
binding was tested in a series of  three paired experiments comparing the 
binding and Ise inhibition obtained in high-K Ringer to that obtained in low-K 
Ringer utilizing skins from the same frog. These results showed that a 60-min 
exposure to 10 -e M ouabain in high-K Ringer inhibited the I~e on the average 73 
-+ 15% less and bound 66 -+ 12% less ouabain than a similar ouabain exposure in 
low-K Ringer. Assuming that the "protective" effect of high external K is 
specific for the Na,K-ATPase, we may conclude that at least two thirds of  the 
observed binding in low-K Ringer is specific for this enzyme. 

Binding of [aH]Ouabain and Isc Inhibition 

Once optimal experimental conditions were attained, a series of  experiments 
was performed to study the kinetics of  ouabain binding and I,c inhibition, as 
well as the relationship between them. Fig. 3 shows ouabain binding (corrected 
for extracellular contribution) as a function of  time after serosal exposure to 
10 -e M ouabain in low-K solution followed by washing in high-K solution. Each 
point represents a minimum of  six experiments. Although ouabain binding 
appears to saturate as a function of time, a formal kinetic description is 
complicated because of  (a) the uncertainty about the concentration of  ouabain 
in the vicinity of the binding sites during the first 30 min of exposure (cf. Fig. 2 
and Table II) and (b) the slow dissociation rate constant of  ouabain from the 
Na,K-ATPase. 

Fig. 4 shows the kinetics of  I~ inhibition of the same skins as those in which 
ouabain binding was monitored in Fig. 3. These data demonstrate that the 
kinetic behavior of  I~ inhibition is similar to that of  binding. Upon comparison 
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FIGURE 3.  

corrected for unbound extracellular ouabain. Experiments were performed in low- 
K Ringer at l0 -e M ouabain. The  values are mean -+ SEM for six experiments.  
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FIGURE 4. Inhibition of I~ in split frog skin as a function of time after ouabain 
(10 -s M) addition. These data were obtained simultaneously with those presented 
in Fig. 3. The values are expressed as mean - SEM for six experiments. 

o f  the two curves, however,  it is apparen t  that binding precedes inhibition, the 
disparity being greatest initially. The  results o f  Figs. 3 and 4 were incorpora ted  
into one graph  of  binding vs. inhibition, shown in Fig. 5, to test the relationship 
between these two variables. Because of  the uncertainty concerning  the ouabain 
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concentra t ion  in the extracel lular  space at t imes <30 min,  only the points at 
t imes 30 rain and grea ter  were plot ted in this f igure.  A l inear correlat ion 
between ouabain  b inding and  Ise inhibition is evident  f rom Fig. 5; the line 
t h rough  the points was calculated by regression analysis and  has a correlat ion 
coefficient >0.99. From these data we can conclude that ouabain  b inding  and  I~ 
inhibition are functionally related to each other .  T h e  nonzero  intercept  in Fig. 
5 suggests that  about  one- th i rd  of  the ouabain  b inding  sites is occupied before  
any inhibition of  I~,  r ep resen t ing  ouabain  b inding  sites that  are unre la ted  to 
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FIGURE 5. Ouabain binding as a function of 1~ inhibition. These data were 
presented as a function of time in Figs. 3 and 4. The dashed line is a regression 
line, r > 0.99. The value of binding at 100% I~ inhibition is 1.3 x 10 TM sites/mg dcs 
while the intercept on the ordinate is 4.2 • 10 it sites/mg dcs. 

inhibition o f  Ise. This  in tercept  could arise f rom a variety of  circumstances,  
which are fully elucidated in the discussion to follow. 

Based upon  the p reced ing  results it appea r s  that  we are able to distinguish 
interactions o f  ouabain  with the Na ,K-ATPase  f rom nonspecific interactions of  
ouaba in  with the f rog  skin. However ,  a direct  relat ionship be tween the Na,K- 
ATPase  (ouabain binding) and  the genera t ion  of  I~ is yet to be established. T h e  
major  a r g u m e n t  against  a direct  re la t ionship between ouabain  b inding and  
inhibition o f  I= is this lack of  t empora l  correspondence .  Fig. 5 shows that one- 
third of  the total n u m b e r  o f  ouabain b inding sites is occupied before  any in- 
hibition ofls~. Possible explanations for  this observation are as follows: 
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(a) the Na,K-ATPase  is not directly involved in the generat ion o f  Ise; 
(b) the lag of  "inhibition" behind "binding" is an artifact which is a 

consequence of  ouabain binding that occurs dur ing  the wash period;  
(c) at sub-maximal levels o f  I~, ouabain binding to the Na,K-ATPase  will 

result  in increased rates o f  tu rnover  by uninhibi ted enzyme until t u rnover  
rate is maximized and fu r the r  binding o f  ouabain must necessarily lead to 
inhibition o f  I~; 

(d) all nonspecific binding occurs immediately (as would be the case if  there  
is cellular damage).  
As all these possibilities were considered,  (c) became the most likely, especially 

in light of  unpubl ished observations with a ldosterone- t reated skins showing no 
ouabain binding before  inhibition o f  I~. Because, on the average,  the aldoster- 
one  t reated skins had initial Ise values which were about  three times higher  than 
the mean values o f  skins presented  in Figs. 3, 4, and 5, we decided to investigate 
whether  d i f ferent  pat terns o f  binding vs. inhibition were apparen t  as a function 
o f  initial I~e; hence,  binding-inhibit ion data were separated according to Isei. 
These  data are presented in Fig. 6A and B, which presents ouabain binding 
and I~ inhibition values associated with skins having l~i <10 /~A/cm 2 and >20 
~A/cm 2, respectively. Linear  regression lines calculated f rom these data show 
two distinct patterns o f  ouabain binding vs. Ise inhibition. Al though the skins 
with high Isei (Fig. 6 B) bind no ouabain before  inhibition o f  I~ ,  those skins with 
l~i <10 ~A/cm 2 (Fig. 6A) bind 50% of  the total n u m b e r  o f  ouabain molecules 
before  exhibit ing any inhibition of  I~. This analysis o f  the results strongly 
suppor ts  (c); that is, ouabain binding at low lse does not initially inhibit the 
cur ren t  because uninhibi ted pumps  can maintain the Ise constant.  At high l~e, 

any binding of  ouabain to a p u m p  results in an inhibition of  I~e. T h e r e f o r e ,  the 
close cor respondence  between ouabain binding and I~ inhibition data obtained 
f rom skins with high I~ suggests a direct relat ionship between the Na,K-ATPase  
and lse. In addit ion,  the lack of  temporal  cor respondence  between ouabain 
binding and Ise inhibition o f  low cur ren t  skins appears  to be a manifestation of  
variable enzyme tu rnover  rates. 

All o ther  possibilities may be rejected by the following arguments:  first, (a) is 
unlikely in the face o f  the high correlat ion between binding and I~ inhibition 
shown in Figure 6 B. Next,  (b) could contr ibute to the observation that binding 
precedes  inhibition, because Ise is measured  just  before  washing the skins 
whereas binding may proceed th roughou t  the wash period.  However ,  the 
contr ibut ion of  this effect  should not be appreciable if one considers that the 
rate o f  ouabain binding is directly related to the rate o f  enzyme turnover .  Thus ,  
the skins with high I~e should exhibit a more  rapid rate o f  Na,K-ATPase  
tu rnover  and,  therefore ,  ouabain binding.  I f  the nonzero  intercept  in Fig. 5 
were the result o f  binding dur ing  the wash per iod,  the skins with high I~i 
should,  as a result of  grea ter  tu rnover  rate,  bind more  ouabain dur ing  the wash 
period and,  therefore ,  show a greater  discrepancy between ouabain binding 
and I~ inhibition than skins with low I~l. Inasmuch as high cur ren t  skins exhibit 
a closer cor respondence  between ouabain binding and I~ inhibition than low 
cur ren t  skins we must reject (b). Finally, (d) is unlikely because it would require  
that the amount  o f  nonspecific binding vary with Ise. I f  the nonspecific binding 
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were due  to cellular damage ,  for  example ,  an increased mannitol  space would 
also be expected;  no significant differences in mannitol  space were found  
between high and low cur ren t  skins. Rejection o f  all these o ther  possibilities 
enhances the validity o f  the in terpreta t ion discussed above that the temporal  
separation between binding and inhibition is a manifestation o f  a " recru i tment"  
p h e n o m e n o n  whereby binding and inhibition of  one  site produces  a compensa-  
tory increase in the tu rnover  rate of  uninhibi ted sites. 

Effects of Amiloride and Low External Na on Ouabain Binding 

Having established the ability to measure  ouabain binding to Na,K-ATPase  of  
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FxGUaE 6. Ouabain binding as a function of inhibition of I~ in skins with (A) 
initial values ofl~(l~0 < 10 p,A/cm 2, and (B) identically treated skins with l~l > 20 
/zA/cm 2. 

f rog skin, it was of  interest to de te rmine  the effects of  specific active t ranspor t  
modifiers on ouabain binding.  Amiloride was chosen because it inhibits trans- 
epithelial Na t ranspor t  by blocking Na entry into the skin f rom the external  
bathing medium (Salako and Smith, 1970a; Biber, 1971); yet, the d ru g  does not  
in ter fere  with Na,K-ATPase  activity (Baer et al., 1967). Paired exper iments  
were p e r f o r m e d  utilizing skins f rom the same frog,  compar ing  the amount  o f  
ouabain binding (in 60 min) in the presence and absence of  10 -4 M amiloride in 
the external  solution (in low-K Ringer). Th e  results, shown in Table III ,  
demons t ra te  that the presence o f  amiloride reduces the 60-min binding by 45%. 
T h e  effect  of  amiloride in similar paired exper iments  is shown in Fig.7 and 
expressed as fractional ouabain binding as a funct ion of  time. T h e  fractional 
inhibition o f  binding due  to amiloride appears  to decrease asympotically, 
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indicating that the effect o f  amiloride is to decrease the rate o f  ouabain binding 
without altering the total n u m b e r  o f  binding sites. This action o f  amiloride 
could be caused by a variety o f  circumstances,  some of  which would be: (a) a 
direct action o f  amiloride on the Na,K-ATPase  in this tissue; (b) altered kinetic 

T A B L E  I I I 

EFFECTS OF ALTERATIONS IN BATHING MEDIA UPON [aH]OUABAIN 
BINDING* 

Solutions 

Internal External [JH]ouabain bound in 60 min 

mol*ctd*s/mg dcs n 

10-* M [ S H l o u a b a i n  1.32-+0.02x10X2* 4 

10 -e M [ S H ] o u a b a i n  10 -4 M a m i l o r i d e  0 . 7 2 - + 0 . 0 1 x  10t~* 4 

10-s  M [ a H ] o u a b a i n  Nao = 0 0 . 6 6 - + 0 . 0 8 x  10xz* 5 

10 -e M [ a H l o u a b a i n + 3 0  m M  K N a  o = 0 0 . 2 2 - 0 . 0 4 x  10t2* 5 

* T h e  n u m b e r  o f  m o l e c u l e s  b o u n d  h a s  b e e n  c o r r e c t e d  f o r  e x t r a c e l l u l a r  [ a H ] o u a b a i n .  
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FIGURE 7. Effect of external amiloride on ouabain binding as a function of 
exposure time to 10 -e M ouabain. Values are expressed as binding in the presence 
divided by that in the absence of amiloride, with all other conditions being 
identical. The control and experimental skins were paired tissues from the same 
animal. All values are expressed as mean _ SEM for four experiments. 

behavior  of  the Na,K-ATPase  in response to amiloride-induced increases in 
cellular [K]/[Na]; (c) increased extracellular (serosal) K as a result o f  K loss f rom 
the cells, which would inhibit the rate o f  binding.  

The  next series of  experiments  was pe r fo rmed  in an at tempt to more clearly 
establish the basis for amiloride's effect upon  ouabin binding. The  effects o f  
decreased intracellular Na on ouabain binding were tested in one series o f  
experiments  by studying ouabain binding to skins whose outer  surface was 
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bathed in distilled water. Decreasing the external Na concentration appears to 
lead to a decreased intraceUular Na concentration (Cereijido et al., 1964; 
Cereijido et al., 1968). A 60-min incubation with [3H]ouabain and low-K Ringer 
on the serosal side and distilled water on the outside produced an amount of  
binding that was 50% of  the control (Table III), yet not significantly different 
from that obtained with amiloride and low-K Ringer bathing the outside. Thus, 
the action of amiloride on ouabain binding is replicated by removing Na from 
the external solution, suggesting that this action of amiloride is the result of  a 
reduction in intracellular Na. However, another possibility (see [c] above) is that 
depressed Na entry results in a decreased rate of  pump cycling with a 
consequent increase in [K] in the intercellular spaces (Valenzeno and Hoshiko, 
1976) which, in turn, inhibits ouabain binding. To test this possibility, a series of  
experiments was performed in which the serosal incubating solution was high-K 
(32.5 mM K) media containing 10 -6 M [SH]ouabain and the external solution 
was distilled water. This treatment (Table III), produced the lowest amount of  
binding (after a 60-min exposure to [3H]ouabain) found in this investigation: 
0.22 • 10 I2 molecules/mg des or one-third of  the value obtained with low-K 
Ringer as the serosal medium and distilled water as the outside bathing solution. 
The two-thirds decrease in binding produced by the high-K Ringer under  these 
circumstances is almost identical in magnitude to that produced when the 
external solution contains 112 mM Na (see above). Therefore ,  it appears that 
the action of high serosal K is independent of  external Na concentration and, 
inferentially, it may be concluded that low intracellular Na inhibits ouabain 
binding by a mechanism that does not involve loss of  cellular K into the 
extracellular (serosal) compartment.  

In measuring the volume of extracellular space with [t4C]mannitol, we 
observed that this space was 63 -+ 28% (n = 10) larger in the absence of  external 
Na and 68 - 26% (n = 10) larger in the presence of external amiloride than the 
extracellular space observed when the external solution is low-K Ringer. This 
increase in extracellular volume is probably the result of  a decrease in cellular 
volume resulting from Na, K, and osmotically obliged water loss. 

Ouabain Binding as a Function of Initial Isc 

Values for ouabain binding to frog skin and simultaneously measured I~ have 
been presented. In addition, experiments have been performed which alter I~ 
and monitor the corresponding changes in the kinetics of binding. In perform- 
ing these studies we used skins with initial I~ in the range of 5-45 ttA/cm 2. We, 
thus, asked the question: what is responsible for this wide variation in Ise? To 
determine the relationship between the absolute number of  pumping sites and 
Isr we plotted ouabain binding at 80-100% inhibition (Q)) and 70-80% (X) 
inhibition as a function of  initial Isc. The results are presented in Fig. 8. These 
data show that the number of  molecules of  ouabain bound is independent  of 
initial Ise, yet dependent  upon the percentage of Ise inhibition produced by 
ouabain. Thus, it seems that normal skin-to-skin variations in I~ are due to 
differences in the turnover rate of the Na,K-ATPase rather than the total 
number of Na,K-ATPase molecules present. 
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D I S C U S S I O N  

One  o f  the major  obstacles to a quanti tat ive study o f  d rug - r ecep to r  interact ions 
is the b inding  o f  the d r u g  to m e m b r a n e  c o m p o n e n t s  o ther  than  the receptor .  
T h e  present  study has a t t empted  to evaluate the specificity o f  [3H]ouabain 
b ind ing  to f rog skin on the basis o f  I~e inhibit ion. By corre la t ing  b ind ing  o f  
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ouabain  with a physiological p h e n o m e n o n  we have a t t emp ted  to establish its 
effect  upon  that process.  Care  was taken to establish the specificity o f  ouabain  
b ind ing  to the Na ,K-ATPase ;  this involved several steps which may be s u m m a -  
rized as follows: 

(a) selecting a ouabain  concentra t ion  that  would minimize nonspecif ic 
"binding";  f rom the expe r imen t s  shown in Fig. 1, the concent ra t ion  chosen 
was 10 -6 M; 

(b) selecting an a p p r o p r i a t e  extracel lular  m a r k e r  to correct  for  free oua-  
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bain present  in the extracel lular  space(s); [14C]mannitol appea r s  to be a good 
choice, as shown in Table  I I ,  in that  manni to l  and  ouabain  a p p e a r  to be 
dis tr ibuted in the same extracel lular  space; 

(c) corre la t ing ouabain  b inding  with Isc inhibition to establish the relation- 
ship between ouabain  interact ion with the epi thel ium and a physiological 
effect; 

(d) p e r f o r m i n g  expe r imen t s  u n d e r  condit ions known to alter the kinetics 
of  ouabain  b inding  to the Na ,K-ATPase  and  demons t r a t i ng  alterations in 
ouabain binding and Ise inhibition which are consistent with known behavior  
of  the Na ,K-ATPase .  
T h e  effects o f  high K on ouabain binding to frog skin should give a min imum 

est imate for  the n u m b e r  of  ouabain  b inding  sites that  are Na ,K-ATPase ,  
because it seems reasonable  to assume that  high K should have no effect  on 
nonspecif ic binding.  T h e  presence  o f  high K inhibits b inding  at 60 min by about  
two-thirds,  whe ther  the externa l  Na concent ra t ion  is 112 mM or zero. T h e r e -  
fore,  in both  of  these cases, at least two-thirds o f  the ouabain  b inding  is to the 
Na ,K-ATPase  and  no m o r e  than  one- th i rd  o f  the b inding  could be nonspecific.  
T h e  depressed  rates o f  ouabain  b inding  in Na-f ree  or  ami lor ide-conta in ing  
external  media  are probably  a reflection o f  inhibited Na ,K-ATPase  tu rnove r  
caused by an increased rat io o f  intracellular  K/Na,  as is discussed later. 
T h e r e f o r e ,  it is reasonable  to assume that  the exper imen ta l  condit ion that  
resul ted in the lowest b inding,  namely ,  no external  Na and  high serosal K 
(Table I I I ) ,  provides a value for  the m a x i m u m  nonspecif ic ouabain  b inding  to 
f rog  skin: ~20% of  the total. T h e  t rue  value for  nonspecific b ind ing  is probably  
even lower (<  16% of  total) inasmuch as high-K Ringer only decreases the rate and 
not the maximal amoun t  o f  ouabain binding. 

T h e  above considerat ions demons t r a t e  that  at least 80-90% of  [aH]ouabain 
b ind ing  to split f rog  skin is specific for  Na ,K-ATPase .  Assuming  that  one 
ouabain  molecule is b o u n d  to each enzyme molecule,  we can obtain a measure  
o f  the a m o u n t  of  ATPase  presen t  in this tissue: =1.3 x 10 TM molecules /mg per  
dcs. This  n u m b e r  is within the range  o f  that  obta ined for  o ther  tissues (Baker  
and  Willis, 1972; Brad ing  and  Widdicombe,  1974). I na smuch  as the average  
weight o f  tissue used was 1.52 mg  and this co r responds  to a surface area  of  0.785 
c m  2, w e  obtain 1.93 mg/cm 2 and 2.1-2.5 x 1012 sites/cm z. I f  we assume that all 
these sites are directly involved in active Na t r anspor t  (see discussion of  Fig. 6 A 
and B in Results), we can calculate a r ange  of  t u rnove r  rates for  the Na,K-  
ATPase  in this tissue based on the observed range  o f  initial Isc. In  that  the Isc 
equals the active Na flux in this tissue (Ussing and  Zerahn,  1951), t u rnove r  rates 
for  Na t r anspor ted  t h r o u g h  the p u m p  may be calculated as follows: 

(I~/F) • N • 60 
t = 

sites/cm 2 ' 

where  t is t u rnove r  rate  in molecules/site per  minute ,  F is Faraday  constant ,  and  
N is Avogadro ' s  n u m b e r .  

T h e  calculated t u rnove r  rates range  f r o m  830 molecules/site pe r  min when Isc 
= 5 ~A/cm 2 to 7,500 molecules/site per  min when I~  = 45 #A/cm 2. T h e  turnover  
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rates cited above fall within the range of pump turnover rates calculated for 
frog skin (Aceves and Wright, 1977) and other tissues (Brading and Widdi- 
combe, 1974; Baker and Willis, 1972; Dunham and Hoffman, 1971). 

Recently, two other groups of  investigators (Mills et al., 1977; Aceves and 
Wright, 1977) also found evidence that ouabain binding was correlated with 
inhibition of I~. Both groups also observed sensitivity of ouabain binding to 
extracellular K, as found in the present investigation. In addition, Mills et al. 
(1977) found that [SH]ouabain was distributed throughout all layers of the 
epithelium leading to the conclusion that these layers functioned as a syncytium 
with regard to active Na transport. The present observation of a linear 
correlation between ouabain binding and Ise inhibition with a zero intercept in 
skins with high I~ indicates that all Na,K-ATPases are involved in active Na 
transport, thus supporting the idea of the functional syncytium. Further 
evidence for the syncytial nature of the frog skin may be obtained from our 
experiment using amiloride. These data show that addition of  amiloride to the 
outside bathing medium depresses the rate of  ouabain binding to the frog skin 
(Fig. 7, Table III). Inasmuch as Na entry into the frog skin is almost exclusively 
via the amiloride sensitive pathway (Moreno et al., 1973; Rick et al., 1975), the 
presence of amiloride in the outside bathing media would lead to a reduction of 
Na in the "transport pool" (D6rge and Nagel, 1970; Salako and Smith, 1970b) 
and, therefore, it is reasonable to expect that the alteration in ouabain binding 
kinetics caused by amiloride is the result of changes in cellular Na. This 
interpretation is supported by the results obtained in Na-free external solutions, 
in which ouabain binding is inhibited to the same extent as with amiloride. 
Thus, it would seem that the effect of external amiloride on ouabain binding is 
the result of some event(s) associated with depressed Na entry, rather than a 
more direct effect of amiloride on the Na,K-ATPase. Recent studies of intact 
epithelia and disaggregated cells (Valenzeno and Hoshiko, 1976) have shown 
that K lost from the intracellular compartment does not leave the intracellular 
spaces but is recycled. That a building of K in the intracellular spaces cannot 
explain the effect of  amiloride on ouabain binding kinetics can be seen from 
data in Table III and the associated discussion (see Results). Therefore, we 
conclude that the decreased rates of ouabain binding produced by amiloride 
and the absence of external Na are explicable in terms of intracellular events 
which result in a decreased turnover rate of  the Na,K-ATPase. In this regard, 
other investigators (Salako and Smith, 1970b; D6rge and Nagel, 1970) have 
shown that the addition of  amiloride or removal of Na from the external 
medium results in a decrease in the amount of Na present in the Na transport 
pool. Yet the effect of this decrease in total Na upon the intracellular Na 
concentration is still unclear because it depends upon accurate measurement of 
the extracellular volume. Using inulin as a space marker, Nagel and D6rge 
(1970) found a 5% increase (not significant) in extracellular volume upon 
addition of amiloride; however, various investigators have demonstrated that 
this marker does not accurately measure the extracellular space (Cereijido et al., 
1968; Biber, Aceves, and Mandel, 1972; Biber, Cruz, and Curran, 1972). The 
present results, using mannitol as an extracellular space marker, show that in 
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the presence of amiloride in the outside bathing media there is a 68% increase 
in extracellular volume after a 60-rain exposure to the drug. Because Salako 
and Smith (1970b) have shown that total tissue water remains unaltered under 
these conditions, the increase in extracellular volume must be accompanied by 
a decrease in intracellular water content. Utilizing the 3:1 ratio of intracellular 
to extracellular water measured by Nagel and D6rge (1970) as a rough approxi- 
mation, the 68% increase in extracellular volume would produce a sufficiently 
large decrease in intracellular water content to maintain the intracellular Na 
concentration unchanged. Thus, although it is clear that the treatments de- 
scribed above lead to decreases in cellular Na content, changes in cellular Na 
concentration may be minimized by virtue of osmotically obliged cell water loss; 
however, if Na and water leave the cells the K concentration will rise causing an 
increase in the ratio of K to Na concentrations in the cell. An increase in the 
intracellular ratio of K to Na, whether obtained by decreased cellular Na 
concentration or increased cellular K concentration, will produce a well known 
inhibitory effect upon the Na,K-ATPase (Sachs and Welt, 1967; Knight and 
Welt, 1974, Sachs, 1970; Sachs et al., 1974). Thus, we propose that decreased 
rates of ouabain binding in Na-free and amiloride-containing media (Fig. 7, 
Table III) are reflections of decreased pump turnover rate in response to an 
increase in cell [K]/[Na] (Knight and Welt, 1974). 

The effect of transepithelial potential (PD) on binding also needs to be 
considered because the PD value was substantial during most binding experi- 
ments whereas it was zero in the presence of amiloride or the absence of 
external Na. According to Nagel (1976), addition of amiloride to the external 
solution causes profound changes in the potential observed across the external 
membrane but leaves the serosal potential virtually unaffected under open 
circuit conditions. Therefore,  a change in transepithelial potential by itself 
would not be expected to influence ouabain binding significantly. 

The kinetics of ouabain binding are difficult to express mathematically even 
in cellular systems where the ouabain concentration at the membrane surface is 
known with certainty. In the present experiments, ouabain binding appears to 
increase markedly between 15 and 30 min (Fig. 3). This may be a reflection of 
diffusion barrier(s) presented to ouabain by the frog skin. In support of this 
point, under comparable conditions, saturation binding does take ---30 min 
longer for frog skin than red blood cells (Dunham and Hoffman, 1971) or 
disaggregated cells from frog skin (Zylber et al., 1975). Finally, this delay is 
consistent with the time it takes mannitol and presumably, ouabain to equilibrate 
with the extracellular space. 

The spontaneous variation of I~ observed from skin to skin does not appear 
to be correlated with the amount of Na,K-ATPase present in each skin. As 
shown in Fig. 8, no relationship exists between the number of ouabain binding 
sites and the magnitude of the I~e. The spontaneous variations in the rate of 
active Na transport (I~e) are a reflection of different turnover rates for the Na,K- 
ATPase and not the amount of enzyme present. The skin-to-skin variation in I ~  
must, therefore, be due to another step in transepithelial Na transport, probably 
the entry of Na from the external solution into the intracellular transporting 
compartment. The results of various studies suggest that the rate-determining 
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step for  active Na t r anspor t  in f rog  skin is the ent ry  step (Curran  et al., 1963; 
Mandel  and  C ur r an ,  1973; Rick et al., 1975), and  the presen t  f indings are  
consistent with this type o f  model .  We are present ly  s tudying the effects o f  
various ionic env i ronmen t s  and  pharmacologica l  agents  on both  the rate and  
total a m o u n t  o f  ouabain  b ind ing  to split f rog  skins. Al though the present  study 
establishes the feasibility of  s tudying t ranspor t  o f  alkali metals in frog skin in 
conjunct ion with ouabain  binding,  it is clearly only a first step toward unde r -  
s tanding  ionic interact ions with epithelial m e m b r a n e  componen t s .  

In  s u m m a r y ,  we have p resen ted  data demons t r a t i ng  the feasibility o f  using 
split f rog  skin and  an extracel lular  m a r k e r  to gain sufficient resolut ion to isolate 
specific interactions o f  [SH]ouabain with the Na ,K-ATPase  f rom those interac- 
tions which are nonspecif ic .  F u r t h e r m o r e ,  the relat ionship between ouabain  
b ind ing  and  inhibition o f  Ise are s t rong  evidence for  the direct  involvement  o f  
the Na ,K-ATPase  in the genera t ion  o f  the short  circuit cur ren t .  T h e  results o f  
expe r imen t s  in which the ionic composi t ion o f  extra-  and ,  p resumably ,  intracel- 
lular  c o m p a r t m e n t s  are  a l tered show that  the ouabain  b inding  (and, the re fo re ,  
inhibitory) sites r e spond  in a m a n n e r  predic table  f rom studies o f  the Na,K-  
ATPase  in cellular and  homogen ized  p repara t ions  o f  the enzyme.  Finally, it 
appea r s  that  no rma l  skin-to-skin variat ions in Ise are the result  o f  d i f ferences  in 
t u rnove r  rate  o f  the Na ,K-ATPase  ra the r  than  the a m o u n t  o f  enzyme  present .  
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This work was supported by Postdoctoral Fellowship F22 HL-01672-02 to Dr. Cala and grant AM~ 
16024 to Dr. Mandel from the National Institutes of Health. 
Parts of the present work have appeared in preliminary form: Cala, P. M., and L. J. Mandel. 1976. 
Biophys. J. 16 (2, pt. 2): 3a. (Abstr.) 

Received for publication 12 January 1977. 

REFERENCES 

Aczvzs, J., and D. ERLIJ. 1971. Sodium transport across the isolated epithelium of the 
frog skin. J. Physiol. (Lond.). 212:195-210. 

ACEvEs, J. ,  and E. M. WRIGHT. 1977. The Na pumping sites of the isolated frog skin 
epithelium as studied by the binding of tritiated ouabain. Abstracts. 27th international 
Congress of Physiological Sciences, Paris. 

ALBERS, R. W., G. J. KOVAL, and G. J. SXEGEL. 1968. Studies on the interaction of 
ouabain and other cardio-active steroids with sodium potassium activated adenosine 
triphosphate. Mol. Pharmacol. 4:324-336. 

BAER, J. C., C. B. JONES, S. A. SPITZER, and H. E. Russo. 1967. The potassium sparing 
and natriuretic activity of N-amidino-3,5-diamino-6-chloropyrazine carboxamide hy- 
drochloride dihydrate (amiloride hydrochioride).J. Pharmacol. Exp. Ther. 157:472-485. 

BAKER, P. F., and J. S. WILLIS. 1972. Binding of the cardiac glycoside ouabain to intact 
cells.J. Physiol. (Lond.). 224:441-462. 

BIBER, T. U. L. 1971. Effect of changes in transepithelial transport on the uptake of 
sodium across the outer surface of the frog skin. J. Gen. Physiol. 58"131-144. 

BIBER, T. U. L., J. AcEvEs, and L. J. M^NDEL. 1972. Potassium uptake across serosal 
surface of isolated frog skin epithelium. Am. J. Physiol. 222:1366-1373. 



366 THE JOURNAL OF GENERAL PHYSIOLOGY'VOLUME 7 1 " 1 9 7 8  

BmER, T. U. L., L . J .  CRuz, and P. F. CURRAN. 1972. Sodium influx at the outer  surface 
of frog skin: evaluation of  different  extracellular markers.  J. Membr. Biol. 7:365-376. 

BOARVMAN, L. J . ,  J .  F. LAMB, and D. McCELL. 1972. Uptake of  [3H]ouabain and Na 
pump  turnover  rates in cells cul tured in ouabain.  J. Physiol. (Lond.). 225:619-635. 

BONTING, S. L., and L. L. CARAVAGGXO. 1963. Studies on the Na-K activated ATPase.  V. 
Correlat ion of  enzyme activity with cation flux in six tissues. Arch. Biochem. Biophys. 
101:37-46. 

BRADING, A. F., and J. H. W1DDICOMBE. 1974. An estimate of  sodium/potassium pump 
activity and the number  of  pump sites in the smooth muscle of  the guinea-pig,  Taenia 
coil, using [SH] ouabain. J. Physiol. (Lond.). 238:235-249. 

CEREIjmo, M., F. G. HERRERA, W . J .  FLANmAN, and P. F. CURRAN. 1964. The  influence 
of  Na concentration on Na t ransport  across frog skin.J .  Gen. Physiol. 47:879-893. 

CEREIJIDO, M., I. REISIN, and C. A. ROTUNNO. 1968. The  effect of  sodium concentration 
on the content and distribution of  sodium in the frog skin.J .  Physiol. (Lond.). 196:237- 
253. 

CURRAN, P. C., F. C. HERRERA, and W. J. FLANIGAN. 1963. The  effect of  Ca and 
antidiuretic hormone on Na t ransport  across frog skin. II .  Sites and mechanisms of  
action. J. Gen. Physiol. 46:1011-1027. 

D6RGE, A.,  and W. NAGEL. 1970. Effect of  amiloride on sodium transport  in frog skin. 
II .  Sodium transport  pool and unidirectional fluxes. Pfluegers Arch. Eur. J. Physiol. 
321:91-101. 

DUNHAM, P. B., and J. F. HOFFMAN. 1971. Active cation t ransport  and ouabain binding 
in high potassium and low potassium red blood cells of  sheep . J .  Gen. Physiol. 58:94- 
116. 

GLYNN, I. M. 1964. The  action of  cardiac glycosides on ion movements.  Pharmacol. Rev. 
16:381-407. 

KAWADA, J. ,  R. E. TAYLOR, JR., and S. B. BARKER. 1975. Some biochemical propert ies  of  
Na,K-ATPase in frog epidermis.  Comp. Biochem. Physiol. 50:297-302. 

KNIGHT, A. B., and L. G. WELT. 1974. Intracellular  potassium: a de te rminant  of  the 
sodium potassium pump ra te . J .  Gen. Physiol. 65:351-373. 

KOErOED-JOHNSEN, V., and H. H. USSlNG. 1958. The  nature of  the frog skin potential.  
Acta Physiol. Scand. 42:298-308. 

MANDEL, L. J. ,  and P. F. CURRAN. 1972. Response of  the frog skin to steady-state voltage 
clamping.  I. The shunt pathway. J. Gen. PhysioL 59:503-518. 

MANDEL, L. J. ,  and P. F. CURRAN. 1973. Response of  the frog skin to steady-state voltage 
clamping. II .  The active pathway. J. Gen. Physiol. 62:1-24. 

MILLS, J. W., S. A. ERNST, and D. R. DIBONA. 1977. Localization of  Na-pump sites in 
frog skin.J .  Cell Biol. 75:88-110. 

MORENO, J. H. ,  I. L. REISIN, E. RODRIGUEZ-BOULON, C. A, ROTUNNO, M. CEREIJIDO. 
1973. Barriers to sodium movement across frog skin. J. Membr. Biol. 11:99-115. 

NAGEL, W. 1976. The  intracellular electrical potential profile of  the frog skin epithelium. 
Pfluegers Arch. Eur. J.  Physiol. 365:135-143. 

NAGEL, W., and A. D6RGE. 1970. Effect of  amiloride on sodium transport  of  frog skin. I. 
Action on intracellular sodium content.  Pfluegers Arch. Eur. J. Physiol. 317:84-92. 

NAKAJIMA, S. 1960. The  effects of ouabain on active Na t ransport  through frog skin. 
Proc. Jpn. Acad. 36:226-230. 

RICK, R., A. D6RGE, and W. NAGEL. 1975. Influx and efflux of  sodium at the outer  
surface of  frog skin. J .  Membr. Biol. 22:183-196. 



CALA aT AL. Role of Na,K-ATPase in Generation of Short Circuit Current 367 

SACHS, J. R., and L. G. WELT. 1967. The  concentration dependence  o f  active K t ransport  
in human red blood cells .J .  Clin. Invest. 46:65-76. 

SACHS, J.  R. 1970. Sodium movements in the human red blood cell. J. Gen. Physiol. 
56:322-341. 

SACHS, J. R., J. ELLORY, D. L. Kaoep,  P. B. DUNHA~, AND J. F, HOFF~AN. 1974. 
Antibody induced alterations in the kinetic characteristics of  the Na:K pump  in goat 
red blood cells, J. Gen. Physiol. 63:389-414. 

SALAKO, L. A.,  and A. J.  SMlTH. 1970a. Effect of  amiloride on active sodium transport  
by the isolated frog skin: evidence concerning site o f  action. BE. J. Pharmacol. $8:702- 
718. 

SALAKO, L. A., and A. J. SMITH. 1970b. Changes in sodium pool and kinetics of  sodium 
transport  in frog skin p roduced  by amiloride.  BE. J. Pharmacol. $9:99-109. 

SCHULTZ, S. G., and R. ZALUSKY. 1964. Ion t ranspor t  in isolated rabbit i leum. I. Short 
circuit current  and Na fluxes. J. Gen. Physiol. 47:567-584. 

SCHWARTZ, A.,  G. E. LINDENMAYER, and J.  C. ALLEN. 1975. The  sodium-potassium 
adenosine t r iphosphatase pharmacological ,  physiological and biochemical aspects, 
Pharmacol. Rev. 27:3-134. 

SCHWARTZ, A.,  H. MATSUt, and A. H. LAUGHTEa. 1968. Tri t iated digoxin binding to 
( N a  + + K+)-activated adenosine tr iphosphatase:  possible allosteric site. Science (Wash. 
D. C.). 160:323-325. 

SKOU, J. C. 1965. Enzymatic basis for active t ransport  of  Na + and K + across cell 
membranes.  Physiol. Rev. 45:596-617. 

SCHATZMANN, H. J. 1953. Herzglykoside als Hemmstoffe  fur  den aktiven Kal ium-und 
Nat r iumtranspor t  durch die Erythrocytenmembran,  Helv. Physiol. Pharmacol. Acta. 
11:346-354. 

TOSTESON, D, C., and J. F. HOFFMA~. 1960. Regulation of  cell volume by active cation 
t ranspor t  in high and low potassium sheep red cells .J .  Gen. Physiol. 44:169-194. 

UssINc, H. H.,  and K. ZERARN. 1951. Active t ransport  of  sodium on the source o f  
electric current  in the short-circuited isolated frog skin. Acta. Physiol. Scand. 25=110- 
127. 

VALENZENO, D. P., and T. H o s m g o .  1976. Intact frog skin epidermis retains potassium 
better  than isolated cells. Biophys. J. 16:3a. (Abstr.) 

WHITTAM, R., and K. P. WHEELER. 1970. Transpor t  across cell membranes.  Annu. Rev. 
Physiol. 32:21-60. 

WONG, M. D., and T, U. L. BISER. 1974. Location of Na t ransport  steps in isolated frog 
skin. Fed. Proc. $$:215. (Abstr.) 

ZYLBER, E. A.,  C. A. ROTUNNO, and M. CEREIJmO. 1975. Ionic fluxes in isolated 
epithelial cells of  the abdominal  skin of  the frog Leptodactylus ocellatus. J. Membr. Biol. 
22:265-284. 




