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SUMMARY 

Living frogs in jected with the  be ta  adrenergic  site s t imula t ing  ca techolamine 
e thylnoret ) inephrine  secrete a mucous conta in ing equal  amounts  of Na~ and ('1 . 
I so la ted  short  c i rcui ted frog skin t r ea ted  with be ta  adrenergic  site s t imula t ing  
catecholamine,  including pro tokylo l  (( 'aytine) and isopropylar terenoI ,  produce an 
outf lux of N a '  equal  to a concomi tan t  outf lux of C1 as measured  with radioisotopes  
of Na ~ and C1 . Na~ influx and shor t  circuit  current  is also s t imula ted  equally.  \Ve 
conclude tha t  two independen t  mechanisms are s t inmla ted  by  these ca teeholamines :  
when used at  o. i / ,~{ concentra t ions ,  Na  ~ t r anspor t  is s t imula ted  ; when used at  Io / ,M 
concentra t ions ,  a secretion of mucous  conta in ing Na ~ and C1 is add i t iona l ly  s t imu-  
lated. This conclusion is not  in agreement  with the  results  of a previously  publ ished 
invest igat ion.  In tha t  s tudy  i sopropylar te renol  was repor ted  to s t imula te  the produc-  
tion of a non-Na ~ short  circuit  current ,  p re sumab ly  of CI-. The conflict results,  per- 
haps from n~t using radioisotopic  C1 in the  inves t iga t ion  and therefore missing 
correspondence between Na } and C1 outflux, and  between N a ,  influx and sh,~rt 
circuit  current .  

INTRO1)UCTION 

I t  is of cont inuing in teres t  to ex tend  our knowledge of tile effect of a lpha and 
be ta  adrenergic  site s t imula t ing  catecholamines  on different tissues. Since isolated 
frog skin is a c~mvenient tissue for the  s tudy  of Na -~ t r anspor t  it is impor t an t  to deter-  
mine if these ea techolamines  modify  Na  4 t r anspor t  in this  tissue. The effect of epine- 
phrine has been descr ibed as s t i inula t ing  C1 outf lux (CI o ) from the inside of the  skin 
~mtward to the pond side of the  skin1. I t  has also been repor ted  tha t  the  be ta  adrenergic  
site s t inmla t ing  ea techolamine i sopropylar te rennl  s t i inula tes  C10 ra the r  than  Na ~ 
influx ( N a i )  in isolated frog skin 2. In the  s t u d y  with i sopropylar terenol ,  Nai-  and 
Na ~ outflux (Na0 ~) were measured  using radioisotopes  of N a : .  I t  was found tha t  
i sopropylar te renol  increased both these fluxes. The isolated frog skin short  circuit  
current  (/so) was also increased.  Al though both  Ise and Nai + increased near ly  equally,  
the  increased ].~e was not  a t t r i lm ted  to the  increase in N a t  because of a concomi tan t  
increase in Na0~. According to the  net  flux equat ion of UssIN(; AND Z E R A H N  a, 

Ise = Nai ' Na0 +. Thus the  short  circuit  cur rent  is t i le a lgebraic  sum of the ion 
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fluxes. Since both Nai + and Na0 + increased abou t  equal ly  in the i sopropyla r te renol  
exper iments ,  i t  was though t  t ha t  the  increased Ise observed was not  the resul t  of 
Nai  + bu t  of s t imula t ion  of the  flux of some other  ion, p r o b a b l y  C10 as prev ious ly  
found for epinephrine.  The increased Nai + and Na0 * was bel ieved to be the resul t  
of an increased pe rmeab i l i t y  of the  skin to passive diffusion of these ions. C1- out-  
fluxes were not  measured  in these exper iments ,  however.  We disagree with these 
conclusions and have repea ted  the  i sopropyla r te renol  exper iments  using radio-  
isotopes of C1 as well as of N a  + in order  to de te rmine  if C1 o is responsible for the  
s t imula ted  increase in short  circuit  current .  Other  be ta  adrenergic  site s t inmla t ing  
ca techolamines  were also inves t iga ted  to de te rmine  if the  effect we found, s t imula t ion  
of Ise and Nai ~ with an independen t ly  el ici ted s t imula t ion  of mucus conta ining Na ~ 
and CI-, was the character is t ic  act ion of these ca techolamines  on frog skin. 

MATERIALS AND METHODS 

Ra~a pipie~zs from a nor thern  suppl ier  were s tored in stainless steel pans with 
a slow tr ickle  of deionized wate r  for 2 3 weeks. Af te r  sacrifice the abdomina l  skin of 
each frog was d iv ided  into a r ight  and  left half and  placed as a membrane  separa t ing  
two conical  lucite chambers  in an a p p a r a t u s  s imilar  to t ha t  descr ibed by  USSING AND 
ZI~RAH.N a. Ringer ' s  solut ion (25 ml) ba th ing  both sides of the skin was circulated and 
ae ra ted  bv an air  lift pump.  Each  1 of Ringer ' s  solut ion used in these exper iments  
conta ined  NaC1, lO9. 4 mM; NaHCO~, 2.8 raM; KC1, 1.88 mM; CaCh,, I.OS mM and 
MgC12-6 H20, o.5 raM. In some exper iments  deionized water  (from a Cont inenta l  
W a t e r  Service Deionizer yie lding a value of less than  o.I ppm as NaCI by  Ba rns t ead  
Pu r i t y  Meter  de terminat ions)  was used to fill the  chamber  ba th ing  the outside of the  
frog skin. 

A shor t  c ircui t ing device s imilar  to t ha t  descr ibed b y  UsslNC, AND ZERAHN a 
was used in these exper iments .  A Kei th lev  d.c. \ :TVM model  2ooB (Kei th ley  Ins t ru-  
ments ,  Cleveland, Ohio) was used to read  the poten t ia l  difference across the  frog skin, 
and the skins were cont inuous ly  short  circui ted except  when potent ia l  difference 
measurements  were being taken or when deionized wate r  was used. The measured  
short  c i rcui ted current  was corrected for the  effect of the  resistance of the  ba th ing  
medium in the  following manner :  (I) Tota l  resis tance = measured  po ten t ia l  differ~ 
ence /measured  Ise. (2) Skin resistance to ta l  resis tance - solution resis tance be~ 
tween poten t ia l  difference electrodes.  (3) Corrected Ise ~ measured  po ten t ia l  differ- 
ence/skin resistance.  

The shor t  circuit  is then ad jus ted  to the corrected Ise and left on this se t t ing 
unt i l  the  next  reading is taken.  

Vary ing  concent ra t ions  of catechotainines were used in order  to ob ta in  the  
effect desired. I sopropy la r te reno l  (City Chemical Corporat ion)  was used at  IO and 
o . I /~M to demons t r a t e  the  effect of concent ra t ion .  Cayt ine  (Lakeside Labora tor ies ) ,  
e thylnorepinet)hr ine  (Breon Labora tor ies ,  Bronkephr ine .  HC1), and  epinephr ine  
(Parke Davis  and  Co., adrenal inchlor ide)  were used at  o.I  ,uM. The drug was added  
to the  solut ion ba th ing  the inside of the  frog skin. 

Mucous was collected by  immobi l iz ing the frogs on a dissect ion board.  Fol low- 
ing a per iod of accommodat ion ,  epinephr ine  or e thy lnorep inephr ine  was in jec ted  
under  the skin at  a concent ra t ion  of o.5 mg in o.5 ml o.8 °o NaC1 solution. Mucous 
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was removed  from the abdomina l  skin with a spatula .  Samples  were taken  every  
3o rain. Analvsis  of N a -  and CI- from mucous  secretion from live frogs was done using 
a Coleman flame pho tomete r  and a Buchler  Cotlove chlor idometer .  

""Na = (Abbot t  Laborator ies)  and  a~c1- (Nuclear Research Chemicals, Inc.) 
were used in exper iments  because of their  advan tageous  long half-lives, in  some 
exper iments  influx measurements  were made  with both isotopes s imul taneous ly  on 
one-half  of the abdomina l  skin and s imul taneous  outflux measurements  were made  
on the other  half skin. The isotope t racer  procedures  are s imilar  to those descr ibed 
bv others  ".a,'z". Ioo / ,1  of a6C1 with to ta l  act ivi ty '  of 2.5/,(7 or 5oo/zl  of 22Na+ with 
to ta l  ac t iv i ty  of IO I,C were added  to the  ba th ing  medium except  in the exper iments  
with deionized wa te r  outside,  when I/IO of these doses were used. 5o0 ¢,1 were removed  
at  3o-min intervals .  The a6('l samples  were added  to 15 ml of scint i l la t ion (2,5-bis- 
2-(5-tert . -butylbenzoxazolyl) thiophene) solut ion and counted  and r e c . r d e d  with a 
Packard  In s t rumen t  Co. au tomat i c  scint i l la t ion detector .  The ""Na sarnples were 
coun ted  and recorded with a Tracer lab  gamma spec t rometer  and au tomat i c  well 
sample  changer.  The counts  con t r ibu ted  by  each isotope were separa ted  by counting 
both toge ther  in the scintiUation de tec to r  and  then in the g a m m a  spec t rometer  
which counted  only the 2aNa:. C1 and Na~ fluxes were conver ted  into # A / c m  2 
(factor:  I #equiv  26.8/~A) for comparison with the 1.~c data .  

The frog skins were allowed to s tabi l ize for 2 h before isotope was added  and 
3o add i t iona l  minutes  were allowed before tak ing  the first sample.  Three isotope flux 
values were taken  before adding  the ca techolamine to the inside ba th ing  medium.  
Ise was cont inuous ly  moni to red  so tha t  a drif t  in potent ia l  difference over  2 mV did 
not  occur. Two samples  of radioisotope ba th ing  medium were taken  at  each period 
to indicate  the  degree of precision involved in these exper iments .  

Tables  I and  II  were cons t ruc ted  from measurements  taken  from exper iments  
s imilar  to those shown graphica l ly  in the figures. The values entered in the tables  
were those observed immedia teh-  before adding  catecholamines  and those taken  
3o rain later .  As is ev ident  from the graphs,  such values are fair representa t ions  of 
the events  being observed.  

RESULTS 

Mucous was collected from frogs i l l  af ter  e thy lnorep inephr ine  was injected 
subdermal ly .  I t  was found tha t  the frogs secreted a mucous which conta ined  both  
Na~ and C1 in app rox ima te ly  equal  concent ra t ions :  In five exper iments ,  NaJ = 
3 0 ~ 4 S.D. mequiv/1, ('1 - -  33 4- 8 S.D. mequiv/1. "fhese results  show tha t  there  
is an outflow iJz vk,o of Na ~ and CI- due to e thy lnorep inephr ine  s t imulat ion.  Some 
frogs were in jec ted  with adrenal in  for comparison.  These frogs showed an ini t ial  
3o-min secretion of nmcus which conta ined  greater  concent ra t ion  of C1 than  Na*, 
as follows: In eleven exper iments ,  Na+ :: 19 ~- 4 S.D. mequiv/1, C1- -= 52 ± ~7 
S.D. mequiv/1. In  live addi t iona l  i -h  exper iments  with epinephrine,  the rat io  had  
changed:  Na ~' = 69 ~ 25 S.D. mequiv/1, C1 = 38 ~ 14 S.D. mequiv/1. These 
hour ly  findings with epinephr ine  confirm recent ly  repor ted  studies on frog skin 
secret ions ~, as well as those or iginal ly  repor ted  by  KOEFE1)-JOHNSEN el al. 1. 

Figs. I and  2 show the effect of be ta  adrenergic  site s t imula t ion  (Caytine) ou 
the  Ise and Na  ~ and CI- fluxes of isolated frog skin measured radioisotopical ly .  
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Fig. I. Na  + ou t f lux  and Ise f rom one sk in-ha l f  and  Na + inf lux and  lse from the  o ther  sk in-ha l f  of 
a s ingle frog. Skins  b a t h e d  in  R inger ' s  med ium.  Cav t ine  added  a t  arroxx. 

Fig.  2. C1 out f lux  and  .rse f rom one sk in-ha l f  and  C1- inf lux and  ]se f rom the  o ther  sk in-ha l f  froul 
a s ingle frog. Skin ba thed  in R inger ' s  med ium.  Cay t ine  added  a t  arrow. 

T A B L E  I 

B E T A  A D R E N E R G I C  S I T E  S T I M U L A T I N G  C A T E C H O L A M I N E  S T I M U L A T I O N  O F  ] s e  A N D  22*~N~a + A N D  

a 6 C 1 -  F L U X E S  I N  I S O L A T E D  F R O G  S K I N  S T I M U L A T E D  W I T H  I O  FM t S O P R O P Y L A R T E R E N O L  

Values in l ,A/cm -~ ± S.D. pr ior  to t r e a t m e n t  (Pre Rx) and  the  change  observed  3 ° rain l a t e r  (J) .  
E i g h t  exper iments .  

Skin-halves Value measured 3Ieans in I ,A/cm 2 

Pre R x  ± S.D.  A ± S.D.  

16 sk in-ha lves  Ise* 22.3 ~ 5.5 13"8 ± 5"4 
8 left  22Nai~ 25. 9 ~_ 5.1 13.6 ± 5.0 
8 r igh t  22Na0+ 1. 7 -- 1.2 12.8 ± 2.1 
8 left  a6Cli 32.0 4 11. 4 1.3 ~_ 9.3 
8 r igh t  a~Cl0 23 .I !- 8.7 13"° -~ 5"4 

* The lse is the  n lean of 16 skins  (8 pa i red  skin-halves) .  8 left  sk in -ha lves  were used for the  
s imu l t aneous  22Nat+ and a~Cli- e x p e r i m e n t s  and  8 r i gh t  sk in -ha lves  for the  s imu l t aneous  22Na0+ 
and  161"10 exper iments .  

Iden t i ca l  resul ts  are ob ta ined  with i sopropylar te renol  as smnmar ized  in Table  1. 
Using io  /~M isopropylar te renol ,  the  correspondence between Ise and Nai ~ is easily 
seen both  before and af ter  t r ea tmen t .  The increase in Na0+ and C10 + are seen to be 
essent ia l ly  ident ica l  following t r ea tmen t .  Cli + remains  unchanged.  Table  I I  shows 
t h a t  when o.I  #M i sopropyla r te reno l  is used to s t imula te  i sola ted  frog skin the  Ise 
increases in all of the  half skins to the ex ten t  to which we have  come to expect  from 
this drug  (viz., Table  I). The Nai + ini t ia l  value and its increase paral lels  the  ini t ia l  
value and t i le  increase of t i le  Ise for the  same skin-half• The o ther  entr ies in this  tab le  
show t h a t  ne i ther  Na0+ or C10 + is s t imu la t ed  b y  o.I  #M isopropylar te renol .  

In  order  to de te rmine  if Na  + and  CI- outf lux would cont inue to be s t imu la t ed  
b y  i sopropy la r t e reno l  in the  absence of Nai + and Ise we ba thed  the outs ide  of the  
skin in deionized water .  Un te r  these condi t ions no shor t  circuit  current  or Nal + 
could  t ake  place. Fig. 3 and Table  I I I  i l lus t ra te  t h a t  Na  + and C1 cont inue to be 
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T A B L E  II 

S T I M U L A T I O N  OF /se A N D  a a i  i Bv o.r ,it3[ ISOPROP'r 'LARTI '21{ENOL IN T I I E  ABSENC1  z. OF AN 

E F F E C T  ON ~ ' a "  A N D  C l ~  O U T F L U X  

Ise, 22Nai% 22Na 0- and a6Cl 0 values in /iA/cm'-' prior to t r e a tmen t  (Pre Rx) with o.: HM iso- 
propylar terenol  amt the  change observed 3 ° nlin later (1). 2 skin-halves fromn each frog (t and 2). 
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I-YSb2D AS THE~ O U T S I D E  B A T H I N G  MI'2DIUM IN" B O ' r H  S K I N - H A L V E S  

'-'2Na 0 and a~Clo prior to t r e a t m e n t  wi th  isopropvlar terenol  (Pre l(x) and the change (~J) 3 ° rain 
later. Values in HA/cm ~. 

l 'Lvpt.  * S k i ~ > k a l j  z S k i n - h a l f  -" 
22 \ :  ao  ! 36C10 

1"re R.r  J Pro  R.r  l 
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• , ~ l e a s l l r e n l e l l t s  \ v e i ' e  n l a d e  i l l  e a c h  e x t ) e r i n l e l l t  oi1 2 separate s k i l l - h a l v e s  frOl3l 1 t r o g .  

s e c r e t e d  in a p p r o x i m a t e l y  t h e  s a m e  q u a n t i t y  i n t o  t h e  d e i o n i z e d  w a t e r  b a t h i n g  t h e  

o u t s i d e  of  t h e  s k i n  a s  t h e y  a r e  in e x p e r i m e n t s  w i t h  R i n g e r ' s  m e d i u m  b a t h i n g  b o t h  

s i d e s  of  t h e  sk in .  D a t a  f r o m  Fig .  3 is n o t  i n c l u d e d  in  T a b l e  I I1. 

DISCUSSION 

W e  h a v e  o b s e r v e d  t h a t  a n  i n j e c t i o n  i n t o  l i v i n g  f r o g s  of  t h e  b e t a  a d r e n e r g i c  s i t e  

s t i m u l a t i n g  c a t e e h o l a m i n e  e t h y l n o r e p i n e p h r i n e  s t i m u l a t e s  t h e  f low of  n m c o u s  w h i c h  

c o n t a i n s  e q u a l  a m o u n t s  of  N a  a n d  CI- .  S i m i l a r l y ,  in i s o l a t e d  f r o g  sk i n s ,  e t h y l -  

n o r e p i n e p h r i n e ,  i s o p r o p y l a r t e r e n o l  a n d  C a y t i n e  a t  Io  ,uM c o n c e n t r a t i o n  s t i m u l a t e  

t~ t ( )chim,  l l i o p k y x . . 4 e t a ,  2o 3 (I97 o) To 4 i zo 
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Na + and C1 outflux equally.  In  addi t ion,  these subs tances  s t imula te  Nai ~ to an ex ten t  
equal  to the  s t imula ted  increase in Ise. In  o ther  exper iments  we no ted  t ha t  t i le dose 
of i sopropyla r te renol  could be ad jus ted  to o . I /~M concent ra t ion  so t ha t  Nai + a n d / s e  
were again s t imula ted  equal ly  bu t  there  was no signif icantly increased outf lux of 
Na ~ and C1 . These exper iments  suggest  t ha t  Na ~ and C1- outf lux is s t imu la t ed  in- 
dependen t ly  of the  s t imula ted  increase in Nai + and Ise. Exper imen t s  wi th  deionized 
water  ba th ing  the outs ide of isola ted frog skin and Ringer ' s  med ium ba th ing  the in- 
side show tha t  i sopropy la r t e reno l - s t imula ted  increase in Na ~ outf lux is independent  
of N a c  since Na,  outf lux (and C1 outflux) was unaffected by  deionized water  ba th -  
ing the  outs ide of the  isolated frog skin. This is fur ther  evidence t ha t  the  s t imula ted  
increase in N a -  outf lux is the  resul t  of a secret ion of Na  + and C1- from frog mucous  
gland.  These exper iments  are in agreement  with the  results  ob ta ined  by  others  with 
norepinephr ine  '5. These authors  have repor ted  t ha t  there  is also a dose effect with 
this  substance,  the  higher dose s t imula t ing  frog skin g land secretion. 

I t  is of course possible to in te rpre t  our results  on the  basis of a more general ized 
flux equat ion,  i :or  example ,  one might  wish to wri te  the  following expression to t ake  
into account  the  CI flux: Ise = N a i  - Na0+ + C10- - Cli . We  do not  favor  this  
in te rpre ta t ion ,  however.  I t  is only  necessary to realize tha t  Na~ and C1- outflux, if 
t hey  are equal,  do not  con t r ibu te  to the Ise. I~urthermore, this  equat ion  as well as the  
net  flux equat ion of Uss lx( ;  AXD ZERAHN a requires t ha t  the radioisotopes  used in the 
exper iment  to de te rmine  the values of Nai  +, Na0+ , e l i -  and C10 ac tua l ly  " t r a c e "  
these ions. If some amoun t  of the  " t r a c e r "  t races  a secret ion of Na+ and C1 -, perhaps  
as an unionized or pa r t i a l ly  ionized component  of frog skin nmcous,  the  da t a  so 
ob ta ined  should not  be entered in the  net  flux equat ion.  The quest ion m a y  also be 
raised whether  as a resul t  of capture ,  decap i t a t ion  and p i th ing  the frog, mucous  
secret ion m a y  be produced  which cont inues for a per iod of t ime from the isolated 
frog skin. Radio i so top ica l ly  de te rmined  Nav outf lux values,  for subs t i tu t ion  in the 
net  flux equat ion,  m a v  be inf lated by  the Na~ secreted in rids manner .  

I t  is seen t ha t  Na  + influx and Ise can be s t imu la t ed  independen t ly  of Na  - 
and  C1- outf lux;  also, Na ~ and C1- outf lux can be produced  independen t ly  of Na + 
influx and Ise. These observat ions  suppor t  the  view tha t  two separa te  and indepen-  
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lqg.  3. Na+ ou t f lux  and  Ise f rom one sk in-ha l f  b a t h e d  wi th  R inge r ' s  n l ed ium on bo th  sides, and  
N a -  ou t f lux  from the  o the r  sk in-ha l f  b a t h e d  in R inge r ' s  m e d i u m  on the  ins ide  and  deionized wa te r  
on the  outs ide .  I sop ropy la r t e r eno l  added  a t  ar row.  

Biochim. Biophys. Acta, 203 (197 o) l O 4 - t l o  
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d e n t  l n e c h a n i s m s  a r e  s t i m u l a t e d  b y  t h e  a c t i o n  o f  b e t a  a d r e n e r g i c  s i t e  s t i n m l a t i n g  

c a t e c h o l a m i n e s  o n  i s o l a t e d  f r o g  s k i n .  
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