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SUMMARY 

The molt ing which occurs in frog skin fol lowing exposure  to high concentra-  
t ions of  aldosterorte  interferes with the in te rpre ta t ion  o f  physiological  measurements .  
Exposure of  skins f rom frogs main ta ined  in s t anda rd  smooth  tanks to 5 • 10 -v  M 
a ldos te rone  caused within a few hours  er ra t ic  responses in short-c i rcui t  current  Io 
and conduc tance  • fo l lowed by susta ined s t imula t ion  of  l 0 and •: 10- a M a ldos te rone  
caused only s t imula t ion  o f  I 0 and  •. S torage o f  frogs in '~rough t anks"  e l iminated in 
vi t ro mol t ing on exposure  to 5-  10 -v  M aldos terone .  Io and K were then super-  
imposable  for  3 h, after which I 0 increased far  more rapidly than K. These results are 
consis tent  with an early effect on permeabi l i ty  o f  the active pa thway  and later  efl'ects 
on metabol i sm,  ei ther a direct  effect on the pump  or  enhanced in teract ion between 
t r anspor t  arid metabol i sm.  

INTRODUCTION 

The mode of  act ion o f  a ldos te rone  in salt  regula t ion  has been s tudied in a 
number  of  tissues, o f  which the most  effective as physiological  models  are anuran  
b ladder  and skin. In recent years  there has been much discussion as to whether  the 
effect of  a ldos te rone  on active sodium t r anspor t  is a t t r ibu tab le  pr imar i ly  to perme- 
abi l i ty  or  energet ic  factors [1-11 ]. It would be desirable to evaluate  both factors con- 
current ly  in the same tissue over  an extended period.  The f rog skin would seem to be 
an app rop r i a t e  model  since the techniques for car ry ing  out  such a comprehens ive  
s tudy in this tissue have a l ready  been es tabl ished [12]. However ,  there is a serious 
p rob lem in this regard  since a ldos te rone  is known to induce in vi tro mol t ing in anuran  
skins [13-15]. This phenomenon  is associa ted with i r regular  pa t te rns  o f  inhibi t ion 
and s t imula t ion  of  t ranspor t .  

In this report ,  we examine  the long- te rm response of  conduc tance  and  short-  

* To whom reprint requests should be sent, at the Department of Physiology, Boston University 
School of Medicine, 80 East Concord St., Boston, Mass. 02118, U.S.A. 
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circuit current when aldosterone is added to the solutions bathing frog skin. Manipu- 
lations of environmental factors will be described which eliminated in vitro molting. 
permitting the observation of hormonal effects which had previously, been obscured. 

b d A T F . R I A L S  A N D  M E T t t ( ) D S  

Frogs (Rana pipiens), obtained fiom the Carolina Biological Supply Co., 
Burlington, North Carolina, were kept at room temperature in tanks under two differ- 
ent conditions. One group, designated S, was kept in smooth bottom glass or slate 
Links containing a pan of tap water. The other group, designated R, was kept in rough 
bottom tanks which contained commercial aquarium gravel and tap water. Paired 
hemiskins were mounted in modified Ussing-Zerahn lucite chambers of 7.1 cm 2 cross- 
sectional area and bathed in glucose-Ringer solution [11]. The electrical potential 
difference (All,) was regulated by an automatic voltage clamp and the current (1) re- 
corded continuously [I 2]. The total conductance (K) was evaluated according to the 
method o f S a i t o a n d  Essig [10]. f>Aldosterone (Sigma) was dissolved in methanol 
and stored as stock solutions of 0.6 and 0.012 mg/ml. 

Data for a particular piece of tissue were always expressed as the measurement 
at time t related to that at time .... 0, or x,/X,_o. The experiments were analyzed 
by a double normalization procedure, comparing effects in paired experimental (e) 
and control (c) hemiskins according to the following equation: 

R(x) [x,.,x,_oJj[x,/x, ,,1~. (1) 

The data are expressed as the geometric mean and standard error of the mean (Snede- 
cor and Cochran [16]). Data in Fig. I were compared according to the rank order 
non-parametric analysis. 
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Fig.  I. Effect o f  5 -  10 - M a l d o s t e r o n e  o n  the  s h o r t - c i r c u i !  /o a n d  the  c o n d u c t a n c e  ,~ in e ight  S- 
g r o u p  sk ins .  T h e  d a t a  a r e  exp re s sed  as m e a n  R(_v) [-vt/xt 0]c/[-vt/-vt 0]c :. S.E. ~ h e r e e a n d  e re fer  
to  e x p e r i m e n t a l  a n d  c o n t r o l  t issues,  r e spec t ive ly .  O b s e r v a t i o n s  we re  m a d e  a t  6 a n d  24 I1 a f t e r  Ihe 
a d d i t i o n  o f a l d o s t c r o n e .  Va lues  a f t e r  6 h were  no t  s i gn i f i c an t l y  d i f fe ren t  f r o m  I whi le  t hose  a f t e r  24 h 
s h o w e d  s ign i f i can t  i nc r ea se s  for  bo th  I o (P~  0.02)  a n d  ~ : ( P -  0 .05 i .  
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RESU LTS 

( I ) Effect o f  5 • I0 7 M aldosterone on S-group skins 
Skins from frogs kept in smooth bottom aquaria, referred to as S-group frogs, 

showed irregular responses of  short-circuit current and conductance during the first 
6 h following the administration of 5 - [ 0  - 7  M aldosterone. These findings were sim- 
ilar to those previously described by Nielsen [13], who attributed them to in vitro 
molting. 

Short-circuit current I 0 and conductance ~¢ were measured in eight skins at 6 
and 24 h after the addition of hormone. The results are shown in Fig. I in terms of 
the quantities R(lo)  and R(K) (see Materials and Methods, Eqn I ). During the first 
steady-state period following the inhibition-stimulation sequence induced by aldo- 
sterone, no change from pre-hormone levels was observed. However, after 24 h I 0 had 
increased to 2.9 times the original level and ~¢ to 1.5 times the original level. (Concur- 
rent studies demonstrated the enhancement of  the thermodynamic affinity following 
overnight exposure of  frog skins to 5 • 1 0  - 7  M aldosterone, as previously described 
by Saito et al. [I 1].) 

(2) Effect o f  I • 10 8 M aldosterone on S-group skins 
When skins were exposed to l .  1 0 - S M  aldosterone the early inhibition-acti- 

vation sequence seen with 5 • I 0 -  v M aldosterone was replaced by a long-term progres- 
sive increase of current. In one of these experiments, following 14 h of  observation 
the concentration of aldosterone was brought to 5 • 1 0  - 7  M in both the experimental 
(1.  1 0 - 8 M  aldosterone) and control hemiskins. This treatment induced in both 
hemiskins the characteristic inhibition-stimulation sequence previously seen with ex- 
posure to the higher level of hormone alone. These results suggest that in experiments 
employing only high levels of hormone there are two discrete effects, one the stimula- 
tion of active sodium transport, the other an irregular influence on conductance and 
current, presumably attributable to in vitro molting. Since the two effects are super- 
imposed, it is unclear just when the stimulation of transport begins, or to what extent 
it might be obscured by the induction of molting. The elimination of in vitro molting 
should provide a simpler system in which to study the hormonal stimulation of active 
transport, hopefully in pure form. One approach would be to use only low levels of  
hormone. However, the potential for in vitro molting would remain. Furthermore, 
the use of the lower level of hormone may produce only submaximal stimulation of 
transport. 

(3) Behavior o f  S-,qroup and R-grou p skins 
In the course of attempts to improve the conditions in the holding tanks in 

which the frogs were kept we tested the effects of covering the tank bottoms with 
gravel. It was then noticed that animals kept in these rough gravel bed tanks (R-group 
frogs) molted in vivo far more frequently than frogs kept in smooth bottom tanks. 
Furthermore, we observed that the skins of R-group frogs failed to molt following 
the administration of aldosterone in vitro, and failed to show the early fluctuation of 
current and conductance noted with S-group frogs. 

Further investigation showed that the initial short-circuit currents were not 
affected by the pre-experimental conditions. Initial mean values of I0 in S-group and 
R-group skins were essentially the same. However, after a period of 16 h the mean lo 
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Fig. 2. Ell'cot o i ' 5  " 10 - M a l d o s t c r o n e  on  s h o r t - c i r c u i t  c u r r e n t  ]l) a l ld Collductal lcC t,- in e igh t  R - g r o u p  
skins .  T h e  a l d o s t e r o n e  w a s  a d d e d  to bo th  the  o u t e r  a n d  i n n e r  ba t l a ing  s o l u t i o n s .  T h e  d a t a  a r c  ex- 

p ressed  as m e a n  Ri.v} [.',t/."t o],,/[-~t-~~ o]e , S.E.  w h e r e e a n d c  rc fer  to  c x p e r i m e n t a l  a n d  c o n t r o l  
! issues, respect  i vely. 

in R-group skins remained above 901',, of the initial level, while that of  S-group ~kins 
had declined to below 40 ", of  the initial value. 

(4) E/]ecl oj'5 • 10 7 M a/dosleroHe o## R-group skim; 

Fig. 2 shows the effect of  5 - 10 -v M aldosterone on skins from R-group l'rog~. 
1~ remained constant t\)r the first 60-90 rain, and then increased until 12 h after the ~td- 
dition of  hormone.  Subsequently, it leveled off to a plateau which was maintained lbr 
at least the next 4 h. The conductance closely paralleled 10 for the lirst 3 h, but then 
R(Io) and R(K) diverged. After 16 h I~ had increased to 320 ",, and i< to 170 ",, of the 
initial values. Our  studies show that the frog skin can maintain elevated current in the 
presence of  aldosterone for at least 24 h. 

D I S C U S S I O N  

Although the frog skin has served as a convenient model system for the stud\ 
of  transport  processes, its relative histological complexity interferes with the interpre- 
tation off physiological measurements. The molting which occurs following exposure 
to high concentrat ions o fa ldos te rone  is a case in point. To the extent that this phe- 
nomenon causes erratic behavior o f  current and conductance,  it is not possible to define 
precisely the specific effects of  aldosterone on the fundamental  transport  process. 

The mechanism by which a gravel environment eliminates the effect of  in ~itro 
molting is not cleat'. Gravel probably represents the "'irritating stimulus" reported by 
Wilder [17] who claims that a localized irritation induces molting in the intact animal. 
Hviid Larsen [18] also found that preconditioning toads to a "'terrestrial environ- 
ment'" led to a drastic reduction in the frequency of  in vitro molting with aldosterone. 
Abrasion by gravel did not damage the tissue since R-group skins showed initial short- 
circuit currents similar to S-group skins and were well maintained for extended periods*. 

• All  o f  the  p resen!  s tud ie s  were  c a r r i e d  ou t  d u r i n g  the  naon ths  O c t o b e r  In M a y .  A l'c~ ~,kins 
s t u d i e d  d u r i n g  the  s u m m e r  fa i led  to  s h o w  the  c h a r a c t e r i s t i c  r e s p o n s e  to ~he g rave l  e n v i r o n m e n t  n o t e d  
in " w i n t e r "  f rogs ;  h o w e v e r ,  t he re  a l so  a p p e a r e d  to be l i t t le o r  n o  s t i m u l a t i o n  o f l , j  by a l d o s t e r o n e  
b e y o n d  tha t  a t t r i b u t a b l e  to m o l t i n g .  
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E l i m i n a t i o n  o f  the mo l t i ng  p h e n o m e n o n  by means  o f  the a b o v e - d e s c r i b e d  

t echn iques  w o u l d  pe rmi t  mean ing fu l  c o n c u r r e n t  s tudies o f  pe rmeab i l i t y  and  energe t ic  

fac tors  ove r  e x t e n d e d  per iods .  In the  p resen t  s tudy  the use o f  gravel  tanks  p e r m i t t e d  

the d e m o n s t r a t i o n  o f  a pe r iod  in which  shor t -c i r cu i t  cu r ren t  and  c o n d u c t a n c e  changed  

h a n d - i n - h a n d ,  fo l lowed  by a pe r iod  in wh ich  the shor t -c i rcu i t  cu r r en t  rapidly  in- 

c reased  in a s soc ia t ion  wi th  on ly  min ima l  changes  in c o n d u c t a n c e .  The  close para l le l i sm 

o f / ,  and  K in the first pe r iod  suggests  an effect o f  a l d o s t e r o n e  on the  pe rmeab i l i t y  o f  
the ac t ive  pa thway ,  as has been  d e m o n s t r a t e d  us ing i so topic  t echn iques  in the t o a d  

b l adde r  [10]. The  obse rva t i ons  in the second  pe r iod  are  cons i s ten t  with e n h a n c e m e n t  
o f  the t h e r m o d y n a m i c  affinity, as has been  d e m o n s t r a t e d  ear l ie r  in f rog  skin  fo l l owing  

14 18 h e x p o s u r e  to  a l d o s t e r o n e  [11]. The  la t ter  results  are  a lso  cons i s ten t  with a di- 

rect effect o n  the s o d i u m  p u m p ,  wi th  e n h a n c e m e n t  o f  the in te rac t ion  be tween  m e t a b o -  

l ism and  t r anspor t .  The  ev idence  o b t a i n e d  to da te  is c o m p a t i b l e  wi th  any o f t h e t h r e e  

m e c h a n i s m s  (pe rmease  theory ,  p u m p  theory  o r  me tabo l i c  t heo ry )  cited by va r ious  

worker s  to  exp la in  the ac t ion  o f  the a l d o s t e r o n e - i n d u c e d  pro te in  [19]. The  fu r ther  

a p p l i c a t i o n  o f  the present  t e c h n i q u e  in a s soc i a t i on  with t h e r m o d y n a m i c  s tudies  o f  the 

t ime  course  o f  ox ida t ive  m e t a b o l i s m  shou ld  serve  to cha rac te r i ze  the precise signifi- 

cance  o f  these di f ferent  factors .  
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