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A b s t r a c t

STUDIES ON THE MEDIATION AND MODULATION OF THE 
HYDRCOGMOTIC ACTION OF ANTIDIURETIC HORMONE IN 
THE TOAD BLADDER AND MEDIATION OF CATECHOLAMINE 
ACTION IN THE TURTLE BLADDER

by

Niza Leichtman-Davidson

Advisor :  Professor  I r v i n g  L. Schwartz

The r o l e  of  adeny la te  c y c l a s e ,  and the poss ib le  

r o l e  of p r o t e i n  k inase/phosphatase systems in the  

mediat ion and modulat ion o f  hormone ac t i o n  on t r a n s -  

e p i t h e l i a l  t r a n s p o r t  processes,  were i n v e s t i g a t e d  in 

two model e p i t h e l i a l  t i s s u e s ,  the u r i n a r y  b ladder  of  

the toad (Bufo mar inus)  and the u r i n a r y  b ladder  of  

the t u r t l e  (Pseudemys s c r i p t a ) .

Toad bladders e x h i b i t i n g  a d imin ished hydroosmotic  

response to  the second of  two "maximal" ch a l l enges  wi th  

a r g in in e  vasopress in  ( “ i n t r i n s i c  i n h i b i t i o n " ) ,  proved 

to have a susta ined l ev e l  o f  adeny la te  cyclase a c t i v i t y .  

Thus the ad eny la te  cyclase  step in neurohypophyseal  

hormone a c t i o n  does not appear to be the locus a t  which 

the phenomenon of  " i n t r i n s i c  i n h i b i t i o n "  occurs.  In 

c o n t r a s t ,  toad bladders e x h i b i t i n g  a diminished hydro-  

osmotic response to a r g i n i n e  vasopressin in the p r e ­

sence of a na tu ra l  i n h i b i t o r y  agent  e x t r a c t e d  from the



b ladder  t i s s u e  ( " e x t r i n s i c  i n h i b i t i o n " ) ,  proved to  

have a decreased l e v e l  o f  adeny la te  cyclase  a c t i v i t y ,  

suggest ing t h a t  the ad eny la te  cyclase  step in  hormone 

a c t i o n  is  the locus a t  which the phenomenon o f  "ex­

t r i n s i c  i n h i b i t i o n "  occurs.

Toad bladders e x h i b i t i n g  an increased hydroosmotic  

response to the second of  two "submaximal" chal lenges  

wi th  a r g i n i n e  vasopressin ( " f a c i l i t a t i o n " ) ,  proved to 

have an increased le v e l  o f  ad eny la t e  cyclase  a c t i v i t y .  

Thus the ad eny la te  cyc lase  step in hormone ac t i o n  ap­

pears to be the locus a t  which the phenomenon o f  

" f a c i l i t a t i o n "  occurs.

The opt imal  cAMP co nc e nt ra t i on  f o r  s t i m u l a t i o n  

of  p r o t e i n  kinase was found to be 5 x 10“8M cAMP.

The superna tan t  f l u i d s o f  m i t o c h o n d r i a - r i c h  c e l l  

homogenates and g r a n u la r  c e l l  homogenates der ived  

from toad b ladder  e p i t h e l i u i t  were both found to con­

t a i n  cAMP-dependent p r o t e i n  kinase a c t i v i t y  using  

e i t h e r  h is tone  or p r o t e i n  as phosphate ac cep tor .

When the p e l l e t  and supernate are  incubated to ge t her  

th e r e  i s  less s e l f - p h o s p h o r y l a t i o n  than on incuba t ion  

of  the supernate a lone .  Basal and c y c l i c  AMP-depend­

ent  p r o t e i n  kinase a c t i v i t i e s  were a lso found to be 

ass oc ia ted  w i th  p e l l e t s  sedimented from m i to c ho nd r i a -  

r i c h  and g r a n u la r  c e l l  homogenates. C yc l i c  AMP-de-  

pendent s e l f - p h o s p h o r y l a t i o n  was apparent  when the



p e l l e t s  were incubated f o r  per iods ranging from 1 to 

1 0 - 2 0  minutes;  w i th  longer  per iods of  i n c u b a t i o n ,  

dephosphory la t ion  appeared to be more markedly  

s t im u la t e d  than ph os pho ry la t io n .  ZnCl2 » 2 .5  mM, 

induced a p a r a l l e l  inc rease  in the s e l f - p h o s p h o r y l a t i o n  

of  m i t o c h o n d r i a - r i c h  and g r an u l a r  c e l l  p e l l e t s  in  the  

absence and presence o f  cAMP. These f in d in g s  are  

c o n s i s t e n t  w i th  a model f o r  the media t ion of  the hydro-  

osmotic a c t i o n  o f  neurohypophyseal  hormones in the  

toad b ladder  which involves  membrane phosphory la t ion  

as the c y c l i c  AMP-mediated s tep .

Plasma membranes and microsomes der ived  from 

t u r t l e  b ladder  e p i t h e l i a l  c e l l s  were found to con­

t a i n  n o r e p i n e p h r i n e - s t i m u l a t e d  adeny la te  c y c la s e ,  

cAMP-dependent p r o t e i n  kinase and cGMP-dependent p ro ­

t e i n  k inas e .  Luminal plasma membrane f ragments ,  i s o ­

l a t e d  by p r e p a r a t i v e  f r e e  f low e l e c t r o p h o r e s i s ,  were 

i d e n t i f i e d  by the presence of  marker enzymes, a l k a l i n e  

phosphatase and b i c a r b o n a t e - s t i m u l a t e d  ATPase; a d e n y l ­

a t e  cyc lase  a c t i v i t y ,  cAMP-dependent p r o t e i n  kinase  

a c t i v i t y  and cGMP-dependent p r o t e i n  kinase a c t i v i t y  

were a l l  found to be assoc ia ted  w i th  t h i s  luminal  

membrane f r a c t i o n .  Plasma membranes, prepared from 

t u r t l e  b ladders exposed to d i i s o t h io c y a n o  d i s u l f o n i c  

s t i 1 bene' (DIDS) or to 4 - ace tam 1d o- 41- i s o t h i o c y a n a t o  

s t i 1b e n e - 2 ,2 1- d i s u l f o n i c  ac id (S ITS)  on the mucosal

v



s u r f a c e ,  were found to be devoid of  cAMP-dependent  

p r o t e i n  kinase a c t i v i t y .  The d i s u l f o n i c  s t i l b e n e  com­

pounds, when placed in the serosal  bathing f l u i d ,  are  

known to block the t r a n s e p i t h e l i a l  r e a b s o r p t iv e  f low  

of  Cl" and HCO3 ions in the t u r t l e  b ladder .

The f i n d i n g  of  n o r e p i n e p h r i n e - s e n s i t i v e  ad en y l ­

a te  cyclase and c y c l i c  nuc le o t ide -dep en de nt  p r o t e in  

kinase in t u r t l e  b ladder  plasma membranes ra is e s  the  

p o s s i b i l i t y  t h a t  these c y c la s e - k in a s e  systems are i n ­

volved in the ca te c h o l a m in e - re g u l a te d  anion t r a n s p o r t  

fu n c t i o n  of  the b ladder  e p i t h e l i u m .
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GENERAL INTRODUCTION

In the most general  sense the s tud ies  to be 

descr ibed below are concerned wi th the media t ion of  

hormone ac t i o n  by the c y c l i c  n u c l e o t i d e - p r o t e i n  

k inase/phosphatase system. These s tud ies  have been 

d iv id ed  i n t o  th re e  s e c t i o n s .  The f i r s t  sec t ion  is  

concerned wi th the r o l e  o f  ad eny la t e  cyc lase  in 

th re e  types of  modulat ion o f  the r e a c t i v i t y  to the  

hydroosmotic ac t i o n  of  neurohypophyseal  hormones of  

a model t a r g e t  organ,  the toad b l ad d er .  The second 

sec t ion  is  concerned w i th  the r o l e  o f  c y c l i c  AMP- 

dependent phosphory la t ion  and/o r  dephosphory la t ion  

in the hydroosmotic response to neurohypophyseal  

hormones o f  the two major  c e l l  types of  the  toad 

bladder  e p i t h e l i u m .  The t h i r d  se c t i o n  i s  concerned  

with  the r o l e  o f  ade ny la t e  cyclase  and c y c l i c  

nuc le o t i de -d epe nd ent  p r o t e i n  kinase in an organ,  the  

t u r t l e  b l ad d er ,  which does not respond to a n t i d i u r e t i c  

hormone.
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SECTION Is STUDIES OF FACTORS MODULATING THE 

HYDROOSMOTIC RESPONSE OF THE TOAD 

BLADDER TO NEUROHYPOPHYSEAL HORMONES.
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INTRODUCTION

The s tud ies  presented here were designed to 

develop f u r t h e r  knowledge of  the sequence of  events  

in hormone ac t i o n  and o f  the in f lu e nc e s  t h a t  modulate  

or te rm in a te  the response of  a p r o t o t y p i c  t a r g e t  

t i s s u e ,  the toad b la d d er ,  to a c lass o f  f a S t - a c t i n g  

pe pt ide  hormones, namely the neurohypophyseal  hor ­

mones .

In the p r i m ord ia l  sea organisms exchanged n u t r i ­

ents and wastes f r e e l y  ( p a s s i v e l y )  w i th  t h e i r  e n v i r o n ­

ment.  With in c r e as in g  s a l i n i t y  o f  the ocean,  organisms 

faced a more complex osmotic problem in the r e g u l a t i o n  

of  the hydra t ion  and e l e c t r o l y t e  composi t ion of  t h e i r  

body f l u i d s .  L i kew is e ,  in f res h  w a t e r ,  organisms 

re qu i re d  a more e la b o r a t e  mechanism f o r  r e g u l a t i n g  

and m a i n t a i n in g  body f l u i d  and e l e c t r o l y t e  ba lance.

Marine t e l e o s t s ,  l ac k i n g  g l o m e r u l i ,  are presumed 

to form ur in e  e n t i r e l y  as a r e s u l t  o f  s e c r e t i o n .  The 

kidney of  these aglomerular t e l e o s t s  is  mesonephric 

in t ype ,  w i th  tubules c o n s i s t i n g  of  a brush border  

segment and c o l l e c t i n g  duc ts .  The s e cr e t o ry  fu n c t io n  

of  these rena l  tubules  i s  performed by e p i t h e l i a l  c e l l s  

which have an e l a b o r a t e  s t r u c t u r e  in t h e i r  basal  cy­

toplasm,  w i th  mi tochondr ia  arranged in i n t e r d i g i t a t i n g  

compartments and loca ted  c lose to the plasma mem­
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brane.  The arrangement  is s i m i l a r  to t h a t  found in 

ot her  c e l l s  involved  in the a c t i v e  t r a n s p o r t  o f  s a l t s  

and o t h er  s o l u t e s .  This a r c h i t e c t u r e  may serve to 

f a c i l i t a t e  s e c r e t i o n ,  known to occur w i th  a h igh’ p r e s ­

s ur e ,  and to r e q u i r e  r e l a t i v e l y  high energy p r od uc t io n .  

On the o ther  hand, the e l a b o r a t e  s t r u c t u r e  o f  the c e l l  

may be more p a r t i c u l a r l y  r e l a t e d  to product ion of  

hypotonic  u r i n e .

The rena l  tubules  of  g l omeru la r  t e l e o s t s  probably  

f u n c t i o n  as both r e s o r p t i v e  and se c r e to ry  c e l l s .  In 

marine t e l e o s t s ,  which have low g lomeru la r  f i l t r a t i o n  

r a t e s ,  the most important  fu n c t i o n  o f  the tubules  is  

probably  s e c r e t i o n  o f  d i v a l e n t  c a t i o n s ,  most no tab ly  

Ca++ and Mij+ + . Freshwater  f i s h ,  l i k e  amphibians are  

to some degree permeable to water  and s o l u t e s .  Osmotic 

r e g u l a t i o n  is  achieved by e l i m i n a t i o n  of  a hypotonic  

ur in e  combined wi th  a c t i v e  absorp t ion  of  s a l t s  by the  

g i l l s .  The k id ney 's  s p e c i f i c  fu n c t io n  is to balance  

water  e n t r y  w i th  an e q u i v a l e n t  volume of  u r in e  produced 

by an e f f i c i e n t  f i l t r a t i o n  -  r ea bs or p t ion  mechanism.  

Marine f i s h  d r in k  sea -wate r  to r ep la ce  water  l o s t  

o s m o t i c a l l y  across the body su r f a c e .  Most o f  the  

Na+ , C l " ,  and K+ swal lowed w i th  sea water  and ab­

sorbed from the gut appears to be excreted by an 

e x t r a - r e n a l  r o u t e ,  v ia  the g i l l s .
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The s i t e  o f  a c t i v e  r e ab so r p t io n  o f  e l e c t r o l y t e s  

in the f i s h  nephron is  not known. In mammals and 

amphibians,  the major  s i t e  o f  e l e c t r o l y t e  reab sorp ­

t io n  is  the proximal  t u b u l e .  So lu te  absorp t ion is  

accompanied by an o s m o t ic a l l y  e q u i v a l e n t  amount of  

wa t e r ,  so t h a t  no s i g n i f i c a n t  change in osmotic  

pressure occurs.  In the d i s t a l  t u b u l e ,  Na+ and 

ot her  "osmoTytes" are reabsorbed a g a in s t  an osmotic  

g r a d i e n t .  This type of  re ab so rp t i on  i s  po s tu la te d  

to occur in f res h  water  f i s h ;  However,  i t  i s  not  

known e x a c t l y  where d i l u t i o n  of  u r in e  takes place  

in these an ima ls .

The pr imary r o l e  o f  the mammalian u r i n a r y  

b ladder  i s  to fu n c t i o n  as a s torage  u n i t .  I t  is  

the kidney of  mammals t h a t  m a in ta ins  the o rgan is ing  

water  balance - -  and,  indeed,  i t  i s  the "reconcen-  

t r a t i n g "  system of  the k idney ,  f u n c t i o n i n g  as a 

r e s u l t  of  the r e le a s e  o f  a n t i d i u r e t i c  hormone,  

t h a t  has made poss ib le  the ex is te n c e  o f  h igher  

organism (metozoa) on l an d .  For t h i s  reason  

alone i t  is  not s u r p r i s i n g  t h a t  much i n t e r e s t  has 

developed in the study of  ac t i o n  o f  the a n t i d i u r e t i c  

hormones.
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P h y l o g e n e t i c a l l y ,  amphibians r epr es ent  the f i r s t  

v e r t e b r a t e s  t h a t  can e x i s t  f o r  any prolonged t ime  

away from wa te r .  Amphibian adapt a t ion s  to conserve  

body water  in c l ud e :

(ft) A b i l i t y  to r e s t r i c t  water  loss from k idney ,

( 2 ) to inc rease  water  and sodium uptake through  

s k i n ,  and

( 3 )  to s to r e  and reabsorb water  and sodium from 

the u r i n a r y  b l adder .

A l l  o f  these e f f e c t s  are hormonal ly  c o n t r o l l e d .

Brunn (1921)  was the f i r s t  to note t h a t ,  un­

l i k e  f i s h ,  toads and f r o g s ,  when placed in wa t e r ,  

showed an inc rease  in weight  when i n j e c t e d  wi th  

neurohypophyseal  hormones. This e f f e c t ,  o f t en  r e ­

f e r r e d  to as the "Brunn" or "water"  balance e f f e c t  is  

caused by r e t e n t i o n  of  water  r e s u l t i n g  from the ac t ion  

of  neurohypophyseal  hormones on amphibian s k i n ,  kidney  

and b l add er .  Indeed,  as e a r l y  as 1799,  i t  had been 

descr ibed t h a t  toads had the power to absorb f l u i d s  

through skin and a l a r g e  p a r t  o f  t h i s  water  was 

thought to be r e t a i n e d  in the u r i n a r y  b l ad d er .  How­

ever  i t  was not u n t i l  1930,  when Steen undertook an 

exper imenta l  1 study o f  the fu n c t io n  of  the amphibian  

u r i n a r y  b l ad d er ,  t h a t  i t  was shown t h a t  reab sor p t ion  

of  water  from bladders of  I n t a c t  f rogs took place  

when these f rogs were dehydrated .  In 1952,  Ewer 

demonstrated the same e f f e c t  in toads (Bufo r e g u l a r i s )  

and found t h a t  the i n j e c t i o n  o f  e x t r a c t s  o f  mammalian
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neurohypophysies in t o  these animals led to increased  

water  r e ab so r p t io n  from t h e i r  u r i n a r y  b ladders .

In 1956,  Sawyer and S h is g a l l  showed t h a t  water  

t r a n s f e r  in b u l l f r o g  took place d i r e c t l y  across the  

bladder  wal l  and a lso found t h a t  e x t r a c t s  o f  b u l l f r o g  

neurohypophysis were e f f e c t i v e  in s t i m u l a t i n g  th is  

t r a n s f e r .

The amphibian b ladder  is  very d i s t e n s i b l e .  The 

mucosal s ide is l i n e d  w i th  e p i t h e l i a l  c e l l s  which form 

a s in g le  l a y e r  when the b ladder  i s  f u l l y  d is tended .

Toad b ladder  e p i t h e l i a l  c e l l s  are t y p i c a l  o f  e p i t h e l i a l  

c e l l s  in o t her  t i s su e s  and the only  p r e s e n t ly  r e ­

cognized d i s t i n g u i s h i n g  s p e c i a l i z a t i o n  assoc ia ted w i th  

the a b i l i t y  to  respond to neurohypophyseal  hormones 

wi th  a change in p e r m e a b i l i t y  to water  i s  the  

aggrega t ion phenomenon repo r ted  by Kachedorian  

et al (see be low) .  The mucosal face  of  the e p i t h e l i a l  

c e l l  i s  m i c r o v i l l u s  in c h a r a c t e r .  The i n d i v i d u a l  c e l l s  

are o therw ise  d i s t i n g u i s h e d  by t h e i r  m i tocho ndr ia l  

content  ( m i t o c h o n d r i a - r i c h  c e l l s ) ,  granules  

( g r a n u l a r  c e l l s )  and v e s i c l e s  (g o b l e t  c e l l s ) .

I t  has been shown t h a t  the sk in o f  amphibians t r a n s ­

f e r s  sodium and water  from e p i t h e l i a l  (mucosal )  to s e ro s ­

al sur face  when neurohypophyseal  hormones are  p r es en t .  

However,  the sk in is a complex s t r u c t u r e  as compared 

wi th  the b l add er .
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I t  was suggested (Sawyer and S h i s g a l l ,  1 9 56 ) ,  

t h a t  thfe increased p e r m e a b i l i t y  o f  f rog b ladder  to 

water  in v ivo in response to neurohypophyseal  hormone 

may be analogous to the a c t i o n  of  a n t i d i u r e t i c  hor ­

mone in mammalian rena l  tu b u l e s .  L a t e r ,  i t  was shown 

by many i n v e s t i g a t o r s  t h a t  in the toad b ladder  as wel l  

a n t i d i u r e t i c  hormone acts to increase water  p e r m e a b i l i t y  

of  c e l l s  (and a lso to inc rease  Na+ t r a n s p o r t )  in a man­

ner  analogous to i t s  ac t i o n  on d i s t a l  po r t io n  of  the  

nephron.  For t h i s  reason,  and because i t  is a s imp ler  

s t r u c t u r e  than amphibian s k i n ,  the i s o l a t e d  amphibian  

bladder  was considered to be an id ea l  p r e p a r a t io n  f o r  

study of  membrane f u n c t i o n  and hormone a c t i o n .

In 1958,  Bent ley  developed a method f o r  s tudying  

the i s o l a t e d  toad b ladder  which g r e a t l y  f a c i l i t a t e d  

the i n v e s t i g a t i o n  of  the e f f e c t  o f  neurohypophyseal  

hormones on t h i s  t i s s u e .  This technique has been 

u t i l i z e d  in the p resent  study and is  descr ibed in d e t a i l  

in the Methods s e c t i o n .  In t h i s  t e chn iqu e ,  one lobe  

of  the toad b ladder  (mucosal s ide fa c in g  inwards)  is  

t i e d  on to a hol low glass rod,  f i l l e d  w i th  d i l u t e d  

R in g er 's  s o l u t i o n  and immersed in a bath co n ta in in g  

f u l l - s t r e n g t h  R in g e r 's  s o l u t i o n .  Water t r a n s f e r  takes  

place  from mucosal to serosal  sur face  and is  measured 

g r a v i m e t r i c a l l y .
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Water t r a n s f e r  across toad b ladder  takes place  

along an osmotic g r a d i e n t .  Wi thout  the presence of  

neurohypophyseal  hormone ( f o r  example,  Vasopressin)  

th e r e  is  l i t t l e  net  water  movement. The r a t e  of  

movement across the  b ladder  wal l  i s  f i v e  t imes g r e a t e r  

than t h a t  which takes place through the anuran skin  

and a lso re q u i r e s  less (about  1% as much) hormone 

to show s t i m u l a t i o n .  The p e r m e a b i l i t y  b a r r i e r  o f  

the b ladder  was shown by va r ious i n v e s t i g a t o r s ( C i v a n  

and F r a z i e r ,  1968;  Handler  e t  al  , 1972;  Dibona,  e t  al  , 

1969) to be in the mucosal c e l l  f a c e .

I t  has been shown by Goldberg,  Schoessler  and 

Schwartz (1963 ) t h a t  f o l l o w i n g  prolonged exposure  

of  the toad b ladder  to a dose of  a r g i n i n e  vasopressin  

( 2 . 5  x 10"8 M, i . e .  a dose which e l i c i t s  a maximal  

hydroosmotic response)  in the se rosa l  f l u i d  con­

t a i n i n g  i s o t o n i c  R in g e r 's  s o l u t i o n ,  the hormone-  

induced inc rease  in  p e r m e a b i l i t y  to water  reaches an 

e a r l y  maximum and then de c l in es  e x p o n e n t i a l l y  wi th  

a h a l f - t i m e  ranging from 100-270 minutes ( F ig u re  1 ) .  

A f t e r  an i n i t i a l  ch a l l en ge  w i th  hormone ( 2 . 5  x 10“8 M),  

bladders were washed in hormone- f ree R in g er 's  s o l u t i o n  

u n t i l  b a se l i n e  low l e v e l  p e r m e a b i l i t y  was rega ined and 

the bladders were recha l l e nge d  w i th  an i d e n t i c a l  dose 

of  hormonej the second response was found to be of  

s i g n i f i c a n t l y  l ess magnitude than the i n i t i a l  response  

( F ig u re  2 ) .  The second response a c t u a l l y  approximated  

the l e v e l  to which the prev ious response had been



F igure  1 Prolonged t ime course o f  the response o f  

the i s o l a t e d  toad bladder  to a r g i n i n e - v a s o -  

press in  (AVP),  2 .5  x 10"8 M.
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Figure 2.  The phenomenon of  " I n t r i n s i c  I n h i b i t i o n " .

Response of  the toad b ladder  to each of  

two cha l lenges w i th  a r g i n i n e - v a s o p r e s s i n ,  

2 .5  x 10“^M. The bladders were washed in  

hormone- f ree R in g e r 's  f l u i d  between c h a l ­

l enges.
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a l lowed to d e c l i n e  be fore  washing the b ladders in 

hormone- f ree R in g er 's  s o l u t i o n .  C l e a r l y ,  the r e a c t i v e  

c a p a c i t y  o f  the b ladder  wa l l  was d imin ished f o l l o w i n g  

each hormonal c h a l l e n g e .  This  phenomenon was r e f e r r e d  

to a s " i n t r i n s i c  i n h i b i t i o n " .

Edelman e t  al  ( 1 9 6 4 ) ,  a f t e r  c o n f i r m in g  these  

r e s u l t s ,  s t a t e d  t h a t  th e r e  is "some element  o f  i r -  

r e v e r s i  bi 1 i t y  in the r e s i s t a n c e  to va so p re ss in " .  They 

a lso found t h a t  th e r e  is a d e c l i n e  in  r e a c t i v i t y  o f  the  

toad b ladder  to cAMP a f t e r  repeated c h a l l e n g e .  Unl i ke  

va sop ress in - induced  r e s i s t a n c e  to va so p re ss in ,  cAMP- 

induced r e s i s t a n c e  to cAMP was comp le te ly  i r r e v e r s i b l e .  

A f t e r  one or more s a t u r a t i n g  doses of  cAMP, bladders  

could s t i l l  respond to vas op re ss in .  A ls o ,  a f t e r  one 

of  more cha l l enges w i th  s a t u r a t i n g  doses o f  va sopress in ,  

the bladders were s t i l l  r espons ive  to  cAMP (F igu re  3 ) .  

The conclusion of  Edelman and coworkers was t h a t  hor ­

mone and n u c l e o t i d e  induced d imin ishdd r e a c t i v i t y  of  

tbfe t a r g e t  t i s s u e  by d i f f e r e n t  mechanisms. In c o n t r a s t ,  

Schwartz and Wa l te r  ( 1 9 6 7 ) ,  foudd t h a t  b ladders wi th  

s e l f - i n d u c e d  r e s i s t a n c e  to va so p re ss in ,  i . e .  b ladders  

e x h i b i t i n g  " i n t r i n s i c  i n h i b i t i o n "  respond submaximal ly  

or not  a t  a l l  to cAMP (F ig u re  4 ) .
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Figure  3.  E f f e c t  o f  vasopress in (Maximal dose) and 

of  cAMP ( 6 . 5  x 10“ 3M) on r a te s  of  osmotic  

f low  a f t e r  w e l l - d e v e l o p e d  r e s i s t a n c e  is 

i n t e r r u p t e d  by washing in hormone- f ree  

media.  Note response to vasopress in  of  

the hemi -b ladder  r e s i s t a n t  to cAMP.

[From: Edelman e t  a l , J.C.I., 43 :2185 , 1 964]
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Figure 4.  Response o f  an exper imenta l  hemi -bladder  

( s o l i d  curve)  chal lenged i n i t i a l l y  wi th  

P i t r e s s i n  and subsequent ly  w i th  cAMP.

The pa i red  ( c o n t r o l )  hemi -b ladder  was 

chal lenged wi th  an i d e n t i c a l  dose of  cAMP 

(broken c u r v e ) .

[From: Schwartz and W a l t e r ,  Amer. J .  Med. ,  

4 2 :7 6 9 ,  1967]
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In a d d i t i o n  to the phenomenon of  " i n t r i n s i c  

i n h i b i t i o n " ,  another  i n h i b i t o r y  phenomenon i d e n t i f i e d  

in toad bladder  has been r e f e r r e d  to as " e x t r i n s i c  

i n h i b i t i o n " .  That  an e x t r i n s i c  f a c t o r  c o n t r i b u t e s  to 

the decreased response o f  the toad b ladder  on prolonged  

exposure to vasopressin has been demonstrated by the  

f o l l o w i n g  f i n d i n g s .  When bladders are  kept  in R in g er 's  

s o l u t i o n  o v e r n ig h t  (w i t h  or w i th ou t  hormone in the ba th 1) 

and,  on the next  day,  f resh  bladders are placed in t h i s  

o v er n i g h t  ba th ,  these f res h  bladders show l i t t l e  or no 

response to hormone even a f t e r  an a d d i t i o n a l  dose of  

vasopress in is added (F ig u re  5 ) .  This suggested a 

r e le a s e  of  i n h i b i t o r ( s )  in to  the serosal  bath by the  

"o vern igh t"  b ladders (Goldberg e t  al  1 963  ̂ Schwartz and 

W a l t e r ,  19 67 ) .

K a r l i n  and Overweg (1965)  showdd t h a t  the toad 

bladder  conta ins  an i n h i b i t o r  to oxytoc in  which,  on 

heat  t r e a t m e n t ,  becomes d i a l y z a b l e  w i th  r e t e n t i o n  of  

i n h i b i t o r y  p r o p e r t i e s .  The hydroosmotic response to  

o x y t o c i n ,  a r g i n i n e  v a s o t o c i n ,  and t h e o p h y l l i n e  are  

a l l  i n h i b i t e d ,  but the e f f e c t  o f  cAMP is u n a l t e r e d .  

Because the i n h i b i t o r  blocked the e f f e c t s  o f  drugs 

of  d i f f e r e n t  n a t u r e ,  i t  was concluded (1 )  t h a t  the  

i n h i b i t i o n  probably  does not compete wi th  these agents  

f o r  s p e c i f i c  r e c e p to r  s i t e s  and (2 )  because i t  did not
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Figure 5. The phenomenon of  " E x t r i n s i c  I n h i b i t i o n " .

Lack of  response o f  a " f resh"  toad b l a d ­

der chal lenged wi th  1 .25  x 10“^M a r g i n i n e -  

vasopressin (open c i r c l e s ,  broken l i n e ) .  

For e x p l a n a t i o n ,  see t e x t .
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a f f e c t  the b l a d d e r 's  response to cAMP, the i n h i b i t o r  

must ac t  a t  some p o in t  in the r e a c t i o n  sequence p r i o r  

to  the cAMP-dependent s tep.

In c o n t r a s t  to the phenomena of  " i n t r i n s i c  i n ­

h i b i t i o n " ,  the response o f  the toad b ladder  to neuro­

hypophyseal hormones is  enhanced under c e r t a i n  c i r ­

cumstances.  One of  these c i rcumstances ,  r e f e r r e d  to  as 

" f a c i l i t a t i o n " ,  is i l l u s t r a t e d  by the f o l l o w i n g  e x p e r i ­

ment:  when bladders are  chal lenged w i th  low doses o f  

hormone ( 0 . 5  -  2 .5  mll /ml ,  about 1 /5  maximal dose ) ,  the  

response to a second low dose ch a l l enge  i s  g r e a t e r  

than the response to the f i r s t  ch a l l e nge  (F igure  6 ) .

I t  can a lso  be seen in F igure 6 t h a t  the r e a c t i v i t y  o f  

the b ladder  to hormone can be enhanced by prolonging the  

per iod  of  inc ub a t i o n  p r i o r  to i n i t i a l  c h a l l e n g e ,  but  

the magni tude o f  t h i s  e f f e c t  is  co ns id er ab ly  less than  

the enhancement noted a f t e r  a second low dose ch a l l e n g e .

With the  f i n d i n g  by Suther land and Rai l  ( 1960)  t h a t  

the ac t ion s  o f  f a s t  a c t i n g  pept ide  and amine hormones 

are mediated by cAMP, va r ious l a b o r a t o r i e s  began 

studying the importance of  t h i s  n u c le o t id e  in the a c t i o n  

of  vasopress in  and o t her  hormones. O r l o f f  and Handler  

( 1961 )  were the f i r s t  to show t h a t  cAMP is  invo lved in 

the a c t io n  o f  vasopress in in toad b l ad d er .  This f i n d i n g  

provided an impor tan t  basis f o r  much subsequent work
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Figure 6.  The phenomenon of  " F a c i l i t a t i o n " .  Response 

of  an exper imenta l  hemi -b ladder  ( s o l i d  curve)  

chal lenged w i th  two successive submaximal  

doses o f  P i t r e s s i n  ( 1 . 2 5  mu/ml ) .  The pa i red  

co n t r o l  hemi -b ladder  was chal lenged only  once.  

For e x p l a n a t i o n ,  see t e x t .
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on the sequence of  events t h a t  c o n s t i t u t e s  the mem­

brane a c t io n  of  vasopressin in i t s  amphibian and 

mammalian t a r g e t  t i s s u e s .

This sequence of  even ts ,  as we how know i t ,  is  

i l l u s t r a t e d  in Figure 7:

Step 1: I t  is now r e a l i z e d  t h a t  hormone-receptor

i n t e r a c t i o n  i s  the f i r s t  step in a complex 

chain of  events t h a t  u l t i m a t e l y  leads to 

the hormone e f f e c t .  The hormone is  a 

" f i r s t  messenger" and binds i e l e c t i v i t y  to 

the t a r g e t  cel  1.

Step 2: The second step appears to be a coupl ing in

which the hormone-receptor  complex f u r t h e r  

i n t e r a c t s  w i th  the t a r g e t  c e l l  to generate  a 

biochemical  or b i oph ys ica l  s igna l  which 

s t im u la te s  the enzyme, a'denylate cy c la se .  

Step 3: A c t i v a t i o n  o f  adeny la te  cy c la se .

Step 4: Product ion of  c y c l i c  3 , 5 '  AMP (a de n y la te

cyclase  c a ta ly z e s  the convers ion o f  ATP to 

cAMP).

Step 5: A t e n t a t i v e  5th step i s  s t i m u l a t i o n  of  cAMP-

dependent p r o t e i n  phosphokinase (which has 

been found in plasma membrane f r a c t i o n s  of  

f r og  b l ad d er ,  toad b l a d d e r ,  mammalian rena l  

medul la  and many o ther  t i s s u e s ) .
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Step 6: Phosphory lat ion  o f  membrane p r o t e i n s  ca ta l yz ed

by cAMP-dependent p r o t e in  k i n a s e ( s ) .

I t  is hypothesized c u r r e n t l y  t h a t  phosphory la t ion  

(or  perhaps dephosp hory la t io n )  o f  membrane p r o t e in s  

causes a change in membrane s t r u c t u r e  such t h a t  pores 

or channels through which water  can be t r an spo r t ed  are  

in some manner c rea ted  de novo, widened or exposed.

Vasopressin (a nonapept ide ,  see F igure 8) binds 

r e v e r s i b l y  to rece p to rs  on the b a s a l - 1 a t e r a l  sur face  

of  i t s  t a r g e t  c e l l s  (Davidson and Schwartz ,  unpub­

l i s h e d  d a t a ) .  Vasopressin is synthes ized in hy-  

potholamic n u c l e i ,  main ly  the supraopt ic  nuc leus ,  but  

to some e x te n t  a lso in the p e r i v e n t r i c u l a r  nucleus  

(Sachs e t  al  196 9 ) .  The hormone is  in a l l  p r o b a b i l i t y  

synthes ized as p a r t  o f  a macromolecular  complex by 

c l a s s i c a l  nu c l e ic  acid -  mediated pep t ide  b iosynthes is  

on r ibosomes.  The m a t e r i a l  i s  packaged,  t rans po r t ed  

along the axon and stored  a t  the axon te rm ina l  in  

neurosecre to ry  g r an u l e s .

The sum o f  va r ious  e x c i t a t o r y  and i n h i b i t o r y  

postsynapt ic  p o t e n t i a l s  w i l l  determine whether or  

not the  ne uro secre to ry  c e l l  w i l l  f i r e .  As the wave 

of  d e p o l a r i z a t i o n  spreads along the r e l e v a n t  axon,  

ca lc ium ions (which move in to  the axoplasm) t r i g g e r  

the r e le a s e  o f  vasopress in .  By exocy tos is  the con­

t e n ts  o f  the ne uro secre to ry  g ranule  s p i l l  i n t o  the
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F igure  7.  Current ,  view of  the sequence of  events  

i n i t i a t e d  by binding of  Neurohypophyseal  

Hormone to Hydroosmotic Receptor  o f  

Amphibian Bladder  or Mammalian Kidney.

(Vp , va sopress in ;  R, r e c e p t o r ;  AC, ad en y l ­

a te  c y c l a se ;  ATP, adenosine t r i p h o s p h a t e ;  

ADP, adenosine d iphosphate ;  cAMP, adenosine  

3 ' , 5 '  monophosphate; P, P r o te in  phosphate;  

P . ,  in or ga n ic  phosphate) .
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F i g u r e  8 Amino acid sequences in a r g i n i n e  v a s o t o c i n ,  

a r g i n i n e  vasop re ss in ,  and d e a m i n o - 8 - D - a r g i nine  

vasopressi  n .



Arginine 

Vasotocin (AVT) 

(birds, rept i les,  

amphibia, fis h )

Arginine

Vasopressin (AVP) 

(mammals)

deami no-8-Drargi ni ne vasopressi n 

(DDAVP)

1 T
Cys-Tyr-I l e - Gln-Asn-Cys-Pro-Arg-Gly-NH?

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH?

CHp-Co-Tyr-Phe-Glu-Asp-Cys-Pro-DArg-Gly-NH?
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p e r i v a s c u l a r  space and enters  the bloodst ream.

The r e le a s e  of  vasopressin is  t r i g g e r e d  by two 

impo r ta n t  parameters ,  small  changes in the f i r s t  

being more im por tan t  than small  changes in the sec­

ond. These parameters are plasma hype ros mo la r i t y  

(osmot ic r e g u l a t i o n )  and blood volume d e p l e t i o n  (volume 

r e g u l a t i o n ) .  With minimal  or even moderate p e r t u r b a ­

t i o n  in blood volume,  osmotic pressure r e g u l a t i o n  takes  

presedence over  volume r e g u l a t i o n ;  however w i th  severe  

p e r t u r b a t i o n  in blood volume, volume r e g u l a t i o n  p r e ­

dominates over  osmotic r e g u l a t i o n .

Once vasopress in  has been re lea se d  i n t o  the  

c i r c u l a t i o n ,  the response o f  t a r g e t  t i s s u e  can be 

modulated by a v a r i e t y  of  co nd i t i on s  in a d d i t i o n  to 

those as soc ia ted  w i th  the phenomena of  " i n t r i n s i c  i n ­

h i b i t i o n " ,  " e x t r i n s i c  i n h i b i t i o n "  and " f a c i l i t a t i o n "  

as noted above.  In the toad b l a d d e r ,  i t  has been shown 

(Eggena e t  al  , 1 970;  Handler  e t  al  1 970) t h a t  adrenal  

s t e r o i d s ,  such as a ld o s t e r o n e ,  when present  in the  

serosal  bath ing f l u i d  s t i m u l a t e  or " f a c i l i t a t e "  the  

hydroosmotic response to Vasopress in .  Because the  

osmotic water  f low  response to cAMP is  a lso increased  

when bladders are t r e a t e d  w i th  a ld o s te r o n e ,  i t  can be 

concluded t h a t  whatever  i t s  mechanism may be - -  the  

s t e r i o d  enhancement o f  the hydroosmotic response to  

vasopress in  of  the toad b ladder  occurs a t  a p o in t  be­

yond the step of  aden y la te  cyclase  s t i m u l a t i o n .
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Eggena e t  al  ( 1 9 7 0 ) ,  Urakabe e t  al  (1970 ) ,  and 

P a r i s i  e t  al  ( 1969)  have shown t h a t  h y p e r t o n i c i t y  of  

the serosal  bath can induce the hydroosmotic response  

of  the toad b ladder  to a n t i d i u r e t i c  hormone. S pe c i ­

f i c a l l y  Eggena e t  al  ( 1970)  found t h a t  the net  r a t e  

of  wate r  f l u x  from mucosal bath to serosal  bath i n ­

creased from 1 mg/min.  t o 3 5 m g / m i n .  when the  

bladder  was exposed on i t s  serosal  sur face  to R ing er 's  

f l u i d  c o n ta in in g  an a d d i t i o n a l  6 .5  gm/1 of  NaCl . This  

response to the st imu lus  of  serosal  h y p e r t o n i c i t y  

resembles the response o f  the toad b ladder  to Vaso­

press in  and to cAMP. Both occur in the absence of  

mucosal sodium i n d i c a t i n g  t h a t  the observed water  

f l u x  is independent  o f  s o lu t e  movement, both responses 

are r e v e r s i b l e  and the u l t r a s t r u c t u r e  o f  the b ladder  

e p i t h e l i u m  is modi f i ed  s i m i l a r l y  in both types of  

s t i m u l a t i o n .  Serosal  h y p e r t o n i c i t y  did not d i s r u p t  

the i n t e g r i t y  o f  the p e r m e a b i l i t y  b a r r i e r  o f  the  

b l ad d er .  When s i m i l a r  c o n ce nt r a t io n s  of  manni tol  or  

potassium were placed in the serosal  bathing f l u i d  

i ns tead  o f  NaCl ,  s i m i l a r  r e s u l t s  were ob ta i ned .  When 

urea replaced NaCl in the serosal  f l u i d ,  no i n ­

crease in water  t r a n s f e r  was observed suggest ing  

t h a t  the e x t r a c e l l u l a r  -  i n t r a c e l l u l a r  osmotic  

g r a d i e n t  was the c r i t i c a l  f a c t o r  in i n i t i a t i n g  the
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hormone- l ike  response.  This osmotic g r a d i e n t ,  

e s ta b l i s h e d  by in c r e as in g  the c o n c e n t r a t io n  of  a 

poor ly  permeant s o lu t e  in the  serosal  ba th ,  appears  

to be capable  of  e l i c i t i n g  the same response as vaso­

p r e s s in .  When bladders were incubated in  a ld o s t e r o n e -  

c o nt a in in g  serosal  f l u i d  and then chal lenged wi th  

hyper ton ic  Na+ - R i n g e r ' s  s o l u t i o n ,  these bladders  

were more permeable to water  than bladders chal lenged  

in the same way but which had not been p r e - in c u b a te d  

in the s t e r o i d  s o l u t i o n  (Eggena e t  al , 1 970; Handler  

e t  al  , 1 970; and P a r i s i  e t  a l , 19 69 ) .  A ldosterone  

appears to f a c i l i t a t e  the hydroosmotic a c t i o n  of  

h y p e r t o n i c i t y ,  not by inducing a subthreshold  s t i m ­

ulus which is  a m p l i f i e d  by h y p e r t o n i c i t y ,  but  more 

prob ab ly ,  the a l d o s t e r o n e - s e n s i t i v e  step i s  l o c a t ­

ed l a t e r  in  the sequence of  events than the step  

which i s  in f l u e n c e d  by serosal  h y p e r t o n i c i t y .  I t  is  

l i k e l y  t h a t  the aTdosterone- induced enhancement o f  

the response to serosal  h y p e r t o n i c i t y  invo lves  the  

same process by which a ld os te rone  enhances the p e r ­

m e a b i l i t y  response of  the toad b ladder  to vasopress in  

and to exogenous cAMP. The s tero id -enhanced  r e ­

sponse is  assoc ia ted  w i th  an increase in i n t r a c e l l u l a r  

cAMP which is  the r e s u l t  o f  a s t e r o i d - e l i c i t e d  de­

crease in cAMP degrada t ion by phosphodiesterase.  I t
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has been suggested t h a t  a ldos te ro ne  may i n i t i a t e  

synthes is  o f  a p r o t e i n  i n h i b i t o r  o f  phosphodiesterase  

( S t o f f  e t  a l , 1973) .

In a d d i t i o n  to a ld o s t e r o n e ,  the e f f e c t  o f  b ther  

agents on p e r m e a b i l i t y  changes induced by h y p e r t o n i c i t y  

were a lso  examined.  P ro s ta g la nd in  E-j, a non-compet i t 

t i v e  i n h i b i t o r  o f  neurohypophyseal  hormones, (Eggena 

e t  al  , 1970)  and manganese ions which i n h i b i t  the  

response of  the toad b ladder  to va s o p re s s in ,  ( B e n t l e y ,  

1967) are  both known to decrease cAMP fo r m a t i o n .  How­

e v e r ,  n e i t h e r  agent was capable o f  decreas ing the  

p e r m e a b i l i t y  changes induced by h y p e r t o n i c i t y .  When 

z inc  (10"^M) was placed in the serosal  b a th ,  or  

when potassium was o m i t t e d ,  or serosal  H* c o nc e nt r a t io n  

was i n c re a s e d ,  the r e  was a d r a s t i c  decrease in the  

hydroosmotic ac t io n  o f  h y p e r t o n i c i t y  (Eggena e t  a l , 

1 9 70 ) .  I t  has been shown t h a t  the response of  the  

toad b ladder  to vasopress in and to exogenous cAMP, 

in i s o t o n i c  media,  is  a lso  i n h i b i t e d  by z inc  ions 

( B e n t l e y ,  1 9 6 7 ) ,  low potassium (Finn e t  a l , 1 9 66 ) ,  

low pH (Gulyassy and Edelman, 1965;  O r l o f f  and Handler  

1967; Schwartz and Wa l te r  1 9 6 7 ) ,  and low temperature  

(Schwartz  and W a l t e r ,  1 9 67 ) .  In the l i g h t  o f  such 

f i n d i n g s ,  i t  may be concluded t h a t  the e f f e c t  o f  

h y p e r t o n i c i t y  is  ex er ted  a t  a step subsequent to cAMP 

f o rm a t i  on.
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I t  is o f  i n t e r e s t  t h a t  p r i o r  to the recen t  

s t ud i es  of  the response o f  the toad b ladder  to serosal  

h y p e r t o n i c i t y ,  Ben t ley  (1964)  had suggested t h a t  during  

severe de hy d ra t i o n ,  an increase  in plasma t o n i c i t y  

can inc re as e  the water  p e r m e a b i l i t y  of  the f rog bladder  

and thereby  e f f e c t  water  conserva t ion  by a mechanism 

more d i r e c t  than t h a t  mediated by the neurohypophysis.

A number o f  o t her  agents have been s tudied  which 

i n h i b i t  the hydroosmotic response o f  the toad bladder  

to vasopress in  and/o r  to exogenous cAMP. Those t h a t  

i n t e r f e r e  w i th  fo rmat ion  o f  i n t r a c e l l u l a r  cAMP or  

which block the a c t i o n  of  cAMP subsequent to i t s  f o r ­

mat ion are o f  p a r t i c u l a r  i n t e r e s t .  Calcium is one 

such agent .

Calcium may be invo lved  in the f i n a l  e f f e c t o r  

process e i t h e r  by a l t e r i n g  the conformat ion of  

l i p o p r o t e i n s ,  by enzymat ic e f f e c t s ,  by an a c t i o n  on 

a c o n t r a c t i l e  system, or by an unknown ca lc ium -  

dependent membrane phenomenon.

Bent ley  (1959)  found t h a t  ba se l i ne  wate r  t r a n s ­

f e r  across toad b ladder  is  increased a t  low concen­

t r a t i o n s  of  ca lc ium io ns ,  but t h a t  the e f f e c t  o f  the  

hormone on the water  p e r m e a b i l i t y  o f  the b ladder  is  

d imin ished .  B e n t l e y ' s  i n t e r p r e t a t i o n  was t h a t  the  

phenomenon may be based on a ca lc ium ion requi rement  

f o r  maintenance of  normal b ladder  s t r u c t u r e .
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Schwartz and W a l te r  ( 1968)  observed s t r u c t u r a l  changes 

in  e p i t h e l i a l  c e l l s  o f  bladders washed r e p e a t e d ly  wi th  

c a l c i u m - f r e e  s o l u t i o n .  The nuc l e i  and mi tochondr ia  of  

bladders t r e a t e d  in t h i s  way become swol len and many 

mitochondr ia  d isappeared.

Peachey (1964)  and Hays e t  al  ( 1965 )  demonstrated  

t h a t  e l i m i n a t i o n  of  ca lc ium from the serosal  bath led  

to  e p i t h e l i a l  c e l l  se pa ra t i on  and detachment ,  and loss  

o f  the b a r r i e r  fu n c t io n  o f  the toad b ladder  e p i t h e l i u m  

When s t ron t ium or magnesium ions were s u b s t i t u t e d  f o r  

calc ium io ns ,  the s t r u c t u r a l  i n t e g r i t y  o f  the b ladder  

w al l  was m a in ta in ed ,  but the c a p a c i t y  f o r  r e p e t i t i v e  

response tohhormone was im pa i re d .  Thus,  i t  was 

concluded t h a t  calcium is necessary f o r  maintenance  

o f  the normal ,  low p e r m e a b i l i t y  o f  the toad b ladder  

to water  in  the absence o f  hormone and t h a t  Ca++

WAS Also necessary f o r  the e l i c i t a t i o n  o f  the hy-  

droosmotic response to hormone.

E i t h e r  a subnormal or an e x c e s s i v e l y  high 

c o n c e n t r a t io n  of  calcium decreases the neurophpop-  

hyseal  hormone-induced a c t i v a t i o n  of  aden y la te  cyc­

lase  (Marumo and Edelman, 19 71 ) .  E a r l i e r  Petersen  

and Edelman (1964)  and Argy e t  al  ( 1967)  had shown 

t h a t ,  in the i n t a c t  toad b l a d d e r ,  20 mM calcium  

blocks the hydroosmot ic , but not the n a t r i f e r i c
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response to neurohypophyseal  hormones. However,  t h i s  

c o nc e nt r a t io n  of  ca lc ium does not block e i t h e r  o f  these  

responses to cAMP. These f i n d i n g s  served to l o c a l i z e  

the i n h i b i t o r y  a c t i o n  of  ca lc ium a t  the r e c e p t o r - c y c l a s e  

l ev e l  and a lso led to the concept  t h a t  hydroosmotic  

and n a t r i f e r i c  responses are mediated by d i f f e r e n t  cAMP 

pools w i t h i n  the hormone-sens i t i ve  c e l l .  L a t e r ,  a 

s i m i l a r  se para t ion  o f  e f f e c t s  was shown w i t h  PGE, ( L i p -  

son e t  al  , 1971)  con f i rming  the l a t t e r  concept .

Bent ley  (1967)  found t h a t  manganese ions de­

creased the hydroosmotic response to neurohypophyseal  

hormones, but had no e f f e c t  on the response to cAMP. 

Manganese is thought  to d i r e c t l y  i n h i b i t  the neuro­

hypophyseal hormone-sens i t i ve  aden y la te  c y c l a se .  Hynie 

and Sharp (1971)  showed a s t i m u l a t i o n  o f  aden y la te  cyc­

lase  a c t i v i t y  w i th  magnesium ions in c o n ce nt r a t io n s  of  

1 -  25 mM. Magnesium increases  the l e v e l  o f  basal  

enzyme a c t i v i t y  and,  t h e r e f o r e ,  th e r e  is  a decrease in 

the r e l a t i v e  s t i m u l a t i o n  of  the enzyme by neurohypophy­

seal  hormones (Birnbaumer and Yang, 197 4 ) .

Monovalent ions a lso  e x e r t  an e f f e c t  on the  

hydroosmotic response of  the toad b ladder  to neuro­

hypophyseal hormones. The r e a c t i v i t y  o f  neurohypop­

hyseal  hormone-sens i t i ve  aden y la te  cyc lase  o f  r a b b i t  

kidney homogenates i s  i n h i b i t e d  by sodium or potassium
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co nce nt r a t ion s  exceeding 200 mM (Dousa,  1972;  Dousa 

and Hechter, 1 970) .

Potassium d e p l e t i o n  in the serosal  ba th ,  i n h i b i t s  

the responsiveness of  the b ladder  to the ac t i o n  of  

vasop re ss in ,  rega rd les s  of  the presence of  an osmotic  

g r a d i e n t  (F inn e t  al  19 66 ) .  These i n v e s t i g a t o r s  a lso  

showed t h a t  removal o f  potassium ions decreased the  

response to a submaximal co nc e n t r a t io n  o f  cAMP. This  

suggests th at the potassium requ i rement  f o r  vasopress in  

a c t i o n  in membrane p e r m e a b i l i t y  occurs a t  a p o in t  which 

i s  beyond the step a t  which vasopressin s t im u la te s  

fo rmat ion  of  cAMP. One o f  the we l l  e s t a b l i s h e d  e f f e c t s  

of  potassium d e p l e t i o n  on mammalian rena l  fu n c t i o n  is  

the Induction of a v a s o p r e s s i n - r e s i s t e n t  d e f e c t  in the  

a b i l i t y  to form concentra ted  u r i n e .  This decrease in 

co n c e n t r a t in g  a b i l i t y  is  due to an i n s e n s i t i v i t y  to  

vasopress in r e s u l t i n g  from a decrease in the c o nc e nt r a ­

t i o n  of  potassium ions in the c e l l  and /o r  e x t r a c e l l u l a r  

f l u i d .

Whi le the absence of  potassium ions in the mucosal  

bath is  w i t ho u t  e f f e c t  on the hydroosmotic response to 

neurohypophyseal  hormone, the presence of  sodium ions 

in the mucosal as wel l  as in the serosal  bath is  

necessary f o r  f u l l  m a n i f e s t a t i o n  of  the increased  

water  t r a n s f e r  in response to hormone ( B e n t l e y ,  19 59 ) .
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The presence of  sodium in  the mucosal bath increases  

water  t r a n s f e r  in response to hormone; when 50% of  

the sodium normal ly  p resent  in the serosal  bath is 

removed, th e r e  is a decrease in the response to hor ­

mone. N e i t h e r  l i t h i u m ,  c h o l i n e ,  nor potassium when 

placed in the mucosal bath can s u b s t i t u t e  f o r  the 

e f f e c t  o f  sodium.*

Al though the mo lecu la r  mechanism involved  in the  

f i n a l  p e r m e a b i l i t y  change induced by vasopressin and 

cAMP is  not  known, i t  has been e s t a b l i s h e d  a t  the  

c e l l u l a r  l e v e l  t h a t  vasopress in s t im u la te s  c o n t r a c t i o n  

of  c e r t a i n  types o f  smooth muscle as wel l  as promoting  

t r a n s c e l l u l a r  water  movement across the ep i t h e l i u m  of  

the d i s t a l  p o r t io n  of  the mammalian rena l  tubu le  and 

across the amphibian sk in and b ladder  (Sawyer ,  1961 ) .

During the past  decade a number o f  s tud ies  have 

suggested t h a t  m ic rotubu les  and m ic r o f i l a m e n t s  are  

assoc iated w i th  severa l  types of  i n t r a c e l l u l a r  

phenomenon ( P o r t e r ,  1966;  Buckley and P o r t e r ,  1967;  

Behnke e t  a l , 19 71 ) .  T h e r e f o r e ,  T a y lo r  e t  al  (1 973)  

i n v e s t i g a t e d  the p o s s i b i l i t y  t h a t  the ac t i o n  of  

vasopressin in t r a n s c e l l u l a r  movement by a mech­

anism in v o l v i n g  these s u b c e l l u l a r  s t r u c t u r e s .

* I t  has been shown t h a t  l i t h i u m  in f a c t  i n h i b i t s  
both neurohypophyseal  hormone-sens i t i ve  adeny la te  
cyclase  and vasopress in - induced  a n t i d i u r e s i s  (S inger  et al 
1970) .
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C o l c h i c i n e ,  v i n b l a s t i n e ,  and po do phy l lo tox in  are  

a n t i m i t o t i c  agents which bind to m ic ro tubu le  subuni t  

p r o t e i n  ( t u b u l i n )  and prevents the assembly of  

microtubules. .  By tocha las in  B d i s ru p t s  m i c r o f i l a m e n t s .

The e f f e c t s  o f  these -agents  on osmotic water  movement 

and on sodium t r a n s p o r t  in response to vasopress in and 

to cAMP in Bufo Marinus were examined by T a y l o r  e t  a l , 

(1973)  who demonstrated t h a t  these agents i n h i b i t  the  

hydroosmotic response but not  the n a t r i f e r i c  a c t i o n  of  

neurohypophyseal  hormone and cAMP on the toad b l ad d er .

L u m i c o lc h ic in e ,  an analog of  c o l c h i c i n e  t h a t  lacks  

a n t i m i t o t i c  a c t i v i t y  and does not bind to t u b u l i n ,  had 

no i n h i b i t o r y  a c t io n  on the neurohypophyseal  hormone-  

induced or c y c l i c  AMP-induced hydroosmotic response of  

the amphibian b l ad d er .  This  suggests t h a t  the i n h i b i t o r y  

e f f e c t  o f  c o l c h i c i n e  is  s p e c i f i c a l l y  r e l a t e d  to i t s  

a b i l i t y  to bind to a mi c r o t u bu le  subuni t  p r o t e i n .  In 

a d d i t i o n ,  the t ime-dependence, co nce nt ra t i on -d e pe n de n ce , 

and r e v e r s i b i l i t y  was s i m i l a r  f o r  i n h i b i t i o n  by these  

agents o f  neurohypophyseal  hormone-induced water  move­

ment in the toad b ladder  and of  the i n t e r a c t i o n ^  of  

these agents w i th  m ic r o t u b u l a r  p r o t e in  in v i t r o  and 

m ic r o t u b u l a r  systems in v ivo  (T a y lo r  e t  al  19 73 ) .
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Cytocha las in  B d i s r u p t s  a c t i n - l i k e  m ic r o f i l a m e n t s  

in many c e l l s .  I t  i n h i b i t s  hexose and nucleos ide  

uptake ,  t h i s  ac t i o n  being ascr ibed  to i t s  i n t e r a c t i o n  

wi th  plasma membranes ( M i z e 1 and Wilson, 1 972 ; Zigmond 

and H i r s c h ,  1972; Plagemann and Estensen,  19 72 ) .  

T h e r e f o r e ,  the decrease in vasopress in - induced  water  

movement by c y t o c h a l a s in  B may be due to i n t e r f e r e n c e  

wi th  m i c r o f i l a m e n t  f u n c t i o n ,  or i n t e r a c t i o n  w i th  a c t i n ,  

or both.  I t  i s  a lso  c o n s i s t e n t  w i th  the a c t io n  o f  the  

drug on the plasma membranes of  toad b ladder  e p i t h e l i a l  

cel  1s .

These f i n d i n g s  suggest (T a y l o r  e t  a l , 1973;  Dousa 

and Barnes,  1974;  1974a)  t h a t  mtfcrotubules and perhaps 

m i c r o f i l a m e n t s  p lay  a r o l e  in the hydroosmotic ac t io n  

of  neurohypophyseal  hormones a t  a step a f t e r  the gen­

e r a t i o n  of  cAMP, but t h a t  these o r g a n e l l e s  are  not  

i nvo lved  in the n a t r i f e r i c  a c t i o n  of  neurophypophyseal  

hormones. Neurohypophyseal  hormones and cAMP both 

s t i m u l a t e  exocy tos is  in the toad b ladder  e p i t h e l i u m  

(Maztrr e t  al  , 1971 ; Mazur e t al 1972).. In o t her  systems 

the mechanism of  exocy tos is  is  known to in vo lv e  

m ic r o t u b u l a r  p r o t e i n  and po ss i b l y  m i c r o f 11 aments. 

Dibona e t  al  ( 1969)  r ep or te d  t h a t  the p e r m e a b i l i t y  

change induced by vasopress in  in toad b ladder  is  

l i m i t e d  to the g r a n u la r  e p i t h e l i a l  c e l l s  and Mazur et
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a l , ( 1971 )  suggested t h a t  t h i s  may be secondary to  

the r e le a s e  of  s e c r e t i o n  granu les  a t  the a p i c a l  

sur face  o f  e p i t h e l i a l  c e l l s .  T h e r e f o r e ,  i t  is  

po ss i b l e  t h a t  these o r g a n e l l e s  p a r t i c i p a t e  in the hy­

droosmotic a c t i o n  of  neurohypophyseal  hormones through  

t h e i r  involvement  in the mechanism f o r  r e le a s e  of  

s e c r e t io n  granules from the b ladder  e p i t h e l i a l  c e l l s .

The i n f e r e n c e  here i s  t h a t  the a d d i t i o n  to the ap ica l  

c e l l  sur face  o f  se c r e to ry  m a t e r i a l  or the in c o r p o r a t i o n  

of  the s e c r e t i o n  g ranule  membrane i n t o  the a p ic a l  mem­

brane of  the e f f e c t o r  c e l l s  may be respo ns ib le  f o r  the  

a l t e r e d  membrane p e r m e a b i l i t y  (T a y l o r  e t  a l ,  1973 ) .

A d d i t io n a l  p o s s i b i l i t i e s  have been suggested.  ( 1 )  

Mic ro tubu les  and perhaps m i c r o f i l a m e n t s  may p lay a 

r o l e  in the mechanism of  a c t i o n  o f  neurohypophyseal  

hormones v i a  an e f f e c t  of  cAMP on a d i r e c t i o n a l  c y t o ­

plasmic st reaming process.  ( 2 )  Changes in the s t r u c t u r e  

( e . g .  by cAMP-dependent p h o s p ho ry la t io n )  o f  plasma 

membrane-associated t u b u l i n  or juxtaplasmalemmal  

components o f  m ic r o tu b u le s ,  and perhaps m i c r o f i l a m e n t s ,  

might  a l t e r  the p e r m e a b i l i t y  c h a r a c t e r i s t i c s  o f  the  

plasma membrane (Dousa and Barnes,  19 74 ) .  ( 3 )  cAMP may

a f f e c t  the s t a t e  o f  p o ly m e r i z a t io n  and t h e r e f o r e  the  

p e r m e a b i l i t y  o f  a submembrane l a y e r  o f  m ic r o tu b u la r  

p r o t e i n .  ( 4 )  There may be no i n t e r a c t i o n  between cAMP
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and m ic r o t u b u la r  p r o t e in  or m i c r o f i l a m e n t s ,  the  

r o l e  o f  these systems being only to prov ide a s t r u c t u r a l  

f ramework f o r  a f u n c t i o n a l l y  e f f e c t i v e  a t tachment  and 

o r i e n t a t i o n  of  cAMP-dependent enzymes and t h e i r  sub­

s t r a t e s  and modu la tors .  In t h i s  way, by d i s r u p t i n g  

the f ramework,  the cAMP-protein k inase-phosphoprote in  

phosphatase,  e t c .  system can be rendered i n o p e r a t i v e  

i n  the hormonal t a r g e t  c e l l  (Dousa and Barnes 19 74 ) .

In the present  s tudy ,  a t t e n t i o n  has been ad ­

dressed to some o f  the f a c t o r s  which modi fy the a c t i v i t y  

of  neurohypophyseal  hormone. t a r g e t  c e l l s  to vasopressin  

and s p e c i f i c a l l y  to the s i t e  a t  which these f a c t o r s  

e x e r t  t h e i r  e f f e c t  in the chain of  events which con­

s t i t u t e s  the a c t i o n  of  vasopressin on membrane pe r -  

m e a b i l i t y .

43



MATERIALS

A rg in i n e  vasopress in used dur ing t h i s  study was 

synthes ized  and k i n d l y  provided by D r s . J.  Roy and 

J .D .  Glass o f  the Mount S ina i  School o f  Medic ine .  

P l t r e s s i n  was obta ined from Parke-Dav is  and

1-deamin o - 8 - D - a r g i nine vasopressin (DDAVP) was the  

g i f t  of Dr. Jan Mulder, F e r r i ng  A . B . ,  Malmo, Sweden.

Toads were purchased from Nat i ona l  Reagents,  

B r i d g e p o r t ,  Con nec t icu t .

Calcium c h l o r i d e ,  sodium ca rbo na te ,  l i t h i u m  

c h l o r i d e ,  and fo rmic  ac id  were ob ta ined from F isher  

S c i e n t i f i c .  Potassium c h l o r i d e ,  sodium c h l o r i d e ,  

and magnesium c h l o r i d e  were purchased from Baker.  

Sucrose was obta ined from M a l l i n k r o d t .

EDTA (e th y l en ed ia mi n e  t e t r a a c e t i c  a c i d ) ,  EGTA 

( e t h y l e n e g l y c o l - b i s  (3-amino e thy l  e t h e r )  N,N'  

( t e t r a a c e t i c  a c i d ) ,  t r i s - H C l  [ t r i s  (hydroxymethy l ) 

amino methane-HCl ] ,  and Bovine serum albumin were 

purchased from Sigma.

C re a t i n e  k inas e ,  c r e a t i n e  phosphate,  c y c l i c  

adenosine monophosphate (cAMP),  adenosine mono­

phosphate (AMP), adenosine diphosphate (ADP),  and 

adenosine t r ip h o s p h a te  (ATP), were obta ined from 

Boehr inger  -  Mannheim.
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[ a - 32P] ATP was purchased from New England 

Nuc lear .  Polygram cel  300 PEI t h i n  l a y e r  chromato­

graphy p l a t e s  were ob ta ined from Brinkmann Instruments  

and In s t a g e l  s c i n t i l l a t i o n  count ing f l u i d  from Packard.
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METHODS

Method o f  Study o f  I n t a c t  Bladders:  Gr av i m e t r i c  mea?

surement o f  hydroosmotic response 6 f  the toad b ladder  

to ADH.

Three to s ix  toads were d o ub le -p i t he d  and t h e i r  

bladders ex c is ed .  One hemi -b ladder  from each toad 

was used as a c o n t r o l ; the o t her  was used as the 

exper imenta l  hemi - b la dde r .  Each b ladder  was hung on 

a glass rod (w i th  the mucosal sur face  fa c i n g  inwards)  

and f i l l e d  w i th  1 / 5  s t re ng th  R in g er 's  s o l u t i o n  ( R i n g e r 's  

s o l u t i o n : !  mM CaCl2 > 2mM KC1, 2 . 4  mM NaHC0 3 » 1 1 1  mM 

NaCl , pH 8 . 0 ,  o s m o la r i t y  2 2 0 - 2 2 5  m O S M / K g H 2 0 )  a f t e r  the  

method of  Bent ley  ( 1 9 5 8 ) .  The bathing medium was 

aera ted  R in g er 's  s o l u t i o n .  Water t r a n s f e r ,  which 

takes place  from mucosal to serosal  s u r f a c e ,  was 

measured g r a v i m e t r i c a l l y  by weighing the bladders a t  

2 0  minute i n t e r v a l s  on a S a r t o r i u s  balance ( s e n s i t i v i t y  = 

t  0 . 3  mg) .

The p h y s i o lo g ic a l  response to be te s te d  was the  

hydroosmotic response of  the i n t a c t  b ladder  when c h a l ­

lenged r e p e a t e d l y ,  w i th  a dose of  vasopress in  

( 2 . 5  x 10"^M) which was capable of  e l i c i t i n g  a maximal  

e f f e c t .  A f t e r  a per iod  of  e q u i l i b r a t i o n  (about  one 

hour,  i . e .  th re e  weighing per iods of  20 minutes each)
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in normal hormone- f ree R i ng er 's  f l u i d ,  the b a s e l in e  

l e v e l  o f  p e r m e a b i l i t y  was e s t a b l i s h e d .  Then,  a t  a t ime  

designated as t=0 m i n . ,  the exper imenta l  bladders were 

subjected  to an i n i t i a l  ch a l l e nge  w i th  hormone by add­

ing vasopress in  to the serosal  bath ing f l u i d .  Controls  

did not r e c e i v e  hormone. The response,  eva lua ted  by 

measuring the weight  loss of  the toad b ladder  assembly,  

reached a maximum w i t h i n  twenty minutes and then de-  

c l i  ned.

During the per iod  f o l l o w i n g  the maximum r e ­

sponse ( s t a r t i n g  a t  t=20 m in s . )  the co nt ro l  and e x ­

per imenta l  b ladders were washed in f r e s h ,  hormone-  

f r e e  R in g er 's  s o l u t i o n .  A f t e r  the ba se l i ne  l e v e l  o f  

im p e r m e a b i l i t y  was rega ined ( a t  t=300 m in s . )  an 

i d e n t i c a l  dose of  vasopress in was admin is te red  to 

both the cont ro l  b ladder  ( 1 s t  c h a l l e n g e )  and to the  

exper imenta l  b ladder  ( t he  2nd c h a l l e n g e ) .  The 

co nt ro l  b ladders showed a hydroosmotic response com­

pa rab le  to t h a t  o f  the exper imenta l  bladders f o l ­

lowing the i n i t i a l  ch a l l e nge  of  the l a t t e r  b ladders  

wi th  hormone. Thus, the former  bladders acted as a 

co nt r o l  f o r  t ime and a lso showed t h a t  exposure to  

Rin g er 's  f l u i d ,  mechanical  handl ing and changing of  

s o lu t io n s  did not a l t e r  the hydroosmotic response.
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Pre p a r a t io n  of  Toad Bladder  Adenyla te  Cyclase

The method of  Bar e t  al  (1 970),  was used f o r  p r e ­

p a r a t i o n  of  toad b ladder  adeny la te  cy c l a se .  A f t e r  

c h a l l e n g i n g  the i n t a c t  b ladders w i th  the exper imenta l  

c o n d i t i o n s ,  they were removed from the ba th ,  weighed 

and r ins ed  in f res h  R in g er 's  s o l u t i o n .  The e p i t h e l i a l  

c e l l s  were scraped from the mucosal sur face  by f o l d i n g  

the b ladder  over a glass s l i d e  and acrapir ig the c e l l s ,  

wi th  another  s l i d e ,  i n t o  a p e t r i  dish f i l l e d  w i th  ice  

cold STED b u f f e r  ( .225m s u c r o s e , 0.1 mM EDTA, .01m t r i s  

HC1, pH 7 , 5 ) .  C e l l s  were washed and homogenized in  the  

sucrose medium wi th  a t i g h t - f i t t i n g  glass homogenizer  

and t e f l o n  p e s t l e .  This homogenate was spun a t  600 x g 

f o r  10 minutes and the p e l l e t  resuspended in 1 .5  ml of  

sucrose medium. I t  was then spun aga i n .  The second 

"600 x g p e l l e t "  was shown by Bar e t  al  (1970)  to 

e x h i b i t  the bulk o f  ad eny la t e  cyclase  a c t i v i t y  and also  

the g r e a t e s t  s e n s i t i v i t y  to AVP, o x y t o c i n ,  and LVT. 

T h e r e f o r e ,  t h i s  f r a c t i o n  was se le c te d  f o r  measurement  

of  the toad b ladder  aden y la te  cyclase  in t h i s  study.

Adenyla te  Cyclase Assay

Measurement o f  ade ny la te  cyc lase  a c t i v i t y  was made 

a f t e r  the method o f  Bar ( 1 9 7 5 ) ,  w i th  minor m o d i f i c a t i o n .  

This procedure a l lows v i s u a l i z a t i o n  of  cAMP dur ing  

chromatographic workup and fo l l o w s  in p r i n c i p l e  the  

method of  Bar and Hechter, (1 969 ) .
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The assay employs a ra p id  se para t ion  o f  cAMP from 

ot her  n u c le o t id es  w i th  anion-exchange chromoatography  

Using c e l l u l o s e  t h i n  l a y e r  sheets impregnated wi th  

po ly e th y le n e im in e  (po lymine ,  PEI p l a t e s )  washed in H2 O 

p r i o r  to use.

The assay volume is 50 y l , a small  volume being 

favored when using r a d i o a c t i v i t y  in s u b s t a n t ia l  amounts.  

Each s i l i c o n i z e d  tube conta ins  a f i n a l  co nce nt r a t ion  

of  (1 )  cyc lase  b u f f e r :  50 .0  mM T r i s / H C l  [ T r i s  (hy -  

d rox ym eth y l ) amino methane-HCl ] ,  pH 8 . 4 ;  1 mg/ml 

Bovine serum albumin;  0 .5  mM cAMP ( t o  e l i m i n a t e  the  

i n t e r f e r e n c e  o f  phosphodiesterase - -  i f  t h i s  enzyme 

is p r e s e n t ,  i t  w i l l  c l eave  "cold" cAMP which is p r e ­

sent  in s u f f i c i e n t  c o n c e n t r a t io n  to g r e a t l y  minimize  

the convers ion of  "hot"  cAMP); and 1 .0  mM EGTA ( t o  

c h e la t e  c a l c i u m ) .  C r e a t i n e  kinase and c r e a t i n e  

phosphate are provided as an ATP-regenera t ing  system 

in order  to keep ATP l e v e l s  constant  dur ing the 

exper iment .  These reagents  are p resent  a t  1 mg/ml 

and 25 .0  mM, r e s p e c t i v e l y .  The above compounds 

plus 0 .2  mM ATP (which ac ts  as a c a r r i e r  f o r  

[ a - 32P]-ATP) and 10 mM MgC12 make up the " r e a c t i o n  

m i x t u r e " .
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Whenever ade ny la te  cyclase a c t i v i t y  was measured 

the f o l l o w i n g  procedure was c a r r i e d  ou t :  20 y l  o f  the  

r e a c t io n  m ix t u r e  was placed in to  t e s t  tubes which 

were in an i ce  bath .  5 yl  water  was added and then  

5 yl  o f  [ a - 32P]-ATP (2 x 106 cpm/ tube ) .  . 20 yl  o f  the 

enzyme was added l a s t  ( p r o t e i n  c o n c e n t r a t io n  0.1 to  

3 .0  mg/ml,  as determined by Lowry e t  al  ( 1951 )  f o r  p r o t e i n  

d e t e r m i n a t i o n ) .  Test  tubes were vor texed  and placed  

in a shaking water  bath a t  37°C f o r  20 minutes .

The r e a c t i o n  is t e rmina ted  by a d d i t i o n  o f  5 yl  

of  "stopping"  s o l u t i o n  which conta ins  a f i n a l  con­

c e n t r a t i o n  of  1 .82  mM cAMP, 1 .82 mM AMP and 18 .2  mM 

EDTA, pH 7 . 0 .  The te r m i n a t i n g  s o l u t i o n  f loods  the  

system wi th  "cold"  n u c l e o t i d e s .  Since the ad eny la te  

cyclase  r e a c t i o n  i s  temperature  dependent ,  t e s t  tubes  

are put back i n t o  an ice  bath a f t e r  a d d i t i o n  of  

t e r m i n a t i n g  s o l u t i o n .

In the chromatographic polymine (PEI  p l a t e )  

method, samples are spot ted d i r e c t l y  a f t e r  the r e a c ­

t i o n  is  t e r m in a t e d .  PEI p l a te s  are washed in water  

and dr ie d  p r i o r  to use.  A l i q u o t s  (appr ox ima te l y

2-5  y l ) o f  sample are a p p l i e d  wi th  c a p i l l a r y  

tubes as narrow l i n e s  ( 1 . 5  cm per sample) a t  the  

o r i g i n  (about  1 .5  -  2 .5  cm from the edge) .  Seven 

samples are u s u a l l y  spot ted per p l a t e ,  w i th  1 cm 

d is tan ce  between samples.  The p l a t e s  are  al lowed
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to dry in a t r  and then are run in water  u n t i l  the  

l e v e l  o f  the f r o n t  is  j u s t  above the spots .  They are  

then t r a n s f e r r e d  to the chromatographic so lve n t  ( 0 . 2 5  M 

L i C l )  and the n u c le o t i d e  spots al lowed to run to w i t h i n  

a few ce n t im ete rs  from the top of  the p l a t e  (a lmost  

the f u l l  l ength of  the p l a t e ) .  A f t e r  d r y i n g ,  the spots  

are v i s u a l i z e d  on the p l a te s  under UV l i g h t  (chromato-  

vue Model c c -2 0 ,  U l t r a v i o l e t  P roducts ,  I n c o r p o r a t e d ) ,  

marked w i th  penc i l  and then cut  out  w i th  a s c is s o r s .  

Figure 9 shows the appearance of  the chromatogram under  

UV l i g h t .  ATP, ADP, and AMP remain c lose  to the o r i g i n .  

cAMP moves much more r a p i d l y  because i t  has less net  

charge.

The cAMP spot is cut  out  s e p a r a t e l y ;  the ATP and 

AMP spots are  cut  out to g e t h e r .  The space between the  

cAMP spot and the ATP-AMP spot i s  d isca rd ed .  The 

cut  pieces are placed in s c i n t i l l a t i o n  v i a l s  wi th  

10 ml In s t a g e l  s c i n t i l l a t i o n  count ing f l u i d  and 

counted (10 minu tes /sample)  in a Beckman S c i n t i l l a t i o n  

counte r .

cAMP fo rmat ion  is  c a l c u l a t e d  as % o f  t o t a l  counts.  

Absolute  r a t e s  can be c a l c u l a t e d  given s u bs t r a te  and 

p r o t e i n  co nc e nt ra t i on  and incub a t i on  t i m e .  Rates are  

expressed as pmoles/mg/minute (pmoles cAMP/mg p r o t e i n /  

minute in cuba t ion  t i m e ) .
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In t h i s  assay i t  i s  necessary to t e s t  the adequacy 

of  the ATP r e g e n e r a t i v e  system and thus to determine  

the degree o f  ATP breakdown. The so lve n t  f o r  th is  

procedure is 2N formic  ac id  + 5 M L i C l .  20 mM ADP 

c a r r i e r  is  spot ted and then a small  a l i q u o t  o f  the 

assay m ix t u r e  is superimposed on t h i s  ADP spot .

F igure  1‘0> shows the appearance o f  t h i s  chromatogram 

when v i s u a l i z e d  under UV l i g h t .  ATP migrates  only  

a small  d i s t a n c e ;  ADP migrates  f u r t h e r .  AMP and 

cAMP migr a te  w i th  the so lve n t  f r o n t .  The p l a t e  is  

cut  i n t o  two sect ions  (one c o n ta in in g  the ATP spot  

and the d t her  c o n t a in in g  a l l  the remaining n u c le o t id e s )  

and then counted as descr ibed above.  I t  was necess­

a r y  f o r  the r a t i o ,  -------------------------------   > to
y * (ATP) + (ADP + AMP + cAMP)

equal or  exceed 85-90% f o r  the r eg e ne ra t i ng  system to 

be considered adequate.  All analyses were c a r r i e d  out  

in t r i p l i c a t e .
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F i g u r e  9 Det ermina t ion  of  aden y la te  cyc lase  

a c t i v i t y :  Appearance o f  the chromato­

gram under UV l i g h t  (see t e x t ) .
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F i g u r e  10 .  D e t e r m i n a t i o n  o f  a d e n y l a t e  c y c l a s e

a c t i v i t y :  Appearance o f  chromatogram 

under UV l i g h t  when t e s t i n g  the adequacy 

of  the  ATP r e g e n e r a t in g  system (see t e x t ) .
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Method of  Study o f  the Phenomenon o f  " I n t r i n s i c

I n h i b i t i o n 11 

Exper imenta l  Design I

To determine whether  " i n t r i n s i c  i n h i b i t i o n "  was 

oc cu r r in g  a t  the Hormone-Receptor cyc lase  s t e p ,  the f o l ­

lowing exper iment  was designed.

I n t a c t  b ladders  were a l lowed to  e q u i l i b r a t e  in  

R in g e r 's  s o l u t i o n  f o r  one hour .  At a t ime designated  

t = 0 ,  hormone ( l O ^ M  AVP) was in t roduced in to  the  

f l u i d  bath ing the bladders ( i . e .  the serosal  f l u i d ) .

At  t=10  minutes ( response i s  maximum in the i n t e r v a l  

from 10-20  minu tes ,  as measured from r e s u l t s  o f  ex­

per iments on the hydroosmotic response o f  i n t a c t  b l a d ­

d e r s ) ,  h a l f  o f  the hemi -b ladders  were removed ( these  

are  "A" h e m i - b la d d e r s ) ,  weighed,  scraped,  homogenized,  

c e n t r i f u g e d  a t  600 x g and assayed f o r  ad eny la t e  cyc ­

lase  a c t i v i t y .  The pa i red  hemi -b ladders  , designated  

"B" b l a d d e r s ,  were washed and b a se l i n e  i m p e r m e a b i l i t y  

was a l lowed to r e t u r n .  At t=30O m inutes ,  these hemi-  

bladders r ece ive d  a second i d e n t i c a l  dose of  hormone 

and a t  t = 310 minutes they were removed, weighed,  

scraped ,  homogenized,  c e n t r i f u g e d  a t  600 x g and 

assayed f o r  the ad en y la te  cyc lase  a c t i v i t y .  This  

exper imenta l  protoco l  is  shown s c h e m a t ic a l l y  in  

F igure  11.
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Figure 11.  Exper imenta l  protoco l  used to study the  

phenomenon of  " I n t r i n s i c  I n h i b i t i o n " .  

Exper imenta l  Design I .
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Exper imenta l  Design I I

In another  se t  o f  expe r i me nt s ,  bladders were se t  

up as be fore  i . e . ,  w i th  an "A" group of  hemi -bladders  

and a "B" group of  h e m i - b l a d d e r s . In t h i s  p rotocol  

the "A" bladders were chal l enged  as be fore  w i th  a 

maximal dose of  vas op re ss in .  At t =10 minutes these  

bladders were washed and a l lowed to r e t u r n  to b a s e l i n e .  

"B" b ladders  were not cha l lenged  u n t i l  t =300 minu tes ,  

a t  which t ime both sets o f  b ladders were cha l l enged  

w i t h  the standard maximal dose of  a r g i n i n e  vasopress in  

(10"®M).  At t=310 minutes both sets o f  b ladders were 

removed and prepared f o r  ad eny la t e  cyc lase  assay.  This  

exper imenta l  p rotocol  i s  shown s c h e m a t ic a l l y  in  

F igure  12 .

Method o f  Study of  the Phenomenon o f  " E x t r i n s i c  

I n h i b i t i o n "

In o rder  to l o c a l i z e  the step which " e x t r i n s i c  

i n h i b i t i o n "  i s  a f f e c t i n g ,  the f o l l o w i n g  ex per im ent ,  

i l l u s t r a t e d  in F igure 13* was designed.

Two beakers were se t  up and l e f t  o v e r n i g h t .  One 

beaker ,  the "co nt ro l  bath" conta ined 10"6M AVP but no 

b l add er s .  The o th er  beaker ,  the exper imenta l  ba th ,  

conta ined 10_6M AVP and 6 toad b ladd ers .  Both baths  

were kept  o v e r n ig h t  a t  room te mp er a tu re ;  the next  

morning the o v e r n ig h t  b ladders were removed from the
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exper imenta l  bath and a t  t=0  f r es h  bladders were 

i n t roduced  in t o  both baths along w i th  a dose of  

AVP i d e n t i c a l  to t h a t  used i n i t i a l l y  on the previous  

day.  At t=20 minutes both sets o f  b ladders were 

weighed.  The bladders in the cont ro l  bath showed a re ­

sponse to hormone comparable to t h a t  a t  t=20  

minutes from o t her  exper iments .  The bladders in 

the "o v e r n i g h t  i n h i b i t e d  bath" showed no response to  

hormones. Mucosal e p i t h e l i a l  c e l l s  were scraped,  

homogenized,  c e n t r i f u g e d  a t  600 x g and assayed f o r  

a d en y la t e  cyc lase  a c t i v i t y .

Method o f  Study o f  the Phenomenon of  " F a c i l i t a t i o n "  

Bladders chal lenged w i th  a low dose o f  hormone 

show a g r e a t e r  response to a second i d e n t i c a l  low 

dose c h a l l e gg e  than to the i n i t i a l  c h a l l e n g e .

Adenyla te  cy c lase  assays were c a r r i e d  out on scraped  

c e l l s  ob ta ined from hemi -bladders  ten minutes a f t e r  

i n i t i a l  exposure to a low dose ( 1 0 " 9M) o f  AVP ("A" 

Bladders )  and prepared as descr ibed above.  Adenyla te  

cyc lase assays were a lso c a r f i e d  out  on homogenates 

prepared from hemi -b ladders  subjected  to two successive  

cha l l enges  w i th  10“ ^M AVP, the f i r s t  a t  t = 10 minutes  

the second a t  t=120  minutes ("B" B la d d e r s ) .  These 

"B" b ladders  were removed from the serosal  bath a t  

t = 130 minutes f o r  p r e p a r a t i o n  o f  mucosal c e l l  

homogenates f o r  ad eny la te  cyc lase  assay.
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Figure  12.  Exper imental  protocol  used to study the  

phenomenon o f  " I n t r i n s i c  I n h i b i t i o n " .  

Exper imental  Design I I .
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Figure 13.  Exper imental  design used to study the  

phenomenon of  " E x t r i n s i c  I n h i b i t i o n " .
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Control bath Experimental bath

(Ringer's soln. + Hormone) (Ringer*s soln. + Hormone +

Toad Bladders)

V

le f t  overnight 

at room temp.

(1) Remove "overnight" bladders from experimental 

bath and discard.

(2) Add fresh bladders and hormone to control and 

experimental baths.

(3) Remove bladders at t  = 20 minutes and prepare 

fo r adenylate cyclase measurement (see text ) .
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RESULTS

I n t r i n s i c  I n h i b i t i o n :

Figure 14 shows the r e s u l t s  o f  a t y p i c a l  exper iment  

in which bladders t h a t  were chal lenged  w i th  supra ­

maximal doses o f  DDAVP e x h i b i t e d  a reduced response  

a f t e r  washout and r e c h a l l e n g e  w i th  an i d e n t i c a l  dose 

of  the hormonal p e p t i d e .  In e leven o ther  exper iments  

of  the same design the f i n d i n g s  were s i m i l a r  and the  

r e s u l t s  were s t a t i s t i c a l l y  s i g n i f i c a n t  (P 0 . 0 1 ) .

In o rder  to determine a t  what step in hormone 

a c t i o n  t h i s  modulat ion was ta k i ng  p l a c e ,  the ad eny la te  

cyc lase a c t i v i t y  of  these bladders was assayed.

The exper imenta l  design used to determine whether  

" i n t r i n s i c  i n h i b i t i o n "  was oc cur r ing  a t  the hormone-  

re c e p to r  cyclase  step has been d e t a i l e d  in the Methods 

se c t io n  but i s  b r i e f l y  o u t l i n e d  below (F igu re  11 ) .

I n t a c t  toad bladders were placed in R i ng er 's  

s o l u t i o n  f o r  one hour in order  to e s t a b l i s h  t h e i r  

b a s e l in e  l e v e l  o f  p e r m e a b i l i t y .  At a t ime t = 0 ,  10”6M 

a r g i n i n e  vasopress in (AVP) or de am in o -D -a r g in in e -  

vasopress in  (DDAVP) was in t roduced in t o  the serosal  

bath ing f l u i d .  At t = 10 minu tes ,  h a l f  the hemi -bladders  

("A" group)  were removed; the mucosal e p i t h e l i a l  c e l l s  

were scraped,  homogenized and the c e l l  f r e e  aden y la te
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Figure 14.  Resu l t  o f  exper iment  showing t y p i c a l  

responses of  the toad b ladder  to two 

successive i d e n t i c a l  supramaximal doses 

of  hormone. (1 mg DDAVP per ml o f  bdtth 

f l u i d  to e s t a b l i s h  a f i n a l  DDAVP conc.  

of  10"6M o l a r ) .
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cyclase  p r e p a r a t io n  was ob ta ined  and assayed f o r  

ad eny la t e  cyc lase  a c t i v i t y .  The t = 10 minutes mark was 

chosen as the p o in t  to remove these bladders because 

we found t h a t  the hydroosmotic response was maximal  

approx imate ly  10-20  minutes a f t e r  exposure o f  the b l a d ­

der to AVP or DDAVP.

The pa i red hemi -bladders  ("B" b l a d d e r s ) ,  f o l l o w i n g  

the i n t t i a l  ch a l l e nge  w i th  hormone, were washed in 

hormone- f ree Ringers f l u i d  and t h e i r  p e r m e a b i l i t y  was 

a l lowed to r e t u r n  to ba se l i ne  l e v e l s .  Then a t  t=300  

minutes the "B" bladders rece ive d  a second dose of  

hormone i d e n t i c a l  to the f i r s t .  A f t e r  10 minutes had 

e lapsed,  these b ladders  were removed, prepared and 

assayed in the same manner as the "A" group.

In a second set  o f  expe r ime nts ,  the "A" group was 

t r e a t e d  as descr ibed f o r  the "B" group above ( F ig u re  1 2 ) .  

The "B" group in  t h i s  case did not r e c e iv e  any hormonal  

ch a l l en ge  u n t i l  t =300 minu tes .  At t h i s  t ime "B" bladders  

rece ived  a maximal dose o f  hormone, equal to t h a t  given  

the "A" group.  At t=310 minutes both sets o f  b ladders  

were removed, prepared and assayed f o r  ad eny la t e  cyc lase  

a c t i  vi  t y .

Table 1 shows the r e s u l t s  o f  these exper iments .

The adeny la te  cyc lase  a c t i v i t i e s  10 minutes a f t e r  the  

i n i t i a l  hormonal ch a l l en ge  ("A" b ladder  o f  exper iment  I )  

i s  o f  the same order  as the ad en y la te  cyclase  a c t i v i t y  

of  the "B" bladder  o f  exper iment  I (which had rece iv ed
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Table 1. Adenyla te  cyclase  a c t i v i t i e s  o f  toad bladders  

which have been " i n t r i n s i c a l l y  i n h i b i t e d " .

S ix  "A" hemibladders and s ix  "B" hemibladders  

were used in each exper iment .
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E x p e r i m e n t a l  Design I

"A" Bladders  

t  = 10 mins .

I ixpt .  #1 Expt .  #2 Expt .  #3

38 27 41

"B" Bladders  

t  = 310 mins.
34 21 36

Exper imenta l  Design I I

"A" Bladders  

( ch a l l enged  tw ic e )

Expt .  #1 Expt .  #2 Expt .  #3

41 31 45

"B" Bladders  

( c ha l l enged  once,  

a t  t  = 300 m ins . )

37 33 39

Resul ts  expressed as pmoles cAMP/mg p r o t e i n / m i n u t e .  

Hormonal dose,  1 0 "6M AVP.
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two successive hormonal cha l l enges  and had been 

removed f o r  cyclase  e s t i m a t i o n  ten minutes a f t e r  i t s  

second c h a l l e n g e ) .  In c o n t r a s t  to t h i s  susta ined  

cyclase  response of  the c e l l  f f e e  bladder  p r e p a r a t i o n ,  

the hydroosmotic response o f  the i n t a c t  b ladder  was 

s i g n i f i c a n t l y  i n h i b i t e d  (v id e  s u p r a ) .  Furthermore,  

exper iment  I I  a l so showed t h a t  when "B" bladders were 

kept  in R in g er 's  s o l u t i o n  f o r  300 minutes and then 

chal lenged f o r  the f i r s t  t ime w i th  hormone, they  

e x h i b i t e d  the same aden y la te  cyc lase  a c t i v i t y  as "A" 

bladders which had been cha l lenged  t w i c e .  Thus,  the 

aden y la te  cyclase  step does not appear to be the  

locus a t  which i n t r i n s i c  i n h i b i t i o n  occurs.

E x t r i n s i c  I n h i b i t i o n

In order  to l o c a l i z e  the step which e x t r i n s i c  

i n h i b i t i o n  i s  a f f e c t i n g ,  the exper iment  o u t l i n e d  in 

Figure  13 was c a r r i e d  ou t .  This exper iment  is  de­

scr ibed in d e t a i l  in the Methods s e c t i o n ;  i t  is  

r e c a p i t u l a t e d  b r i e f l y  here .  One beaker ,  co n ta in in g  

10- 6 M AVP and 6 hemi -b ladders  (exper imenta l  bath)  and 

a second beaker  co n t a in in g  only 10“ 6M AVP ( c o n t ro l  bath)  

were kept ov er n i g h t  a t  room temperature  (22°C ± 3 ° C ) .

The next  day the bladders were removed from the e x p e r i ­

mental  bath and f res h  bladders were cha l l enged in both 

baths .  The f res h  bladders incubated in the bath t h a t  

had conta ined bladders ov er n ig h t  ( e xper imenta l  bath)
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showed no response to hormone w h i le  the bladders i n ­

cubated in the cont ro l  bath showed the c h a r a c t e r i s t i c  

hormone-induced inc rease  in water  p e r m e a b i l i t y .  The 

mucosal e p i t h e l i a l  c e l l s  o f  the exper imenta l  and con­

t r o l  b ladders were scraped,  homogenized and the  

homogenate analyzed f o r  aden y la te  cyclase  a c t i v i t y .

T a b le ?  shows the r e s u l t s  o f  fo ur  o f  these e x p e r i ­

ments.  In th re e  exper iments ,  th e r e  is  a c l e a r  decrease  

of  ad eny la t e  cyclase  a c t i v i t y  in the bladders incubated  

in the " o v e r n i g h t - i n h i b i t e d "  (e x p e r i m e n t a l )  ba th .  This  

decrease is in the range o f  60-90%. In one exper iment  

th e r e  was no d i f f e r e n c e  between the two groups o f  b l a d ­

ders .  However,  on the basis o f  the f i n d i n g s  in e x p e r i ­

ments 1 ,  2 ,  and 3 and o ther  co n s i d e r a t io n s  (see Discus­

s i on )  we have t e n t a t i v e l y  concluded t h a t  the i n h i b i t o r  

is  o p e r a t i v e  ajt the ad eny la t e  cyclase  s tep.

F a c i 1 i t a t i o n

In o rder  to determine a t  what step in the AVP- 

induced sequence of  events f a c i l i t a t i o n  is  being  

a f f e c t e d ,  aden y la te  cyc lase  a c t i v i t i e s  were measured 

on c e l l - f r e e  mucosal e p i t h e l i a l  p r ep ar a t io n s  taken  

from pa i red  hemi -bladders  ten minutes a f t e r  i n i t i a l  

exposure to a low dose o f  hormone ( 1 0 “^M AVP),  and 

310 minutes a f t e r  t h i s  ch a l l enge  ( i . e .  a t  ten minutes  

a f t e r  the second ch a l l enge  w i th  the same dose o f
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Table  2. Adenyla te  cyclase  a c t i v i t i e s  o f  toad bladders  

which have been " e x t r i n s i c a l l y  i n h i b i t e d " .

Six "A" hemibladders and s ix  "B" hemibladders  

were used in each exper iment .
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Expt . IIA" BLADDERS "B" BLADDERS

Basal +10“6M AVP A Basal +10"6M AVP A

1 11 35 24 15 22 7

2 16 47 31 20 23 3

3 24 62 38 24 46 22

4 15 41 26 19 48 29

Resul ts expressed as pmoles cAMP/mg p r o t e i n / m i n u t e .  

("A" Bladders:  bladders from cont ro l  bath removed 

a t  peak o f  ph ys i o lo g ic a l  response.  "B" Bladders:  

bladders incubated in exper imenta l  bath no p h y s i o l ­

og ica l  response.  Basal a c t i v i t y  was measured in  

another  group of  b l add er s ,  incubated in  R in g er 's  

s o lu t io n  w i t hou t  hormone f o r  the same per iods of  

t ime as the corresponding "A" and "B" bladders and 

then removed f o r  adeny la te  cyclase assa y ) .

75



hormone).  The r e s u l t s  o f  these exper iments show t h a t  

the ad eny la t e  cyc lase  l e v e l  is  h igher  a f t e r  a second 

ch a l l en ge  (Table  3 ) .
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Table  3.  Adenyla te  cyclase  a c t i v i t i e s  o f  toad bladders  

under the c o n d i t io n  of  " f a c i l i t a t i o n " .  Six  

"A" hemibladders and s ix  "B" hemibladders were 

used in each exper iment .
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11A" BLADDERS 1B" BLADDERS

Basal
Hormone-

Stimulated A Basal
Hormone-

Stimulated A

18 35 17 13 41 28

27 49 22 31 67 36

Resul ts  expressed as pmoles cAMP/mg p r o t e i n / m i n u t e .

"A" Bladders:  c o n t r o l ;  one cha l l enge  w i th  10"9M AVP 

a t  t  = 0.  "B" Bladders:  ex p e r im e n ta l ;  i n i t i a l  c h a l ­

lenge wi th 10"9M AVP a t  t  = 0;  washout a t  t  = 80;  

repe a t  cha l l enge  w i th  i d e n t i c a l  dose o f  AVP a t  t  = 120.  

(Basal  a c t i v i t y  measured as in  Table 2 ) .
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DISCUSSION

The lack  of  correspondence between the decreased  

hydroosmotic response of  the i n t a c t  toad bladder  

( f o l l o w i n g  a r e p e t i t i v e  cha l l enge  wi th a supra­

maximal dose of  neurohypophyseal  hormone) and the 

sus ta ined  aden y la te  cyc lase  response of  a c e l l  f r e e  

homogenate of  the b ladder  e p i t h e l i u m  under the same 

co nd i t io n s  lead to the conclusion t h a t  " i n t r i n s i c  

f t nh ib i t io n "  is  o p e r a t i v e  a t  some locus in the hor ­

mone-induced r e a c t i o n  sequence (F igu re  7) d i s t a l  to 

the adeny la te  cyc lase  a c t i v a t i o n  s tep .  Fur thermore,  

i t  is  u n l i k e l y  t h a t  c y c l i c  AMP-dependent phosphory la­

t i o n  (o r  dephosp hory la t io n )  o f  the plasma membrane of  

the toad bladder  e p i t h e l i a l  c e l l  c o n s t i t u t e s  the locus  

a t  which " i n t r i n s i c  i n h i b i t i o n "  is  e f f e c t e d  because 

p r e l i m i n a r y  exper iments in our l a b o r a t o r y  have shown 

no d i f f e r e n c e  in the l e v e l  o f  phosphory la t ion  of  

plasma membranes i s o l a t e d  a f t e r  ch a l l enge  w i th  a s in g le  

l a r g e  dose of  hormone as compared wi th  the l e v e l  of  

phosphory la t ion  o f  membranes i s o l a t e d  a f t e r  r e p e t i t i v e  

cha l l enges  w i th  the same dose o f  hormone (Schwar tz ,  e t  

al  unpubl ished d a t a ) .  T h e r e f o r e ,  the phenomenon of  

" i n t r i n s i c  i n h i b i t i o n "  i s  probably  e s t a b l i s h e d  by a
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process t h a t  ac ts  a t  a l a t e  step in the hormone r e a c ­

t i o n  sequence,  v i z . ,  a f t e r  the c y c l i c  AMP-dependent  

a l t e r a t i o n  in the s t a t e  o f  phosphory la t ion  o f  a pos­

s i b l e  pre e f f e c t o r  element in the t a r g e t  c e l l  or of  

the f i n a l  e f f e c t o r  per se ( i . e . ,  the luminal  d i f f u s i o n  

b a r r i  e r ) .

In the case of  " e x t r i n s i c  i n h i b i t i o n " ,  i t  would 

appear - -  on the basis o f  exper iments 1,  2 ,  and 3 of  

Table  1 we are  suggest ing t h a t  the i n h i b i t o r  is  opera ­

t i v e  a t  the aden y la te  cyclase  s tep .

The degree of  cyc lase  i n h i b i t i o n  noted in 

exper iment  2 o f  Table 2. i n d i c a t e s  t h a t  the f a c t o r  

o f  r e c e p to r  reserve  (Eggena e t  a l ,  1970;  Bar e t  al 1 970;  

Schwar tz ,  1971)  is  not s u f f i c i e n t  to  prevent  man i f es t  

i n h i b i t i o n  o f  the hormone-induced hydroosmotic response.

The r e s u l t s  noted in exper iment  4 may be due to  

the o p er a t io n  in the cont ro l  (A) group o f  b ladders of  

an a d v e n t i t i o u s  i n h i b i t o r y  phenomenon o ther  than 

" e x t r i n s i c  i n h i b i t i o n "  as de f ined  above.  In any case,  

the decrease in ad eny la te  cyclase  a c t i v i t y  noted in 

3 out o f  4 exper iments is  c o n s i s t e n t  w i th  Overweg's  

r e p o r t  t h a t  the i n h i b i t o r y  f a c t o r  did not suppress  

the c y c l i c  AMP-induced inc rease  in the water  p e r ­

m e a b i l i t y  o f  the toad b ladder  a l though i t  d id sup­

press the hydroosmotic response to a r g i n i n e  vasotoc in  

and o t her  neurohypophyseal  pept ides  (Overweg,  1966) .
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I t  is poss ib le  t h a t  an unmasking o f  receptors  

an d /or  an increased e f f i c i e n c y  o f  s t imu lus - response  

coupl ing and/o r  an increased s e n s i t i v i t y  o f  the enzyme 

to hormonal s t i m u l a t i o n  u n d e r l i e s  the phenomenon of  

" f a c i l i t a t i o n " .  In any case,  i t  may be concluded  

t h a t ,  whatever  the mechanism, " f a c i l i t a t i o n "  is  

m an i f es t  a t  the ad eny la t e  cyclase  step in hormone 

a c t i o n .

When more d e f i n i t i v e  in fo r m a t i o n  i s  a v a i l a b l e  

concerning the na ture  o f  the t a r g e t  c e l l  r ea c t i on s  

f o l l o w i n g  neurohypophyseal  hormone-induced a c t i v a t i o n  

of  ad eny la te  c y c l a s e ,  i t  w i l l  be p o s s i b l e ' then to 

determine whether  the modulat ing phenomena reported  

above are o p e r a t i v e  a t  m u l t i p l e  lo c i  and, i f  so,  to 

d e f in e  such l o c i .  However,  i t  is  poss ib le  now to 

extend the exper imenta l  approach employed in t h i s  

study to the many o t h er  modes of  i n h i b i t i o n  (o f  the  

toad b ladder  response to neurohypophyseal  hormone) 

noted in the I n t r o d u c t i o n  to Sect ion I .
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SECTION I I :  STUDIES ON ISOLATED CELL POPULATIONS

OF TOAD BLADDER EPITHELIUM (MITOCHONDRIA- 

RICH AND GRANULAR CELLS).
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INTRODUCTION

In t h i s  sec t ion  of  the p resent  i n v e s t i g a t i o n ,  the  

p r o t e i n  kinase a c t i v i t y  o f  i s o l a t e d  c e l l  popu lat ions  

of  toad b ladder  e p i t h e l i u m  was s t u d i e d .  M i t o c h o n d r ia -  

r i c h  and g r an u l a r  c e l l s  were prepared by the method 

of  Sco t t  e t  a l , ( 1 9 7 4 ) ,  which u t i l i z e s  d e n s i t y  g r a d i e n t  

c e n t r i f u g a t i o n  and i s.sdescri bed in the Methods s e c t i o n .

Dibona e t  a l ,  ( 1969)  s tudied phase and e l e c t r o n  

micrographs o f  toad bladder  a f t e r  d i l u t i o n  of  the  

bathing media and/or  a f t e r  the a d d i t i o n  o f  vasopress in .  

When the mucosal medium alone was d i l u t e d  ( R / 5 ) ,  no 

morphological  changes were observed.  However,  when 

vasopressin was added to the serosal  s ide th er e  was 

an increased c e l l  volume seen in the g r a n u la r  c e l l s ,  

whether  the mucosal s ide  was d i l u t e d  or not  ( i . e .  

even w i t h o u t  an osmotic g r a d i e n t ) .  No changes were 

seen in m i t o c h o n d r i a - r i c h , g o b l e t ,  or  basal  c e l l s .  

T h e r e f o r e ,  vasopressin had s e l e c t i v e l y  increased the  

c e l l  volume of  the g r an u l a r  c e l l s  o f  the mucosal  

epi t h e ! i  urn.
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When the serosal  medium was d i l u t e d ,  a l l  c e l l  types 

showed increased c e l l  volume. T h e r e f o r e ,  increase  in c e l l  

volume of  g r a n u la r  c e l l s  a lone a f t e r  vasopressin a d m i n i s t r a ­

t i o n  must r e f l e c t  a hormonal s p e c i f i c i t y  r a t h e r  than a non­

s p e c i f i c  l i m i t a t i o n  in the ca pac i ty  o f  o t her  c e l l s ,  to s w e l l .  

These f i n d i n g s  demonstrated t h a t  the ac t i o n  of  vasopressin  

is exer ted  s p e c i f i c a l l y  on the g r an u l a r  c e l l  and a t  i t s  

a p ic a l  plasma membrane.

The f o l l o w i n g  previous evidence had been adduced in  

support  o f  the idea t h a t  the  sodium t r a n s p o r t  and osmotic  

( w a te r )  e f f e c t s  of  vasopressin are mediated a t  the ap ica l  

plasma membrane of  mucosal c e l l s :

(1 )  When 2^Na, u r ea ,  3H20 was present  in the  

mucosal ba th ,  increased r a d i o a c t i v i t y  w i t h i n  the  

t i s s u e  was seen in response to vasopressin ( F r a z i e r ,  

e t  a l , 1962;  L e a f ,  19 60 ) .

( 2 )  With h y p o t o n i c i t y  o f  the mucosal media,  no 

morphological  changes were observed.  However when 

mucosal hypoton<fcity was e s t a b l i s h e d  and then vaso­

press in  was added to the serosal  medium, the  

mucosal c e l l s  swel led (Peachey and Rasmussen, 1961;  

Dibona,  1969 ) .

Kachadorian et  a l  ( 1975)  have demonstrated,  

by f r e e z e - f r a c t u r e  e l e c t r o n  microscopy,  t h a t  vaso­

press in  s t i m u l a t i o n  o f  i s o l a t e d  toad b ladder  s p e c i ­

f i c a l l y  a l t e r s  the s t r u c t u r e  o f  the luminal  membrane 

of  g r an u l a r  c e l l s .  They have shown t h i s  to be
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q u a n t i t a t i v e l y  assoc ia ted  w i th  vasopress in - induced  

osmotic water  f lo w .  Thus,  the a l t e r a t i o n  appears to 

be o f  f u n c t io n a l  s i g n i f i c a n c e .

I t  is g e n e r a l l y  accepted t h a t  cAMP mediates the  

e f f e c t s  of  a n t i d i u r e t i c  hormone on water  and sodium 

t r a n s p o r t  in the toad b la dd er ;  however the fu n c t i o n a l  

s i g n i f i c a n c e  of  cAMP-dependent p r o t e in  phosphory la t ion  

in media t ing  these ac t ions  of  ADH remains to be e l u c i ­

dated .  DeLorenzo e t  a l , ( 1973)  and Ferguson and 

Twite  (1974)  have repor ted  t h a t  a cAMP-induced 1ower-  

ing o f  the l e v e l  o f  phosphory la t ion  of  a s p e c i f i c  p ro­

te in  ( p r o t e i n  D) in toad b ladder  plasma membrane is  

r e l a t e d  to the p h y s i o lo g ic a l  e f f e c t s  of  a n t i d i u r e t i c  

hormone on Na+ and water  t r a n s p o r t ,  r e s p e c t i v e l y .  In 

most o f  the s tud ies  repor ted  in  the l i t e r a t u r e  to date  

the e f f e c t  o f  cAMP on p r o t e i n  k in a s e (s )  has been to 

i nc rease the a c t i v i t y  o f  the enzyme. In a few in s ta nc es ,  

however,  cAMP appeared to decrease p r o t e in  kinase  

a c t i v i t y ,  t h a t  i s ,  the l e v e l  o f  su bs t r a t e  phosphory la­

t ion  was lower  in the presence than in the absence of  

cAMP. This could r e s u l t  e i t h e r  from a cAMP-induced 

decrease in p r o t e in  kinase a c t i v i t y  and/o r  from a cAMP- 

induced increase in phosphoprotein phosphatase a c t i v i t y  

(perhaps v ia  s t i m u l a t i o n  of  a p r o t e in  phosphatase  

k i n a s e ) .
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I t  was shown by DeLorenzo e t  a l ,  ( 1973)  t h a t  

a n t i d i u r e t i c  hormone, monobutyrl  cAMP, and d i b u t y r l  

cAMP each cause a s p e c i f i c  decrease in phosphory la t ion  

of  p r o t e i n  D of  the toad b l add er .  I t  was f u r t h e r  shown 

t h a t  cAMP, when added to b ladder  homogenates,  a lso caused 

a decrease 1n phosphory la t ion  o f  p r o t e i n  D. This e f f e c t  

was seen only  in s u b c e l l u l a r  f r a c t i o n s  c o nt a in in g  mem­

brane and was rap i d  enough to be c o n s i s t e n t  w i th  a r o l e  

f o r  p r o t e i n  D in the product ion o f  p e r m e a b i l i t y  changes 

l ead ing  to increased water  and /o r  sodium t r a n s p o r t .

Sco t t  e t  a l , ( 1974)  have shown t h a t  a f t e r  oxytoc in  

c h a l l e n g e ,  cAMP c o nc e nt r a t io n  (as determined by r a d i o -  

immuno assay)  increases  only  in m i t o c h o n d r i a - r i c h  c e l l s .  

The data a lso suggested t h a t  the m i t o c h o n d r i a - r i c h  c e l l  

is the locus of  H+ t r a n s p o r t  ( t h e r e  is  g r e a t e r  carbonic  

anhydrase a c t i v i t y  in m i t o c h o n d r i a - r i c h  than in g r an u l a r  

c e l l s )  as wel l  as the i n i t i a l  step in oxytoc in  -  s t i m ­

u la te d  changes in p e r m e a b i l i t y  and t r a n s p o r t .

In the scheme shown in F igure 7,  Sect ion I 

I n t r o d u c t i o n ,  one of  the i n t e r m e d ia t e  steps in hormone 

ac t i o n  is  the a c t i v a t i o n  of  a cAMP-dependent p r o t e in  

k inase.  I f  t h i s  scheme is c o r r e c t ,  in the l i g h t  of  

S c b t t ' s  f i n d i n g s  a cAMP-dependent kinase must be p r e ­

sent  in the g r a n u la r  c e l l s  (which respond to neuro­

hypophyseal hormones as noted above) and cAMP must move 

1n t e r c e l l u l a r l y  from the m i t o c h o n d r i a - r i c h  c e l l s  to 

the g r a n u la r  c e l l s  - -  and indeed ther e  is  a mor-
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pho1og1cal basis f o r  such an i n t e r c e l l u l a r  t r a n s f e r  

of  media tory  namely,  a r o s e t t e  p a t t e r n  wi th f i v e  

g r a n u la r  c e l l s  surrounding and making contac t  wi th  

each m i t o c h o n d r i a - r i c h  c e l l  ( F ig u re  15) .  T h e r e f o r e ,  

to t e s t  the scheme given in Figure 15, m i to c ho nd r i a -  

r i c h  and g r an u l a r  c e l l s  were separated and p rep ar a t io ns  

of  each c e l l  type were assayed f o r  the presence of  

c y t o s o l i c  and membrane-bound cAMP-dependent p r o t e i n  

k i n a s e .
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Figure  15.  Hypot he t ic a l  Model f o r  Mediat ion  of  the  

Hydroosmotic Act ion of  Neurohypophyseal  

Hormone in Toad Bladder  E p i t h e l i a l  C e l l s .  

(MR, M i t o c h o n d r i a - r i c h  c e l l ;  G, Granu lar  

c e l l s ;  , Hormone-Receptor Complex;

A . C . ,  adeny la te  cy c la se ;  P.K.  P ro te i n  

Kinase;  Pr PHase, P ro te in  Phosphatase;  

P r - P i , Phosphorylated P r o t e i n ) .
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F IG U R E  15



MATERIALS

F l c o l l  was purchased from Pharmacia Fine Chemicals.  

Histone ( type  I I  A, c a l f  thymus) was bbta ined from 

Sigma and sodium f l u o r i d e  and t r i c h l o r o a c e t i c  ac id  

(TCA) from F i sh er  S c i e n t i f i c .  Sodium a c e t a t e  was pur ­

chased from Baker .  T h e o ph y l l i ne  was purchased from 

Mann Research L a b o r a t o r i e s .  M i l l i p o r e  f i l t e r s  HA 0 .45y  

were obta ined from M i l l i p o r e  C or po ra t io n .

Y_32p_ATP was purchased from New England Nuc lear .  

Otherw ise ,  a l l  m a t e r i a l s  are the same as descr ibed in  

Sect ion  I .
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METHODS

S e p a r a t i o n  o f  C e l l  Types

M i t o c h o n d r i a - r i c h  and g r an u l a r  e p i t h e l i a l  c e l l s  

were i s o l a t e d  according to the method of  Scot t  e t  al  , 

( 1 9 7 4 ) ,  shown in the f low  sheet  below ( F i g u r e l 6 ) .

Toads, Bufo mar inus,  were p i thed and t h e i r  b l a d ­

ders were d i s s e c t e d ,  excised and r ins ed  in R ing er 's  

s o l u t i o n .  The hemibladders were t i e d  i n d i v i d u a l l y  to 

an o u t l e t  o f  a Luer lock s y r i n g e ,  f i l l e d  and immersed 

in C a lc iu m - f r e e  Ringer  s o l u t i o n ,  c o n t a in in g  2 mM EDTA, 

and incubated f o r  45 minutes at  room tempera ture .  The 

i n t r a l u m i n a l  f l u i d  c o n ta in in g  d isaggregated mucosal  

c e l l s  was removed and the c e l l s  washed twice  w i th  EDTA 

Ri ng er 's  a t !9 3 5  x g  f o r  15-20  minutes.  Sedimented 

c e l l s  were resuspended in 10 ml EDTA R in ge r ' s  and l a y ­

ered over a d iscont inuous g r a d i e n t  o f  F i c o l l  in EDTA 

Ringer  s o l u t i o n .  ( F i c o l l  is  a s y n th e t i c  copolymer of  

sucrose and e p i c h l o r o h y d r i n ,  M.W. 4 0 0 ,0 0 0 ,  and a l lows  

f o r  high d e ns i t y  so lu t ion s  w i th  low osmotic pressure .  

The lajrge s i z e  o f  the molecule prevents i t  from pene­

t r a t i n g  c e l l  membranes and s u b c e l l u l a r  o r g a n e l l e s ) .

The g r a d i e n t  consis ts  o f  fo u r  d e n s i t i e s  o f  F i c o l l  

s o l u t i o n :  1 .0 1 7 ,  1 .0 3 5 ,  1 .0 6 7 ,  and 1.088gm/cm3 a t  4°C.
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Figure 16.  Flow diagram f o r  i s o l a t i o n  o f  m i t o c h o n d r ia -  

r i c h  and g r an u l a r  c e l l s  of  the toad b ladder  

e p i t h e l i u m .

[Re f :  Sco t t  e t  a l , 1974]
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B1adders

incubated in Ca++- f r e e  R in g er 's  s o l u t i o n  c o nt a in in g  
2 mM EDTA f o r  45 min.  a t  room temperature

Remove I n t r a l u m i n a l  f l u i d  con ta in in g  d isaggrega ted  
mucosal c e l l s

wash c e l l s  2X w i t h  EDTA-Ringer ' s c e n t r i f u g e  a t  
1935 x g f o r  15-20  min.

Resuspend in 10 ml EDTA R i n g e r ' s ;  l a y e r  over  a d i s ­
cont inuous F i c o l l  g r a d i e n t  ( 1 . 0 1 7 .  1 . 0 6 7 ,  and 
1 .088g/cm3 a t  4 ° C ) .

+
C e n t r i f u g e  a t  27 ,000  rpm (Beckman SW27 r o t o r )  f o r  45 min.

4 bands v i s u a l i z e d ;  Band 2,  MR c e l l s ;  Band 3,  G c e l l s
+

Suspend each band in EDTA R i n g e r ' s ,  c e n t r i f u g e  at  
27,000  x g f o r  15-20  min.  ( a t  4°C)  and again at  
1 935 x g f o r  15-20  m i n .

Supernatant  i s  poured o f f .
P e l l e t  i s  resuspended in 4 mis (not  c r i t i c a l )  d i s ­
t i l l e d  H20

+
Son icate  f o r  two 15 second i n t e r v a l s

+
C e n t r i f u g e  son ica te  a t  35 ,000 rpm f o r  30 min.  (L5-  
50 u l t r a c e n t r i f u g e )

+
Supernatant  & P e l l e t

Sedimented c e l l s  
+

This i s  the  
(MR or G) "supt"  
used in the p r o t e in  
kinase assays.

Resuspended in 1 .5  ml 
H20.  This i s  the " p e l ­
l e t "  (MR or G) used in  
the p r o t e i n  kinase assays.
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The c e l l s  were c e n t r i f u g e d  a t  27 ,000 rpm in a 

Beckman SW-27 r o t o r  f o r  45 minu tes .  Four bands appeared.  

M i t o c h o n d r i a - r i c h  and g r a n u la r  c e l l s  separated in to  

bands 2 and 3 r e s p e c t i v e l y .  In order  to wash out the  

F i c o l l ,  each band is  suspended in EDTA R in g er 's  and 

sedimented in a S or v a l l  c e n t r i f u g e d  a t  4°C a t  27 ,000  x g 

f o r  15-20  minutes and then again a t  1935 x g f o r  15-20  

minutes a lso a t  4°C.  The superna tan t  is  poured o f f  and 

each p e l l e t  is  resuspended in approximate ly  4 mis ( t h i s  

is  not c r u c i a l )  of  d i s t i l l e d  w a t e r ,  and sonicated f o r  

two 15 second i n t e r v a l s .

The son ic a te  is  then c e n t r i f u g e d  a t  35 ,000  rpm 

f o r  30 minutes in an L5-50 u l t r a c e n t r i f u g e .  The super ­

na ta n t  is  removed and saved.  This is the g r a n u la r  or  

m i t o c h o n d r i a - r i c h  superna tan t  used in the assays de­

scr ibed  here .  The p e l l e t s  are  resuspended in  1 .5  ml 

d i s t i l l e d  wa te r .  This  the g' ranular  or  mi to c h o n d r ia -  

r i c h  p e l l e t  r e f e r r e d  to in the r e s u l t s  s e c t i o n .

P r o te in  Kinase Assay

The p r o t e i n  kinase assay employed in t h i s  study  

i s  the method of  Kuo e t  a l ,  ( 1 9 7 0 ) ,  s l i g h t l y  m o d i f i e d .

The f o l l o w i n g  reagents were used: ( c on c en t ra t i on s  

r e f e r  to f i n a l  co n c e n t r a t io n  in  in c u b a t i o n ;  f i n a l  v o l ­

ume of  each sample is  .2 ml)  50 mM Na a c e ta te  (used 

as a b u f f e r ) ;  10 mM MgC12 ( the  p r o t e i n  kinase r e a c t i o n  

is  Mg-dependent ,  s ince the r e a c t i o n  s u bs t r a te  is  Mg- 

ATP. In t h i s  case the ATP is  l a b e l l e d  a t  the y -phos-  

phate ,  so t h a t
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protein
adenosine-O-P-O-P-O-P* ^adenosine-0-P-0-P-+-P1*,t->protein-P-j*;

25 yM ATP ( d i - N a ) ;  0 .3  mM EGTA (EGTA ch e l a te s  ca lc ium,  

t h e r e f o r e  Ca++ l e v e l s  decrease but Mg+ + , which is  re qu i re d  

in t h i s  r e a c t i o n ,  is  less a f f e c t e d ) .  This r e a c t i o n  mix ­

t u r e  is  bu f fe re d  a t  pH 6 . 5 .  y -32p l a b e l l e d  ATP

(1 x 10^ cpm/ml b u f f e r )  is  added p r i o r  to use.  The 

r e a c t i o n  is s t a r t e d  by a d d i t i o n  of  50X of  t h i s  m ix tu re  

( s o l u t i o n  A) per sample.

cAMP (5 x 10"8m , unless o therw ise  s t a t e d )  is  used 

to s t i m u l a t e  p r o t e i n  kinase a c t i v i t y .  NaF, which i n ­

h i b i t s  ATPase, is  employed a t  a f i n a l  c o nc e nt ra t i on  

of  10 -20  mM. When studying cAMP dependent p r o t e in  

kinase a c t i v i t y ,  i t  is  necessary to m a in ta in  cAMP 

l e v e l s  throughout  the run;  t h e r e f o r e  2 mM t h e o p h y l l i n e  

(an i n h i b i t o r  of  phosphodiesterase)  i s  used. Histone  

(40 ygm/sample)  was sometimes inc luded  as a s u bs t r a te  

f o r  c y t o s o l i c  p r o t e i n  k inase .  The co n c e n t r a t io n  o f  

membrane p r o t e i n  v a r i e d ,  but f e l l  u s u a l l y  between 20-  

50 ygm (as determined by the method o f  Lowry e t  al (11951). 

Cold t r i c h l o r o a c e t i c  a c i d ,  (a 5% s o l u t i o n )  was used 

to t e rm in a te  the r e a c t i o n .  Since the phosphorylated  

s u b s t ra te  is  a c i d - s t a b l e  t h i s  was considered to be a 

s u i t a b l e  agent .
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Samples are kept  on i ce  u n t i l  the r e a c t i o n  is  

s t a r t e d ,  The r e a c t io n  is  c a r r i e d  out in s i l i c o n i z e d  

tubes.  NaF, t h e o p h y l l i n e ,  cAMP, and membrane p r o t e in  

were added to the t e s t  tubes .  As noted above the  

r e a c t io n  commences on a d d i t i o n  o f  50^ of  s o l u t i o n  A 

per sample.  Samples are incubated a t  30°C f o r  5 min­

utes (unless o therwise  s p e c i f i e d ) .  The r e a c t i o n  i s  

t e rmina ted  by a d d i t i o n  of  2 ml 5% cold TCA and the  

samples are kept  on i ce  u n t i l  f i l t e r e d  through m i l l i ­

pore HA 0 .45y f i l t e r s .  Samples are t r a n s f e r r e d  by 

p ipe ts  and washed 3 t imes w i th  5 ml o f  a washing s o l u ­

t io n  cont a i n in g  5% TCA, 1 .25  mM ATP and 25 mM phos­

phor ic  a c id .  The f i l t e r s  are then d r i e d ,  placed in 

vaals  con ta in in g  10 ml In s t a g e l  s c i n t i l l a t i o n  f l u i d  

and counted.  An a l i q u o t  o f  the r a d i o a c t i v e  s o lu t io n  

is placed on a f i l t e r  and counted to serve as a 

s tandard .  Resul ts  are expressed as pmoles Pi i n c o r ­

porated/mg p r o t e i n / m i n u t e  inc ub a t i on  t im e .

C a l c u l a t i o n  is  as f o l l o w s :

(cpm of sample -  cpm of blank) x ATP conc.
----------------------------------------------------------------------- = x pmoles

STD cpm

x pmoles/mg kinase per sample = pmoles Pj incorp./mg protein.

D iv id in g  by the in cuba t ion  t ime one ge ts :  

pmoles Pi incorp./mg protein/minute incubation time.

A l l  analyses were c a r r i e d  out in t r i p l i c a t e .
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RESULTS

The opt imal  c o nc e nt r a t io n  f o r  s t i m u l a t i o n  of  p r o ­

t e i n  k inase was found to be 5 x 10"8M cAMP (F ig u re  17 ) .

The supernatants  o f  the m i t o c h o n d r i a - r i c h  c e l l  

homogenates and the g r an u l a r  c e l l  homogenates were 

both found to conta in  cAMP-dependent p r o t e i n  kinase  

a c t i v i t y  using e i t h e r  h is tone or p r o t e in  as phosphate  

acceptor  ( f i g u r e s  18 and 19 and Tables 4 and 5 ) .  When 

the p e l l e t  and supernate are  incubated t o g e t h e r  the r e  

is less s e l f - p h o s p h o r y l a t i o n  than on inc ub a t i on  o f  the  

supernate a lone .

Basal and c y c l i c  AMP-dependent p r o t e i n  kinase  

a c t i v i t i e s ,  in the absence of  h i s t o n e ,  were found to 

be assoc ia ted  w i t h  p e l l e t s  sedimented from m i t oc ho ndr ia -  

r i c h  c e l l  homogenates (Table  6 ) .  S i m i l a r l y ,  p e l l e t s  

sedimented from g r a n u la r  c e l l  homogenates were found 

to have basal and cAMP-dependent p r o t e in  kinase  

a c t i v i t i e s  (Table  7 ) .  The cAMP-depdndent s e l f - p h o s ­

p h o r y l a t i o n  in the exper iments o f  Table  7 was apparent  

when the p e l l e t s  were incubated f o r  per iods ranging  

from 1 to 10-20 minutes;  w i th  longer  per iods of  incuba­

t i o n ,  dephosphory la t ion  appeared to be more markedly  

s t im u la t e d  than phosphory la t ion  (F ig u re  20 and Table  8 ) .
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In the presence of  2 .5  mM ZnCl2 (added to sup­

press phosphatase a c t i v i t y )  the re  was a p a r a l l e l  i n ­

crease in the s e l f - p h o s p h o r y l a t i o n  of  m i t oc ho ndr ia -  

r i c h  and g ra n u l a r  c e l l  p e l l e t s  in the absence and 

presence of cAMP (F ig u re  21).
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Figure  17.  E f f e c t  o f  c y c l i c  AMP on p r o t e i n  kinase  

a c t i v i t y  o f  p e l l e t s  sedimented from 

homogenates o f  g r a n u la r  c e l l s  i s o l a t e d  

from toad b ladder  e p i t h e l i u m .

V
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Figure 18. E f f e c t  o f ' t ime on p r o t e in  kinase a c t i v i t y  

of  the t y i o s o l  ( s upe rn a ta n t  f l u i d )  o f  

M i t o c h o n d r i a - r i c h  c e l l s  i s o l a t e d  from 

the toad b l adder .
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Figure 19.  E f f e c t  o f  t ime on p r o t e i n  kinase a c t i v i t y  

of  the cy tosol  ( s upe rn a ta n t  f l u i d )  o f  

gr a n u la r  c e l l s  i s o l a t e d  from the toad  

b l add er .
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Table  4.  Time course of  p r o t e i n  kinase a c t i v i t y  

of  the cytosol  ( supe rn a ta n t  f l u i d )  o f  

gra n u l a r  c e l l s  and m i t o c h o n d r i a - r i c h  c e l l s  

i s o l a t e d  from the toad b l ad d er .
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Time (mins.) Granular Cell Supernatant Mi tochondri a- r i  ch Cell Supernatant

Basal +cAMP Basal +cAMP

11 211 262 165 388

2 229 318 162 369

5 167 337 199 426

10 141 282 175 364

20 94 182 202 397

40 39 67 190 315

60 29 52 184 293

Data represents  the average o f  fo ur  exper iments .  Resul ts  

expressed as pmoles Pi incorp . /mg  p r o t e i n / m i n u t e .  (cAMP co nc . ,  

5 x 10“ ; h is tone was used as s u b s t r a t e ) .



Table 5. Experiment  to Determine whether  Granular  

and M i t o c h o n d r i a - r i c h  C e l l  P a r t i c u l a t e s  

can serve as phosphate acceptor  ( s u b s t r a t e )  

f o r  "supernatant"  ( c y t o s o l i c )  p r o t e in  k inase .
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Expt. Cell Type Cell Fraction Basal +cAMP

P elle t 0.14 —

21 Granular Cell Supernatant 27.5 27.34

P e lle t + Supernatant 2.34 2.94

P elle t 3.4 3.4

22 Mitochondria-rich Cell Supernatant 12.2 12.2

P elle t + Supernatant ■ 5.8 7.7

Results expressed as pmoles P-j incorp./mg protein/minute. (cAMP conc., 

5 x 10“8M; no histone was added; incubation time 20 minutes).



T a b l e  6 Basal and c y c l i c  AMP-dependent p r o t e in  

kinase a c t i v i t y  o f  m i t o c h o n d r i a - r i c h  

c e l l  p a r t i c u l a t e s  ( " p e l l e t s " ) .
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E x p t .
P r o te i  n 
content

(mg)

Basal +cAMP

7 0.016 .242 1 .02

10 0.003 16.6 28 .6

Resul ts  expressed as pmoles P-j i n c o r p . /  

mg p r o t e i n / m i n u t e .  (cAMP co n c . ,  5 x 10"8 M; 

no h ls tone was added; incuba t ion  t ime,  20 

mi nu tes ) .
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T a b l e  7 Basal and c y c l i c  AMP-dependent p r o t e in  

kinase a c t i v i t y  o f  g r a n u la r  c e l l  

p a r t i c u l a t e s  ( " p e l l e t s " ) .

I l l



E x p t .
P ro te in
content

(mg)

Basal +CAMP

8 .031 2 .32 3 .6

9
i.-----------------

.038 1 .16 3 .6

Resul ts  expressed as pmoles incorp. /mg  

p r o t e i n / m i n d t e .  (cAMP c o n c . ,  5 x 10"8M; 

no h is tone  was added; inc ub a t i on  t ime:  

Expt .  #8 - 20 m i n . ;  Expt .  #9 -  10 m i n . ) .
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Figure  20.  Time course of  p r o t e i n  kinase a c t i v i t y

o f  p a r t i c u l a t e s  ( " p e l l e t " )  from g r a n u la r  

c e l l s  i s o l a t e d  from toad bladder  e p i t h e l i u m .
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Table  8 . Time Course of  P ro te in  Kinase A c t i v i t y  

of  P a r t i c u l a t e s  ( " P e l l e t s " )  from 

Granu lar  C e l l s  I s o l a t e d  from Toad Bladder  

Epi t h e l 1 urn.
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Time (minutes) Basal +cAMP

20 1 .65 2 . 0

40 .93 .82

60

00r-~• . 58

90 .58 .59

120 .53 .42

. . . . .

Resul ts  expressed as pmoles incorp . /mg
O

p r o t e i n / m i n u t e .  (cAMP co n c . ,  5 x 10"°M;  

no added h i s t o n e ) .
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F i g u r e  21.  E f f e c t  o f  Z n C l 2 on basa l  and c y c l i c  AMP-

dependent p r o t e i n  kinase a c t i v i t y  of

p a r t i c u l a t e s  ( " p e l l e t s " )  o f  Granular  and

M i t o c h o n d r i a - r i c h  c e l l s  i s o l a t e d  from toad  

bladder  e p i t h e l i u m .  Cross-hatched bars 

r ep r es en t  basal  p r o t e i n  kinase a c t i v i t y ;  

s t i p p l e d  bars r epr es ent  cAMP-dependent  

p r o t e i n  k inase a c t i v i t y .  cAMP conc.

5 x 10“^M; ZnCl2 conc.  2 .5  mM.
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DISCUSSION

The presence of  both c y t o s o l i c  and membrane-  

bound cAMP-dependent p r o t e i n  k in a s e ( s )  in g ra n u l a r  

c e l l s  i s  c o n s i s t e n t  w i t h  the model f o r  the mediat ion  

of  hormone ac t i o n  given in  F igure  7 in which cAMP- 

dependent membrane phosphory la t ion  is  a step in the  

neurohypophyseal  hormone-induced chain of  events  

l ead ing  to increased membrane p e r m e a b i l i t y .  The p r o ­

t e i n  k i n a s e ( s )  in m i t o h c o n d r i a - r i c h  c e l l s  may serve  

to mediate fu nc t i on s  o t her  than increased t r a n s e p i t h e ! i - 

al water  f l u x ,  e . g .  increased t r a n s e p i t h e l i a l  sodium 

f l u x ,  g l y c o g e n o l y s i s , e t c .

The presence of  ade ny la t e  cyclase  a c t i v i t y  in both 

m i t o b h o n d r i a - r i c h  and g r a n u l a r  c e l l s  (Hand le r  and 

Pres ton ,  1976) suggests t h a t  the g r a n u la r  c e l l  can 

generate  c y c l i c  AMP d i r e c t l y  in responsd to hormone 

and,  t h e r e f o r e ,  t h a t  i t  does not r e q u i r e  t r a n s f e r  o f  

t h i s  nu c le o t i d e  mediator  from the m i t o c h o n d r i a - r i c h  

c e l l .

I t  i s  po ss i b le  t h a t  c y t o s o l i c  and/or  membrane- 

bound cAMP-dependent p r o t e in  kinase are involved in 

phosphory la t ion  of  the luminal  plasma membrane of  the  

responsive  c e l l s .  The c y t o s o l i c  kinase is  more a c t i v e  

than the membrane-bound k in as e ,  but the p r o x im i ty  o f  

the l a t t e r  enzyme to i t s  s u b s t ra te  might compensate
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f o r  the lower  a c t i v i t y  of  the enzyme as wel l  as f o r  

i t s  po ss i b ly  low order  o f  s p e c i f i c i t y .

A l thouth  i t  is  our working hypothesis  t h a t  

neurohypophyseal  hormones induce an inc rease in  

luminal  membrane p e r m e a b i l i t y  v ia  a cAMP-mediated 

enhancement o f  luminal  membrane p h o s p h o r y la t io n , others  

(DeLorenzo and Greengard,  1973) have found t h a t  c y c l i c  

AMP a c t i v a t e s  a membrane-bound phosphoprote in phos­

phatase which acts on a s p e c i f i c  p r o t e i n  ( p r o t e i n  D) 

i n  toad b ladder  membrane p r e p a r a t i o n s .  Our observa t ion  

of  an enhanced phosphory la t ion  o f  m i t o c h o n d r i a - r i c h  c e l l  

and g r an u l a r  c e l l  p e l l e t  p r e p a r a t i o n s  dur ing the f i r s t  

1 0 -2 0  minutes of  in cuba t ion  (and dephosphoryla t ion  only  

a t  l a t e r  i n t e r v a l s )  is  c o n s i s t e n t  w i th  a r o l e  of  phos­

p h o r y l a t i o n  in the hydroosmotic ac t i o n  of  neurohypophyseal  

hormone (which c h a r a c t e r i s t i c a l l y  occurs immediate ly  a f t e r  

exposure to  hormone and is  maximal w i t h i n  1 0 -2 0  m in u te s ) .
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SECTION I I I :  MEDIATION OF CATECHOLAMINE ACTION IN

THE TURTLE BLADDER
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INTRODUCTION

In a t h i r d  phase of  the p resent  work,  p r o t e i n  

kinase and adeny la te  cyc lase  a c t i v i t i e s  have been 

s t u d i e d ,  using a r e p t i l i a n  model ,  the t u r t l e  u r i n a r y  

bladder  which i s  known to have c e r t a i n  t r a n s p o r t  

f u n c t i  ons.

The r e p t i l i a n  b ladder  is a b i lobed  sac.  

H i s t o l o g i c a l l y ,  i t  has been shown (LeFevre e t  a l ,

1971)  t h a t  the bladder  i s  made up of  th re e  l a y e r s :

( 1 ) se rosa,  ( 2 ) a loose network of  connec t ive  t i s s u e ,  

smooth muscle and blood v e s s e l s ,  and (3 )  mucosa.

An id ea l  membrane f o r  s tudying t r a n s p o r t  is a 

s i n g l e  l a y e r  of  t r a n s p o r t i n g  e p i t h e l i a l  c e l l s .

I d e a l l y ,  i t  should be a membranous sheet  w i th ou t  con­

v o l u t i o n s  or n o n - e p i t h e l i a l  c e l l  t yp es .  The s u i t a b i l i t y  

of  the t u r t l e  b ladder  was i n v e s t i g a t e d  and i t  was found 

to have advantages f o r  t r a n s p o r t  s t u d i e s :

(1 )  I t  can be obta ined in pieces g r e a t e r  than 1 cm2 

( toad b ladder  e p i t h e l i a l  c e l l s  y i e l d  sm a l l e r  p i e c e s ) .

( 2 )  The Na+ t r a n s p o r t  system fu n c t io n s  in sheets  

of  i s o l a t e d  e p i t h e l i a l  l a y e r .

( 3 )  The l a r g e  s i z e  o f  the c e l l s  near  the neck of  

t u r t l e  b ladders suggests t h a t  water  and s a l t  t r a n s ­

p o r t  is  more vigorous here.
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I s o l a t e d  u r i n a r y  bladders from tu r t l es (Pseudemys  

s c r i p t a )  t r a n s p o r t  Na+ , HCO3 and Cl"  ions a g a i n s t  

e l e c t r i c a l  and chemical  p o t e n t i a l  g rad ien ts  v ia  pumps. 

These ions move in the same d i r e c t i o n ,  from mucosal to 

serosal  ( i n t e r s t i t i a l )  bathing f l u i d  (Brodsky and 

S c h i l b ,  1966; Gonzalez e t  a l , 1 967 ; Gonzalez e t  al ,

1967a;  Sc h i lb  and Brodsky,  19 66 ) .  Movement o f  w a t e r ,  

fo l l o w i n g  Na+ and C l " ,  is  passive (Brodsky and S c h i l b ,  

1965 ) .

A c i d i f i c a t i o n  of  luminal  f l u i d  by the t u r t l e  b l a d ­

der has been shown (Brodsky and S c h i l b ,  1966)  in i s o ­

l a t e d  u r i n a r y  bladders o f  f r es h w at e r  t u r t l e s .  L ike  

the mammalian nephron,  the t u r t l e  b ladder  a c t i v e l y  

a c i d i f i e s  luminal  f l u i d  to a minimal  o f  pH 4 . 0 .  The 

a c i d i f i c a t i o n  mechanism may be a c t i v e  r ea bs or p t ion  of  

HCO3 i ons.  The f o l l o w i n g  r e s u l t s  f a vo r  t h i s  mechanism:

(1 )  T u r t l e  b ladder  sacs show t h a t  the c o nc e nt r a ­

t i o n  of  luminal  CO2 decreases w i th  the co nc e nt ra ­

t i o n s  o f  luminal  HCO3 and pH. A l l  th re e  decrease  

less than in serosal  f l u i d .  So lvent  f lo w  is  d i r e c t ­

ed from mucosal to serosal  f l u i d .

(2 )  A c i d i f i c a t i o n  p e r s i s t s  in  Na+ f r e e  luminal  

f l u i d  in the t u r t l e  b ladder  (and a lso in r a t  

proximal  t u b u l e ) .  This suggests t h a t  l i t t l e  or no 

H+-Na+ exchange is  invo lved  in the a c i d i f i c a t i o n  

process .
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( 3 )  A c t iv e  HC03 - t r a n s p o r t  as the mechanism of  

a c i d i f i c a t i o n  of  luminal  f l u i d  in t u r t l e  b ladder  

would e x p la in  the decreasing luminal  c o nc e nt ra t i on  

of C02 dur ing a c i d i f i c a t i o n ,  the H+ accumulat ion  

in luminal  f l u i d  devoid i n i t i a l l y  of  HC0§ and C0 2 > 

and the HCO^-sensi t i ve  s h o r t - c i r c u i t  c u r r e n t .

The u r i n a r y  b ladder  o f  r e p t i l e s  i s  d i f f e r e n t  from 

both the mammalian kidney and the amphibian b ladder  in 

i t s  embryologica l  development ,  i t s  l e s s e r  p e r m e a b i l i t y  

to water  and i t s  l ack of  a hydroosmotic response to 

a n t i d i u r e t i c  hormone. In view of  t h i s  ADH i n s e n s i t i v i t y ,  

norep inephr ine  was used f o r  the r e p t i l i a n  membrane 

s t u d i e s , Brodsky et al (1 976) having shown t h a t  Cl" and HC03 

t r a n s p o r t  from mucosal to serosal  sur face  of  the t u r t l e  

bladder  is  s t im u la te d  by n o r e p i n p h r i n e , as wel l  as by 

h i s t a m in e ,  h i s t i d i n e ,  i s o p r o t e r e n o l ,  t h e o p h y l l i n e ,  and 

im idazo le  but not  by e p in e ph r i ne .  These agents e x e r t  

no e f f e c t  on Na+ t r a n s p o r t ,  (a l though ouabain in the  

serosal  bath ing f l u i d  causes a decrease in Na+ t r a n s p o r t  

(Brodsky e t  a l , 1976 ) .  A c u r r e n t  working hypothesis

of  t r a n s p o r t  in the t u r t l e  b ladder  (Brodsky e t  a l ,

1 976a) is  given in F igure  22

I t  has become apparent  in rece n t  y e a r s ,  t h a t  the  

second messenger f o r  a t  l e a s t  some responses to 

catecholamines is  c y c l i c  3 ' , 5 ' -adenosine monophosphate 

(Su ther land  and R a i l ,  1 96 0 ) .  With t h i s  in mind, the  

s tudies  repor ted  below were undertaken in o rder  to
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Figure 22.  A c u r r e n t  view o f  the ion s e l e c t i v e  p a t h ­

ways in the ap ica l  and b a s a l - 1a t e r a l  

membranes o f  the t u r t l e  b ladder  e p i t h e l i a l  

cel  1 .

(Re f :  Brodsky and Ehrenspeck,  1976)
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i n v e s t i g a t e  the mechanism o f  a c t i o n  of  catecholamine  

in media t ing anion re ab so rp t i on  in the t u r t l e  b ladder .

In a d d i t i o n  to ca techolamines ,  c h o l i n e r g i c  agents  

are a lso  known to i n f lu e n c e  ion t r a n s p o r t  in the  

t u r t l e  b l adder .  When added to the serosal  bathing  

f l u i d ,  the c h o l i n e r g i c  drug ac e ty l  b e t a - m e th y lc h o l i n e  

( M e c h o l y l ) ,  has been shown to decrease net  sodium f l u x ,  

s h o r t - c i r c u i t  c u r r e n t ,  e l e c t r o m o t i v e  fo rc e  and t r a n s ­

membrane p o t e n t i a l  d i f f e r e n c e  ( S c h i l b ,  1 9 60 ) .  I f  t h i s  

agent  acts on the a c t i v e  path f o r  sodium t r a n s p o r t ,  i t  

must a f f e c t  the d r i v i n g  fo rc e  f o r  sodium t r a n s p o r t  or  

the r e s i s t a n c e  o f  the a c t i v e  pathway to the f lo w  of  

sodium ions .  I t  does not appear to ac t  s o l e l y  by 

changing the p e r m e a b i l i t y  o f  the b l add er .

cGMP has been im p l i c a te d  in media t ing the ac t io n  

of  c h o l i n e r g i c  agents.  For example,  an inc re as e  in 

cGMP l e v e l s  has been noted dur ing the a c t i o n  of  

methachol ine  (S ch u l t z  e t  al , 1 97 3 ) .  Thus,  cGMP should 

be inc luded as a po ss i b l e  cand ida te  f o r  r e g u l a t i n g  

f l u i d  s e cr e t io n  ( B e r r i d g e ,  1975) and i t s  r o l e  in the 

t u r t l e  b ladder  was i n v e s t i g a t e d  h e re in .

Evidence is presented below which demonstrates the  

presence of  acAMP- and a cGMP-dependent p r o t e i n  kinase  

in microsomal f r a c t i o n s  and,  p a r t i c u l a r l y ,  o f  a cAMP- 

dependent p r o t e i n  kinase in the luminal  membrane f r a c ­

t i o n  o f  the mucosal e p i t h e l i a l  c e l l s  o f  the t u r t l e
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b ladd er .  The l a t t e r  f r a c t i o n  was ob ta ined by p r e p a r a ­

t i v e  f r e e  f lo w  e l e c t r o p h o r e s i s .  Also i d e n t i f i e d  in 

these p r ep ar a t io ns  is  a n o r e p i n e p h r i n e - s t i m u l a t a b l e  

adeny la te  c y c ia se .  In r e l a t e d  aspects of  the work 

presented in t h i s  d i s s e r t a t i o n ,  (Na+ + K+ )-ATPase has . 

been demonstrated in the b a s a l - 1 a t e r a l  plasma membranes 

of  t u r t l e  b ladder  e p i t h e l i a l  c e l l s .
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MATERIALS

T u r t l e s  were purchased from C aro l ina  B i o l o g i c a l s .

D i i so th io cy an o  d i s u l f o n i c  s t i l b e n e  (DIDS) was 

synthes ized and supp l ied  by Z . I .  Cabantchik ,  L i f e  

Sciences I n s t i t u t e ,  Je rusalem,  I s r a e l .  4 -Acetamidb-  

4 ' - I s o t h i o c y a n a t o  s t i 1bene-2 , 2 1- d i s u l f o n i c  ac id  (SITS)  

was supp l ied  by BDH Chemical ,  L t d . ,  Poole England.

Nor ep inephr ine ,  h i s t i d i n e ,  and t r i e t h a n o l  amine 

(TEA) were purchased from Sigma. C y c l i c  guanine  

monophosphate (cGMP) and guanine t r ip h o s p h a te  were 

purchased from Boehr inger-Mannheim. O therw ise ,  a l l  

m a t e r i a l s  are the same as descr ibed in Sect ions I 

and I I .
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METHODS

P r e p a r a t i o n  o f  T u r t l e  B l a d d e r  M i c r o s o m e s .

The t u r t l e  b ladder  microsomes used in t h i s  study  

were prepared by a m o d i f i c a t i o n  o f  the method of  

S o l i n g e r  e t  al  ( 1 9 6 8 ) .  The protoco l  i s  i l l u s t r a t e d  in 

the f low  sheet  ( F i g u r e 2 3 ) .

T u r t l e s  were de ca p i t a te d  and t h e i r  b ladders i s o ­

l a t e d .  Bladders were then incubated as sacs t i e d  to 

L u e r - lo c k  s y r in g e ,  b a r r e l s ,  in "Ca++- f r e e "  N a - R i n g e r ' s *  

s o l u t i o n  c o nt a in in g  1t 2 mM EDTA (220 mOSM/L, pH 7 .2  -  

7 . 6 ) ,  a t  room tempera ture  f o r  30-60  minutes .  A "C a - f r ee "  

Ri ng er 's  s o l u t i o n  c o nt a in in g  EDTA was used because c e l l  

or g a n e l l e s  have a tendency to form aggregates in the  

presence o f  ca lc ium.

A f t e r  the r e q u i r e d  inc ub a t io n  t i m e ,  the bladder  

sacs were removed from the bath and t h e i r  wa l l s  rubbed 

g e n t l y  in  order  to r e le a s e  the e p i t h e l i a l  c e l l s  in to  

the mucosal f l u i d .  The suspension i s  withdrawn wi th  

a sy r inge  and r ins ed  3 t imes in R in g er 's  s o l u t i o n .

* "Ca++- f r e e "  means no ca lc ium was added in the  
p r e p a r a t i o n  o f  the R in g e r 's  s o l u t i o n .
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Figure 23.  Flow diagram o f  T u r t l e  E p i t h e l i a l  Mem­

brane P r e p a r a t i o n ,

Ref :  S o l i n g e r  e t  a l , ( 1 9 6 8 )  

(w i t h  m o d i f i c a t i o n ) .
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20-25 Turtle bladders

i n c u b a t e d  s a c s  i n  Ca+ +  f r e e  R i n g e r ' s  s o ln  c o n t a i n in g  
1 - 2  mM EDTA -  a t  ro o m  te m p ,  f o r  3 0 - 6 0  m in .

%( d i s c a r d )

R em ove  e p i t h e l i a l  c e l l s  i n t o  m u co s a  f l u i d

1 0 , 0 0 0  x  g  x  2 0  m in

P e l l e t  ( y i e l d  8 - 1 0  gm s c e l l s )  
H o m o g e n iz e  i n  4  v o l .  " i s o l a t i o n  m e d iu m "

7 0 0  x  g  x  1 0  m in  

 1 »

f
1 7 ,0 0 0  x  g  x  2 0  m in

-------------
P j  ( d i s c a r d )

.r
i2

1 7 , 0 0 0  x  g ^ x  2 0  m in

P ,  H o m o g e n iz e  i n  i s o l a t i o n  m e d iu mi J
1 7 , 0 0 0  x  j |  x  2 0  m in

P 4  ( d i s c a r d ) H o m o g e n iz e  i n  5  m l is o la t io n . m e d iu m

S3  ( s t o r e  o n  i c e )

1 4 ( s t o r e  o n  i c e )

1 7 , 0 0 0  x  g  x  2 0  m in

P5 . j ( d i  s c a r d )

P c  S u s p e n d  i n  1 . 0 - 1 . 5  m l i s o l a t i o n  
*  m e d iu m . «  P la s m a  M e m b ra n e 's  u s e d

f o r  p r o t e i n  k in a s e  a s s a y s .
ir

S g +  S4  *  S3  ( c o m b in e )

1 0 0 ,0 0 0  x  g  x  6 0  m in

S c
I

" m ic r o s o m e s "  f o r  p r o t e i n  k in a s e  a n d  a d e n y la t e  
c y c l a s e  a s s a y s  s u s p e n d  1 n  5 - 1 0  m l c h a m b e r  b u f f e r ,  
a n d  s u b je c t e d  t o  F FE .

I
-  C o m b in e  f r a c t i o n s

1 0 0 ,0 0 0  x  g  x  6 0  m in

S u s p e n d  i n  b u f f e r ^ -  F r a c t io n s  u s e d  i n  p r o t e i n  
k ip a s e  a n d  a d e n y la te  c y c l a s e  a s s a y s .



This c e l l  suspension (400 -  700 ml)  is c o l l e c t e d  and 

a l l  subsequent procedures are c a r r i e d  out  on i ce  or  a t  

4°C dur ing c e n t r i f u g a t i o n .  The suspension is cen­

t r i f u g e d  a t  10 ,000 x g f o r  20 minutes.  This y i e l d s  

8-10  grams o f  c e l l s .  .The p e l l e t s  ( c e l l s )  obta ined  

from t h i s  c e n t r i f u g a t i o n  are homogenized wi th 20-25  

s trokes in a Brown-Melsungen homogenizer (w i th  t i g h t  

f i t t i n g  p e s t l e )  in approx imate ly  4 volumes of  i s o l a t i o n  

medium c o n s i s t i n g  of  250 mM sucrose and 10 mM t r i e t h a n o l -  

amine (TEA-ST b u f f e r )  t i t r a t e d  wi th  HC1 to pH 7 . 6 .  The 

homogenate is then c e n t r i f u g e d  a t  700 x g f o r  10 minutes .  

The p e l l e t ,  which conta ins nuc le i  and c e l l  d e b r i s ,  is  

d isca rded .  The superna tan t  i s  c e n t r i f u g e d  a second 

t ime a t  700 x g f o r  10 minu tes ,  the p e l l e t  discarded  

and the superna tan t  from t h i s  spin i s  next  ce n t r i f u g e d  

a t  17 ,000  x g f o r  20 minu tes .  The r e s u l t i n g  superna tan t

( 5 3 ) is s tored on i c e .  The r e s u l t i n g  p e l l e t ,  which 

conta ins  mi tochondr ia  and membranes is homogenized wi th  

10 s t rokes  in  a Dounce homogenizer and c e n t r i f u g e d  at

17 ,000 x g f o r  20 minutes.

The superna tan t  o f  the l a s t  c e n t r i f u g a t i o n  step

( 5 4 ) i s  added to the prev ious  superna tan t  (S3 ) and kept  

on i c e .  The p e l l e t  which r e s u l t s  is  made up of  a whi te  

f l u f f y  l a y e r  on top of  a darker  l a y e r .  The former  is  

made up of  plasma membranes, the l a t t e r  conta ins  m i t o ­

ch ondr ia .  The f l u f f y  l a y e r  i s  removed by a l i g h t  s w i r l ­
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ing motion and is resuspended and homogenized w i th  10 

st rokes in 5 ml o f  i s o l a t i o n  b u f f e r .  I t  i s  then cen­

t r i f u g e d  again a t  17 ,000 x g f o r  20 minutes.  Again two 

p e l l e t s  are ob ta in ed .  The darker  p e l l e t ,  c o n t a in in g  

m ito ch o nd r i a ,  i s  d isca rd ed .  The wh i te  f l u f f y  l a y e r  is  

removed as be fore  and suspended in a f i n a l  volume of

1 .0  -  1 .5  ml o f  i s o l a t i o n  b u f f e r .  These are the plasma 

membranes used in the s tudies  o f  p r o t e i n  kinase and 

ad eny la te  cyc lase  r e f e r r e d  to in  the Resul ts  s e c t i o n .

The superna tan t  r e s u l t i n g  from t h i s  c e n t r i f u g a t i o n

( S5 ) i s  combined w i th  S4 + S3 and c e n t r i f u g e d  a t

100.000  x § f o r  60 minutes .  The r e s u l t i n g  p e l l e t  is  

r e f e r r e d  to in the Resul ts  sect ion as the microsomal  

p r e p a r a t i o n ;  t h i s  p r e p a r a t i o n  i s  a lso  used f o r  p r o t e i n  

kinase and aden y la te  cyc lase  s t u d i e s .  In a d d i t i o n ,  

t h i s  microsomal p r e p a r a t i o n  is  a lso suspended in 5 - 

10 ml o f  chamber b u f f e r  (280 mM sucrose ,  8 . 5  mM 

t r i e t h a n o l a m i n e  t i t r a t e d  wi th  8 . 5  mM a c e t i c  acid and 

ad jus ted  to pH 7 .4  w i th  NaOH) which i s  used f o r  f r e e  

f low  e l e c t r o p h o r e s i s .  F rac t io ns  taken from the f r e e  

f low  e l e c t r o p h o r e s i s  inst rument  (Hannig FF5) and 

assayed for  enzymes (marking luminal  and cont ra !umina l  

membranes) are  recombined,  c e n t r i f u g e d  a t  1 0 0 , 0 0 0  x g 

f o r  60 minutes and the p e l l e t  is  resuspended in b u f f e r  

or water  and then assayed f o r  ad eny la t e  cyclase  

a c t i v i t y  and p r o t e i n  kinase a c t i v i t y .
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The main f e a t u r e s  o f  p r e p a r a t i v e  f r e e  f low  

e l e c t r o p h o r e s i s  f o r  d i s s o c i a t i n g  and i s o l a t i n g  luminal  

and cont r a lu mi na l  plasma membranes are  as f o l l o w s .

The se pa ra t i on  takes place in a v e r t i c a l  chamber 

formed by two glass p l a t e s  between which a b u f f e r  f lows  

downward, to be d i v id ed  in t o  f r a c t i o n s  a t  the bottom 

of  the chamber. An e l e c t r i c  f i e l d  i s  a p p l i e d  perpen­

d i c u l a r l y  to the d i r e c t i o n  o f  b u f f e r  f low  w i th  the  

anode on the l e f t  and the cathode on the r i g h t .  The 

m a t e r i a l  to be reso lved  ( e . g .  t u r t l e  b ladder  microsomes)  

is  i n j e c t e d  i n t o  a p o r t  s i t u a t e d  on the r i g h t  in the  

upper t h i r d  o f  the chamber and the components of  the  

o r i g i n a l  homogenate are  separated in the e l e c t r i c  f i e l d  

on the basis  o f  d i f f e r e n c e  in su r face  charge d e n s i t y ,  

mass, and shape (F ig u re  24).

The s e pa ra t i on  of  luminal  and cont r a lu mi na l  plasma 

membranes de r iv ed  from e p i t h e l i a l  c e l l s  i s  eva lua ted  

by use of  marker  enzymes ( a l k a l i n e  phosphatase and HCO3 - 

ATPase f o r  luminal  and Na-K-ATPase and Ca-ATPase f o r  

cont ra lumi na l  plasma membrane ( K in n e -S a f f r a n  and Kinne,  

1974;  1974a ) .
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Figure 24.  Schematic view o f  procedures used to  

separate  a p ic a l  from b a s a l - 1a t e r a l  

membranes by homogenizat ion and u l t r a ­

c e n t r i f u g a t i o n  (s teps 1 -3 )  and f i n a l l y  

by f r e e  f low  e le c t r o p h o r e s i s  (s tep  4 ) .
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P re par a t ion  o f  T u r t l e  Bladder  Microsomes Incubated

wi th  SITS or  DIPS

Nine t u r t l e  bladders were ex c is ed ,  mounted 

on Luer lock s y r in g e s ,  r insed  w i th  Ca++- R i n g e r ' s 

s o l u t i o n  and f i l l e d  w i th  same. Three bladders  

were exposed to DIDS or SITS on t h e i r  mucosal  

aspect  o n l y ,  th re e  bladders were exposed to these  

agents on t h e i r  se rosa l  aspect  o n l y ,  and th re e  

bladders were not exposed to these agents and 

thus served as c o n t r o l s .

The th re e  b ladders chosen f o r  mucosal i n ­

cubat ion wi th  SITS ( 10“ ) were emptied o f  Ca++-  

Ring er 's  s o l u t i o n  and f i l l e d  w i th  enough SITS-con-  

t a i n i n g - C a ++- R i n g e r ' s s o l u t i o n  to keep the b l a d ­

ders d istended ( u s u a l l y  25 -30  m l ) .  These bladders  

were Incubated in ae ra ted  R in g er 's  s o l u t i o n  con­

t a i n i n g  0.5% albumin f o r  10 minutes .  Bladddrs  

were then removed from the ba th ,  empt ied,  and 

r insed  twice  w i th  f r es h  albumin s o l u t i o n .  The 

bladders were then f i l l e d  w i t h  ap prox i mate ly  30 ml 

of  the albumin s o l u t i o n  and incubated in a f resh  

albumin bath f o r  30 -40  minutes .  The albumin  

s o l u t i o n  was washed out  o f  the bladders a f t e r  

f i r s t  dipping them repeatedly in  normal R in g e r 's
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s o l u t i o n  in o r der  to remove a l l  albumin which 

might  be present  on the serosal  s u r f ac e .  This  

i s  c r i t i c a l  to the p r e p a r a t i o n .  The bladders  

were then f i l l e d  w i th  Ca++- f r e e  R in g er 's  s o l u t i o n  

c o nt a in in g  EDTA and incubated in t h i s  s o l u t i o n  

with oxygen gassing f o r  a minimum of  45 minutes .  

The c e l l s  were then c o l l e c t e d  by rubbing the  

bladders g e n t l y ,  as descr ibed e a r l i e r .

The th ree  bladddrs chosen f o r  serosal  i n ­

cubat ion wi th SITS were emptied and f i l l e d  w i th  

Ca++- R i n g e r 1s s o l u t i o n  c o nt a in in g  0.5% a lbumin.  

The bladders were incubated f o r  10 minutes in  

Ca++- R i n g e r ' s s o l u t i o n  c o nt a in in g  1 0 "^m SITS.

At the end of  the inc ub a t i on  t i m e ,  the bladders  

were removed from the "SITS b a th " ,  dipped in 

f res h  albumin s o l u t i o n  and incubated f o r  30-40  

minutes.  A l l  f u r t h e r  steps were c a r r i e d  out as 

f o r  those bladders incubated w i th  SITS on the  

mucosal s id e .

The th ree  bladders making up the cont ro l  

group were emptied and f i l l e d  wi th  R inger 's  

s o l u t i o n  cont a i n in g  0.5% albumin and were i n ­

cubated in  t h i s  s o l u t i o n  f o r  approx imate ly  40 

minutes.  Albumin was then washed out and the  

bladders f i l l e d  wi th Ca++- f r e e  R inger 's  s o l u ­
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t i o n  c o nt a in in g  EDTA. A l l  remaining procedures  

were the same as above.  I t  is c r i t i c a l  f o r  t h i s  

pr ep ar a t io n  t h a t  no c ros s -c ont am ina t io n  occurs  

among the th re e  groups.

Tfie p r e p a r a t i o n  of  microsomes taken from these  

bladders was c a r r i e d  out as descr ibed in the p r e ­

vious s e c t i o n .

Adenyla te  Cyclase Assay

Adenyla te  cyc lase  assays c a r r i e d  out  on a l l  

t u r t l e  b ladder  p r ep ar a t io n s  inc luded:  10 yM GTP 

in the " r e a c t io n  m i x t u r e " ;  cyc lase  b u f f e r  pH 7 . 5 ;  

and 10 mM NaF or 10_8M -  10_4M norep inephr ine  as 

s t i m u l a t o r s  o f  the r e a c t i o n .  Incuba t ion  t ime  

was ten minutes .  O ther w ise ,  same as descr ibed in 

Methods,  Sect ion I .

R ro te i n  Kinase Assay

P ro te in  kinase a c t i v i t y  was assayed j u s t  as 

descr ibed in Methods,  Sect ion  I I .
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RESULTS

The t h i r d  phase o f  t h i s  study has been concerned 

wi th the p r o t e i n  kinase and ad eny la te  cyc lase  a c t i v i t i e s  

of  t u r t l e  u r i n a r y  b l adders .  T u r t l e  b ladder  "microsomes" 

and "plasma membranes", prepared by a m o d i f i c a t i o n  of  

the method of  S o l in g er  e t  al  ( 1968 )  and su bf r a c t i o n s  

subsequent ly  prepared by the f r e e  f low  e l e c t r o p h o r e s i s  

method of  Hannig (1972 ) were assayed f o r  cAMP-depend- ~  

ent  p r o t e i n  k i n as e ,  cGMP-dependent p r o t e i n  k inas e ,  and 

f o r  adeny la te  cyclase  a c t i v i t i e s .

These plasma membranes, microsomes and t h e i r  

e l e c t r o p h o r e t i c  s u b f r a c t i o n s  were a l l  found to conta in  

a cAMP-dependent p r o t e i n  kinase (F igures  25, 26, and 27).

In plasma membranes be fore  the f r e e  f low  e l e c t r o p h o r e s i s ,  

the basal  p r o t e i n  kinase a c t i v i t y  was approx imate ly  

t r i p l e d  a f t e r  a d d i t i o n  of  cAMP ( 10~8 -  10“ ^m) ;  and 

approx imate ly  doubled a f t e r  a d d i t i o n  of  cGMP ( 1 0 “^M).

In "microsomes" before f r e e  f low  e l e c t r o p h o r e s i s ,  

basal  p r o t e i n  kinase a c t i v i t y ,  s l i g h t l y  h igher  than 

t h a t  o f  the "plasma membranes", was increased two to  

th re e  f o l d  by cAMP (1 0 “ 8 -  1 0 )  and two f o l d  by 

cGMP ( ICT^M) .  As cAMP c o nc e nt ra t i on  was e i t h e r  de­

creased below or increased above 10"8 M, p r o t e i n  kinase  

a c t i v i t y  decreased.
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Figure 25.  cAMP- and cGMP-dependent p r o t e in  kinase  

a c t i v i t i e s  o f  t u r t l e  b ladder  "plasma 

membranes".
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F i g u r e  26 .  cAMP- and cGMP-dependent  p r o t e i n  k i n a s e

a c t i v i t i e s  o f  t u r t l e  b ladder  "microsomes".
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Figure 27.  cAMP-dependent and cGMP-dependent p r o t e in  

kinase a c t i v i t i e s  in pooled " f r a c t i o n s "  

obta ined by p r e p a r a t i v e  f r e e - f l o w  e l e c t r o -  

phoresi  s .
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The p r o t e i n  kinase a c t i v i t y  o f  the t u r t l e  b ladder  

microsomes was not a s t r a i g h t - l i n e  fu n c t io n  o f  the  

co nc e nt r a t io n  of  microsomal p r o t e i n  (F igu re  28) as shown 

by the f a c t  t h a t  the a c t i v i t y  reached maximal l e v e l s  

in the presence o f  a microsomal p r o t e i n  content  of  

approx imate ly  twenty micrograms.  The p r o t e i n  kinase  

a c t i v i t y  in the plasma membranes as wel l  as in the  

microsomes ( a t  the twenty microgram le v e l  of  p r o t e in  

c o n t e n t ) ,  r epresented in F igure 29,  reaches a 

maximal r a t e  a t  f i v e  minutes and subsequent ly  d e c l i n e s .

In an a t tempt  to d i s t i n g u i s h  t h i s  p a r t i c u l a r  

p r o t e i n  kinase from the y-phos|)hoenzymes o f  (Na + K)-  

ATPase in the t u r t l e  b l a d d e r s ,  the e f f e c t  o f  KC1 and 

ouabain were t e s t e d .  N e i t h e r  agent  alone nor in  

combinat ion w i th  the o t her  showed any e f f e c t  on t h i s  

cAMP-dependent p r o t e i n  k inase a c t i v i t y  (Table  9 ) .

In o ther  words,  cAMP-st imulated p r o t e i n  kinase was 

a p p a r e n t ly  d i s t i n c t  from the ATP-induced phospho-  

enzyme(s)  of  the (Na + K)*ATPase.

In another  set  o f  exper iments ,  microsomes p r e ­

pared from t u r t l e  u r i n a r y  bladders were exposed to 

3 H- DIDS or SITS e i t h e r  on the mucosal or on the  

serosal  s u r f ac e .  In microsomes from bladders t h a t  

were exposed to DIDS or  SITS on the mucosal s i d e ,  no 

cAMP-st imulated increment  o f  p r o t e in  kinase a c t i v i t y  

was de tec ted  (Table  10). However,  in microsomes from
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Figure  28.  E f f e c t  o f  "microsome" conten t  on the

cAMP-dependent p r o t e i n  kinase a c t i v i t y  

of  the t u r t l e  b ladder  e p i t h e l i u m  

(% a c t i v i t y  denotes:

pmoles P-j incorp./mg protein/min + cAMP  ̂ l n n ) 

pmoles P-j incorp./mg protein/min Basal

149



300
10-* McAMP 

10 7 M cAMP250

>-
t  200

h
U
<  150

100

PROTEIN CONTENT (> ig)

FIGURE-28



F i g u r e  29 E f f e c t  o f  t ime on cAMP-dependent p r o t e i n  

kinase a c t i v i t y  in "microsomes" prepared  

from t u r t l e  b ladder  e p i t h e l i a l  c e l l s .
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T a b l e  9 E f f e c t  of  ouabain and/or  KC1 on 

kinase a c t i v i t y  o f  "microsomes" 

from t u r t l e  b ladder  e p i t h e l i u m .

the p r o t e in  

1 so la ted
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i r ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .... — ....... .

Exper imenta l  Condi t ion Basal. +10" 8M cAMP

Control  (no KC1,  no ouabain) 72.71 94 .12

+ KC1 67.26 81 .40

+ouabai  n 71 .77 87.61

+ KC1 + ouabain

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________

58 .65 69 .60

Resul ts  expressed as pmoles Pi incorp . /mg  pro ­

t e i n / m i n u t e .  ( KC1 co n c . ,  10 mM; ouabain co nc . ,  10"^M).
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Table 10.  P ro te in  kinase a c t i v i t y  o f  "microsomes" 

i s o l a t e d  from t u r t l e  bladders a f t e r  

serosal  or mucosal a p p l i c a t i o n  of  SITS

( i o - 4 m).
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»— ----------------------------------------
Experimental Condition Basal 1CT8M cAMP 10"7M cAMP

Mucosal SITS 59.73 61.73 62.97

Serosal SITS 42.0 74.6 75.1

Control 47.7 58.3 60.6

Data represents  the average of  fo ur  exper iments  

Resul ts  are expressed as pmoles R-j 1ncorp. /mg  

p r o t e i n / m i n u t e .
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bladders  exposed to e i t h e r  o f  these s t i l b e n e s  on the  

serosal  s u r f a c e ,  the cAMP-increment o f  p r o t e i n  kinase  

a c t i v i t y  was almost  twice  t h a t  o f  the basal  p r o t e i n  

kinase ( i . e .  the same as t h a t  found in microsomes from 

un t r ea te d  b l a d d e r s ) .  Thus, the presence of  DIDS or 

SITS on the luminal  sur face  was found to i n h i b i t  p r o t e in  

kinase a c t i v a t i o n .

In a d d i t i o n  to p r o t e i n  kinase a c t i v i t y ,  adeny la te  

cyc lase a c t i v i t y  was a lso observed in the plasma mem­

branes and microsomes prepared from t u r t l e  b r i n a r y  b l a d ­

ders .  In each of  these ex per iments ,  adeny la te  cyclase  

a c t i v i t y  was s t im u la t e d  by 1 .5  to  2 .0  f o l d  in the  

presence o f  lCT^M NaF or ICT^M norep inephr ine  (F igure  30 ) .  

In f a c t  n o r e p in e p h r i n e ,  in co nc e nt ra t i on s  as low as 

1 0"^M, produced the maximal degree of  s t i m u l a t i o n  observ ­

ed.  However,  the a c t i v i t y  o f  the same adeny la te  cyclase  

was not  changed by a d d i t i o n  of  h i s t i d i n e  ( lCT^M) which,  

l i k e  n o r e p in e p h r in e ,  has been shown to a c c e l e r a t e  anion  

re ab s o r p t io n  in  v ivo  (Brodsky e t  al  , 1 9 7 6 ) .  The 

a c t i v i t i e s  o f  the basal  and NaF-s t i mu la te d  adeny la te  

cyclase  in these microsomes remained constant  f o r  as 

long as t h i r t y  minutes of  inc ub a t i on  t ime (F ig u re  3 1 ) .
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F i g u r e  30 NaF- and n o r e p i n e p h r i n e - s t i m u l a t a b l e  

ad eny la t e  cyclase  a c t i v i t i e s  of  t u r t l e  

b ladder  "plasma membranes" and "microsomes".
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Figure 31.  E f f e c t  o f  t ime on adeny la te  cyclase

a c t i v i t y  of  t u r t l e  b ladder  "microsomes".  

(Open bars ,  basal  a c t i v i t y ;  hatched bars ,  

wi th  10“ 2m NaF.

I
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The p r o t e i n  kinase a c t i v i t y  o f  the microsomal  

f r a c t i o n s  migrated  toward the nega t ive  pole o f  the  

f r e e  f low  e le c t r o p h o r e s i s  system. F r ac t ions  c o l ­

l e c t e d  theref rom revealed  enr ichment  in the cAMP- 

dependent and cGMP-dependent p r o t e i n  kinase and 

ad eny la t e  cyclase  a c t i v i t i e s  o f  the membrane fragments  

t h a t  m igra te  toward the e l e c t r o n e g a t i v e  zone.  This  

f r a c t i o n  e x h i b i t e d  approximate ly  a two f o l d  s t i m u l a ­

t i o n  o f  p r o t e i n  kinase a c t i v i t y  when chal lenged w i th  

10 - 8  -  1 0 - 7 M cAMP and a 1 .5  f o l d  s t i m u l a t i o n  wi th  

10"7m qGMP. Norepinephr ine  (but  not NaF) s t im u la te d  

ad eny la t e  cyclase  a c t i v i t y  in the same f r a c t i o n .  

H i s t i d i n e  was found to have no e f f e c t  (F ig u re  32 ) .
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Figure 32.  E l e c t r o p h o r e t i c  d i s t r i b u t i o n  o f  membrane

p r o t e i n s ,  Mg++-ATPase and (Na+ + ^ - s t i m ­

u la te d  ATPase, and n o r e p i n e p h r i n e - s e n s i t i v e  

adeny la te  cyc lase  of  t u r t l e  b ladder  " f r a c ­

t io n s "  obta ined by p r e p a r a t i v e  f r e e - f l o w  

e l e c t r o p h o r e s i  s .
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DISCUSSION

I .  Apical  Membrane

According to the scheme shown in F igure 22, the 

a p ic a l  membrane of  the t u r t l e  b ladder  is  the s i t e  

of  the anion pump(s) .  Whi le we have i d e n t i f i e d  an 

ad eny la t e  cyclase  and cAMP- and cGMP-dependent p r o t e in  

kinase in t h i s  membrane, no i d e n t i f i a b l e  pump-re la ted  

enzymes(s)  or  p r o t e i n ( s )  are known.

A. In V i t r o  P ro te in  Kinase A c t i v i t y

The p r o t e i n  kinase a c t i v i t y  observed in t u r t l e  

b ladder  "plasma membranes", "microsomes",  and f r a c t i o n s  

obta ined v ia  p r e p a r a t i v e  f r e e  f low e l e c t r o p h o r e s i s  

are s t im u la te d  by cAMP and cGMP a t  co nc en t r a t io n s  w i t h i n  

the p h y s i o lo g ic a l  range.  The c h a r a c t e r i s t i c s  o f  p r o t e in  

kinase from t u r t l e  b ladder  t i s s u e  i s  s i m i l a r  in nature  

to t h a t  from o ther  t i s s u e  w i th  respec t  to km, Vmax and 

h a l f - t i m e  of  decay a t  30°C.

The f a c t  t h a t  cGMP s t im u la te s  t h i s  p r o t e in  kinase  

a c t i v i t y  m er i ts  comment because th er e  is as y e t  no 

known ac t i o n  o f  t h i s  p a r t i c u l a r  nu c le o t i d e  on the t r a n s ­

po r t  fu n c t i o n  of  t u r t l e  b l ad d er .  For example: ( 1 )  

gGMP s t im u la t e s  the Na f l u x  but not wateir f low in toad
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bladders (Bourgoignie e t  al  , 1 969 ) .  ( 2 )  cGMP has been

shown to mediate the muscar in ic  e f f e c t s  o f  c h o l i n e r g i c  

agents in smooth muscle;  t h i s  r a i s e s  the p o s s i b i l i t y  

t h a t  the cGMP-dependent p r o t e in  kinase in t u r t l e  b l a d ­

der  membranes may a lso mediate the e f f e c t s  of  c h o l i n e r g i c  

a g e n t s .

I t  is  known t h a t  the t u r t l e  b ladder  helps to con­

serve s a l t s  and excre tes  acid waste.  This process 

is  c o n t r o l l e d  in a p o s i t i v e  d i r e c t i o n  by ca techolamine ,  

h i s t i d i n e ,  e t c .  There are  no known n a t u r a l  i n h i b i t o r s  

which f u n c t i o n  as ne ga t ive  c o n t r o l s .

B. In v i t r o  Adenyla te  Cyclase A c t i v i t y .

The l o c a t i o n  of  adeny la te  cyc lase  in the a p ic a l  

membrane f ragments of  the e p i t h e l i a l  c e l l s  is ap­

p a r e n t l y  the f i r s t  ins tance  of  f i n d i n g  t h i s  enzyme 

in o ther  than the b a s a l - 1a t e r a l  membrane o f  any 

e p i t h e l i a l  c e l l  s tud ied  to t h i s  d a te .  Whereas h i s ­

t i d i n e  has no e f f e c t  on the ad eny la te  cyc lase  in  mem­

branes e x t r a c t e d  from t u r t l e  b ladder  e p i t h e l i a l  c e l l s ,  

i t  has been shown to increase the HCO3 -  and C l " - d e -  

pendent m o i e t i e s  o f  the s h o r t - c i r c a i t i n g  c u r r e n t  in 

i s o l a t e d  i n t a c t  b ladders (Brodsky e t  a l , 1 976) .  In 

t h i s  conn ec t ion ,  norep inephr ine  s t im u la t e s  the 

ad eny la te  cyc lase  e x t r a c t e d  from broken e p i t h e l i a l  

c e l l s  as wel l  as the a n i o n - r e l a t e d  t r a n s p o r t
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parameters o f  the i n t a c t  b la d d er .  This suggests  

t h a t  h i s t i d i n e  s t im u la te s  t r a n s p o r t  by a mechanism 

other  than one in v o l v i n g  aden y la te  c y c l a s e ,  perhaps 

by a mechanism i n v o lv in g  a s t i m u l a t i o n  o f  guany la te  

cyc lase  w i th  cGMP r e le a s e  and a secondary s t i m u l a t i o n  

of  y e t  another  p r o t e i n  kinase wi th  the consequent  

i nc rease  in anion t r a n s p o r t .

The l o c a l i z a t i o n  of  the ad eny la t e  cy c - lase -pro te in  

kinase system in the ap ica l  r a t h e r  than in  the b a s a l -  

l a t e r a l  membrane suggests t h a t  these enzymes could  

be p a r t  o f  a "s a f e -g u ar d i n g  system" f o r  s a l t  con­

s e r v a t i o n ,  t r i g g e r e d  by u r i n a r y  norep inephr ine  and /o r  

h i s t i d i n e ,  and thereby  reabsorbing anions ( i . e .  s a l t s )  

which might  o therw ise  be l o s t  in the u r i n e .

C. P h y s io lo g ic a l  Im p l i c a t i o n s

What are  the p h y s i o lo g ic a l  i m p l i c a t i o n s  of  the  

ex is te nc e  o f  a c a t e c h o l a m i n e - s e n s i t i v e  aden y la te  cyc lase  

and a c y c l i c  n u c l e o t i d e - s e n s i t i v e  p r o t e i n  kinase in 

the luminal  membrane of  the t u r t l e  b ladder  e p i t h e l i a l  

c e l l s ?

A t e n t a t i v e  answer r e q u i r e s  f i r s t  t h a t  the cyclase  

and kinase a c t i v i t i e s  in i s o l a t e d  s u b - c e l l u l a r  p a r t i c l e s  

be e x t r a p o l a t e d  * 6  the i n t a c t ,  t r a n s p o r t i n g  e p i t h e l i a l  

c e l l  l a y e r .  I t  can be then proposed t h a t :
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( 1 ) the at tachment  o f  a u r i n a r y  catecholamine to 

the adeny la te  cyc lase  in the luminal  membrane is  

fo l lowe d  by an increased r a t e  o f  re le a s e  of  cAMP 

i n to  the cytoplasm;

( i i )  the cAMP then s t im u la te s  a ne ighbor ing  

p r o t e i n  kinase in the same membrane; and

( i i i )  the s t i m u l a t i o n  of  p r o t e i n  kinase is  

accompanied by a decrease o f  the " i n t e r n a l  r e ­

s is ta n ce "  or by an inc rease  o f  the i n t r i n s i c  

d r i v i n g  fo rce  (EMF) o f  the anion pumps in the  

a p ic a l  membrane which accounts f o r  the observed  

a c c e l e r a t i o n  in the r a t e  o f  anion t r a n s p o r t .

I I .  B a s a l - L a t e r a l  Membrane

In the ba s a l - 1 a t e r a l  membrane o f  the i n t a c t  t u r t l e  

b l a d d e r ,  th e r e  appears to be a passive f low  of  anions  

v ia  s e l e c t i v e  paths in the membrane (F igu re  22). Cer ­

t a i n  s i t e s  in or near  these paths a p p a r e n t l y  i n t e r a c t  

wi th  ca rbonic  anhydrase i n h i b i t o r s  and wi;th the d i s u l -  

f o n i c  s t i l b e n e s  (SITS and DIDS) .
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A. In V i t r o  T ranspor t  Related Enzymes and Pro te ins

The means o f  f i n d i n g  the t r a n s p o r t  r e l a t e d  enzymes 

in the b a s a l - 1a t e r a l  membrane e n t a i l  the use of  t e c h n i ­

ques f o r  "membrane l o c a l i z a t i o n "  ( e . g .  d i f f e r e n t i a l  

u l t r a c e n t r i f u g a t i o n ,  p r e p a r a t i v e  f r e e  f low  e l e c t r o p h o r e ­

s i s ,  e t c . ) .  Membrane l o c a l i z a t i o n  a lso has been s tudied  

wi th  the use o f  DIDS and SITS.  Since the serosal  a d d i ­

t i o n  of  ouabain blocks Na+ t r a n s p o r t  and since the  

serosal  a d d i t i o n  of  c e r t a i n  d i s u l f o n i c  s t i l b e n e s  blocks  

anion t r a n s p o r t ,  we decided to look f o r  a ( Na + K)*ATP-  

ase and a d i s u l f o n i c  s t i l b e n e  binding p r o t e i n  in f r a g ­

ments o f  the b a s a l - l a t e r a l  membrane. The d i s u l f o n i c  

s t i l b e n e  compounds, known to block the c a r r i e r - m e d i a t e d  

exchange of  anions across e r y t h r o c y t e  membranes 

(Cabantchik  and R o t h s t e in ,  1 9 7 2 ) ,  a lso  block the t r a n s -  

e p i t h e l i a l  r e a b s o r p t i v e  f low of  Cl" and HCO3 in the  

t u r t l e  b ladder  (Ehrenspeck and Brodsky,  19 76 ) .  Since  

t h i s  ac t io n  in vo lves  only  anions and is  evoked only  

from the serosal  sur face  (Ehrenspeck and Brodsky,  1976)  

i t  can be i n f e r r e d  t h a t  these d i s u l f o n i c  s t i l b e n e s  bind 

to but do not pe n e t ra te  the b a s a l - 1a t e r a l  membranes of  

these e p i t h e l i a l  c e l l s .  In f a c t ,  i so th iocyano  groups 

of  the s t i l b e n e s  r e a c t  w i th  te rm ina l  amino groups of  

the membrane p r o t e in s  to form a new membrane - th ioear-  

bamate complex,  which means t h a t  an a p p r o p r i a t e l y
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l a b e l l e d  d i s u l f o n i c  s t i l b e h e  ( e . g .  3H*DIDS) can be 

used as a probe f o r  i s o l a t i n g  the anion t r a n s p o r t  

s i t e s  in the b a s a l - l a t e r a l  membrane. P a r e n t h e t i c a l l y ,  

SITS has no e f f e c t  on sodium t r a n s p o r t  across the  

i n t a c t  b l ad d er ,  but i t  i n h i b i t s  the (Na+ + K+ )*ATPase 

a c t i v i t y  o f  membranes e x t r a c t e d  from t u r t l e  b ladder  

c e l l s  as wel l  as does ouabain ( S o l in g e r  e t  a l , 1 968;  

Brodsky and S c h i l b ,  19 74 ) .  These f i n d i n g s  to ge th er  

wi th the f a c t  t h a t  ouabain does block Na+ t r a n s p o r t  

i n - v i v o  ( S o l i n g e r  e t  a l , 1968) i n d i c a t e  t h a t  ouabain  

i t s e l f  is a probe f o r  l o c a l i z i n g  the Na+ t r a n s p o r t  

s i t e s  ( i . e .  the Na+ + K+-ATPase) in the same ba sa l -  

l a t e r a l  membrane f ragments .

Before d iscuss ing the d e t a i l s  of  l o c a l i z i n g  the  

b a s a l - 1a t e r a l  membrane f ragments wi th  l a b e l l e d  s t i l ­

benes,  i t  is p e r t i n e n t  to rev iew the c u r r e n t  p i c t u r e  

of  the anion s e l e c t i v e  paths and pumps in both mem­

branes o f  the t u r t l e  b ladd er .  I t  i s  now thought  t h a t  

th e r e  are two d i s c r e t e  pump mechanisms in the a p ic a l  

membrane -  one f o r  Cl" and one f o r  HCO3 r e a b s o r p t i o n ,  

as wel l  as two d i s c r e t e  c a r r i e r  systems in the ba s a l -  

l a t e r a l  membrane f o r  the passive f low o f  these anions  

from the c e l l  to the serosal  f l u i d  (Ehrenspeck and 

Brodsky,  1976 ) .  Given t h a t  SITS or DIDS bind p r e ­
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f e r e n t i a l l y  to a s i t e  a t  or  near  the c a r r i e r - c o n ­

t a i n i n g  a n i o n - s e l e c t i v e  path in the b a s a l - 1a t e r a l  

membrane and thereby  reduce the net  f lo w  o f  anions  

across the e p i t h e l i a l  c e l l s ,  i t  fo l lo ws  t h a t  the r e  

should be a d i s u l f o n i c  s t i l b e n e  binding p r o t e i n  in 

the b a s a l - 1 a t e r a l  membrane. This has been con­

f i rmed in rece n t  exper iments showing t h a t  maximal  

and p r e f e r e n t i a l  b inding o f  3h*DIDS found in  

the membranes which a lso  co nta in  maximal amounts of  

o u a b a i n - s e n s i t i v e  ATPase (Brodsky and Ehrenspeck,

1 97 6 ) .  The membranes in which these two a c t i v i t i e s  

were l o c a l i z e d  have beeh e l e c t r o p h o r e t i c a l l y  

separated from those membranes in which the adeny la te  

cyclase  and p r o t e i n  kinase a c t i v i t i e s  were l o c a l i z e d  

(see above ) .  These data suggest t h a t  SITS or  DIDS 

cannot  gain access to t h e i r  b ind ing s i t e s  on 

(Na+ + K+ )*ATPase in the i n t a c t  b ladder  c e l l ,  since  

n e i t h e r  agent  changes the r a t e  o f  Na+ t r a n s p o r t .

B. P hy s io lo g ic a l  Im p l i c a t i o n s

Although the p h y s i o lo g ic a l  e f f e c t s  o f  s e r o s a l l y -  

ap p l ie d  d i s u l f o n i c  s t i l b e n e s  (or  ouabain)  match the  

f i n d i n g s  on i s o l a t e d  membranes, the l ack  of  e f f e c t  

of  m u co sa l l y - a p p l i ed  s t i l b e n e s  a p p ar en t l y  does not  

c o r r e l a t e  w i th  the f i n d i n g s  on i s o l a t e d  luminal  mem­

branes.  In view of  the lack  of  p h y s i o lo g ic a l  e f f e c t
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of  d i s u l f o n i c  s t i l b e n e s ,  i t  i s  expected t h a t  the  

ad eny la te  cyclase ,and p r o t e i n  kinase a c t i v i t i e s  in  

membranes e x t r a c t e d  from cont ro l  bladders should be 

the same as those from bladders t h a t  had been exposed 

on t h e i r  mucosal sur face  to the d i s u l f o n i c  s t i l b e n e s .  

But t h i s  i s  not v e r i f i e d  e x p e r i m e n t a l l y  (Table  10).

The p r o t e i n  kinase a c t i v i t y  was a c t u a l l y  i n h i b i t e d  in  

these membranes. The i m p l i c a t i o n  is  not c l e a r .

E i t h e r  the cAMP-st imulated p r o t e i n  kinase a c t i v i t y  is  

not r e l a t e d  to the anion t r a n s p o r t  f u n c t i o n ,  or the  

manipula t ions  used dur ing the i s o l a t i o n  o f  a s t i l b e n e -  

t r e a t e d  ap ica l  membrane somehow a l t e r s  i t s  i n - v i t r o  

p r o t e i n  kinase a c t i v i t y .  Par t  of  t h i s  dilemma might  

be reso lved by a d d i t i o n a l  data on the cGMP-dependent  

p r o t e i n  kinase which has ye t  to be assayed under these  

c o n d i t i o n s .  N ev er th e le s s ,  i t  should be pointed out  

t h a t  the data r e l a t e d  to the s e r o s a l l y  ap p l i e d  d i s u l ­

fo n ic  s t i l b e n e s  do match the p h y s i o lo g ic a l  f i n d i n g  

(Table  10).
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I I I .  C u r r e n t  View o f  Anion T r a n s p o r t  R e g u l a t i o n

In summary, the c u r r e n t  t e n t a t i v e  hypothesis  of  

the r e g u l a t i o n  o f  anion t r a n s p o r t  in the t u r t l e  b ladder  

is  as f o l l o w s .  The e f f e c t s  o f  no re p inephr ine  suggest  

t h a t  the r e g u l a t i o n  of  anion t r a n s p o r t  i s  probably  in 

the a p ic a l  membrane. For example,  the catecholamines  

( n or ep in ep hr in e  and i s o p r o t e r e n o l )  inc rease  the r a t e  

of  t r a n s p o r t  of  Cl"  and HCO3 (but  not o f  ca t i o n  t r a n s ­

p o r t )  and do so only  when added to the mucosal bhthing  

f l u i d .  Moreover ,  data o f  the p resent  study have r e ­

vealed the presence of  a n o r e p i n e p h r i n e - s t i m u l a t a b l e  

ad eny la t e  cyc lase  in the ap ic a l  membrane f ragments  

e x t r a c t e d  from t u r t l e  b ladder  e p i t h e l i u m .  . In t h i s  

conn ec t io n ,  t h e o p h y l l i n e ,  on ly  when present  in the  

mucosal bath ing f l u i d ,  s t im u la te s  the anion t r a n s ­

po r t  pa rameters ,  thus mimicking the e f f e c t  o f  the  

catecholamines and showing t h a t  s t i m u l a t i o n  o f  ad eny la te  

cyc lase by the catecholamines can be by-passed.  Given 

t h a t  cAMP is  the "second messenger" f o r  a c c e l e r a t i n g  

the anion t r a n s p o r t ,  i t s  a d d i t i o n  to the bath ing f l u i d  

should d i r e c t l y  inc rease  anion t r a n s p o r t .  However,  

cAMP is  w i t h o u t  e f f e c t  when present  in e i t h e r  bath ing  

f l u i d .  On the o t h e r  hand, cGMP in the mucosal f l u i d  

does a c c e l e r a t e  anion t r a n s p o r t  (Brodsky,  personal  

communicat ion) ,  a lso mimicking the response to
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catechol  amines. As y e t ,  we have not t e s t e d  f o r  the  

presence of  guanylate  cyc lase  in t h i s  system.

Recent work,  reviewed by Ber r idge  ( 1 9 7 5 ) ,  suggests  

t h a t  ca lc ium ( r a t h e r  than cAMP or  cGMP) maybe the sec­

ond messenger or membrane e f f e c t o r  r eq u i r e d  f o r  the  

a c c e l e r a t i o n  o f  anion t r a n s p o r t .  In t h i s  connec t ion ,  

c e r t a i n  ca lc ium ionophores such as A 23187 or X 537A 

(Caswel l  and Pressman, 1972;  Reed and Lardy,  1972;

Scarpa and I n e s i ,  1 9 7 2 ) ,  when a p p l ie d  to one or the  

ot her  bath ing f l u i d  (which must con ta in  c a l c i u m ) ,  p r o ­

duce a s t i m u l a t i o n  o f  anion t r a n s p o r t .  Without  ca lc ium  

in the mucosal bathing f l u i d ,  the  ionophore alone p r o ­

duces no e f f e c t  on anion t r a n s p o r t .

The r o l e  o f  c y c l i c  AMP in t h i s  scheme may be to  

f a c i l i t a t e  the r e l e a s e ,  e n t r y  or a c t i v i t y  o f  Ca++ in some 

anion t r a n s p o r t  systems; or these fu nc t i on s  may be mediated  

a t  a l a t e r  step by s t i m u l a t i n g  p r o t e i n  k i n a s e ( s ) .

The i n t e r p r e t a t i o n  of  these data in the t u r t l e  

bladder  i s  as f o l l o w s .  In the i n t a c t  c e l l ,  s t im u la te d  

by a catecholamine ( f i r s t  messenger) ,  the f i r s t  

r e a c t i o n  i s  the a c t i v a t i o n  of  ad eny la t e  (o r  gu an y la te )  

cyc lase w i th  r e le a s e  of  cAMP (o r  cGMP). The c y c l i c  

n u c le o t id e  then a c t i v a t e s  a corresponding p r o t e i n  k inase ,  

( i . e .  i nc reases  the ATP-induced phosphory la t ion  o f  a 

membrane-bound p r o t e i n )  which,  in  turn  may cause the r e ­

l ease o f  ca lc ium ions i n t o  some i n t r a c e l l u l a r  corn-
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par tment .  F i n a l l y ,  the calcium ions per  se change the  

c h a r a c t e r  of  the s p e c i f i c  t r a n s p o r t - r e l a t e d  element in  

the membrane, thereby  a c c e l e r a t i n g  the anion t r a n s p o r t .  

With in  the framework o f  t h i s  hypothes is ,  the ca lcium  

ionophore f i r s t  provides a C a - s p e c i f i c  pore or c a r r i e r  

in the membrane. Since the calcium co nce nt r a t ion  o f  

the s y n t h e t ic  R in g e r 's  s o lu t io n  in  the mucosal surface  

i s  u s u a l l y  1- 2  mM w h i le  t h a t  of  the na tur a l  c e l l  f l u i d  

i s  in the micromolar  range,  the i n e v i t a b l e  e f f e c t  o f  

the ionophore i s  to induce an i n f l u x  o f  calcium ions  

i n t o  the Ca++-poor  compartment -  which i s  a p p ar en t l y  

s u f f i c i e n t  to mimic the step f o l l o w i n g  the c y c l i c  

n u c l e o t i d e  a c t i v a t i o n  of  p r o t e in  k inase .

IV .  Problems Remaining f o r  Future Work

Some of  the problems remaining f o r  f u t u r e  work 

i n c l u d e :

( 1 ) i n v e s t i g a t i o n  o f  the e f f e c t s  o f  calcium ions on 

in v i t r o  and in v ivo  b ladder  p r ep ar a t i on s  ( i . e .  

is  there  a r e l a t i o n  between ca lc ium and e i t h e r  

the t r a n s p o r t  or the adeny la te  c y c l a s e - p r o t e i n  

kinase systems in the t u r t l e  b l ad d er ? ) .

( 2 )  measurement o f  cAMP content  o f  b ladder  c e l l s  

a f t e r  s t i m u l a t i o n  by nore p in eph r in e .
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( 3 )  measurement o f  guanylate  cyclase  a c t i v i t y ;  is  

t h i s  a c t i v i t y  s t im u la te d  by e i t h e r  h istamine  

or h i s t i d i n e ?

(4 )  c h a r a c t e r i z a t i o n  o f  cGMP-dependent p r o t e i n  kinase

in un t r ea te d  and in DIDS or S I T S - t r e a t e d  e p i t h e l i a l

c e l l  p r e p a r a t i o n s .

(5 )  d i r e c t  d e t e r m in a t io n  of  the a c t i o n  o f  e f f e c t o r s  on 

the t r a n s p o r t  system ( i . e .  by p r e p a r a t io n  o f

r i g h t  s ide out and in s i d e  out v e s i c l e s  from i s o ­

l a t e d  membranes obta ined v ia  f r e e - f l o w  e l e c t r o -  

phoresi  s ) .

( 6 ) r e c o n s t i t u t i o n  o f  a s y n t h e t i c  membrane system

and p u r i f i c a t i o n  of  p r o t e in s  (enzymes) r e l a t e d

to the t r a n s p o r t  fu nc t i on s  of  the na tu r a l  mem­

brane in order  to determine the s p e c i f i c  f a c t o r ( s )  

r es p on s ib le  f o r  anion t r a n s p o r t  in the t u r t l e  

b l adder .
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